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Abstract

:

Merapi is an active volcano in the Sleman District with eruptions occurring periodically. However, the time and the power of the eruptions of Merapi could not be predicted accurately. Therefore, considering the dense population around the peak of Mount Merapi, appropriate and fast handling is needed when an eruption occurs. One of the crucial parts to be handled is the availability of evacuation places for the affected population. Even though Sleman district already has contingency and evacuation plans, the existing contingency and evacuation plans cannot necessarily be implemented, as in the case of the 2010 eruption. The locations planned as the shelters based on the contingency and evacuation plans of 2009 are no longer safe, including the permanent shelters owned by Sleman Regency. Thus, in the 2010 eruption, the refugees had to be evacuated to other safe places. Hence, some additional locations planned to be temporary refuges or shelters are needed to anticipate the change in eruption patterns in the future. This paper aims to provide a model to determine suitable temporary shelter locations that meet several criteria, which include constraints (exclusionary criteria) and factors (evaluation criteria). The criteria in this study were defined based on a literature review, interviews, and a questionnaire survey on experts who have experience in the field of disasters, especially in the eruption of Mount Merapi. Constraint criteria are used to determine the candidates for shelters, i.e., the locations that are possible to be used as shelters. Potential shelters will be selected from the candidates that meet the factor criteria using geographic information system (GIS), fuzzy logic, multi-criteria decision making (analytical hierarchy process (AHP), and weighted linear combination (WLC)). The implementation of the model in the 2010 eruption case shows that the refugees experienced moving to a safe place three times during the evacuation, within a safe radius of 10, 15, and 20 km due to the increase in the power of the eruption. In this paper, therefore, the potential temporary shelters will be designed at a safe radius of 10, 15, and 20 km. For further research, the potential shelters determined can be used as input in determining the optimal shelter locations by developing an optimization model.
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1. Introduction


Mount Merapi is located in the north of Sleman Regency, and the upper slope area is occupied by three sub-districts, namely, from West to East, Turi, Pakem, and Cangkringan. Merapi is one of the most active volcanoes in the world [1,2], erupting periodically. There are allegations that the eruption of Merapi was detected first in the year 1006, marked by the Mataram civilization that moved from Central Java to East Java [3], and the Merapi eruption is still happening. The number of people living in the disaster-prone areas of Merapi is more than 50,000 people, but many of them refuse to be relocated because the physical conditions of the Merapi environment are suitable for farming and tourism [4,5]. Therefore, good evacuation planning is needed to handle the people when Merapi erupts.



The eruption of Mount Merapi in 2010 is considered to be the largest eruption since the 1870s. The Merapi eruption in 2010 was preceded by an increase in the status from normally active to on guard on 20 September 2010, an increased status from on guard to prepared on 21 October 2010, and subsequently an increased status from prepared to beware starting on 25 October 2010. After the status of Mount Merapi was upgraded to beware, the Geological Agency recommended immediately evacuating the residents in the disaster-prone areas to safe areas outside the 10 km radius. The eruption that occurred on 26 October 2010 left 17 people dead, including Mbah Maridjan, the gatekeeper of Merapi, as a block-and-ash pyroclastic flow reached Kinahrejo Village [2].



After the eruption on 26 October 2010, Merapi’s activity continued to increase. On 3 November 2010, a major eruption occurred again. The Geological Agency recommended shifting the refugees to a safe area outside the radius of 15 km [6]. The existing 2009 contingency and evacuation plans could only be implemented well to handle the crisis in the first evacuation. During the second evacuation, contingency and evacuation plans were no longer used [2].



On 5 November 2010, there was an explosive eruption accompanied by glides of lava and hot clouds with a sliding distance of 17 km. The result of a study by the Geological Agency on Mount Merapi activity recommends that the safe distance be increased from 15 km to 20 km, which means that refugees need to move again outside the safe radius of 20 km. During the third evacuation, the refugees did not know where to evacuate, so they fled until they felt safe [6].



The three movements of refugees in the 2010 Merapi eruption indicate that the competent authorities need to revise the contingency and evacuation plans, especially the location of the shelters, to deal with the changes in the eruption characteristic every time Merapi explodes. One of the most influential aspects of designing an executable evacuation plan is determining the appropriate location of the shelters. The proper location of the shelters will reduce casualties and improve community safety. A place can be selected to be a shelter location if it meets certain criteria. The criteria should be identified and defined carefully, based on the characteristics of the disaster and the affected people. The criteria identified play an important role in the success of determining the location of the shelters.



Evacuation shelters can be in the form of official shelters designated by the government, community-based shelters, and relative-based shelters [2]. Official shelters can be in the form of (1) places that are built permanently and designated as refuges in the event of an eruption of Merapi (permanent shelters) and (2) places that usually are not used as shelters but function as shelters in the event of a Merapi eruption (temporary shelters). There are currently 12 permanent shelters, namely Barak Bimomartani, Barak Tirtomartani, Barak Umbulmartani, Barak Kuwang Argomulyo, Barak Gayam Argomulyo, Barak Sindumartani, Barak Pandanpuro Hargobinangun, Barak Kiyaran Wukirsari, Barak Brayut Wukirsari, Barak Plosokerep Umbulharjo, Barak Purwobinangun, and Barak Wonokerto. Some of the existing permanent shelters are within a radius of less than 15 km. Therefore, if the safe area is beyond a 15-km radius, some of the shelters remain unoccupied and temporary shelters are required.



In addition to the uncertain character of the Merapi eruption, the behavior of residents living around Mount Merapi is also unique. During the eruption period, they do a kind of dynamic evacuation. Based on an interview with the Regional Disaster Management Agency (RDMA) of Sleman Regency (BPBD Sleman), residents do not want to evacuate if the shelter is too far from their homes. They will move to farther shelters if the previous shelter is no longer safe. Residents living around Mount Merapi are not willing to directly evacuate to a place far from their homes, so it is not possible to immediately evacuate them, e.g., to a radius of 20 km. Therefore, some temporary shelters are needed to cope with the dynamic evacuation pattern, due to the uncertainty of the strength of the Merapi eruption.



This study aims to determine the location of temporary shelters for dynamic evacuations during volcanic eruptions, which is rarely discussed in the shelter site selection problem. The determination of temporary shelter locations plays a significant role during the emergency response period, especially during dynamic evacuations where the affected population will move more than once to the next safe shelter because the previous shelter has become insecure, as in the case of the Merapi eruption.




2. Literature Review


Site selection is the process of finding and selecting locations according to several criteria so that the multi-criteria decision-making (MCDM) method can assist in solving the problem of site selection [7]. Various MCDM methods are used in the site selection problems, e.g., analytical hierarchy process (AHP), weighted linear combination (WLC), preference ranking organization method for enrichment evaluation (PROMETHEE), elimination and choice translating reality (ELECTRE), and technique for order preference by similarity to ideal solution (TOPSIS) [8].



Site selection problems involve spatial data and require spatial analysis [9]. The Geographic Information System (GIS) is a computer software program for managing, visualizing, and analyzing location-based data on and under the earth’s surface. The strength of GIS lies in the ability to perform spatial analysis. Thus, GIS is widely used in site selection problems, e.g., the shelter location problem in a volcano disaster discussed in this paper. The integration of GIS and MCDM (GIS-MCDM) for site selection problems have been widely applied and is not limited to shelter site selection. Literature reviews regarding the site selection issues have been carried out, such as industrial site selection [10], photovoltaic solar power plant site selection [7,11], and landfill site selection [12,13]. The use of GIS in emergency services is not limited to shelter site selection, but also to other fields that require spatial data, such as runoff calculations [14,15].



A review of site selection models in natural disaster shelters has been carried out by Ma et al. [16]. This study reviews the optimization model for the shelter site selection problem. Based on the hierarchical type and objective function that minimizes evacuation time or time, shelter number or cost, and total risk, shelter location models can be classified as single-objective models, multi-objective models, and hierarchical models. Besides using exact and heuristics, some of the papers reviewed used GIS to find model solutions.



Sanyal and Lu [17] combined cartographic and remotely sensed data to identify the settlements that are vulnerable to monsoon floods in the Ajay River Basin of West Bengal, India. Proximity analysis tools in vector GIS and relational database management systems (RDBMS) are used to determine the ideal location for establishing flood shelters.



Tai et al. [18] applied Model Builder in GIS to construct a framework for analyzing the suitability of earthquake shelter planning. Model Builder, a tool of Arc GIS 9.3, with shelter location suitability analysis and flow charts to visualize the workflow, is used for shelter location evaluation. Shelter location evaluation consists of three layers and each layer corresponds to planning criteria.



Studies exploring how emergency shelters can adapt to multi-hazard environments using GIS were proposed by Chen et al. [19]. These studies applied three steps to select shelters location, i.e., (1) select the suitable resources and safe locations for emergency shelters in the context of multiple disasters; (2) predict the demand for different types of shelters by analyzing the scale and spatial distribution of affected areas and populations under different types of disaster scenarios; and (3) allocate shelters according to different conditions in the districts by taking into account the coverage of affected people.



A study plotting predicted inundation areas and locations for homecare recipients, nursing stations, and welfare evacuation shelters using GIS was proposed by Nakai et al. [20]. The study predicted evacuation routes, and then analyzed the time difference between the time required for evacuation and tsunami arrival at a welfare evacuation shelter.



Shan et al. [21] studied the optimal urban seismic shelter for evacuation, and used the GIS spatial analysis method, i.e., buffer analysis and network analysis, to study the optimal allocation of shelters and evacuation, while Huang et al. [22] studied a suitability assessment of emergency shelters based on GIS to determine the most appropriate location of emergency shelters. In these studies, the criteria of emergency shelters can be divided into three categories: applicability criterion, accessibility criterion, and safety criterion.



Kar and Hodgson [23] explored spatial location adequacy and the physical and socio-economic suitability of evacuation shelters in Florida using a GIS-based suitability model. The paper purposed to rank the existing and candidate of shelters on their site suitability. Suitability is defined as decreasing with proximity to hazardous facilities but as increasing with road accessibility and proximity to healthcare facilities. A GIS-based suitability model integrating WLC with a Pass/Fail screening technique was implemented for the 17 counties of Southern Florida.



Tsai et al. [24] proposed the integrated Takagi–Sugeno decision-making (TSDMK) system, which combines Takagi–Sugeno (T-S) fuzzy models into GIS spatial analysis for the allocation of disaster shelters in the Hualien train station area, Taiwan. Fuzzy is also used in a paper written by Chu and Su [25]. Chu and Su [25] used GIS, AHP, and comprehensive fuzzy evaluation to establish an earthquake emergency shelter. The AHP method is used to determine the index weight, and a comprehensive fuzzy evaluation method is used to select earthquake emergency shelters. The paper proposed an evaluation system that consists of two levels. The first level is the three-criteria layer and the second level is the nine-sub-criteria layer. Furthermore, Chu and Su [26] selected fixed seismic shelters for evacuation in cities using GIS, AHP, the entropy method, and TOPSIS. The weights of evaluation indicators are calculated through a combination of AHP and entropy, while fixed seismic shelters for evacuation are selected by applying the TOPSIS method.



The decision-making in the selection of earthquake emergency shelters by establishing a comprehensive evaluation model was proposed by Cheng and Yang [27]. The study used three evaluation indicators: the capacity of shelter, quality of the facility, and accessibility. The weight of each indicator is determined by using the AHP. Tong et al. [28] used GIS and AHP to determine three-level emergency shelters from alternate districts, community levels, street levels, and urban district levels in Songbei District of Harbin City, China. GIS spatial analysis is used for suitability analysis and AHP is used to obtain each weighting coefficient. GIS and AHP are also used to site selection of temporary housings after the earthquake in the sixth region of Shiraz Municipality, Iran [29]. Moreover, a GIS-based AHP approach is used for the site selection of urban emergency shelters in Jing’an District, Shanghai, China [30].



Dou et al. [31] proposed a GIS-based responsibility area subdivision for metropolitan emergency shelters. Three steps are applied for selecting the emergency shelters, i.e., (1) analyze and select the factors affecting the responsibility area; (2) determine their weights using the AHP method; (3) generate the weighted Voronoi diagram in ArcGIS.



Omidvar et al. [32] proposed a model of appropriate and systematic site selection for temporary shelters before an earthquake using a GIS and various MCDM, based on an earthquake damage assessment. The first step in the model is to determine the effective criteria for the site selection of temporary shelters. The second step is to prepare the geographical layers of those criteria. The geographical layers are used to select temporary shelters that match the criteria. The last step is the final selection using various MCDM (AHP, TOPSIS, ELECTRE, SAW).



Anhorn and Khazai [33] proposed open space suitability analysis for the selection of emergency shelters after an earthquake. The objective of this study is to model shelter site suitability by considering road network accessibility, capacity, and suitability of shelter. Anhorn and Khazai [29] defined the open space suitability index (OSSI) using a combination of two different measures: a qualitative evaluation criterion and a quantitative criterion. Therefore, the suitability index OSSI consists of two factors: first, an expert-based weighting procedure, and second, a GIS-based accessibility and capacity measure (CAMOS).



A multi-criteria spatial decision support system to identify shelters and emergency service locations in urban evacuation planning is proposed by Esmaelian et al. [34]. The study proposed the integration of GIS and MCDM method of Preference Ranking Organization Method for Enrichment Evaluation IV (PROMETHEE IV) combined with a linear programming model to find the most suitable locations for the construction of emergency service stations.



AHP was also applied as an MCDM method to investigate different shelter sites that belong to disaster-prone areas in the north of Iran [35]. Some possible criteria, including proximity to vulnerable areas, proximity to access paths (roads accessibilities), proximity to fire-fighting centers, proximity to populated areas, distance from fault lines, and proximity to medical centers, were considered to determine optimal temporary shelter areas and locations. With the support of GIS, the method comprised three steps, i.e., selecting candidate shelters, analyzing the spatial coverage of the shelters, and determining the shelter locations.



Asadi and Karami [36] proposed the use of GIS and MCDM methods of PROMETHEE, AHP, GAIA, and their comparison via data envelopment analysis (DEA) which determines the optimal location of safe shelters for earthquake conditions-based urban planning. The paper considered nine criteria, i.e., distance from the street network, distance from danger sites, population density, city texture, distance from the hospital, distance from support centers, the capacity of shelter, scattering, and allocation.



Shi et al. [37] constructed multi-level location models for different grades of emergency shelters to minimize the travel and construction costs and maximize the coverage rate. The actual service of emergency shelters is determined using GIS software and weighted Voronoi diagram (WVD) models. The service scope of emergency shelters was established in addition to the impact factors to be used in the evaluation system, based on AHP.




3. Research Methodology


Suitable locations and places for temporary shelters need to be determined before a disaster occurs. Locating (site selection) is the process of finding sites that meet some criteria [8,38]. Therefore, the problem of site selection, including selecting the location of the shelter, must start with identifying the appropriate criteria.



Determining the appropriate criteria is the most important step in determining the location of a facility, as well as determining the location of a shelter. Determination of shelter criteria in this study was carried out using a literature review, interviews, and a questionnaire survey on experts who have experience in the field of disasters, especially in the eruption of Mount Merapi. The experts that help to determine shelter criteria in this study come from agencies related to disasters, namely the RDMA of Sleman Regency (BPBD Sleman in Indonesia), RDMA of Yogyakarta Special Region Province (BPBD DIY in Indonesia), Center for Natural Disaster Studies of Universitas Gadjah Mada, Research and Development Center for Geological Disaster Technology (BPPTKG in Indonesia), Search and Rescue (SAR) of Yogyakarta Special Region Province, and from academics. All the respondents have experience in the field of disaster of more than 10 years.



The steps in determining the location of the shelters are shown in Figure 1. The first step is the identification of the criteria to determine the location of shelters from some references. In this step, a literature review is carried out to collect the criteria used in other research related to disaster management. This literature review is not limited by the type of disasters. The second step is designing a questionnaire. Not all the criteria identified from the literature review will be considered and used in the questionnaire. They need to be adjusted by considering the geographical conditions and policies of the Sleman government. This questionnaire contains criteria and sub-criteria that have been identified from the literature and adapted to geographical conditions, community behavior, and government policies. Parameters for each of sub-criteria are also included in this questionnaire. Respondents will fill in whether these criteria need to be considered in determining the location of the shelter. If these criteria are considered, the respondent will fill in the required parameters. For example, if distance from the road is considered as a criterion, then the parameter that must be filled in is the maximum distance of the candidate shelter from the road.



The next step is distributing the questionnaire to the target respondents to be filled out. Data filling by individual respondents will be carried out under supervision, but data filling by agencies will be carried out through the discussion of the relevant team. The result of the survey that has been filled in by respondents represents the criteria for determining the location of the shelters. The criteria obtained are then confirmed by BPBD Sleman, to be verified if there may be other criteria required to be considered or if there are criteria that should be dropped. The parameter values for each criterion will be used to determine the fuzzy membership function.



In general, the criteria for selecting the location, including the selection of shelter locations in this study, can be divided into two types, namely constraints (exclusionary criteria) and factors (evaluation criteria) [23,39]. A constraint is a criterion that specifies the location of a shelter in such a way that it should be within or further than a predetermined limit. For example, when the distance of a shelter from the affected area is limited to a maximum of 500 m, then accordingly, the location of the shelter is not allowed to be more than 500 m from the affected area [39]. Factor criteria is a list of requirements that must be designed to be met by a solution. A factor states the criteria in the form of the difference from the limit, to model the possibilities that the limits of the criteria may be violated. The ideal value of a factor is zero.



Places that are possible as shelter locations, hereinafter referred to as shelter candidates, are determined based on constraint criteria. From an interview with BPBD Sleman, a shelter candidate must be in a public place, not private property. To ensure that shelter candidates meet the constraint criteria, criteria constraint mapping is carried out. The mapping process of factor criteria is conducted based on a GIS database that matches these criteria. The source of data in the GIS database is a map in the form of a .shp file obtained from INA-Geoportal (village boundary maps, hazard zone maps, and road maps), from OpenStreetMaps (market maps, medical center maps, security maps, residential area maps, offices government, sports buildings, universities), from search results using google maps (fields and material reserves/warehouses), as well as from digitization results (river maps obtained from digitizing the Main River Flow Map in the Mount Merapi Region from BNPB). This digitization method was also carried out by Sayl et al. [40] to fulfill their data requirements.



Criteria in the form of constraints are based on Boolean logic, which is true or false. Constraints distinguish the suitable areas from the areas that are not. In contrast, criteria in the form of factors are based on fuzzy logic, because factors define degrees of suitability of all geographic areas, and usually, the suitability is measured in a continuous scale [41]. Every continuous mathematical function can be approximated by a fuzzy set [42]. Fuzzy logic is based on the value of an item which is not only true or false, but also the values between true and false. Suppose that the value 0 indicates false and the value 1 indicates true. Then, the membership value will include real numbers in the interval of [0, 1]. The membership value can be described by a curve/function called a membership function. Membership functions include linear and triangular functions.



Factor criteria mapping is used to determine the fuzzy membership value, especially for proximity criteria. For example, if proximity to the medical center is a factor criterion, it is necessary to calculate the distance from the candidate shelter to the medical center. The distance is calculated by entering the medical center map and the candidate shelter map in ArcGIS software. After the distance is obtained, the fuzzy membership value can be calculated using the fuzzy membership function.



The fuzzy membership value of non-proximity criteria, such as shelter capacity or open space ratio, is calculated based on the area that can be used as a shelter. For instance, the building area, the open area, and the field area are determined using Google Earth. The capacity of candidate shelters in the form of sports buildings, government offices, and universities, is calculated based on the building area divided by 3, according to BPBD Sleman’s policy that each person needs at least 3 square meters. The open space ratio is calculated from open area divided by total area of candidate shelter, which is the sum of building area and open area. According to the standard from BPBD Sleman, the area of candidate shelters in the form of fields that can be used for setting up tents is 30% of the total. For following is an example of capacity calculation for a field. Suppose that the area of each tent is 180 square meters. Then, each tent can cover 60 people. Hence, the shelter capacity is calculated from the number of tents times 60, where the number of tents is calculated from 30% times the field area divided by 180.



A potential shelter, i.e., a shelter candidate that has the potential to become a shelter location, is determined from a high suitability index value. Mapping the value of the suitability index will further define the locations of potential shelters. The value of the suitability index of each shelter candidate is calculated using weighted linear combination (WLC) method. The WLC is one of the most widely used GIS-based decision rules [43] and can be implemented in both raster and vector GIS environments. In a raster GIS environment, the alternatives are represented by the set of cells or pixels in a raster GIS database [43,44]. The alternatives in a vector GIS environment are given as points, lines, or areas (polygons) [44]. The alternatives in this study are candidate shelters in the form of points.



The WLC is based on the concept of a weighted average in which continuous criteria are standardized to a common numeric range, and then combined by means of a weighted average [44]. Therefore, the suitability value can be calculated using Equation (1).


  S = ∑  W i   X i   



(1)




where S is suitability, Wi is weight of factor i, and Xi is the criterion score of factor i.



If the criteria are measured at different scales, the factors need to be standardized first. The process of standardizing can be performed by transforming the measures into a statement of set membership. If the continuous factors are real fuzzy sets, simply recognizable as just one of many possible values in the set membership functions, then the standardization of factors is suggested to use a range of fuzzy set membership functions of either a 0–1 real number scale or a 0–255 bytes-scale [44].



There are several techniques to determine the weight of factor, such as ranking methods, rating methods, pairwise comparison methods, or trade-off analysis methods [44]. The pairwise comparison technique has developed by Saaty [45], known as AHP. The weight of factor criterion in this study is determined using AHP.



The AHP is a powerful multi-criteria decision-making tool that has been widely used in almost all applications related to decision-making, especially in hierarchical decision-making. The AHP applies the Eigenvalues approach to pair-wise comparison among criteria [46,47]. The measurement scales suitable for pairwise comparisons are mainly: 1 = equally preferred, 3 = moderately preferred, 5 = strongly preferred, 7 = strongly preferred, and 9 = extremely preferred. The numbers 2, 4, 6, and 8 are used to distinguish similar alternatives between the main scales [47].



The consistency index (CI) needs to be calculated first to see the consistency of the respondents’ assessments. The first step is to add up the values in each column of the pairwise comparison matrix and then divide each column value by the total column in question. The matrix obtained is called the normalized matrix. The priority vector element is the weight for each criterion obtained from the average of the normalized matrix rows. The CI calculation is to be conducted by calculating the consistency ratio (CR). If the CR is less than 0.1, it means that the assessment is consistent, and the obtained weights can be used. The equation for calculating CR is


CR = CI/RI



(2)






CI = (λmax − n)/(n − 1)



(3)






RI = 1.98(n − 2)/n



(4)




where RI is a random index, n is the order of the pairwise comparison matrix, and λmax is calculated from the average of each element of the priority vector matrix divided by the matrix elements of the product of the pairwise comparison matrix with the priority vector matrix.




4. Research Result


4.1. Shelter Criteria for the Merapi Eruption


The location that will be used as a shelter in this study is limited to the Sleman Regency area. The map of the Sleman Regency is shown in Figure 2. The area affected by the eruption of Mount Merapi is not only Sleman Regency, but also Magelang Regency, Klaten Regency, and Boyolali Regency. However, disaster management is carried out by each district, and the government regulations and the behavior of the population may be different. Therefore, this study does not discuss all of the affected districts, but only the location of temporary shelters in the Sleman district.



The establishment of the criteria to determine the location of the Merapi eruption shelters in this study was adjusted to the geographical conditions and government regulations of Sleman Regency. Based on the results of the questionnaire, the criteria obtained are divided into two parts, namely constraints and factors.



The constraint criteria in this study are:




	1.

	
The location of the shelter can be in the hazard zone, with a maximum limit of 500 m from the hazard zone boundary. If the location of the shelter in meters is x then











x ≥ hazard zone boundary − 500











	2.

	
The location of the shelter can be in an area with less than a safety radius, with a maximum limit of 1000 m from the safety radius. If the location of the shelter in meters is x, then








x ≥ safety radius − 1,000









The parameter values, or the constraint limits, were obtained from the questionnaire results and verified by BPBD Sleman, because BPBD Sleman is directly involved in contingency planning, in evacuation during the eruption of Merapi, and in taking care of refugees in shelters during the evacuation period.



The Sleman Regency Government has a policy regarding the hazard zone (Kawasan Rawan Bencana or KRB in Indonesia) of the eruption of Mount Merapi. The hazard zone is divided into three degrees of hazard, namely Hazard Zone I, Hazard Zone II, and Hazard Zone III (see Figure 3). Hazard Zone III is the area closest to the hazard source and is frequently affected by pyroclastic flows, lava flows, rock falls, and ejected rock fragments. Hazard Zone II is the area affected by mass flow (pyroclastic flows, lava flows, and lahars) and ejected material (material fall, volcanic bombs, and other ejected rocks). Hazard Zone I is an area potentially affected by lahar/flood. The Hazard Zone I area is also potentially affected by volcanic ash fall and ejected rock fragments if the Merapi eruption increases [48,49]. Figure 3a shows a hazard zone map for Sleman Regency.



A safety radius is used to determine a safe area to occupy in the event of an eruption. The safety radius is determined at the time of the eruption and is measured from the peak of Mount Merapi. For example, if the safety radius is 10 km, then the area outside the 10-km radius is a safe area to live in and can be used as the location for shelters. Figure 3b shows a safety radius map of 10 km, 15 km, and 20 km for Sleman Regency. From the results of the questionnaire, there is one more constraint criterion, namely that the location of the shelter must have communication services. However, based on an interview with BPBD Sleman, almost all the places in Sleman are covered by telephone or internet networks, so communication services are eliminated from the constraint criteria.



The factor criteria consist of five criteria, namely disaster risk, land suitability, accessibility, infrastructure, and feasibility. Based on the reviewed literature on the shelter site selection problem, there are six criteria, namely (1) disaster risk, with sub-criteria distance from hazardous areas [19,22,23,25,26,32,36,50], geological hazard [25,26,51,52], distance to fault [29,51,53],, environmental diseases [32,52], secondary hazard [33,52], pollution issues [33,52], flood potential [53], distance for dams [28], distance to river [29]; (2) land suitability, with sub-criteria soil permeability [32,52], slope [22,31,32,52,54,55,56,57], topography [25,26,32,54,55,56,57], elevation [19,51,58], type of terrain [54,55], ownership [52,54], land use [30,31,33,34,52,58]; (3) infrastructure, with sub-criteria electrical infrastructure [25,33,50,52,54,55,56], sewage infrastructure [54,56], water resources [25,32,33,50,51,52,56], sanitary system [50,55,57]; (4) accessibility, with sub-criteria distance from medical center/healthcare [22,23,26,32,33,36,52,53,54,56], distance from fire station [22,26,50,53,56], distance from material reserve/warehouse [26,50,56], distance from market/supermarket [54,56], distance from road [23,30,36,54,56], road connection/access connection [25,27,32,51,52], distance from emergency area [17,24,27,52], distance from residential area [17,28], width of street [25,26,31,39], population density [23,29,34,36,51], communication services [27,52,56]; (5) feasibility, with sub-criteria shelter area [25,31,39], open space ratio [22,53], capacity of shelter [27,50,53,56]; and (6) environment, with sub-criteria distance from waste treatment stations [19], security and protection [31,32,34,53], solid waste disposal [56]. The sub-criteria in the environmental criteria are still relevant if they are included in the accessibility criteria, therefore only five criteria are defined. The sub-criteria obtained from the literature are not for volcanic eruption disasters, thus not all sub-criteria are considered for volcanic eruption cases. The sub-criteria used in this study have been adjusted based on geographical conditions, government policies, and the consideration of experts through questionnaires.



The factor criteria and the related probability mass functions (pmf) of the fuzzy membership can be shown in Table 1.



A survey conducted shows that places inside the hazard zone cannot be used as a shelter. If a place that is in the hazard zone has to be used as a shelter, the distance of the place must not exceed 500 m from the hazard zone. However, the chance of the place being selected is small, which is 0.05.



The area that can be used as shelters must be outside the safety radius set by the Geological Agency. The survey results said that if it is necessary to use an area that is less than the specified safety radius, then the area must be located less than 1000 m from the safety radius, and the chance of choosing that place is small, i.e., 0.05.



The river refers to a river that has the potential for cold lava flooding, namely a river that originates at Mount Merapi. If there is heavy rain, the river becomes dangerous because it has the potential to drain cold lava floods. Thus, the location of the shelter should not be too close to the river.



Land use indicates the current land use, e.g., land used for schools, colleges, fields, sports buildings, settlements, agricultural land, industrial land, government offices, landfills, and cultural heritage. From the survey results, the land that can be used as a location for shelters is the land currently used for sports buildings, universities, fields, and government offices. However, not all university buildings can be used as temporary shelters. University buildings that can be used are the auditorium, student arena, multipurpose building, and others that are not located together with the building for lecture activities so that they do not interfere with teaching and learning activities.



Accessibility indicates the ease of access from the shelter to the places needed by refugees or from the affected area to the shelter. Places whose roads are too narrow and difficult to pass through for vehicles will not be selected as locations for shelters because they are difficult to reach from the affected area during the evacuation and will cause difficulty in distributing relief items. In addition, remote places that are far from settlements, cannot be used as shelters, because generally places that are far from settlements are also far from places where refugees go to meet their needs, e.g., health facilities and markets.



The proximity of the location of the shelter to the medical center/healthcare is needed to help sick refugees. The closer the location of the shelter to the hospital, the better. The proximity of the shelter location to the material reserve/warehouse is needed to facilitate the distribution of goods needed by refugees. The closer the shelter location to the material warehouse, the better. The proximity of the shelter to the market/supermarket makes it easier for refugees to buy the necessary items if they are not available as relief items. It is good if the shelter is close to the market, but if the shelter is too close to the market, it will disrupt the distribution of relief goods. The proximity of the shelter location to the residential area will make the refugees feel comfortable, but if they are too close, it can cause clashes with the residents of the village. The proximity of the shelter location to the fire station location is required in case of a fire at the shelter. The closer the shelter location to the location of the fire station, the better. The proximity to police stations, security posts, or military premises is needed to protect refugees from crimes such as theft.



The proximity of the shelter to the road facilitates the evacuation and distribution of relief items. The roads meant here are national roads, provincial roads, city roads, and regency roads, not village roads. The roads are better if they are wide enough, allowing for both directions so that trucks or cars can pass each other from different directions. Road connection/access connection refers to road access to get to the shelter. If there are many alternate ways to reach the shelters from the affected area, the evacuation process will be easier.



The infrastructure is associated with the refugees’ daily needs to be fulfilled. If it is not met, their health and comfort will be affected. The existence of clean water sources at the shelter or the proximity to clean water sources is a must in determining the location of shelters. Electricity is currently indispensable in everyday life, so it is necessary to have a shelter close to the electricity source. Sanitary systems are the basic needs of refugees. The location of the shelter should not be far from the sanitary system.



From the results of the questionnaire, a temporary garbage disposal facility needs to be considered in determining the location of the shelters. However, after being confirmed with the Sleman BPBD, the Sleman Regency government usually provides temporary waste disposal sites in the form of containers at each shelter location, both permanent and temporary shelters. Therefore, for the case of determining the location of shelters in the eruption of Mount Merapi, this criterion was omitted.



The place to be used as a shelter should be suitable. For example, it should have a large enough area so that it can accommodate quite many refugees. The shelter should also have open space that can be used in addition to sleeping and resting. The open space ratio is the ratio of the open space area without buildings to the total land area used as the location of the shelter. The use of open spaces, among others, is for parking and children’s play areas.




4.2. Candidate Shelters for the Merapi Eruption


This study discusses the determination of the location of temporary shelters in dynamic evacuations where the shelters that were originally safe become unsafe due to the increased eruptions. Based on the 2010 Merapi eruption, the safety radius which was originally set at 10 km was changed to 15 km and changed again to 20 km, so in this study, the location of temporary shelters will be determined at a safety radius of 10 km, 15 km, and 20 km.



The location of candidate shelters must meet the constraint criteria. From the interviews with respondents and the questionnaires, locations that can be used as candidate shelters are public property locations such as fields, sports buildings, government offices, and universities. However, not all those types of locations can be utilized as candidate shelters. Most government offices can be used as shelter candidates if the office has a large enough open space so that it can benefit as, among others, a parking lot and children’s playground.



Sports buildings can usually be utilized as candidate shelters. Not all fields can be used as shelter candidates because the fields usually do not have bathrooms and sanitary systems, so the fields that will be used as shelters location are the fields that are located close to public facilities such as mosques/musholas, schools, or government offices. When a field is used as a shelter, some tents will be set up and, in such a way, 70% of the total field area should be dedicated for open space purposes. Therefore, a field with an inadequate area cannot also be used as a shelter candidate. The area of the field and the distance from the field to the water source, to the electrical installation, and to the sanitary system, are determined with the help of the Google Earth.



Buildings within universities that can be used as shelters include auditoriums, multi-purpose buildings, and convention halls. Not all universities can be used as shelter candidate locations. University facilities can be used as shelters as long as they do not interfere with teaching and learning activities. A university that has an auditorium may not necessarily be used as a shelter candidate location, e.g., if the university has an auditorium on the 4th floor, but the floors below are used for teaching and learning activities.



The shelter candidates are shown in Table 2 and the shelter candidates map is shown in Figure 4.



The shelter candidate numbers 1–13 are no longer safe if the safety radius changes to 15 km. For a safety radius of 20 km, the candidates for shelters that are still safe begin with shelter number 33.




4.3. Fuzzy Membership Value


The fuzzy membership value is calculated using the obtained fuzzy membership function. In some fuzzy membership functions in Table 1, to calculate the fuzzy membership value, it takes the distance of the shelter candidate to a certain place. Therefore, a map is needed to determine the closest distance from the shelter candidate to that place. The mapping of several criteria is carried out in ArcGIS and then the closest distance is determined using the near tool.



In the hazard zone sub-criteria, three maps are made, namely for a safety radius of 10 km, 15 km, and 20 km. The hazard zone chosen to be used to calculate the fuzzy membership value depends on the safety radius set by the Sleman Regency government. If the government stipulates a safety radius of 10 km, then the Hazard Zone II boundary is used because most of the area in Hazard Zone III is no longer safe and some areas in Hazard Zone II are located within the 10-km safety radius. If the safety radius is 15 km or 20 km, most of the area in Hazard Zone II is no longer safe. Then, the Hazard Zone I boundary is used. Figure 5 shows the calculation of fuzzy membership value through the hazard zone map for (a) a safety radius of 10 km, (b) a safety radius of 15 km, and (c) a safety radius of 20 km. The unsafe zone on the map is an area that cannot be used as a shelter location because it violates the constraints.



Figure 6 shows that all the specified shelter candidates have met the constraints, so to make it easier to read the map, the hazard zones for those maps are not depicted. Fuzzy membership values for the safety radius sub-criteria can be seen in Figure 6. Figure 6a shows the fuzzy membership values for a safety radius of 10 km set by the government, Figure 6b is for a safety radius of 15 km, and Figure 6c is for a safety radius of 20 km. The yellow area in Figure 6 shows an area with a fuzzy membership value of 0, which means that the area is still possible to be used as a shelter location but is not suitable. On one hand, the closer the location of the shelter candidates to the crater in the blue area, the higher the value of fuzzy membership because refugees do not want to evacuate to places that are too far away. On the other hand, the closer the shelter candidate locations to the crater in the pink area, the smaller the fuzzy membership value because it is closer to the unsafe zone.



The proximity of the shelter candidate locations to the river and the proximity of the shelter candidate locations to the road are shown in Figure 7a,b. The white area in Figure 7a shows an area that is more than 1000 m away from the river and has a fuzzy membership value of 1. In contrast, Figure 7b displays the white area that has a fuzzy membership value of 0 because it is far from the road.



The distance from the shelter candidate locations to the market/supermarket location and the medical center, respectively, are calculated based on the maps in Figure 8a,b using the near tool in ArcGIS. This distance is used to determine the fuzzy membership values in the respective sub-criteria. The fuzzy membership values for the sub-criteria ‘distance from material reserve/warehouse, security, and protection’ and ‘distance from fire station’ are determined in the same way as the calculation of the fuzzy membership values for the sub-criteria ‘distance from market/supermarket’. The fuzzy membership values for the ‘distance from the residential area’ sub-criteria are calculated based on the closest distance between the shelter candidate locations and the residential area using a map as shown in Figure 8c.



The shelter candidates whose current functions are government offices, sports buildings, and universities already have electrical installations, clean water sources, and sanitary systems, so their values of the fuzzy membership are 1. In general, the fuzzy membership values of other types of facilities used as shelter candidates are calculated based on their distance to the nearest public facility that has a source of clean water, electrical installations, and sanitary system.




4.4. Analytical Hierarchy Process


After the fuzzy membership values are obtained, the next step is to determine the weight of each criterion using the AHP. According to Equations (2)–(4), the calculation of the weight of each criterion can be seen in Table 3, Table 4, Table 5, Table 6, Table 7 and Table 8.




4.5. Potential Shelter


AHP is used to determine the relative importance among factor criteria, by which the weight is obtained for each of these criteria. Meanwhile, the suitability index (SI) for each location is determined using the WLC according to Equation (1). The factor criterion score in this study is a fuzzy membership value, so Equation (1) is modified to Equation (5).


  S I =   ∑   i = 1  n   w i  .  f i   



(5)







In Equation (4), n is the order of the pairwise comparison matrix, wi and fi are the weights and the fuzzy membership values for the ith criterion, respectively.



The SI values are classified into three levels of suitability, namely high, medium, and low (Table 9). Shelter candidates who have a high suitability level will be classified as potential shelters. Potential shelters are locations that are prioritized as temporary shelters during the emergency response phase. Shelter candidates with a medium suitability level can be used as a backup or alternate temporary shelters if the available potential shelters are insufficient due to the impact of the eruption.



The purpose of this study is to determine the potential for temporary shelters in dynamic evacuation due to the changes in the power of the Merapi eruption. The changes in the power of the eruption will be followed by the changes in the safety radius. This study is applied to three levels of safety radius, namely the safety radius of 10 km, 15 km, and 20 km, based on the 2010 Merapi eruption case. Figure 9, Figure 10 and Figure 11 present suitability maps for a safety radius of 10 km, 15 km, and 20 km, respectively. Shelter candidates with green color are potential shelters and have a high suitability level, blue shelter candidates have medium suitability levels, and red shelter candidates have low suitability levels.





5. Discussion


Immediately after the eruption, temporary shelters need to be ready for occupation. Therefore, the emergency decision maker should be able to identify suitable evacuation shelters as quickly as possible. Moreover, when the power of the eruption increases and the inhabited shelters are no longer safe, the decision maker must immediately identify the next suitable shelters. This study addresses the problem of quick identification of suitable shelters.



To determine a suitable shelter, the first thing that should be known is the criteria that must be met to assign a location as a temporary shelter. Locations that meet the constraint criteria and are public facilities in the form of sports buildings (GOR in Indonesia), government offices, universities, and fields will be used as candidates for temporary shelter locations or shelter candidates. The mapping of the shelter candidates that have been obtained is performed by entering the coordinates in ArcGIS. Overlay and buffering in ArcGIS against the GIS database are conducted to determine the data used to calculate the fuzzy membership values, including distance data. The fuzzy membership values and the weight of each factor criterion obtained from the AHP are then used to determine the SI of each shelter candidate using WLC. Shelter candidates who have an SI of greater than 0.6 or have a high suitability level will be classified as potential shelters, which will be prioritized as temporary shelters in the emergency response phase.



As mentioned previously, this study aims to determine some locations to build temporary shelters to be used by refugees during the dynamic eruption of Mount Merapi, which is the power of the eruption change over time. The power of a volcanic eruption can be measured using the volcanic explosivity index (VEI). The scale of VEI describes the explosiveness of a volcanic eruption in terms of its magnitude and intensity. The increase of VEI during the crisis indicates the widening of the safety radius so that the shelters’ location previously safe becomes unsafe, and the refugees have to move farther to the next safe place. According to BPBD Sleman, an ideal temporary shelter should be far away from the peak of Mount Merapi so that the refugees are not necessary to move repeatedly when the power of the eruption increase. However, the behavior of the residents around Merapi mountain is unique. They would not move too far from their houses because their livelihood is there. Thus, they prefer to refuge again and again, following the increase of VEI, moving to the next safe place when the shelters where they live become unsafe again.



Figure 9 shows that for a safety radius of 10 km, the higher the suitability index of a shelter, the closer its position to the borderline of a 10-km radius. This means that most potential temporary shelters are near the borderline of the 10-km radius. Similarly, in Figure 10, most potential temporary shelters are close to the safety radius of 15 km. For a safety radius of 20 km, the most potential temporary shelters will be around the borderline of the 20 km radius (Figure 11).



The government can use Figure 9, Figure 10 and Figure 11 as implementation guidance to manage the dynamic evacuation when a disaster happens, as in the case of the 2010 eruption. In the beginning, when the safety radius is 10 km, the government can decide the places shown in Figure 9 as the shelters for the residents living in the location inside the radius of 10 km. The number of potential shelters outside the radius of 10 km is 23. When the VEI increase and the safety radius changes to 15 km, the residents living in the area between the radius of 10–15 km and the refugees that have been living in the shelters near the 10 km safety radius will be moved to the potential temporary shelters illustrated in Figure 10. There are 24 potential shelters outside the radius of 15 km. Likewise, when the safety radius changes to 20 km, the places shown in Figure 11 become the shelters for the residents living in the area between the radius of 15 km to 20 km and the refugees living in the 15 km shelters. Outside the radius of 20 km, there are 57 potential shelters can be used. The number of shelters needed at the safety radius of 10 km is lower than the number of shelters needed at the safety radius of 15 km because there are fewer refugees. Furthermore, the number of evacuees in the safety radius of 20 km is the highest compared to the number of evacuees in the safety radius of 10 km or 15 km, so the number of shelters needed is the most. The number of potential shelters determined to be available for the safety radius of 10 km, 15 km, and 20 km are respectively increasing according to the increasing number of refugees, although those potential shelters are not necessarily all used as the shelter during the emergency response phase. In case where residents agree to move far away from the peak of Mount Merapi, e.g., in the potential temporary shelters outside the 20 km radius, the residents do not necessarily need to repeatedly move even though the VEI increases.




6. Conclusions


The results of this study are potential temporary shelter locations, namely locations that have a high level of suitability to be prioritized as temporary shelter locations in the emergency response phase. The potential temporary shelters obtained can be applied to the evacuation during the dynamic Merapi eruption, when refugees will move to the next safe shelter because the previous shelter has become unsafe. In this study, three levels of safety radius are given based on the 2010 Merapi eruption, namely the safety radius of 10 km, 15 km, and 20 km.



The potential shelters obtained in this study are locations that meet several criteria. However, these locations are not necessarily optimal locations that minimize the total evacuation time. Therefore, this research can be extended to the determination of the optimal shelter locations by developing an optimization model and solving it analytically or heuristically. For further research, the potential shelters obtained using the model in this paper can be used as the initial condition for the determination of the optimal shelter location using an optimization model.
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Figure 1. Research methodology. 






Figure 1. Research methodology.
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Figure 2. Sleman Regency. 






Figure 2. Sleman Regency.
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Figure 3. Hazard zone map and safety radius map. (a) Hazard Zone Map. (b) Safety Radius Map. 
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Figure 4. Shelter candidates map. 
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Figure 5. Hazard zone map for calculating fuzzy membership values. (a) Hazard Zone Map in the 10 km Safety Radius. (b) Hazard Zone Map in the 15 km Safety Radius. (c) Hazard Zone Map in the 20 km Safety Radius. 
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Figure 6. Fuzzy membership values in safety radius sub-criteria. (a) Safety Radius of 10 km Map. (b) Safety Radius of 15 km Map. (c) Safety Radius of 20 km Map. 
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Figure 7. Fuzzy membership value for sub-criteria (a) distances from the river and (b) distances from the road. 
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Figure 8. (a) Market/supermarket map (b) Medical center map (c) Residential area map. 
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Figure 9. Suitability map for a safety radius of 10 km. 
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Figure 10. Suitability map for a safety radius of 15 km. 
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Figure 11. Suitability map for a safety radius of 20 km. 
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Table 1. Factor criteria.






Table 1. Factor criteria.





	
Criteria

	
Sub-Criteria

	
Fuzzy Membership Function/Score






	
Disaster Risk

	
Hazard zone

	
  p m f =       0.05     if − 500 ≤ x ≤ 0       1 −     1000 − x   0.95   1000       if   0 < x < 1000       1     if   x ≥ 1000        

x = distance of shelter candidate location from hazard zone boundary line in meters




	
Safety radius

	
  p m f =       0.05     if − 1000 ≤ x ≤ 0       1 −     1000 − x   0.95   1000       if   0 < x ≤ 1000       1     if   1,000 < x ≤ 5000       0.05 +     10,000 − x   0.95   5000       if   5,000 < x ≤ 10,000       0.05     if   x > 10,000        

x = distance of shelter candidate location from safety radius boundary line in meters




	
Distance from river

	
  p m f =       0.05     if   0 ≤ x ≤ 500       1 −     1000 − x   0.95   500       if   500 < x < 1000       1     if   x ≥ 1000        

x = distance of shelter candidate location from the river boundary in meters




	
Land Suitability

	
Land use

	
    score    =       1     f o r   s p o r t s   b u i l d i n g s       0.9     f o r   g o v e r n m e n t   o f f i c e s       0.8     f o r   u n i v e r s i t i e s       0.7     f o r   f i e l d s         




	
Accessibility

	
Distance from medical center/healthcare

	
  p m f =       1 −   0.8   x   1000       if   0 ≤ x ≤ 1,000       0.2     if   1000 < x ≤ 3000       0     if   x > 3,000        

x = distance shelter candidate location from medical center/healthcare in meters




	
Distance from market/supermarket

	
  p m f =       1 −   0.8   x   500       if   0 ≤ x ≤ 500       0.2     if   500 < x ≤ 5000       0     if   x > 5000        

x = distance of candidate shelter location from market/supermarket in meters




	
Distance from material reserve/warehouse

	
  p m f =       1 −   0.9   x   3000       if   0 ≤ x ≤ 3000       0.1     if   3,000 < x ≤ 5000       0     if   x > 5000        

x = distance of shelter candidate location from material reserve/warehouse in meters




	
Distance from a fire station

	
  p m f =       1 − x / 10,000     if   0 ≤ x ≤ 10,000      0    if   x > 10,000        

x = distance of shelter candidate location from a fire station in meters




	
Security and protection

	
  p m f =       1 − x / 5000     if   0 ≤ x ≤ 5000      0    if   x > 5000        

x = distance of shelter candidate location from police post/military post in meters




	
Distance from residential area

	
  p m f =       0.2     if   0 ≤ x < 500      1    if   500 ≤ x ≤ 1000      0    if   x > 1000        

x = distance of shelter candidate location from a residential area in meters




	
Distance from road

	
  p m f =       1 − x / 100     if   0 ≤ x ≤ 100      0    if   x > 100        

x = distance of shelter candidate location from road boundary in meters




	
Width of street

	
  p m f =      1    if   x ≥ 8      0    if   x < 8        

x = width of the street in meters




	
Road connection/access connection

	
  p m f =      1    if   x ≥ 2      0    if   x < 2        

x = number of routes from the affected area to shelter candidate




	
Infrastructure

	
Water resources

	
  p m f =       1 − x / 50     if   0 ≤ x ≤ 50      0    if   x > 50        

x = distance of shelter candidate location from water resources in meters




	
Electrical installation

	
  p m f =       1 − x / 100     if   0 ≤ x ≤ 100      0    if   x > 100        

x = distance of shelter candidate location from electrical installation in meters




	
Sanitary system

	
  p m f =       1 − x / 50     if   0 ≤ x ≤ 50      0    if   x > 50        

x = distance of shelter candidate location from the sanitary system in meters




	
Feasibility

	
Shelter area

	
  p m f =      1    if   x ≥ 1000       0.2     if   300 ≤ x ≤ 1000      0    if   x < 300        

x = shelter area of shelter candidate location in meter squares




	
Shelter capacity

	
  p m f =      1    if   x ≥ 500       0.1     if   50 ≤ x ≤ 500      0    if   x < 50        

x = shelter capacity




	
Open space ratio

	
  p m f =      1    if   x ≥ 40  %          0.3     if   30 % ≤ x ≤ 40 %      0    if   x < 30  %         

x = open space ratio











[image: Table] 





Table 2. Shelter candidates.
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	No.
	Shelter Candidate
	No.
	Shelter Candidate





	1
	Gedung olah Raga (GOR) Gama Asri
	54
	Balai Desa Sinduadi



	2
	GOR Gambiran
	55
	Balai Desa Nogotirto



	3
	GOR Dusun Tanen
	56
	Koramil Godean



	4
	Kelurahan Purwobinangun
	57
	Kecamatan Godean



	5
	Lapangan Sepakbola Girikerto
	58
	Balai Desa Sidoagung



	6
	Gedung Serbaguna Girikerto
	59
	Balai Desa Sendangarum



	7
	Balai Desa Girikerto
	60
	Balai Desa Sendangmulyo



	8
	Balai Desa Wonokerto
	61
	Kecamatan Depok



	9
	Balai Desa Wukirsari
	62
	Balai Desa Condongcatur



	10
	Lapangan Cemorohardjo
	63
	Balai Pengkajian Teknologi Pertanian



	11
	Lapangan Panti Asih
	64
	Balai Desa Maguwoharjo



	12
	Balai Desa Candibinangun
	65
	Bapelkes Tirtomartani



	13
	Lapangan Punthuk
	66
	BULOG DIY GBB Purwomartani



	14
	GOR Badminton Turgogede
	67
	Youth Centre



	15
	GOR AYA
	68
	Lapangan Raden Ronggo



	16
	GOR Donokerto
	69
	Stadion Pancasila



	17
	Koramil 13 Turi
	70
	Balai Desa Wedomartani



	18
	Balai Desa Bimomartani
	71
	Stadion Maguwoharjo



	19
	PPPG Kesenian (PPPPTK Seni dan Budaya)
	72
	Balai Desa Sendangadi



	20
	Lapangan Donoharjo
	73
	Lapangan Klebengan



	21
	Lapangan Pojok
	74
	Lapangan Mlati Sleman



	22
	Lapangan Grogolan
	75
	Lapangan Pemda Sleman



	23
	Lapangan Klidon
	76
	Lapangan Sinduadi



	24
	Universitas Islam Indonesia
	77
	Lapangan Popongan



	25
	Lapangan Candiwinangun
	78
	Lapangan Lempongsari



	26
	Lapangan Ngablak
	79
	Lapangan Kentungan Yonif 403



	27
	Balai Desa Trimulyo
	80
	Lapangan Pogung Baru



	28
	Lapangan Panasan
	81
	Lapangan Pancasila UGM



	29
	Lapangan Gimberan
	82
	Lapangan FT UNY



	30
	Lapangan Gundengan
	83
	Lapangan Denggung



	31
	Lapangan Sepakbola Jetis Jangkang
	84
	Balai Desa Margoluwih



	32
	PSAA Bimomartani
	85
	Lapangan Sepakbola Gadingan



	33
	GOR Badminton Gandok Mulya
	86
	Lapangan Sariharjo



	34
	GOR Tridadi
	87
	Lapangan Minomartani



	35
	GOR Lembah UGM
	88
	Lapangan Banteng



	36
	GOR Klebengan
	89
	Lapangan Gorongan



	37
	GOR Universitas Negeri Yogyakarta
	90
	Lapangan Murangan



	38
	Balai Desa Jogotirto
	91
	Lapangan Pandowoharjo



	39
	Balai Besar Latihan Ketransmigrasian Yogyakarta
	92
	Lapangan Getas



	40
	Balai Diklat Keuangan Yogyakarta
	93
	Lapangan Janabadra



	41
	Gedung Serbaguna
	94
	Lapangan Sembego



	42
	Kecamatan Kalasan
	95
	Lapangan Pugeran



	43
	Balai Desa Tamanmartani
	96
	Lapangan Kayen



	44
	Balai Desa Madurejo
	97
	UPN Veteran Ringroad Utara



	45
	Balai Desa Sendangtirto
	98
	Akademi MaritimYogyakarta (AMY)



	46
	Balai Desa Wukirharjo
	99
	INSTIPER Yogyakarta



	47
	Balai Desa Purwomartani
	100
	Universitas Sanata Darma



	48
	Balai Desa Tirtomartani
	101
	Graha Sabha Pramana UGM



	49
	Balai Desa Sumberharjo
	102
	UIN Sunan Kalijaga



	50
	Balai Desa Bokoharjo
	103
	STIE YKPN



	51
	Balai Desa Kalitirto
	104
	LPMP DIY



	52
	Balai Desa Tegaltirto
	105
	UKRIM (Universitas Kristen Imanuel)



	53
	Balai Desa Tlogoadi
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Table 3. Pairwise comparison matrix and normalized matrix for disaster risk criterion.
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Pairwise Comparison Matrix

	
Normalized Matrix

	
Criterion Weight




	

	
C11

	
C12

	
C13

	

	
C11

	
C12

	
C13






	
Hazard zone (C11)

	
1

	
1/9

	
1

	
C11

	
0.0909

	
0.0909

	
0.0909

	
0.0909




	
Safety radius (C12)

	
9

	
1

	
9

	
C12

	
0.8182

	
0.8182

	
0.8182

	
0.8182




	
Distance from the river (C13)

	
1

	
1

	
1/9

	
C13

	
0.0909

	
0.0909

	
0.0909

	
0.0909








λmax = 3, CI = 0, RI = 0.66, and CR = 0.
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Table 4. Pairwise comparison matrix for accessibility criterion.
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	C31
	C32
	C33
	C34
	C35
	C36
	C37
	C38
	C39





	Distance from the medical center (C31)
	1
	1
	5
	5
	3
	1
	3
	1
	3



	Distance from market/supermarket (C32)
	1
	1
	3
	5
	1
	1
	1
	1
	3



	Distance from material reserve/warehouse (C33)
	1/5
	1/3
	1
	3
	1/5
	1/5
	1/3
	1/5
	1



	Distance from the fire station (C34)
	1/5
	1/5
	1/3
	1
	1/5
	1/5
	1/3
	1/5
	1/3



	Security and protection (C35)
	1/3
	1
	5
	5
	1
	1
	3
	1
	3



	Distance from the residential area (C36)
	1
	1
	5
	5
	1
	1
	3
	1
	3



	Distance from the road (C37)
	1/3
	1
	3
	3
	1/3
	1/3
	1
	1/3
	1



	Width of the street (C38)
	1
	1
	5
	5
	1
	1
	3
	1
	3



	Road connection/access connection (C39)
	1/3
	1/3
	1
	3
	1/3
	1/3
	1
	1/3
	1
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Table 5. Normalized matrix for accessibility criterion.
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	C31
	C32
	C33
	C34
	C35
	C36
	C37
	C38
	C39
	Criterion Weight





	C31
	0.1852
	0.1456
	0.1765
	0.1429
	0.3719
	0.1648
	0.1915
	0.1648
	0.1636
	0.18965



	C32
	0.1852
	0.1456
	0.1059
	0.1429
	0.1240
	0.1648
	0.0638
	0.1648
	0.1636
	0.14007



	C33
	0.0370
	0.0485
	0.0353
	0.0857
	0.0248
	0.0330
	0.0213
	0.0330
	0.0545
	0.04146



	C34
	0.0370
	0.0291
	0.0118
	0.0286
	0.0248
	0.0330
	0.0213
	0.0330
	0.0182
	0.02630



	C35
	0.0617
	0.1456
	0.1765
	0.1429
	0.1240
	0.1648
	0.1915
	0.1648
	0.1636
	0.14838



	C36
	0.1852
	0.1456
	0.1765
	0.1429
	0.1240
	0.1648
	0.1915
	0.1648
	0.1636
	0.16210



	C37
	0.0617
	0.1456
	0.1059
	0.0857
	0.0413
	0.0549
	0.0638
	0.0549
	0.0545
	0.07428



	C38
	0.1852
	0.1456
	0.1765
	0.1429
	0.1240
	0.1648
	0.1915
	0.1648
	0.1636
	0.16210



	C39
	0.0617
	0.0485
	0.0353
	0.0857
	0.0413
	0.0549
	0.0638
	0.0549
	0.0545
	0.05565







λmax = 9.9893, CI = 0.1237, RI = 1.54, and CR = 0.0803.
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Table 6. Pairwise comparison matrix and normalized matrix for infrastructure criterion.
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Pairwise Comparison Matrix

	
Normalized Matrix

	
Criterion Weight




	

	
C41

	
C42

	
C43

	

	
C41

	
C42

	
C43






	
Water resource (C41)

	
1

	
5

	
3

	
C41

	
0.6522

	
0.5556

	
0.6923

	
0.6333




	
Electrical installation (C42)

	
1/5

	
1

	
1/3

	
C42

	
0.1304

	
0.1111

	
0.0769

	
0.1062




	
Sanitary system (C43)

	
1/3

	
3

	
1

	
C43

	
0.2174

	
0.3333

	
0.2308

	
0.2605








λmax = 3.0387, CI = 0.0194, RI = 0.66, and CR = 0.0293.
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Table 7. Pairwise comparison matrix and normalized matrix for feasibility criterion.
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Pairwise Comparison Matrix

	
Normalized Matrix

	
Criterion Weight




	

	
C51

	
C52

	
C53

	

	
C51

	
C52

	
C53






	
Shelter area (C51)

	
1

	
1/5

	
1/3

	
C51

	
0.1111

	
0.1304

	
0.0769

	
0.1062




	
Shelter capacity (C52)

	
5

	
1

	
3

	
C52

	
0.5556

	
0.6522

	
0.6923

	
0.6333




	
Open space ratio (C53)

	
3

	
1/3

	
1

	
C53

	
0.3333

	
0.2174

	
0.2308

	
0.2605








λmax = 3.0387, CI = 0.0194, RI = 0.66, and CR = 0.0293.
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Table 8. Pairwise comparison matrix and normalized matrix for the main criterion.
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Pairwise Comparison Matrix

	
Normalized Matrix

	
Criterion Weight




	

	
C1

	
C2

	
C3

	
C4

	
C5

	

	
C1

	
C2

	
C3

	
C4

	
C5






	
Disaster Risk (C1)

	
1

	
9

	
5

	
5

	
7

	
C1

	
0.6046

	
0.3913

	
0.6637

	
0.6637

	
0.4884

	
0.5623




	
Land suitability (C2)

	
1/9

	
1

	
1/5

	
1/5

	
1/3

	
C2

	
0.0672

	
0.0435

	
0.0265

	
0.0265

	
0.0233

	
0.0374




	
Accessibility (C3)

	
1/5

	
5

	
1

	
1

	
3

	
C3

	
0.1209

	
0.2174

	
0.1327

	
0.1327

	
0.2093

	
0.1626




	
Infrastructure (C4)

	
1/5

	
5

	
1

	
1

	
3

	
C4

	
0.1209

	
0.2174

	
0.1327

	
0.1327

	
0.2093

	
0.1626




	
Feasibility (C5)

	
1/7

	
3

	
1/3

	
1/3

	
1

	
C5

	
0.0864

	
0.1304

	
0.0442

	
0.0442

	
0.0698

	
0.0750








λmax = 5.1931, CI = 0.0483, RI = 1.1880 and CR = 0.0406.
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Table 9. Suitability level of shelter candidates.






Table 9. Suitability level of shelter candidates.





	Suitability Level
	SI





	High
	0.600001–1



	Medium
	0.400001–0.6



	Low
	0–0.4
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