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Abstract

:

Currently, firefighter drones in Republic of Korea underperform due to the lack of take-off site reservations in advance. In order to address this issue, this study proposes a GIS-based multi-criteria model for selecting take-off and landing sites for firefighter drones in urban areas. Seven criteria were set for the selection of take-off and landing sites based on building roofs. Buildings at 318 sites in the target area that satisfy all seven criteria were extracted and grouped according to the geographical location. Among the grouped buildings, 11 sites were reselected through network analysis and central feature methods. In addition, two more sites were selected through the relaxation of criteria for take-off and landing sites for firefighter drones. Validation was performed using the data of building fires that occurred in the target area in the past. The results confirmed the effectiveness of the method applied in this study, as potential responses could be verified for ≥95% of the buildings with a past fire incidence. By introducing a simple methodology in which a multi-criteria model is built through spatial information, this study contributes to the literature on improving operational firefighting strategies and provides practitioners and policymakers with valuable insights to support decision-making.
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1. Introduction


Recently, unmanned aerial vehicles (UAVs) have witnessed rapid advancements in technology. UAVs have numerous applications in different fields, ranging from aerial photography to public health care, disaster management, inspection of industrial facilities, vegetation mapping, wetland ecosystem monitoring, traffic monitoring, and delivery of automated external defibrillators (AEDs) and other items [1,2,3,4,5,6,7,8,9,10,11,12] based on the ability to efficiently carry out diverse tasks, including those with reduced operational cost compared to satellites and conventional aircraft, those in areas preventing ready access by human resources, and those requiring high mobility unaltered by traffic congestion or topography [13].



Further, UAVs have proved their high utility in the field of firefighting worldwide. In the case of a large-scale explosion accident, firefighters might not be able to access the accident scene due to the release of chemical substances and poisonous gases. Thus, firefighter drones are used to search and scan the scene to transfer the data collected related to the accident to the command unit [14]. Another use of UAVs is to gather and provide spatial information on areas that require a focused fire suppression activity, in which firefighters identify the hotspots via a thermal imaging camera prior to the onset of the operation [15]. As such, firefighter drones are utilized in various activities in the field of firefighting as they provide a solid basis for decision-making by the command unit [16,17].



The aforementioned advantages have led to the introduction and utilization of firefighter drones to perform tasks by Republic of Korea’s National 119 Rescue Headquarters in September 2013. According to the National Fire Agency (NFA), a total of 200 firefighter drones have been in operation 2231 times nationwide as of September 2020. These drones comprised 159 drones for actual tasks and 41 drones for training. The operational tasks included 632 fire incidences and 1599 rescue missions. In addition, the efficiency of firefighter drones applied in firefighting scenes in Republic of Korea has been verified through actual tasks and experiments (up to 3- to 5-fold reduced time of arrival at the scene and up to 3- to 30-fold reduced time of locating the victims), with a trend of the annual increase in operational performance of firefighter drones [18].



The operation of UAVs in urban areas that are characterized by high-rise buildings and complex structural changes could be difficult because of a variety of factors that interfere with flight. The high-rise buildings prevent a steady line of control, while the multipath effects, interference, or antenna obscuration by the Global Navigation Satellite System (GNSS) degrade data performance, which reduces the accuracy of GPS-based positioning or causes the complete loss of signals [19,20]. The 2022 World Population of the United Nations reports that the number of inhabitants per square km in Republic of Korea is 523.8 [21] and the consequent high population density and high-rise buildings pose challenges to the take-off site reservation on ground surfaces in these areas.



Heo (2020) showed that the time taken to secure a take-off site for the use of a firefighter drone in an urban area ranged between 1 min at a minimum and 30 min at a maximum (3 min 32 s on average) in the past five years in Republic of Korea, with the percentage of attempts at re-securing a take-off site due to a problem in operation being as big as 95% [22]. This lack of take-off site reservation not only delays the overall time of the firefighter drone entering the scene of an accident but also induces psychological pressure regarding operating hasty flights to compensate for the delayed time as well as having an effect on the use of drones being avoided at the firefighting scene. Thus, securing a take-off site in advance is a prerequisite for the use of a firefighter drone.



To provide a solution for this issue, previous studies on automated drone landing have suggested a method of landing the drone on a horizontal topography (e.g., parks or meadows) instead of searching for a high one in an environment with uncertain probabilities [23]. The rarity of such emergency landing sites as parks and meadows in urban areas nonetheless raises the problem of restricted access [24]. In the case of playgrounds with an abundance of dry sand, small particles (e.g., dust and sand) can enter the drone, accelerating the mechanical erosion of components and sensors [25]. There are also various problems, such as the difficulty of ensuring safety for drone operation through traffic control of vehicles and pedestrians (i.e., the invasion of the landing site by citizens and the increased psychological anxiety due to nearby obstacles [22].



However, flat-roof buildings are present in high frequency in urban areas, and they can provide safe take-off and landing sites for drones [24]. Hence, building roofs may provide a solution for the site reservation problem. A flat-roof building also offers an adequate area to house the drone-related infrastructure, and as the building roof structure is flat and horizontal without surrounding obstacles, the safety of drone operation may be guaranteed.



This study thus suggests a methodology for selecting suitable buildings for the operation of firefighter drones in Republic of Korea, considering the set factors of candidate take-off sites in the target urban areas, using a multi-criteria model. It aims at improving the current status of firefighter drones in Republic of Korea, which suffer from limited effectiveness due to the lack of take-off site reservation in advance, particularly in urban areas. We validate our methodology through the application in urban areas in Republic of Korea.




2. Background: A Rationale for Developing Our Methodology for the Selection of Take-Off and Landing Sites for Firefighter Drones in Urban Areas


Although numerous studies have been conducted regarding drone stations, most focused on the site selection for delivery drone stations using different algorithms (e.g., dynamic programming for the traveling salesperson problem) [26] and the selection of target site locations and numbers for AED-transport drones using data of past cases, such as those involving an out-of-hospital cardiac arrest (OHCA) [2,3,27,28,29,30,31].



Meanwhile, only a few studies have investigated the take-off and landing sites for firefighter drones. A well-known one of those is the study by Heo (2020), conducted to resolve the challenges of the use of firefighter drones in urban areas in Republic of Korea due to the high population density and high-rise buildings. In the study, seven necessary conditions (i.e., accessibility, visibility, GNSS reception, signal interference and cancellation, rapidity, take-off site reservation, and the presence of obstacles in the vicinity) and six sufficient conditions (address of the site, high-tension wires, distance from the base station or transmission tower, passage of people, relative height of the building, factors of sensor problems, and the ease of drone retrieval upon accident) were set and based on these conditions. Take-off sites were selected on ground surfaces within the administrative district of the fire department. Additionally, the time is taken for the operation was comparatively analyzed according to whether a take-off site had been reserved [22].



As such, in selecting take-off sites on ground surfaces, various problems may arise, including the difficulty of ensuring safety due to traffic control for drone operation with respect to vehicles. The selection of take-off sites on open surfaces in this way also entails vulnerability in managerial perspectives so that a case may arise in an actual disaster incidence where the landing at the selected site is impossible. Thus, this study focuses on flat-roof buildings in lieu of ground surfaces with various potential problems while applying a geographic information system (GIS)-based multi-criteria decision-making (MCDM) method.



An MCDM method is characterized by the presence of conflicting factors across the evaluation criteria without the standardization of criteria for the alternatives under evaluation. It is an approach to identify suitable alternatives among the suggested contradictory evaluation criteria through decision-making. In order to do so, a matrix is composed to compare a criterion given its weight against other criteria in terms of the level of importance based on the opinion of the decision maker [32]. Since the 1950s, MCDM methods have become an essential analysis tool that aids the decision-maker [33,34,35,36].



The convergence of the multi-criteria approach and GIS-based models has received much interest from urban planners since the 1990s [35,37]. As an analytic tool of spatial visualization that allows decision makers to collect data and store, manage, visualize, and analyze a variety of geographical information [37], the GIS ensures efficient and accurate utilization of diverse data. Multiple aspects, including environmental, economic, and social factors, are considered so that the GIS can serve as a tool to support efficient decision-making [38]. Hence, a GIS-based MCDM analysis can aid in obtaining suitable information for decision-making by combining and converting value judgments to reflect the preferences of the decision-maker and geographical data [39]. With such advantages, GIS-based MCDM analyses have been applied in various decision-making cases, such as the selection of optimal sites in different fields, from health care to distribution [40,41,42].



To specify the importance of each criterion, the weights of all criteria should be determined. Two methods are commonly used to estimate the weight of each criterion: the rank-order weights method (e.g., the analytic hierarchy process (AHP), analytic network process (ANP), and pairwise comparison) and the equal-weights method [43,44].



The AHP is a technique with structured analyses for complex decisions based on mathematics and psychology. It is a decision-making method that captures the raters’ knowledge, experience, and intuition through paired comparisons across the factors constituting hierarchical structures of decision-making [45]. Meanwhile, the ANP is a more generalized form than the AHP and is used in MCDM analyses to take into account the mutual dependency of the included criteria. The equal-weights method was introduced to produce outstanding results as with the optimal weighting methods by Dawes and Corrian in 1974 [44], and since then, it has been popularized and applied in numerous decision-making problems. It is a method in which every criterion holds an equal level of importance. However, there is a need for minimum knowledge and inputs on priority by the decision maker [44]. To our knowledge, only a few studies have investigated the selection of take-off and landing sites for the use of firefighter drones in urban areas. Thus, we adopt the equal-weights method in this study, owing to its advantages of requiring minimum knowledge and inputs for weight calculation toward the selection of take-off and landing sites for firefighter drones in urban areas.




3. Materials and Methods


3.1. Flight Plan of Firefighter Drones


In this study, for the drone operation in an environment that involves an urban area with a complex mixture of various obstacles, the firefighters dispatched upon receipt of a report of an accident moved to the take-off and landing site selected in advance. Operated the firefighter drones to the preset height, then moved to the incident location instead of the previous way of selecting the take-off and landing site at the incident location to operate the firefighter drones. We did not conduct flights in prohibited regions and beyond visual line-of-sight environments. In addition, this study established a flight path plan for a drone to a fire building at an altitude higher than the maximum height building between flight paths. Accordingly, the drone’s flight path between buildings was not considered. The total task performance time starting from receiving the report at the fire department to the arrival at the scene of the accident and task performance, was set as 30 min. The flight plan of firefighter drones is illustrated in Figure 1.



A: Time of transfer to the selected building: 3 min,



B: Time of transfer to the building roof and the time of drone inspection, etc.: 1 min,



C: Drone ascent from the take-off and landing site to the set height: 1 min,



D: Time taken between the take-off and landing site and the incident location: 2 min,



E: Drone descent to the set height after arrival at the incident location: 1 min,



F: Time of task performance: 18 min,



G: Drone ascent to the set height at the incident location: 1 min,



H: Time taken to the take-off and landing site: 2 min,



I: Drone descent to the take-off and landing site after arrival at the respective air space: 1 min




3.2. Flow Chart of Analysis


As shown in Figure 2, in this study, we selected 7 criteria, based on which the GIS-based MCDM method was applied to identify suitable sites. The equal-weights method was used to estimate the weight of each criterion. The layer of each criterion was summed up, considering the constraint criteria, such as roof instead of flat roof and fire-vulnerable buildings. The data of buildings that satisfy all seven criteria were extracted, and the buildings were grouped based on their geographical location. Through network and central feature analyses, the grouped buildings and the distance from the fire department were analyzed. Then, the building located at the center of the grouped buildings was selected. The data of buildings with a past fire incidence in the target area were used in the validation.




3.3. Multi-Criteria Selection


Table 1 lists the seven criteria used in this study for the selection of the take-off and landing sites for firefighter drones. The rationale for setting these seven criteria is as follows.



	
Height of the building






The time is taken to reach the building roof (1 min), the speed of firefighters climbing the stairs, and the mean number of floors of buildings in Republic of Korea was used to set the building height and floor number. In this study, the time of firefighters moving to the building roof was set to 30 s, and the time of drone inspection was set to 30 s as well: 1 min in total. Shin & Park (2020) reported that the mean speed of Korean firefighters without gear climbing the stairs of a 30-story building (mean vertical moving speed) was 0.24 m/s [18]. According to Iwona Cłapa et al. (2015), the mean speed for climbing the stairs in a 5-story building was 1.02 m/s for five firefighters in a full uniform composed of special clothing, a belt, and a helmet and equipped with breathing apparatuses, demolition tools, torches, hoses, nozzles, and a rescue rope [46]. Thus, the mean speed for climbing the stairs (mean vertical moving speed) in this study was set to 1.02 m/s, and the height of the building was set to ≤30 m.



	2.

	
Number of floors







According to the 2021 Statistics on Buildings of the Ministry of Land, Infrastructure, and Transport Statistics System, the percentage of 1-story buildings in Republic of Korea is 61% (4,463,261 sites), and that of 2- to 4-story buildings is 33.2% (2,426,975 sites), accounting for 94.2% of total buildings. In the GNSS, the multipath effect is one of the main causes of reduced location accuracy due to high-rise buildings in urban areas with a concentration of buildings [47,48,49]. Thus, considering the potential multipath effect in low-rise buildings, and in reference to the Safety on Building Sites for buildings with 5 or more floors, 4- to 5-story buildings were determined to be suitable.



	3.

	
Shape of the roof







Flat-roof buildings provide adequate area to accommodate the infrastructure for drones, and the flat and horizontal roof structure without surrounding obstacles ensures the safety of drone operation. Thus, flat-roof buildings were determined to be suitable for subsequent analyses in this study.



	4.

	
Area of the roof







Based on the information on drone specifications provided by the manufacturers, after excluding 13 drones with unknown specifications from the total of 159 drones, the width and depth of the remaining 146 firefighter drones for missions in firefighting scenes in Republic of Korea were the highest at 1990 mm × 1990 mm for the firefighter drones manufactured by a company located in Republic of Korea. The number of drones per size was n = 43 for 350 mm × 250 mm, n = 35 for 450 mm × 450 mm, n = 21 for 300 mm × 300 mm, and n = 20 for 900 mm × 900 mm. All drones used by fire departments in Republic of Korea were rotorcraft multicopters that did not pose constraints in take-off or landing or necessitate an independent infrastructure. Thus, this study determined that 32 m2 (4 m × 8 m) of the area was suitable for building roofs, considering the size of firefighter drones in Republic of Korea and the minimum safety distance to identify nearby obstacles.



	5.

	
Uses of the building







In Republic of Korea, the Building Act stipulates that the entrance to the roof of a building with a rooftop or heliport should have no obstacles to its use upon evacuation. Nonetheless, there is no regulation prohibiting the locking of any other doors installed on building roofs. Hence, a considerable number of apartment or common building roof doors are locked for security, privacy protection, or safety issues, as the locking of these roof doors does not violate the regulation on the locking of evacuation facilities. For such private buildings, it is difficult to request cooperation upon firefighting missions. In the group of facilities for residential and business purposes, residential buildings such as detached houses and multi-family housing facilities were determined to be not suitable. In addition, buildings with a high risk of fire, such as factories, warehouses, and hazardous substance storage and treatment facilities, were excluded as potential fire incidences could inflict substantial damage to surrounding areas due to explosion and release of poisonous gas. Furthermore, priority was given to public (government administrative) buildings, such as government offices and public institutions, that would offer ready cooperation regarding the mission, maintenance, and management.



	6.

	
Floating population







To consider the floating population of the target area, in this study, the respective data at LG U+, one of the three major mobile communication businesses in Republic of Korea, was used. The floating population data comprised the estimations of the Call Detail Record Data of all users. For such data, children aged below 5 years and older adults aged 85 years or above were set as individuals without a mobile phone. In addition, the communication data at each station were used to exclude office workers and residents based on whether the time at a particular place at a specific time range accounted for 60% of the total time (approximately 5 h and 30 min) [50]. The floating population data collected from each station revealed the coordinates in 25-m intervals and the information on pedestrians and vehicle users at each time range (age and gender). Thus, the buildings in areas with high floating populations were deemed unsuitable due to the high volume of traffic and number of pedestrians. To our knowledge, there is no existing evidence to quantify the high and low levels of floating populations. As each area exhibits a different level of floating population, the floating population point DB with 25-m intervals was converted to a feature DB with 50 m × 50 m grids. The total number of generated grids in the target area was 1856, of which the top 185 sites with high floating populations on average as measured for a year (January 2021–December 2021) were deemed unsuitable as take-off and landing sites for firefighter drones.



	7.

	
Distance from the fire department (within an administrative district)







A delay in the time of dispatch of fire engines to the fire incidence scene would escalate the scale of the fire. In Republic of Korea, for a fire incident at a building, it is determined that the time from the recognition of fire through reporting the accident and the time the fire engine leaves the garage to the time of arrival at the scene should be 5 min or less to ensure the protection of the building against fire [51]. Thus, considering the preparation time for drone inspection and other tasks after the arrival at the building with a reserved take-off and landing site as well as the take-off time, the maximum time between the fire department and the take-off and landing site was set as 2 min in this study. The vehicle speed was set to 39.76 km/h, the average speed on the main roads in the target area, following 2010 road speed survey data by Daegu Gyeongbuk Institute. Thus, the buildings within a 1.33 km distance from the fire department were determined to be suitable as candidate take-off and landing sites for firefighter drones.





4. Case Study and Results


4.1. Overview of Research Area


Daegu metropolitan city (Daegu-si) is divided into eight administrative districts with approximately 884 km2 of total area. As of 2020, the total number of inhabitants was 2.24 million, with a population density of approximately 2533 persons/km2. The Building Registry from the Ministry of Land, Infrastructure, and Transport reveals that the total number of buildings in Daegu-si, as of December 2021, was 235,969, excluding the buildings with missing data on the number of building floors. The target area in this study was set as Seo-gu in Daegu-si. Seo-gu has the second-highest number of buildings per unit area. Compared to Jung-gu, with the highest number of buildings per unit area, Seo-gu has a complex mixture of buildings with a varying number of floors. According to fire incidences reported in Daegu-si from 2017 to 2020, the number of fire incidents in Seo-gu was 462, close to the average. Table 2 shows the current status of buildings in Daegu-si and Figure 3 shows the current status of the study site.



The building attributes are critical factors in this study. Thus, the building data were constructed based on the Building Registry (a vector format DB) provided by the Ministry of Land, Infrastructure, and Transport.



Building Registry (a vector format DB) provided by the Ministry of Land has 28 types of attribute information, such as the number of basement and ground floors of a building, building area, total floor area of a building, site area, height, structure of a building, and use of the building. Complementation was conducted using the open API of Building Ledger for any inadequate attribute data, such as roof shape and building structural materials. A Building Ledger is a document where the current statuses of buildings and respective lands are recorded so that the data may be used in checking the building ownership, uses, maintenance, and management or in developing the building construction policies. Hence, the data provided by a Building Ledger include the lot number address and road address, the main building and annex, the area of land and of building, the building-to-land ratio and floor area ratio, the building structure and purpose, the roof structure, as well as the number of parked cars. For complementation of the Building Registry, the building data from the open API of the Building Ledger were incorporated based on the parcel number (PNU) code, a code used for the management of buildings in Republic of Korea alongside the unique feature identifier (UFID) code assigned to each district nationwide in preparation for computerization according to the Cadastral Act [52].



The UFID code is a code given to geographical features defined in the basic geographical information for systematic management and effective search and use of those features, as well as for liaison with other databases or references across the features. Hence, where the UFID may vary, but the PNU may be identical for such buildings as the apartments of identical lot numbers, a problem might arise. In this study, however, the attribute data were integrated based on the PNU code, as the UFID code was missing in the open API of the Building Ledger used for complementation of the building attribute data. Excluding the buildings without PNU code from the 30,880 sites of buildings in the target area, the buildings at 26,334 sites (85.27%) were analyzed in this study. Figure 4 shows the current status of buildings in the study site and the target buildings.




4.2. GIS-Based Multi-Criteria Model


The GIS analysis was used for selecting the take-off and landing sites for firefighter drones. The ArcGIS Desktop (ArcMap 10.8) of Esri was used to perform the analysis. Each criterion was applied to evaluate the suitability of a given building as a candidate for a take-off and landing site. The criteria reflecting the characteristics of the target area were as follows.



	8.

	
Height of the building







The height of the building in the target area ranged between 1 m and 63.70 m. For buildings with aboveground floors but without the data of height (8083 sites) or those of 2.5 m elevation (with the number of floors recorded as n = 3, but the height of the building recorded as 1.1 m, 0.2 m; 9 sites), complementation was conducted in reference to previous studies. According to Jeong et al. (2020), non-residential buildings at 435 sites showed 4 m elevation on average [53]. Thus, the data in this study was complemented as follows: Number of floors 4 m. The current status of the height of the building in the target area is shown in Figure 5a.



	9.

	
Number of floors







The number of floors of the buildings in the target area ranged between 1 to 3 floors at 23,298 sites out of 26,334 sites (88.48%) and 4 to 5 floors at 2844 sites (12.21%). The buildings at 192 sites (0.73%) had six or more floors. The current status of the number of floors of the buildings in the target area is shown in Figure 5b.



	10.

	
Shape of the roof







Regarding the shape of the roof of the buildings in the target area, they were classified into four types: concrete (3274 sites), tile (590 sites), others (312 sites), and slab (166 sites). The slab, tile, and other types were excluded because they pose difficulties to the take-off of drones and reduce accessibility due to their slope. Conversely, concrete buildings offered flat roofs and were deemed suitable. For the 21,992 sites with missing data, the attribute data were complemented by defining the shape of the roof using the map service at a portal site. The current status of the roof shape of buildings in the target area is shown in Figure 5c.



	11.

	
Area of the roof







The buildings with the flat roof were targeted in this study. Thus, it was presumed that the building roof had no obstacles. The Building Registry and Building Ledger used in this study did not contain data on the area of the roof; thus, the building area was used to estimate the roof area. The building area is the area of the building in the horizontal projection. For this, the basis is the floor area of the first floor of the building as the largest area, and a problem arises if the roof is narrower than other floors. Thus, the roof area in this study was presumed to be 80% of the building area. Hence, 90.78% of buildings (23,906 sites) were determined to be suitable. The current status of the area of the roof at 32 m2 or above for the buildings in the target area is shown in Figure 5d.



	12.

	
Uses of the building







Analyzing the uses of buildings in the target area showed that, among the buildings at 26,334 sites, the residential buildings (detached or multi-family houses) at 15,480 sites were not suitable. The buildings at 5707 sites, of which the uses were unknown, and those with a high risk of fire (warehouses, factories, etc.) at 1905 sites, were excluded. The current status of the uses of the buildings in the target area is shown in Figure 5e.



	13.

	
Floating population







For the analysis of the floating population, the total number of 50 m × 50 m grids generated for the target area was 1856. From January 2021 to December 2021, the average floating population at 1856 sites was 633.69, the average for the top 10% (185 sites) was 1999.84, and for the bottom 90% (1671 sites), it was 482.44. Additionally, there were 20,904 sites (79.38%) with buildings in the bottom 90%, as shown in Figure 5f.



	14.

	
Distance from the fire department







In order to identify the buildings within a 1.33 km distance from the fire department, the service area was analyzed. The fire departments in the target area included one 119 rescue squad and four 119 safety centers. The Seobu 119 Rescue Squad and Pyeongni 119 Safety Center were at identical locations, and among the 26,334 sites, 20,595 sites (78.21%) had a building within a 1.33 km distance from the fire department. Figure 5g shows the current status of the fire department locations and the service area as well as the buildings within a 1.33 km distance.



In Figure 5a–g, Value 1 (Green Color) indicates the fit of the building to the specified criteria as a take-off and landing site for firefighter drones, whereas Value 0 (Red Color) indicates the lack of fit. The buildings without flat roofs and those with a high risk of fire were excluded based on the constraint criteria (Black Color). As shown in Figure 5h, the sum of weights for the layers of each of the seven criteria ranged between two and seven. The buildings at 318 sites (1.21%) were shown to have a sum of seven. However, setting all 318 sites as candidates could cause confusion upon the dispatch of firefighters in an emergency case. Thus, the buildings in proximity were grouped based on the PNU with the information on the geographical location. Through the closest facility of the network analysis in the ArcGIS Desktop, fire departments close to the grouped buildings were analyzed, as shown in Figure 6. Even for grouped buildings, the locations of nearby fire departments varied. Hence, considering the factors of grouped buildings and those of nearby fire departments, and using the central feature tool in ArcGIS Desktop, the building located at the center was selected as the candidate take-off and landing site for firefighter drones. Figure 7 shows the locations of such candidate buildings, the details of which are summarized in Table 3.



Among the candidate buildings at 318 sites, 12 candidate take-off and landing sites for firefighter drones were analyzed in consideration of the PNU-based grouping of buildings and the distance from fire departments. Candidate 3 was excluded as it was located at an identical site as the fire department. Hence, a total of 11 take-off and landing sites for firefighter drones were selected.




4.3. Validation


For the validation of the selection, the drone coverage distance was determined based on previous studies, such as those on AED-transport drones, to set the distance range for firefighter drones. In the study by Claesson (2017), 18 measurements were taken for the arrival time of emergency medical services (EMS) and medical drones per distance, finding that approximately a time of 5 min and 18 s was required for arrival at the mean distance of 3215 m at the speed of 50 km/h [4]. In another study, the distance and flight speed of drones for medical purposes were set to 10 and 70 km/h [3]. In Pulver (2018), to measure the time taken for the delivery of AED to the patient, the service range was set to 1609 m for the distance traveled per min, considering the maximum drone speed of 60 mph [54]. Based on the drone specification provided by the manufacturers, Heo (2020) set the operational range to 1.1 km, considering the surrounding environment (signal transmission, etc.) [22] in urban areas, as well as the average speed of 59.03 km/h and the distance, traveled for 2 min at 1966 m in the standard flight mode of the investigated 146 firefighter drones. In the target area, there has been a total of 462 fire incidences between 2017 and 2020. The current status of buildings with a past fire incidence is shown in Figure 8.



Based on the data from past fire incidences, the scope of fire responses using firefighter drones was determined, as shown in Figure 9. Using the buffer tool in the ArcGIS Desktop, the distance range of 1.1 km for firefighter drones was buffered based on the fire departments and the candidate buildings of take-off and landing sites. In the case of firefighter drones sent from the fire department, the rate of response was 80% (370 sites) of buildings with a past fire incidence, while for responses at the candidate buildings of take-off and landing sites, the rate was 81.39% (376 sites), indicating an overall rate of fire responses of 92% (425 sites) for fire departments and candidate buildings of take-off and landing sites. On the west side of the target area, a vulnerability was detected for fire responses using firefighter drones. The cause may be the industrial complex located in this part of the region. Among the buildings at 1449 sites in the complex, those at 1448 sites did not satisfy the criteria of the shape of the roof, and those at 1300 sites did not satisfy the criteria of the uses of the building (e.g., fire-vulnerable buildings). Further,1448 sites out of 1449 sites did not satisfy both criteria and thus could not be identified as candidate buildings. In order to make complementation for this region outside the coverage of firefighter drones, the standards were relaxed to select two more buildings, the government office and public buildings, as take-off and landing sites for firefighter drones. The standards were relaxed by selecting two public buildings that are easier to request cooperation for firefighting than private buildings.



Figure 10 shows the scope of fire responses after performing the complementation via the relaxation of standards. The added candidate buildings allowed the response to 211 sites of buildings with a fire incident. The overall rate of fire response in the target area was 95% for buildings at 442 sites.





5. Discussion and Conclusions


For more effective utilization of drones, an environment free of obstacles, such as a wide-open space, is recommended for the flight. In urban areas with a complex mixture of various obstacles, however, the flight of drones is a challenge. Specifically, in Republic of Korea, firefighter drones have been used in various scenes to which firefighters are dispatched; however, the lack of take-off site reservation has hindered the utilization of firefighting drones. Thus, a GIS-based multi-criteria model is proposed in this study for the selection of take-off and landing sites for firefighter drones. The model is based on seven criteria, and its application led to 95% response on buildings with a past fire incidence, thus verifying the effectiveness of the suggested methodology. The introduced multi-criteria model based on spatial information is both simple and effective in enabling simultaneous analyses of multiple criteria. This offers valuable insights for decision-makers. Thereby, this study contributes to improving the operational firefighting strategies in fire disaster cases.



The current study has the following limitations. As drones utilize diverse advanced technologies to involve various sensors, these sensors are sensitive to errors and variations. Specifically, in a city where a variety of obstacles are found in a complex environment, there could be myriads of factors with a deteriorating effect on drones, which, however, could not be all considered in this study. The flight plan was established in consideration of the current state of Korean buildings, where the proportion of buildings with four or less floors is 94.2%. In this study, a flight plan was established for drone take-off (height not affected by buildings), movement, and descent near fire buildings, and accordingly, flights between buildings were not considered. This study was conducted based on seven criteria that were judged to have a high impact on location selection for building take-off sites, excluding factors that affect flight planning. However, problems such as GNSS errors due to multipath studied by Ragothaman (2019) and Yang (2021) may occur when flying in areas with high-rise buildings. When considering this issue, the flight plan should be supplemented by flying between buildings or bypassing them [55,56,57].



In addition, the weight estimation in this study relied on the equal-weights method, which allows a high-quality analysis with minimum knowledge and inputs; however, there is a limitation of all criteria being equally weighted. In future works, the criteria should be complemented with expert consultation, while the rank-order weighting methods, such as AHP, ANP, and pairwise comparisons, should be adopted for the weight estimation. Moreover, only public data were used in this study. Approximately 15% of buildings were excluded due to missing data caused by inadequate data construction and management. In the case of vector format data, individual attribute data could still vary after the data construction for attributes of an identical object. To substitute for missing attributes, such as the shape and structure of the roof, public data constructed for other purposes were used for analyzing the buildings in the target area based on the PNU. While the minimum unit of building objects in Republic of Korea is UFID, the PNU for land objects was used to complement the building attributes. As the PNU is for land objects, a problem arises where the UFID may vary, but the PNU may be identical. Thus, future research should perform complement missing data using the UFID method.



Nevertheless, our method offers significant practical implications. The concept of spatial data infrastructure (SDI) refers to the infrastructure to promote efficient use of spatial data as well as systematic and physical structures. It is thus a data platform for the exchange and sharing of spatial data across stakeholders [58,59,60]. In many countries, SDIs at national, state, and regional levels are developed for efficient management and utilization of spatial data [33,60]. As such, SDIs are constructed as the database for utilizing GIS in numerous countries [61]. In this study, therefore, public data from Republic of Korea, as a form of SDI, was used to construct and apply the dataset in analyzing the candidate buildings for selecting the take-off and landing sites for firefighter drones, and the methodology is anticipated to be applicable to various other city environments.



Recently, drones have been increasingly and effectively utilized in various disaster situations, such as floods and earthquakes [62,63]. The methodology proposed in this study, the GIS-based multi-criteria model can be applied in various disaster cases in urban areas with a prerequisite understanding of the criteria of the operator and the characteristics of the target area and disaster type.
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Figure 1. Flight plan of firefighter drones. 
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Figure 2. Research analysis flow chart. 
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Figure 3. Research target area. 
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Figure 4. Current status of buildings in the target area and target buildings for research. 
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Figure 5. Suitability of drone take-off and landing sites by each: (a) Height of the building; (b) Number of floors; (c) Shape of the roof; (d) Area of the roof; (e) Uses of the building; (f) Floating population; (g) Distance from the fire department; (h) Weight sum. 
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Figure 6. The PNU-based grouping of buildings for the selection of candidates and the analysis of the distance from fire departments. 
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Figure 7. Locations of the fire departments and the candidate buildings of take-off and landing sites for firefighter drones. 
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Figure 8. Building fires that occurred in the target area in the past. 
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Figure 9. The scope of fire responses. 
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Figure 10. The fire response scope is based on relaxed standards. 
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Table 1. Summary of the applied criteria.






Table 1. Summary of the applied criteria.





	
Criteria

	
Value




	
1

	
0






	
Height of the building

	
≤30 m

	
>30 m




	
Number of floors

	
4 or 5

	
Other number of floors




	
Shape of the roof

	
Flat roof

	
Other roof shapes

(constraint criteria)




	
Area of the roof

	
≥32      m   2   

	
<32    m 2   




	
Uses of the building

	
Residential buildings and fire vulnerable buildings are excluded

(priority for government office buildings and public institution buildings)

	
Residential buildings

(detached houses, multi-family housing)

Fire vulnerable buildings

(warehouse, factory, etc.; constraint criteria)




	
Floating population

	
Lower 90% of total floating population

	
Upper 10% of total floating population




	
Distance from the fire department

(within an administrative district)

	
≤1.33 km

	
>1.33 km
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Table 2. Overview of Daegu-si.
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Category

	
Area

(Unit: km2)

	
Number of

Buildings per

Unit Area (km2)

	
Total Number of Buildings

	
Number of Building Floors

	
Number of Fire Incidence




	
1st–5th

	
6th–15th

	
≥15th






	
Jung-gu

	
7.06

	
2064.45

	
14,575

	
14,229

	
287

	
59

	
257




	
Dong-gu

	
182.14

	
201.04

	
36,618

	
35,889

	
598

	
131

	
504




	
Seo-gu

	
17.33

	
1781.88

	
30,880

	
30,683

	
169

	
28

	
462




	
Nam-gu

	
17.43

	
1322.38

	
23,049

	
22,804

	
210

	
35

	
258




	
Buk-gu

	
93.99

	
393.90

	
37,023

	
35,910

	
760

	
353

	
641




	
Suseong-gu

	
76.54

	
423.49

	
32,414

	
31,289

	
677

	
448

	
470




	
Dalseo-gu

	
62.34

	
513.70

	
32,024

	
30,594

	
772

	
658

	
767




	
Dalseong-gun

	
426.68

	
68.87

	
29,386

	
28,990

	
204

	
192

	
524
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Table 3. Overview of the candidate buildings as take-off and landing sites for firefighter drones.
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	Candidate
	Distance/Time from the Fire Department

(Unit: m/min, Based on 39.76 km/h)
	PNU Class
	Near Fire Department





	1
	693.38 m/1 min 2 s
	10200
	Seobu 119 Rescue Squad



	2
	827.01 m/1 min 14 s
	10300
	Seobu 119 Rescue Squad



	3
	1.13 m/1 s
	10600
	Ihyeon 119 Safety Center



	4
	1051.62 m/1 min 35 s
	10300
	Ihyeon 119 Safety Center



	5
	937.78 m/1 min 25 s
	10300
	Naedang 119 Safety Center



	6
	694.15 m/1 min 3 s
	10300
	Bisan 119 Safety Center



	7
	1229.12 m/1 min 51 s
	10800
	Bisan 119 Safety Center



	8
	1059.56 m/1 min 36 s
	10700
	Bisan 119 Safety Center



	9
	935.54 m/1 min 25 s
	10200
	Bisan 119 Safety Center



	10
	632.82 m/57 s
	10900
	Bisan 119 Safety Center



	11
	1125.11 m/1 min 41 s
	10100
	Ihyeon 119 Safety Center



	12
	466.32 m/42 s
	10100
	Naedang 119 Safety Center
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