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Abstract:



Automated external defibrillators (AEDs) are portable devices that defibrillate and diagnose sudden-cardiac-arrest patients. Therefore, AEDs are widely installed in public places such as airports, schools, sport complexes, etc., and the installation of AEDs is required by law in these places. However, despite their usefulness, AEDs are mostly installed indoors with limited coverage outdoors. Hence, this study conducts research in the placement of AEDs in outdoor locations. This study considers a complicated urban environment using a pedestrian network dataset and network barriers. We draw on the Teitz and Bart’s (1968) heuristic method that was built in the location-allocation solver in ArcMap. The results of this study found that a total of 455 AEDs, including 227 pre-installed AEDs, could be placed in the study area, thus providing an additional 228 devices. Compared with 10 different installation methods that were set as experimental groups, our test results found that additional installations were able to cover 10% to 30% more actual out-of-hospital cardiac-arrest cases. The main contribution of this study is the proposal of a new method in locating AEDs in optimal areas while considering complicated urban environments. We predict that the cardiac-arrest-related mortality rate would be reduced through implementing the findings of this study.
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1. Introduction


The number of patients with cardiovascular diseases and who have suffered from acute cardiac arrest increases every year due to the rapid population-aging phenomenon. Meanwhile, various research works have pointed out that a patient who receives cardiopulmonary resuscitation (CPR) has a higher survival or live discharge rate than those who do not receive CPR [1,2,3,4,5,6]. Therefore, the survival rate of patients with acute cardiac arrest is closely related to first-aid [7], which is important in increasing the survival rates. Despite this fact, the bystander CPR rate in South Korea is low because people worry about harming others by performing inadequate CPR [8,9]. In this case, the patients have no other choice but to wait for emergency medical service (EMS) to come. Yet, studies have shown that the delayed arrival time of the EMS at the incident site due to traffic [10] can be fatal. Because of the various reasons mentioned above, the survival rate of out-of-hospital-cardiac-arrest (OHCA) patients remains at approximately 3% [9].



Automated external defibrillators (AEDs) save cardiac-arrest victims by delivering electric shocks to a victim’s heart to try to restore its normal rhythm [11]. Research has shown that non-medical lay rescuers (even children) were able to properly utilize the device without any guidance [12]. Jorgenson et al. (2013) also showed that untrained people can successfully use an AED in emergency situations without any safety issues [13]. One of the reasons for the low CPR rate is the concern of skeletal chest injury [14], and the low percentage of the survival rate is due to the delay of EMS. Adopting AEDs can be used to overcome the aforementioned issues that the limitations in providing CPR and EMS suffer. Therefore, the South Korean government is actively expanding the supply of AEDs [15].



According to revised the EMS Act 38-2 passed in 2008 in South Korea, most of the AEDs must be located in places such as sport complexes, airports, and bus terminals. An increasing number of AEDs are being installed in compliance to this Act. However, this rule limits the accessibility of AEDs because people who are not within these specific facilities have lesser access to the devices. Approximately 70% of OHCAs occur in residential areas [16,17], whereas 20% occur outdoors [1,3], resulting in non-coordination between the AED and OHCA locations. Installing AEDs at each household and in every notable spot in an open space is the best method of increasing the survival rate of OHCA patients. However, this is not realistic. Therefore, the focus of this study is to propose locations of AEDs in open spaces so that they can cover a wider area where OHCA cases are likely to happen.



Meanwhile, Mitamura (2008) found that people cannot easily access AEDs even if AEDs are widely located because they are not aware of where these devices are located [18]. Sakai et al. (2011) also insisted that AEDs are difficult to find; thus, knowing where the AEDs are installed is important for the public [19]. Even if these devices have been installed and distributed, their usages still remain low [18]. Some researchers insisted that studies on AED locations should continue [13,15] because AEDs are of no value if people cannot locate them [20]. However, only a few research works that study AED locations from the perspective of geography are available [21]. Considering all these previous studies, a study on locating AEDs is applied here by considering complicated urban environments from the GIS perspective.



One of the common approaches of locating a facility is to select a p number of facilities from an n number of potential facility sites or candidate nodes (these two terms are used interchangeably through this paper). Therefore, selecting not only the optimal location of facilities but also the location of candidate nodes is important. Despite the importance of the locations, in previous studies such as the airport fire-station location problem by Tzeng and Chen (1999) [22], fire-station location problem by Liu et al. (2006) [23], and locating wireless broadband networks by Lee and Murray (2010) [24], the selected candidate nodes are usually the centroid points of grids (Figure 1a), which is an inappropriate method for the following reasons:

	·

	
As shown in Figure 1b, considering the geographical characteristics of a study area is impossible unless the grid size is sufficiently small to distinguish the features from the pedestrian perspective.




	·

	
Distorted results can be obtained if the candidate nodes are simply the centroid of grids or administration boundaries because the grid size changes (i.e., modifiable areal unit problem).




	·

	
Pedestrian barriers such as crosswalks and buildings, which are important components in complicated urban environments, as well as underpasses and overpasses or similar network structures, have 3D information that cannot be represented using the centroid of grids or administration boundaries.








Figure 1. Examples of potential facility points: (a) entire area; (b) larger scale.
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Theoretically, creating many small-size grids will allow detection of the geographical features; however, this will also create too many grids (i.e., the number of potential facility sites are increased). The total number of combinations (i.e., selecting a p number of facilities from an n number of potential facility sites) becomes exponentially larger. Because the purpose of the present study is to improve the accessibility of AEDs by installing additional AEDs based upon considerations of population distribution and other real-world factors, the additional devices are deemed to be better located in corners of blocks or junctions of road networks where they can be easily seen, rather than in the grid centroid.



Thus, additionally installed AEDs are expected to be more publicly visible and accessible by locating them using a complicated urban network dataset built by Kim et al. (2015) [25] and developed in Seoul, South Korea. Utilizing this dataset, the AEDs can be located from the perspective of a bystander, in addition to being able to consider the geographical characteristics. The coverage rate using real OHCA cases in year 2014 was employed to determine the effectiveness and validity of the AED location in this work.




2. Study Area, Data, and Method


2.1. Study Area


Yeongdeungpo-gu and Dongjak-gu (“gu” is a municipal level equivalent of “districts” in the West) in Seoul were chosen as the study areas (Figure 2). At the left of Yeungdeunpo-gu is the Yeoeuido Business District (YBD), which is the largest financial district in Seoul. Hence, the population distribution is unequal. In contrast, Dongjak-gu is simply a typical gu in Seoul, which is considered a residential area. Therefore, the population is quite equally distributed except where the national cemetery is located.


Figure 2. Study area in a hatched symbol.
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According to Statistics Korea, which is equivalent to the United States Census Bureau, the total populations of Yeongdeungpo-gu and Dongjak-gu in 2010 were 703,845 and 740,785, respectively. Meanwhile, the population of the elderly (i.e., those who are older than 60 years and vulnerable to a sudden cardiac arrest) in Yeongdeungpo-gu and Dongjak-gu were 54,280 and 56,521, respectively (Figure 3) [25].


Figure 3. Study area census data. (a) entire population in the study area. (b) elderly population in the study area.



[image: Ijgi 06 00039 g003]







2.2. Data Process and Methods


This section presents the dataset setup to simulate the complicated real world conditions and the considerations required for the installation of additional AEDs. Figure 4 shows the study workflow.


Figure 4. Workflow. AEDs, automated external defibrillators; EMS, emergency medical service; OHCA, out-of-hospital-cardiac-arrest.
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The workflow can generally be explained as follows:

	·

	
The Network Analyst in the ArcMap platform is applied to locate the AEDs.




	·

	
The analysis type in the location-allocation solver in the Network Analyst of ArcMap is adjusted by the “target market share” method to consider the relationship between the pre-installed and additionally installed AEDs.




	·

	
The effective AED coverage (cutoff length) is calculated by considering the normal walking speed of pedestrians.




	·

	
The candidate and demand nodes are extracted based on the pedestrian network and census datasets (i.e., floating population). The details of the candidate and demand nodes are described in the next section.




	·

	
The psychological barriers under emergency situations (e.g., tunnel, crosswalk, and overpass) are determined on the road network to reflect a real-world situation.









2.2.1. Data Description and Process


In this section, the data used in this study are introduced for further understanding and explanation on how the data have been modified for further analysis.



The raw data need to be processed (filtered, re-aggregated, and geocoded) for further analysis and application because most of them were delivered in table formats and in different projections. The data used in this study were as follows: pre-installed AED location, fire-department location, hospital location, floating population, network dataset, barriers, and OHCA records.



The pre-installed AED locations, fire-department locations, hospital locations, and network data were downloaded from various government websites. The census data were originally created by a phone carrier in South Korea, and they could be extracted from the Seoul City GIS data warehouse. The network data developed by Kim et al. (2015) were also acquired from the government website. The network barriers were extracted from the network dataset using its attribute. Meanwhile, the OHCA data were obtained from the Ministry of Public Safety and Security under a non-disclosure agreement.



Figure 5 shows the data-processing flow in this study.


Figure 5. Data processing.
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When OHCA occurs, AEDs offer a significant potential to save the patients [26]. However, AEDs are rarely utilized. Leung et al. (2013) explained that the non-utilization is due to the fact that people cannot locate them during emergencies, or in some cases, no AEDs are installed nearby [27]. Therefore, knowing where the AEDs and emergency facilities (fire department and hospitals) are located is crucial in installing additional AEDs in optimal locations, especially outdoors.



Among the 432 pre-installed AEDs in the study area, we filtered out the AEDs that are only available indoor based on their attribute. As a result, 227 AEDs were determined as usable AEDs for outdoor OHCA cases. The study area contained 11 fire departments and nine hospitals. Because the two facilities have AEDs and professionals that can help OHCA patients, we counted them as extra facilities that can be utilized in emergencies. These data are shown in Figure 6.


Figure 6. Facilities in the study area.
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The floating population point data were utilized instead of the residential demographics or other types of census data. The floating population data were based on the call traffic of a mobile network carrier, which were contained in more than 10 billion calls per month, and were considered as points [28]. Each point was a center of a fishnet grid containing floating population attributes (e.g., ages and sex). These data were created based on the call traffic. Hence, places such as rivers and mountains where people cannot physically access did not have any information. Figure 7 shows a sample area of the floating population.


Figure 7. Floating population.
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Meanwhile, the pedestrian network dataset developed by Kim et al. (2015) was utilized for a more precise analysis. The precision, which was compared with a real-world pedestrian network, calculated from the F-measure was 0.991, which reflects almost all real-world walkways [29].



The network contained all roads that pedestrians can access, including underpasses, bridges, alleys, pedestrian overpasses, and crosswalks. These additional data can enhance the result precision because some of the links can be considered as network impedances that delay pedestrian movement. Network impedances such as crosswalks, underpasses, and overpasses are defined as links that prevent transit of vehicles or pedestrians [30]. In normal situations, a certain time lag is added to these network impedances. However, under emergency situations, these network impedances can be regarded as psychological barriers that block pedestrian movement. Therefore, in the present study, we defined these network impedances as psychological network barriers.



A visual comparison between the (regular) vehicle network dataset provided by the Korea Transport Database (KTDB) [31] and the pedestrian network dataset shows the road network details in Figure 8.


Figure 8. Network comparison. (a) Vehicle network dataset provided by the KTDB. (b) Pedestrian network dataset.
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The most sensitive data (i.e., the OHCA records shown in Figure 9b) were extracted from the emergency call logs (Figure 9a) provided by the Ministry of Public Safety and Security. The records contained addresses, incident types, coordinates of incidents, times, arrival and departure times from the hospital, incident locations, fire departments, patient detailed information, and treatments performed during the transportation, among others. The total number of incident cases (i.e., cases where ambulances were dispatched and those with symptom information) in the study area in 2014 was 26,305, as shown in Figure 9a. The number of OHCA records was 634, as shown in Figure 9b.


Figure 9. Incident records with appropriate information in the study area: (a) entire emergency call records and (b) OHCA records only.
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2.2.2. Finding Optimal Locations for Additional AEDs


The search for optimal locations to install additional AEDs was performed on the ArcGIS platform. The location-allocation solver in the Network Analyst extension of ArcMap 10.2.2 and the Python script-based ArcGIS ModelBuilder were utilized.



Meanwhile, the purpose of the fundamental objective function of the model used in this study is to minimize the sum of the weighted distances between demand node [image: there is no content] and candidate node [image: there is no content], as expressed in Equation (1) [32].
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where [image: there is no content] denotes a set of demand nodes and [image: there is no content] denotes a set of candidate nodes. [image: there is no content] denotes a weighted population to be served at demand node i. [image: there is no content] denotes the distance from node i to node j. [image: there is no content] denotes the number of facilities to be located. [image: there is no content] indicates that demand node [image: there is no content] is assigned to a facility located at node [image: there is no content], and [image: there is no content], otherwise. Equation (2) ensures that a facility needs to be located with a separate demand node. Equation (3) ensures that an open facility must be located on a demand node. Equation (4) ensures that only a p number of facilities need to be located.



The algorithm used in the Network Analyst of esri’s ArcMap is the Teitz and Bart (1968) vertex substitution heuristic [33], and the algorithm is known to be one of the most popular heuristic algorithms for this problem [34]. Meanwhile, the potential AED locations should consider the pre-existing facilities (e.g., pre-installed AEDs, hospitals, and fire departments) because the pre-existing facilities cannot be removed due to EMS Act 38-2. Furthermore, the additional and pre-installed AEDs are supposed to complement each other to increase the coverage. However, the pre-installed AED coverage is smaller than the additional AED coverage in the real world because they are not perfectly located outdoors (e.g., most of them are located in front of elevator, lobbies, and similar places). We assumed that the pre-installed AEDs can cover half of the additional AED requirement.



From this perspective, the target market share is chosen in this study to find the minimum p number of additional AEDs and their optimal locations when the k number of pre-existing facilities is added, together with the demand nodes, within the impedance distance of the facilities [35].



The following parameters should be determined after the analysis type (target market share) is set:

	·

	
impedance cutoff (how far can a facility be effective)




	·

	
demand nodes (where needs must be served and contain a certain quantity of service needs)




	·

	
candidate nodes (possible locations for new facilities)




	·

	
network barriers









Impedance cutoff is defined as the most effective distance to a facility. In other words, the cutoff is the maximum distance that people (demand nodes) are willing to travel to access the facility [36]. The impedance cutoff distance for this analysis was set to 345 m. The distance was measured as follows using Equation (6):


[image: there is no content]
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where [image: there is no content] is the constant running or walking speed of a person under an emergency situation and [image: there is no content] is the golden time of resuscitating the OHCA patients (i.e., maximum time before brain damages occur). Accordingly, a bystander will go to where the AEDs are installed if he/she finds an OHCA patient and return to where the patient is. In other words, the bystander will have to make a round trip. Therefore, the maximum distance must be divided by two.



According to Im et al. (2006), the average walking speed of young people in South Korea is 1.175 m/s [36]. Therefore, 1.175 m/s was multiplied by two on the assumption that people will likely run during an emergency. The speed was based on the assumption that people can continuously run without losing speed. Therefore, [image: there is no content] can be calculated using Equation (7).
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Meanwhile, Jude et al. (1961) suggested that cardiac resuscitation is needed within 3 to 5 min immediately before permanent brain damage occurs [37]. Hence, the [image: there is no content] value is provided by Equation (8), and the final impedance cutoff length is calculated using Equation (9).
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Demand location denotes the points where the request facilities are needed. In the real world, the demand locations for the AED should be within real-time moving people. However, collecting the data and modeling them are difficult. Hence, the accumulated floating population data were applied instead. Patients who are over 60 years old are at a high risk of experiencing acute cardiac arrest [3,38]. Therefore, the high-risk cardiac-arrest floating population points were defined as demand nodes. The population percentage in the study area with high risk of cardiac arrest was between 3.35% and 45.28%, depending on its geographical location. The ratio was then assigned as the weight of the demand nodes.



A facility location problem usually contains multiple candidate nodes. In other words, the location–allocation solvers (i.e., optimization programs) choose the most optimal locations of a facility irrespective of its feature by searching for the relationship between the demand and candidate nodes. Therefore, the candidate nodes in this study should also be determined for further analysis. We considered the candidate nodes as an individual network junction because the AEDs should be located in an open space along the road networks so that anyone can see and access the devices. The total number of surveyed junctions was 23,546.



Network restrictions were then added to the simulation. The restrictions were divided into two different types: polygon and line. Polygonal barriers are motorways and rivers, whereas line barriers represent tunnels, crosswalks, and underpasses. As mentioned earlier, these restrictions are psychological network barriers that delay pedestrian movements. We managed to add more reality into this analysis by adding these abundant data.



Meanwhile, 12 different approaches were employed to verify whether the coverage of the study result was actually effective. Because locating AEDs on pedestrian networks has not been adequately conducted in previous studies, we randomly distributed the AEDs to compare the coverage under four different scenarios. These are random AEDs in the entire study area (Figure 10a), random AEDs in road segments (because this study focuses on outdoor OHCA cases), as shown in Figure 10b, random AEDs at the center of a grid (used by most location–allocation studies), as shown in Figure 10c, and random AEDs on network junctions (using the same candidate nodes as those in the present study), as shown in Figure 10d.


Figure 10. Random AED examples: (a) random AED allocation on road segments; (b) random AED allocation in study area; (c) random AED allocation on grid based; and (d) random AED allocation on network junctions.
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One trial of the random AED distribution can skew the result. Therefore, random AED installations on the road and in the entire study area (Test Nos. 3, 3’, 4, and 4’) were conducted 100 times. On the other hand, we iterated the process 1000 times in the grid- and network junction-based AED allocation tests (Test Nos. 5, 5’, 6, and 6’) so that the results can obtain close probabilities that can also be achieved using an algorithmic method.



We divided the scenarios into two categories: all OHCA cases and outdoor OHCA cases within the same time period (Table 1). Because this study focuses on installing AEDs outdoors, the two different approaches provide a good insight into the characteristics of the OHCA cases.



Table 1. Evaluation methods (control and experimental groups).







	
No.

	
OHCA Cases

	
Evaluation Methods

	
Testing Groups






	
1

	
For all

	
Coverage of the OHCA cases from the existing and additionally installed AEDs

	
Control group 1




	
2

	
Coverage of the OHCA cases from the “filtered” existing AEDs only

	
Experimental group 1-1




	
3

	
Coverage of the OHCA cases from the existing and randomly located AEDs distributed in the entire study area

	
Experimental group 1-2




	
4

	
Coverage of the OHCA cases from the existing and randomly installed AEDs distributed on the road segments

	
Experimental group 1-3




	
5

	
Coverage of the OHCA cases from the existing and randomly located AEDs on the grid base

	
Experimental group 1-4




	
6

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs on the network junctions

	
Experimental group 1-6




	
7

	
Coverage of the OHCA cases from the pre-installed AEDs (assuming that all pre-installed AEDs are usable)

	
Experimental group 1-5




	
1’

	
Outdoor

	
Coverage of the outdoor OHCA cases from the existing and additionally installed AEDs

	
Control group 2




	
2’

	
Coverage of the outdoor OHCA cases from the “filtered” existing AEDs only

	
Experimental group 2-1




	
3’

	
Coverage of the outdoor OHCA cases from the existing and randomly located AEDs distributed in the entire study area

	
Experimental group 2-2




	
4’

	
Coverage of the OHCA cases from the existing and randomly located AEDs distributed on the road segments

	
Experimental group 2-3




	
5’

	
Coverage of the OHCA cases from the existing and randomly located AEDs on the grid base

	
Experimental group 2-4




	
6’

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs on the network junctions

	
Experimental group 2-6




	
7’

	
Coverage of the OHCA cases from the pre-installed AEDs (assuming that all pre-installed AEDs are usable)

	
Experimental group 2-5













3. Results and Analysis


Figure 11 shows the optimal locations of the AEDs based on the testing process in accordance with our processed dataset and method.


Figure 11. Optimal AED locations.



[image: Ijgi 06 00039 g011]






The entire numbers of cardiac-arrest cases in Yeongdeungpo-gu and Dongjak-gu in 2014 were 348 and 286, respectively (634 cases in total).



Table 2 and Table 3 list the coverage ratio of the OHCA cases.



Table 2. Evaluation methods and results of all the OHCA cases.







	
No.

	
OHCA Cases

	
Evaluation Methods

	
Testing Group

	
Ratio

	
Percentage (%)






	
1

	
For all

	
Coverage of the OHCA cases from the pre-existing and additionally installed AEDs

	
Control group 1

	
516/634

	
81.39




	
2

	
Coverage of the OHCA cases from the “filtered” pre-existing AEDs only

	
Experimental group 1-1

	
221/634

	
34.86




	
3

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs

	
Experimental group 1-2

	
451.83/634

	
71.27




	
4

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs on the road segments only

	
Experimental group 1-3

	
380.89/634

	
60.08




	
5

	
Coverage of the OHCA cases from the existing and randomly located AEDs on the grid base

	
Experimental group 1-4

	
364.07/634

	
57.42




	
6

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs on the network junctions

	
Experimental group 1-6

	
393.39/634

	
62.05




	
7

	
Coverage of the OHCA cases from the pre-installed AEDs (assuming that all pre-installed AEDs are usable)

	
Experimental group 1-5

	
347/634

	
54.73










Table 3. Evaluation methods and results of the outdoor OHCA cases.







	
No.

	
OHCA Cases

	
Evaluation Methods

	
Testing Group

	
Ratio

	
Percentage (%)






	
1’

	
Outdoor

	
Coverage of the OHCA cases from the pre-existing and additionally installed AEDs

	
Control group 2

	
92/126

	
73.02




	
2’

	
Coverage of the OHCA cases from the “filtered” pre-existing AEDs only

	
Experimental group 2-1

	
36/126

	
28.57




	
3’

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs

	
Experimental group 2-2

	
80.9/126

	
64.21




	
4’

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs on the road segments only

	
Experimental group 2-3

	
66.59/126

	
52.06




	
5’

	
Coverage of the OHCA cases from the existing and randomly located AEDs on the grid base

	
Experimental group 2-4

	
61.46/126

	
48.78




	
6’

	
Coverage of the OHCA cases from the pre-existing and randomly located AEDs on the network junctions

	
Experimental group 2-6

	
60.76/126

	
48.22




	
7’

	
Coverage of the OHCA cases from the pre-installed AEDs (assuming that all pre-installed AEDs are usable)

	
Experimental group 2-5

	
51/126

	
40.48










Table 2 lists the coverage ratio results of all the OHCA cases. The first evaluation was performed to determine the coverage of the OHCA cases from both pre-existing and additionally installed AEDs. Among the 634 OHCA cases in the study area, 516 cases were inside the coverage of the AEDs. The first evaluation represented the objective of this study and was set as a control group.



The second evaluation was conducted to determine the coverage ratio of the pre-installed AEDs only. A total of 221 OHCA cases out of 634 (approximately 35%) were inside the coverage of existing AEDs. The coverage ratio was much lower than that in the first experiment due to the lack of adequate number of installed AEDs.



In the third and fourth evaluations, we programmed the installed number of AEDs in the control group to be the same as that in the study area. According to this study, 71% of the OHCA cases could be covered by both the existing and randomly located AEDs, whereas 60% of the OHCA cases occurred on the road segments. The coverage percentage of the AEDs was lower by 10% in the fourth evaluation because the road network was not sufficiently dense; thus, AEDs were not likely to be located where OHCA cases occurred.



The potential facility locations were set at the grid center because many previous studies set their candidate nodes at the center of the grids or administration boundaries. We assigned the same number of AEDs among the centroid of the grids for 1000 times so that we can achieve the same probability of coverage using the algorithmic method. As a result, approximately 57% of the entire OHCA patients were inside the coverage. This result proved that locating the AEDs in the grid base is not practical. The coverage ratio in terms of the number of iterations gradually converged to 57.40% (364 people), as shown in Figure 12a.


Figure 12. Coverage ratio in terms of the number of permutations for all OHCA cases. (a) Grid-based coverage. (b) Network junction-based coverage.
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In the sixth evaluation, we randomly installed AEDs at the pedestrian network junctions. According to this evaluation, 62% of the OHCA cases were covered, whereas 81.39% of the OHCA cases were covered by this study result. Because we selected the same number of facilities from the same number of candidate nodes and we permuted sufficient time to achieve reliability, this evaluation was considered to be the most important evaluation among all the methods. Approximately 20% more of the OHCA cases were covered using our study method. Therefore, we confirm that the present study is far superior to the other tests described in this paper. The coverage ratio in terms of the number of iterations is shown in Figure 12b.



Finally, we conducted investigations based on the assumption that “all pre-installed AEDs (432 AEDs without filtering) will be reinstalled at entrances of buildings”. Their coverage ratio was therefore calculated. Only over 50% of the total OHCA cases were inside the AED coverage. The coverage percentage was not remarkably different from that of the grid-based AEDs because the spatial pattern of the pre-installed AEDs exhibited clustering (the average nearest neighbor (NN) index was 0.7038).



The previous tests considered all the OHCA cases. In our study, we also considered the outdoor OHCA cases. The total number of outdoor OHCA cases was 126 out of 634 (Figure 13).


Figure 13. OHCA cases (total OHCA cases in black dots; outdoor OHCA cases in yellow dots).
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The first evaluation was set as a control group (Control group 2 in Table 3), except that the indoor OHCA cases were filtered out. Among the 126 outdoor OHCA cases, 92 cases were inside the coverage of the AEDs.



We calculated only the outdoor OHCA coverage ratio of the existing AEDs in the second evaluation. The coverage ratio decreased by approximately 6% (from 34.86% to 28.57%). The reduction was caused by the fewer number of OHCA cases (634 to 126) and the ineffective coverage of the existing AEDs (i.e., currently located AEDs were not available for outdoor OHCA cases).



The third and fourth evaluations were performed. The same number of random AEDs were allocated in the entire study area and on the roads for 100 times each. The average coverage ratio of the OHCA cases from the AEDs set in the entire study area (third evaluation) was approximately 64%, whereas that on the road segment (fourth evaluation) was approximately 52%. This pattern was shown in the previous test listed in Table 2. The result can be attributed to the road network in the study area not being sufficiently dense.



The grid-based AED location (fifth evaluation) result showed that more than half of the outdoor OHCA cases were not saved using this method even after 1000 repetitions. The coverage ratio in terms of the number of iterations gradually converged to 48.77%, as shown in Figure 14a.


Figure 14. Coverage ratio in terms of the number of permutations for outdoor OHCA cases. (a) Grid-based coverage. (b) Network junction-based coverage.
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Additionally, random distribution of AEDs on the network junction was conducted in the sixth evaluation. Approximately 48.22% of the outdoor OHCA cases were inside the coverage, which did not provide us any significant results compared with the other tests. The coverage ratio in terms of the number of iterations is shown in Figure 14b.



The seventh evaluation did not show a remarkable coverage ratio. We note that the lowest coverage ratio could not even cover half of the outdoor OHCA cases even if the pre-installed AEDs are available to the public.



The overall percentage of the coverage ratio of the second test (considering outdoor OHCA cases only) was lower than that of the first test (coverage ratio for all OHCA cases) because almost 80% of the OHCA cases were filtered out (from 634 cases to 126 cases). However, the control group coverage was still 10% to 30% higher than when the AEDs were randomly located in the study area. The evaluation test results provided us with an unequal distribution of the AEDs that could result in lesser coverage of the OHCA cases. The coverage of the outdoor OHCA cases can even be less when the AEDs were unequally distributed.



The coverage maps of the pre-installed and additionally installed AEDs (Figure 15a), filtered pre-installed AEDs (i.e., AEDs that can be publicly used among the entire pre-installed AEDs) (Figure 15b), and the entire pre-installed AEDs without filtering (Figure 15c) are shown in Figure 15.


Figure 15. Coverage area comparison. (a) Additionally installed and pre-installed AEDs (455 AEDs). (b) “Filtered” pre-installed AEDs (227 AEDs). (c) Total pre-installed AEDs (432 AEDs).
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4. Conclusions


A total of 228 new locations were determined as optimal AED locations. Accordingly, 455 AEDs were installed in the study area with 227 pre-installed AEDs. The average Euclidean distance and the NN were calculated to find out whether the AEDs were clustered (not equally distributed) or dispersed (well distributed).



The average distance between the total AEDs was measured as 281.26 m. According to the average NN calculation, the NN ratio was 1.12. The Z-score of the NN was 3.53, and the p-value was 0.0004. Moreover, the mean distance of the location and the expected mean distance were 281.26 and 250.60 m, respectively. In other words, the trend of the AED locations was well distributed. When the total AEDs were dispersed, the average distance between the pre-existing AEDs was calculated to be 194.60. The NN ratio was 0.79. The Z-score of the NN was −5.89, and the p-value was zero. The NN ratio index was less than one, which can be interpreted as a clustering pattern. The average NN analysis confirmed that the average distance between the AEDs became shorter. We can also conclude that the installed AEDs were dispersed.



In the current situation, most of the AEDs are installed indoor. Hence, basic accessibility to AEDs is very limited. Accordingly, the local government of South Korea has increased its expenditures in advertisements to demonstrate how these AEDs should be used. This inequality can cause social problems if only a few selected people can access the AEDs. Therefore, the primary problems are how to increase accessibility to AEDs in public areas and how to increase their usability in high-risk areas with sudden cardiac-arrest occurrence, rather than advertising them. We used various parameters to solve these issues and set up an optimal location for AEDs.



AEDs are portable. Therefore, bystanders should be able to easily find them and help patients suffering from OHCA. Moreover, AEDs should be located in pedestrian-friendly locations. In the present study, the pedestrian network dataset was applied to locate the AEDs from the perspective of pedestrians. In other words, the potential facility sites (candidate nodes) of the AEDs were set in each intersection of the road networks, whereas other studies set their potential facilities in buildings where most AEDs are not publicly accessible or at the center of a grid that ignores the geographical characteristics of the study area. Every road, street, and alley can be considered to be an optimal AED location by setting the pedestrian network nodes as potential facility sites, which is more practical.



Previous studies applied various spatial statistics or analyses to define the demand nodes of the facilities. However, a floating population was used in this study. In this manner, the demand node can carry more realistic factors when these floating population data are used, rather than using the aggregated demographic data in the census track or block group size.



Moreover, the coverage of each AED was based on the average walking speed of a person. Thus, each AED can have a certain range of effectiveness. A total of 455 AEDs were located in the study area, including the 227 pre-existing AEDs, which considered the psychological network barriers that block pedestrians during emergency situations (e.g., crosswalks, underpasses, and overpass bridges).



The actual OHCA cases in 2014 were used to evaluate the optimal AED locations. The coverage ratios of the OHCA cases from the AEDs and the randomly distributed AEDs were compared. Eight different evaluation methods were proposed for more precision. The grid-based AED location (experimental groups 1-4 and 2-4 listed in Table 2 and Table 3) did not show any improvement in coverage, which covered 57% and 48% in all OHCA and outdoor OHCA cases, respectively. The average coverage ratio of all the OHCA cases in the grid-based AED location showed the lowest coverage ratio. The results showed that the AED locations extracted by this study covered 81% of the real OHCA cases and 73% of the outdoor OHCA cases. The coverage ratio in this study was higher in all scenarios. Therefore, we can assume that if the AEDs were installed based on this study, 45% of the OHCA cases could have possibly received first aid from the AEDs within 5 min based on the year 2014 OHCA records.



This study suffers from some limitations. First, among all emergency calls, OHCA-related cases represent only 634 (approximately 2.5%) in the study area in 2014. The low percentage of the sample size could lead to misunderstandings of the data reliability. Furthermore, most of the OHCA cases occurred in houses. The 20% outdoor OHCA cases were sufficient to evaluate the study result; however, this can also present a perception that the data for evaluation were not abundant. Therefore, accumulated OHCA cases of more than one year should be utilized to obtain a much larger sample size to evaluate the validity of the AED locations. Finally, the pre-installed AEDs data used in this study were obtained from registered public AED system in the government of Korea. In other words, other unregistered AEDs in the study area were not considered as pre-installed AEDs because we were not able to acquire their exact locations. Therefore, the coverage ratio of this study can be changed if the unregistered AEDs are registered and included in the future.



In some cases, organizing and analyzing a massive volume of data can more easily solve real-world issues than using complicated algorithms. The survival rate of patients suffering from sudden cardiac-arrest cases and the live discharge rate of those in the OHCA cases are expected to increase when the proposed method and dataset are utilized.
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