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Abstract: Location-allocation is a widely used approach to optimally select earthquake shelters and efficiently allocate 
the population in case of an emergency. A significant limitation often ignored by the vast majority of studies is the 
utilization of static aggregations of residential population, which may lead to sub-optimal location decisions and inef-
ficient allocations. To overcome this limitation, in this article, an attempt to spatially refine population data, as well 
as, to capture population fluctuations throughout the day, using areal interpolation methods along with open spatial 
information, is undertaken. Then, its influence on the shelter location selection and population allocation process is 
examined. The city of Mytilini, Lesvos, Greece is used as the case study to further investigate three location-allocation 
scenarios using block-level census population, building-level night and day estimations as input. The results indicate 
that using spatially refined population data provide reduced distances, better shelter selection and capacity optimiza-
tion, and finally, more efficient allocations. Moreover, using building-level day estimations of the population distribu-
tion reveals significant shifts in sheltering demand from residential areas to mixed and commercial zones. The use of 
detailed population dynamics data can give insights about the adequacy of shelter provision under different scenarios, 
and therefore, help civil protection authorities to make much more informed decisions. 
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Highlights: 

● Areal interpolation using ancillary information can be used to capture population dynamics. 
● Building-level population data in the context of location-allocation provide reduced distances, better shelter selec-

tion and capacity management, and efficient allocations. 
● Daytime building-level population indicates significant shifts of sheltering demand. 

 

 

1. Introduction 

Earthquakes are among the most destructive natural disasters, significantly impacting life, urban infrastructure, and socio-economic stability 
of the affected areas. Moreover, earthquakes pose several challenges to communities because of their unpredictable and violent nature. After the 
occurrence of a disastrous earthquake, panic and uncertainty often drive the population to leave indoor premises towards safer, open spaces (L. 
Zhao et al., 2017). These open spaces can provide temporary shelter and basic life support services such as water, electricity, and sanitation until 
the risk is minimized (Ma et al., 2019). Additionally, they must be resilient to earthquakes and their potential side effects, as well as, to be easily 
accessible, in a reasonable time frame (Anhorn & Khazai, 2015). Therefore, it is important for civil protection authorities to carefully select these 
locations that will be used as emergency evacuation shelters to protect the population in the wake of earthquakes. 

Location-allocation analysis has been extensively applied in this direction (Chang et al., 2024; Kaveh et al., 2020; Ma et al., 2019; Tang & 
Osaragi, 2024; Wang et al., 2021). Given a set of facilities, a set of individuals, a space in which they co-exist and a metric system for cost measuring 
(distance, time, fuel consumption etc.) (ReVelle & Eiselt, 2005), location-allocation aims to locate the facilities and assign individuals in a way that 
satisfies an objective function (Scott, 1970). Accurate and detailed population data play a pivotal role in earthquake shelter location-allocation 
analysis, as they determine where facilities are most needed, and influence the efficiency of allocations (Zhang et al., 2020). Census is a common 
source of population data. However, its use poses two notable limitations in terms of its spatial and temporal characteristics. Due to statistical 
confidentiality concerns, census releases population and other socio-economic variables in a form of spatially aggregated spatial units such as 
communes or city blocks (Tenerelli et al., 2015). Furthermore, census data are also temporally constrained as they represent a static snapshot of 
the population at the place of residence (Bhaduri et al., 2007). The evolution of Geographic Information Systems (GIS) and Spatial Analysis provide 
tools and methods to accurately refine spatial and temporal granularities of census data.  

Areal interpolation can be used in this direction as it is suitable for aggregated data (Lam, 1983). Areal interpolation may be defined as the 
process of transforming population data from a set of coarse spatial zones (source) to a detailed one (target) (Mennis, 2003). A large number of 
methods have been reported in the scientific literature. Many of them depend solely on source and target data, while others utilize additional 
information to guide the interpolation process (Comber & Zeng, 2019; Wu et al., 2005). To the best of our knowledge, the vast majority of existing 
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location-allocation approaches for earthquake shelter decisions, mainly rely on static residential (night) population data acquired from censuses 
(Chen et al., 2013; Dehnavi Eelagh & Ali Abbaspour, 2024; Geng et al., 2021; Hu et al., 2012; Kilci et al., 2015; J. Xu et al., 2016; X. Zhao et al., 2015) 
which often lack the spatial and temporal granularity required to support earthquake shelter location decisions in urban environments. In small 
scale applications, aggregated census data may be insufficient to efficiently address location-allocation decisions. Therefore, one may need to use 
areal interpolation methods to transform census data into a finer scale. Ye et al. (Ye et al., 2012) transformed community-level population counts 
in the granularity of buildings based on building size and occupancy (enhanced volumetric approach), aiming to improve shelter accessibility and 
optimization of evacuation destinations in Pudong, Shanghai, China. Batsaris et al. (Batsaris et al., 2019) also used areal interpolation with ancillary 
information to identify building occupation in order to refine block-level census data down to individual buildings. The results were then used to 
perform location-allocation analysis for earthquake shelters in the city of Mytilini, Lesvos, Greece. 

However, earthquakes can occur at any time and thus, it is important to capture population fluctuations throughout the day (Bian & Wilmot, 
2015; Freire & Aubrecht, 2012a). Areal interpolation using ancillary information may be also used to capture population distribution fluctuations 
(Freire & Aubrecht, 2012b; Mennis, 2016). Xu et al. (W. Xu et al., 2018) estimated hourly dynamic population distributions based on nighttime and 
daytime population estimations in six central districts of Beijing, China. Then, performed location-allocation comparisons between a hybrid bi-
level and a multi-objective approach using a modified particle swarm optimization heuristic. Zhang et al. (Zhang et al., 2020)  used community 
scale population along with ancillary information from high-precision land use maps and Tencent User Density (TUD) big data to estimate nighttime 
and daytime population distributions, to perform supply-demand analysis for emergency shelters in Pudong, Shanghai, China. Nighttime popula-
tion is calculated based on residential building volumes while daytime population distribution distinguishes population in stay-at-home residents, 
working population, students and other populations (such as tourists). 

In this paper, an attempt is made to examine the influence of population granularity and dynamics in the context of earthquake shelter 
location-allocation. Particularly, the above research questions underlie the contribution of the study: 

1. Where is the population when a destructive earthquake may occur? 
2. How does the granularity of the population data may affect the location-allocation process? 
3. What is the impact of using temporal estimations of the population on the location-allocation outcomes? 

To address these questions, areal interpolation along with open spatial information to refine the spatial granularity and estimate temporal 
population distribution of the census data, is used. Then, location-allocation analysis was conducted to explore their impact on the location selec-
tion and allocation processes. To assess the efficiency and effectiveness of the proposed methods, the city of Mytilene, Lesvos, Greece, is used as 
the case study. The rest of the paper is structured as follows. First, the materials and methods section, provide details and information about the 
study area and its uniqueness, presents the data and sources utilized, and finally, discusses the methods used in this study. Second, the results 
and discussion section in which the outcomes are depicted and further discussed and finally, the conclusions section, provides a summary of the 
paper as well as, recommendations for future research. 

2. Materials & Methods 

2.1 Study Area 

Lesvos Island lies in a very active tectonic zone with a substantial record of historical earthquakes (Zouros et al., 2011). Significant earth-
quakes have affected the area since 1965 with the most recent sequence occurred in 2017, peaking on June 12th, fifteen kilometers south of 
Lesvos with a magnitude of M6.3. This earthquake caused extended  damages in the southeastern part of the island, one fatality, and 15 injuries  
(Chaidas et al., 2021). 

In this paper, the city of Mytilini is used as the case study. Mytilini is the center of administration and commerce on the island of Lesvos, 
and was strategically chosen as the study area due to its significant influence over the region. It is the capital of the Lesvos prefecture and the 
North Aegean Region. It is situated in the southeastern part of Lesvos Island (Figure 1) and according to the 2011 Population and Housing Census, 
has 27,871 permanent residents. The city attracts a significant number of tourists during the summer season, as well as residents from nearby 
settlements who need access to various public services throughout the year. Mytilini also serves as the gateway to Lesvos Island, hosting the main 
port and airport of the Island. 

 

Figure 1. Positioning of the study Area. Left: The North Aegean Region which is located in the eastern border of Greece. Middle: Lesvos Island and 
its position in the North Aegean Region. Right: The City of Mytilini, situated in the south-east part of the Island of Lesvos 
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2.2 Data and Pre-processing 

In this paper, areal interpolation methods were utilized to transform census population into finer spatial and temporal scales. To accurately 
capture the population distribution in detail, these methods require three key datasets: 

1. Source data: Block-level population counts in spreadsheet format and block-level polygons , retrieved by the Population and Hous-
ing Census of 2011 (Hellenic Statistical Authority, 2014).  

2. Target data: Building-level polygons with numbers of floors, to interpolate population values to and refer to the 2001 Population 
and Housing Census (Hellenic Statistical Authority, 2009). The target dataset includes 10.703 individual buildings along with the 
number of floors of each building (Figure 2). 

3. Ancillary data: Points-Of-Interest (POI) to assist the interpolation process retrieved by the OpenStreetMap © (OSM) collaborative 
database under the Open Data Commons Open Database License (OdbL) of the OSM foundation. 

Spreadsheet population data were joined to the block polygons attribute data table using the common city block identification field. Due to 
data inconsistencies, 558 out of 673 city blocks are populated with 25,699 residents, and the spatial distribution of the population is depicted in 
Figure 2a. Most of the population is concentrated in the southern part of the city, while the northern part of the city is somewhat sparsely popu-
lated. In addition, the target dataset consists of more than 10,500 building polygons ranging from 1 to 8 floors. The vast majority of the buildings 
have up to 3 floors while high-rise buildings (more than 3 floors) appear in the southern part of the city, as shown in Figure 2b. 

 

 
a 

 
b 

 
Figure 2. a) Block-level polygons of the city of Mytilini including population counts and b) Building units of Mytilini along with number of floors 

 
OSM POI data in the study area include more than 1700 points of interest from various OSM features that indicate potential day-time 

activities of the population, distributed in 859 buildings. 
Finally, a reference dataset was used to evaluate the accuracy of the proposed areal interpolation implementations. The dataset was re-

trieved by the ENhancing ACTivity and population mapping (ENACT) project, carried out by the Joint Research Centre (JRC) of the European Com-
mission (Batista e Silva et al., 2020). The ENACT project consists of a set of 24 population grids, including one daytime and one nighttime grid for 
each month of the year, at 1 km2 resolution. Population estimations were conducted using a multi-layered dasymetric mapping and a fusion of 
data from official statistics and other geospatial data from emerging sources. To examine the accuracy of the proposed areal interpolation meth-
ods, February night and day data of 2011 (Figure 3) as this corresponds to the month that the Greek Census of population were undertaken. 

Location-allocation analysis requires three main components: 
1. Shelters: A set of candidate earthquake shelters available for selection. Shelter polygons were provided by the Directorate of 

Emergency Policy Planning (DEPP) of Lesvos Island (Figure 4).  
2. Demand: Population counts to be allocated to earthquake shelters. In the context of this study, block-level census population 

counts, along with detailed datasets produced through areal interpolation implementations (night and day scenarios), were used. 
3. Roads: A road network dataset obtained from the OSM collaborative database (Figure 4). 
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a 

 
b 

Figure 3. ENACT population distribution: a) night population distribution on February 2011, b) day population distribution on the same month 
and year 

The shelter dataset is composed of 64 open spaces that can be used as emergency evacuation locations after an earthquake incident. Open 
spaces were provided by DEPP under certain conditions such as land use under normal conditions (school, church, hospital and university yards, 
open sports facilities, green urban spaces etc.), ownership status (public ownership) and accessibility (within the urban fabric). 

OSM POI data and the road network were retrieved using the osmdata package (Padgham et al., 2017), in the R programming environment 
(R Core Team, 2015). The osmdata package extracts OSM map features through queries from the Overpass API (https://www.overpass-api.de/). 
Each query consists of a bounding box of the study area, the OSM map features to be extracted, and a data conversion command from XML to 
simple features  (sf) (Pebesma, 2018). OSM database provides point, line and polygon data. In the context of this paper, points and polygons were 
used. Polygon gravitational centers (centroids) were calculated and combined with the point features into a new point dataset. 

 

 

Figure 4. Data required for location-allocation analysis 
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2.3 Methods 

2.3.1. Areal Interpolation  

Areal interpolation is the process of transforming data between different spatial zones (Mennis, 2003). Areal interpolation outcomes can be 
significantly improved by incorporating ancillary information to guide the interpolation process, a key feature of Dasymetric mapping. Dasymetric 
mapping is one of the most common methods in the areal interpolation literature because it provides significantly better results by incorporating 
ancillary information. Ancillary information is used to identify potentially populated areas and can be found in the form of categorical layer map 
such as land use and land cover maps (Younes et al., 2023), mobile phone data (Bergroth et al., 2022), social media geospatial data (Bao et al., 
2023), and finally, Volunteered Geographic Information (VGI) from open spatial databases such as OSM (Bakillah et al., 2014). 

 Dasymetric mapping, combined with VGI, from the populR package (Batsaris & Kavroudakis, 2023) in r, is used to effectively transform 
block-level census population (night population) into finer spatial scales, and to capture population dynamics throughout the day (day population). 
Implementations of the populR package have been reported in Batsaris et al. (2023) and Batsaris & Kavroudakis (2023). These studies compare 
populR to other areal interpolation methods, highlighting its advantages. In this paper, the Float Dasymetric Interpolation (FDI) approach was 
employed, as it uses OSM VGI as ancillary information to transform population into a finer scale and capture fluctuations throughout the day. 

Given a set of block-level polygons (s - source) along with population values (v) to interpolate, a set of building units (t - target) along with 
their number of floors (n) as additional information, and anOSM POI dataset, FDI interpolates population values as follows (Figure 5). First, the 
occupancy rate (r) is calculated for each building, which is an indicator of its probability of being inhabited at different times, such as night or day. 
This involves counting OSM points over buildings, adjusted by the number of floors, to estimate daytime occupancy rate (rtsd – Eq. 1). Subsequently, 
this figure is further adjusted in order to measure the residential occupancy rate (rtsn – Eq. 2). Next, FDI quantifies the relative share of each 
building (t) in the total effective area of all buildings within the block (s), considering the building footprint (ats), number of floors (nts), and occu-
pancy rate (rtsx) (Eq. 3). Finally, these weights (wts), when multiplied by the block population values (vs) result in the population estimates of each 
building (pts – Eq. 4). 

 

 

Figure 5. Float Dasymetric Interpolation flowchart 

  

𝑟𝑡𝑠𝑑 =  
𝑐𝑡𝑠

𝑛𝑡𝑠
 

(1) 

𝑟𝑡𝑠𝑛 = 1 − 𝑟𝑡𝑠𝑑 
(2) 

𝑤𝑡𝑠 =  
𝑎𝑡𝑠 × 𝑛𝑡𝑠 × 𝑟𝑡𝑠

∑ (𝑎𝑡𝑠 × 𝑛𝑡𝑠 × 𝑟𝑡𝑠𝑥)𝑡∈𝑠
 

(3) 

𝑝𝑡𝑠 = 𝑤𝑡𝑠 × 𝑣𝑠 
(4) 

Where:  rtsx: occupancy rate (day of night) of building t in block s 
rtsd: daytime occupancy rate of building t belongs to block, s during daytime 
rtsn: nighttime occupancy rate of building t belongs to block, s during nighttime 
cts: count of VGI points over building t belongs to block s  
wts: volume weight of building t belongs to block s  
ats: area of building t belongs to block s  
nts: number of floors of building t belongs to block s  
pts: estimated population of building t belongs to block s 
vs: population of block s 

 The above equations have been implemented as user-friendly R functions provided by the populR package. A short demonstration using 
built-in package data is shown in the code block below. In the first line, the package is installed through the CRAN repository, attached to the 
script, and the source and target built-in data are loaded. OSM POI may be downloaded through the pp_vgi function by providing a valid spatial 
dataset in simple format (sf) and the desirable OSM tags to download. Next, the occupation ratio can be measured using the pp_ancillary function, 
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and finally, population estimation is carried out by the main pp_estimate function. Input arguments include the target and source data, the id and 
population values of the source data, the target occupation ratio and the desired method (fdi). 

 

# CRAN installation 

install.packages("populR") 

# attach package 

library(populR) 

# load built-in data 

data('src') 

data('trg')  

 

# OSM POI 

 

trg <- pp_vgi(trg, key = c(‘amenity’, ‘clothes’, ‘healthcare’, ‘leisure’,  

‘military’, ‘office’, ‘religion’, ‘shop’, ‘social_facility, ‘tourism’)) 

 

# occupation ratio 

 

trg <- pp_ancillary(trg, volume = floors, key = ‘pp_vgi’) 

 

# estimate population 

 

trg <- pp_estimate(target = trg, source = src, sid = sid, spop = pop, volume = floors,  

ancillary = float, method = fdi) 

 
Most of the casualties following a destructive earthquake mainly occur because of urban infrastructure and building collapse (X. Zhao et al., 

2017). Therefore, the population in both scenarios is either at the place of residence or the place of work. Additionally, in line with previous studies 
(Batista e Silva et al., 2020; Freire et al., 2011) the population was divided into five broad groups in terms of age range and associated activities 
during the daytime, as show in Table 1. Areal interpolation implementation carried out for each one of the population groups and finally, created 
a unified layer comprising the daytime population by summing the results.  

Table 1. Population categories based on age-groups, composition for each scenario and associated activities (OSM-related features) 

Name Age group Night (%) Day (%) OSM Tags OSM Keys 

Home stayers 0 – 4 and 65+ 100 20 –   

School Students 5 – 19 0 15 amenity school, kindergarten, mu-
sic_school 

University Stu-
dents 

20 – 24 0 7.5 amenity  university, college, library 

Working Popula-
tion 

25 – 64 0 78.5 amenity, clothes, healthcare, leisure, military, office, 
religion, shop, social_facility, tourism 

- 

Home stayers are a broad group of people and their ages range from 0 to 4 years old and from 65 years and above. Home stayers are 
assumed to stay at home in both night and day scenarios. Next, school students are the second category and include individuals from 5 to 19 years 
old. Another distinct group of people are university students aged from 20 to 24 years old. Finally, the working population group, which is the 
largest, and consists people of ages from 25 to 64 years old and includes both workers, shoppers, and visitors/tourists. School and university 
students are associated with certain keys of the amenity class of OSM features such as school, kindergarten and music_school for students and 
university, college and library for university students as they attend classes and other educational activities during the day, while during the night 
they stay at home. Working population is relatively bigger during the day as a lot of visitors and tourists go to Mytilini to access public services 
and/or attractions. A smaller amount of the working population stays at home during the night. 

2.3.2. Location-Allocation 

Location-Allocation involves three main components: a) a set of facilities (shelters) to choose from, b) a set of customers to allocate, and 
c) a metric system where costs can be measured (Azarmand & Jami, 2009; ReVelle & Eiselt, 2005). In the context of earthquake location-allocation, 
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these data include a set of alternative facilities with finite capacity available for selection (shelters), a set of customers with known demand (pop-
ulation counts), and a metric system to calculate costs (road network). In earthquake shelter selection applications, accessibility is of significant 
importance. Main measures of accessibility include travel time or travel distance between pairs of origins and destinations. GIS provides a com-
prehensive toolset to store, access, process, and visualize spatial data and complex spatial structures. 

ArcGIS is an off-the-shelf GIS software that provides a Network Analysis tool for addressing several location analysis problems including 
location-allocation (Jiao & Feng, 2024). The location-allocation layer provides a wide range of methods using different objectives and constraints. 
Maximize Capacitated Coverage is well-suited in the present case study in which earthquake shelters can only serve a limited number of people 
and simultaneously shelters must be accessible in reasonable distance by the population. The goal of Maximize Capacitated Coverage method is 
to identify facilities that can serve as much as possible demand points within a certain distance (maximize coverage). If the distance parameter is 
missing, then it behaves like the classic p-median approach where the objective is to minimize traveling costs. To solve this problem, first, an 
origin-destination (OD) cost matrix is created using Dijkstra’s shortest path algorithm (Dijkstra, 1959) and edited using Hillsman calibration method. 
Then, a group of good semi-random solutions is created to feed a metaheuristic for further optimization. The solver stops if no additional improve-
ment is possible and returns the best solution found. The combination of all of the above yields near-optimal results (Network Analyst Extension, 
2024a, 2024b). 

3. Results  

The aim of this paper, is to underscore the importance of population dynamics in the context of earthquake shelter location-allocation. 
Primarily, it is important to determine the location of the population when a destructive earthquake may occur. For this purpose, census popula-
tion data were transformed into a finer scale, and population distribution during the daytime was also estimated, using areal interpolation methods 
and VGI as ancillary information.  Finally, the results of the spatial and temporal refinements of census population were used to explore their 
influence on the location-allocation analysis, with the city Mytilini serving as the case study. 

3.1 Population Dynamics Using Areal Interpolation 

Ancillary information retrieved by OSM is crucial to the process of areal interpolation of the population as it highlights potential clusters of 
population concentration at different times of the day. The vast majority of OSM points appear in the coastal zone, whereas only a few are found 
in the eastern and southern parts of the city, which mainly include educational infrastructure and small businesses. The proposed method for 
spatial and temporal refinement of the population uses areal weights multiplied by the number of floors and occupancy rate for each building. As 
a result, high-rise buildings with large footprints and more POIs are more likely to attract more population than smaller ones. 

The outcomes of the night scenario are depicted in Figure 6a. Significant population concentrations appear in the southern part of Mytilene, 
where buildings are somehow bigger and fewer OSM data are noted. Conversely, the central and northern parts of the city, where buildings are 
relatively smaller and represent a mix of residential and commercial zone, the population concentration is significantly lower. 

A significant shift in terms of population concentration towards mixed and commercial zones, is observed in the day scenario (Figure 6b). 
Groups such as University and school students, which during the morning hours attend classes, are concentrated in educational facilities (schools, 
universities and libraries). The working population is mainly concentrated in the coastal zone, city center, and around the port of the city, where 
most of the businesses are. Finally, the rest of the population (home stayers) stay at home. 

 

  
a b 

Figure 6. Population spatial refinement and temporal estimation. a) night scenario – residential- population, and b) day scenario – population 
during the daytime  
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 Population outcomes were further evaluated using the results of the ENhancing ACTivity and population mapping (ENACT) project (Batista 
e Silva et al., 2020) of the JRC of the European Commission. Figure 7 compares each scenario with the corresponding ENACT data. Each point in 
the scatterplot represents a data observation, with the x-axis showing the actual population values and the y-axis the estimated values. The orange 
line represents the fitted linear regression model, and its slope reflects the proportional relationship between actual and estimated values. In both 
cases, our approach underestimates population in comparison to ENACT as the slope of the regression line falls below the y = x diagonal, especially 
for larger actual values in the night scenario. Despite this bias, the correlation coefficient R2 is high in both night and day scenarios, demonstrating 
the effectiveness of the FDI approach.   

 

a 

 

b 

Figure 7. Evaluation of the results acquired by the populR package and those retrieved by the ENACT project of the JRC (Joint Research Centre). 
a) scatterplot of the night dataset and b) scatterplot of the day datasets 

Root Mean Squared Error (RMSE) and Mean Absolute Error (MAE) were also measured and are presented in Table 2. The error metrics 
reveal the performance of the FDI approach when compared to ENACT data. FDI performs very well in capturing population at night, explaining 
95,8% of the variance in the actual values, with relatively low errors per square kilometer (RMSE 594.17 and MAE 387.06). In contrast, for the 
day scenario, lower R2 and higher error metrics indicate a decrease in FDI’s ability to capture daytime population distribution compared to EN-
ACT population. Capturing population dynamics during the day is a challenging task; however, the FDI approach performs adequately in both 
scenarios. 

Table 2. Error measurements and R2 of the population outcomes in comparison with ENACT project. 

Name RMSE MAE R2 

Night vs ENACT 594.17 387.06 0.958 

Day vs ENACT 854.23 566.53 0.876 

3.2 Location-Allocation 

In this subsection, location-allocation analysis is carried out to examine the importance of population dynamics. Three location-allocation 
scenarios are produced: Block Allocations (using block-level census population data), Night Allocations (using building-level residential population), 
and Daytime Allocations (using building-level daytime population distribution estimation). To explore the impact of granularity on location-alloca-
tion outcomes, a comparison of Block and Night allocations was undertaken. Next, a comparison between Day and Night Allocations was carried 
out to investigate the influence of population dynamics in the context of shelter selection and population allocation. 

3.2.1 Comparison of block and night allocations 

Figure 8 visually compares the results as spider maps. Orange markers indicate the selected locations, while red marks indicate unselected 
locations. Green lines represent the allocation lines for each building unit. In the first scenario (Figure 8a), the population is concentrated in the 
center of city blocks (centroid), which is a generalization, and may lead to less accurate results. In contrast, the second scenario Figure 8b) uses 
the granularity of individual buildings (Figure 8b), where the distribution of the population is more detailed. As a result, distances are measured 
with higher accuracy and therefore, provides more realistic outcomes. 

The results indicate differences in shelter location selection. In both cases, there are a few locations that are not serving the population in 
an optimal way and were not selected by the ArcGIS location-allocation solver. Particularly, in the block scenario, there are five shelters, while on 
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the night scenario (building scenario) there are only three. Additionally, in terms of allocations, a notable difference of 450000 meters in total 
walking distances and 25 meters in mean walking distances observed as shown in Table 3. 

Table 3. Comparison of total and mean distance, and selected locations between block and night scenarios 

Name Total Distance (m) Mean Distance (m) Locations 

Block 7467863 291 59 

Night 6892261 268 61 

 

 
a 

 
b 

Figure 8. Visual comparison of location-allocation results. a) using block-level census data – block allocations, and b) spatially refined building-level 
population – night allocations 

Figure 9 depicts the comparisons of capacities between the two scenarios and the actual shelter capacities. There are notable differences 
between the two scenarios. In the block scenario, where population is concentrated in 556 city blocks, larger cohorts of population are assigned 
to the closest shelter which affects the location-allocation process especially in cases where the closest shelters are nearly full. In greater detail, 
in the block scenario there are 5 shelters which were not selected, and another 5 in which less than 5% of their capacity is used. There are 3 spaces 
used 100% of their capacity and another 25 which are near-full. In contrast, the picture is slightly different using detailed population data, where 
there are only 3 spaces using less than 5% of their capacity and 28 fully utilized.  

3.2.2 Comparison of night and day allocations 

In the night allocation scenario, the population stays at home while during the day population moves towards their activities. As a result, 
university and school students attend classes and walk very short distances as school courts, yards and university campuses are shelters them-
selves. Fewer people stay at home during the daytime and finally, the majority of the population is at their workplaces, which are primarily along 
the coastline and around the port of Mytilene, where shelters tend to be relatively smaller. A visual comparison of the two scenarios is depicted 
in Figure 10. 
Population distribution patterns between the two scenarios provide insights regarding the areas with increased demand for sheltering. In deeper 
analysis, high-demand areas shift from residential zones at night to mixed and commercial zones during the day which affects both shelter location 
and allocation decisions. As a result, the total walking distance is higher in the Niight Allocation scenario (more than 872,000 meters) in comparison 
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to the Day Allocation scenario, as shown in Table 4. Furthermore, the outcomes highlight that during the day more shelters are selected due to 
population shifts towards their activities. 
 

 

Figure 9.  Comparison of the actual capacities (blue) and the capacities retrieved by the block allocations scenario (red) and night allocations 
scenario (yellow). 

Comparisons between actual capacities and the night and day scenarios are presented in Figure 11. A closer look into the figure reveals 
significant differences in terms of shelter needs for more than ten shelters. There are more than 10 shelters in which evacuation demand is higher 
during the day than at night, as a result of population fluctuations. In the daytime scenario, 17 shelters are operating at full capacity, while another 
7 are nearly full. There are also 7 shelters that use less than 5% of their capacity from which two of them serve a total of 6 individuals.  

Figure 10. Visual comparison between Night and Day location-allocation scenarios. a) building-level Night Allocations and b) building-level Day 
Allocations. 

 
a 

 
b 
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Table 4. Comparisons of total and mean distances, and selected locations in night and day scenarios 

Name Total Distance (m) Mean Distance (m) Locations 

Night  6892261 268 61 

Day 6020011 234 63 

 

 

Figure 11.  Comparison of the actual capacities (blue) and the capacities retrieved by the Night allocations scenario (red) and Day allocations 
scenario (yellow). 

4. Discussion  

In this study, the significance of incorporating population dynamics into the location-allocation analysis of earthquake evacuation shelters, 
using the city of Mytilini as the case study, is examined. The results demonstrated that spatio-temporal population refinements influence the 
outcomes of shelter planning, with implications for improving evacuation strategies and ensuring resource optimization. 

Refinements of census data revealed differences in population distribution between the night and day scenarios. Night population mainly 
concentrates in residential areas, where larger buildings and fewer OSM data exist, while during the day concentrations shifted towards mixed 
and commercial zones. Comparisons to ENACT data validated the effectiveness of the proposed areal interpolation implementation, particularly 
for the night scenario. However, the proposed approach was less effective in estimating daytime population reflecting the challenges of capturing 
daytime patterns of mobility. Despite its strong performance, the proposed method has two important limitations that must be acknowledged. 
One key limitation is the reliance in census data, which are not fully account for tourists and visitors, potentially leading to underestimation in 
specific zones, especially during the daytime. OSM data, serves as a valuable source of information for areal interpolation; however, its use comes 
with challenges that must be addressed. Although OSM data is reviewed before publication, its quantity, accuracy and quality largely depend on 
the experience and contribution of volunteers, the available tools and different techniques which can vary significantly between locations (Bakillah 
et al., 2014). Another notable limitation is the lack of systematic updates, which means that recent changes may not always be captured (Batsaris 
et al., 2023). For example, in this study, intersecting OSM data included approximately 1300 businesses, private and public organizations – repre-
senting only about a 37% of the actual number reported by the Chamber of Lesvos for the year of 2024. Improvements, of the proposed method 
may be achieved by utilizing additional sources of data such as LUCAS points (Gallego, 2010) and social media data (Sinnott & Wang, 2017) to 
address population dynamics during the daytime.  

Location-allocation analysis also provided valuable insights into how the granularity and temporal dynamics of population impact earthquake 
shelter planning. Building-level data achieved less total walking distances, better shelter selection and capacity management in comparison to 
block-level census data, due to the generalization of population representation in block centroids. The comparison of night and day allocations 
highlighted a significant shift in evacuation demand which showcases the importance of incorporating population dynamics for better location 
selection to avoid overcrowding and/or shelter underutilization and efficient allocations to minimize the walking distances to shelters as well as, 
to achieve better capacity management. 

The findings of this study have practical implications for earthquake shelter planning. Using static census data may lead to less efficient 
results, while incorporating spatio-temporal refinements of population data can optimize shelter location and utilization as well as more efficient 
allocations. Insights about population distribution patterns under different scenarios, can assist planners in making more informed decisions about 
shelter placement, ensure better accessibility, and avoid overcrowding or underutilization of the available resources. Moreover, the observed shift 
in evacuation demand between night and day underscores the need for adaptive evacuation strategies that address these dynamic shifts. Planners 
should consider flexible approaches to enhance disaster preparedness and community resilience, especially in urban environments with significant 
daytime mobility. 
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5. Conclusions 

Location-allocation has been extensively used for shelter placement and allocation of the population in disaster-related applications. Most 
of the existing approaches rely on static commune-level residential population data, often neglecting the dynamics of population mobility. This 
may lead to sub-optimal shelter placement and inefficient allocations. In this study, the influence of spatial and temporal refinements of the census 
population is examined in the context of location-allocation analysis. 

The study contributes to the continuously growing location-allocation literature as follows: 
1. Refined spatial and temporal population estimations for emergency planning: In this paper, areal interpolation methods were utilized 

along with open spatial information to enhance the spatial and temporal granularity of census data. Accurate representations of pop-
ulation distribution throughout the day are crucial for efficient earthquake emergency planning and show significant changes in pop-
ulation distribution patterns between day and night. 

2. Influence of population dynamics on earthquake shelter location-allocation: Detailed spatio-temporal population distribution data 
were used in location-allocation analysis to determine how they influence the process of shelter selection and allocation of affected 
populations. The findings of the study demonstrate that refined spatio-temporal population data may lead to more efficient shelter 
selection and better accessibility and, highlight the importance of integrating population dynamics into shaping disaster preparedness 
plans. 

To examine the efficiency of the proposed methods, actual data from the city of Mytilini, Lesvos, Greece, were used. Initially, building-level 
population refinements were estimated for day and night and then used in the context of location-allocation analysis. Three location-allocation 
scenarios were examined including the direct use of census block-level population data (block allocations), a building-level night scenario (night 
allocations), and a building-level day scenario (day allocations). We first showed the advantages of using detailed population data by comparing 
the block allocations with night allocations. Then, we provided comparisons between building-level night and day location-allocation scenarios to 
highlight the influence of using population dynamics in location-allocation analysis. 

The outcomes of this study provide improved results when comparing block and night allocation scenarios. In addition, estimation of popu-
lation distribution during the day provides better information about optimal shelter placement, and efficient capacity management as well as their 
impact on population allocation. Incorporating population dynamics into emergency shelter location-allocation analysis will enhance earthquake 
resilience, support emergency planners in improving disaster preparedness, and increase shelter accessibility in the aftermath of earthquakes. 
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