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Abstract

In the past decade, the number of refugees and internally displaced people (IDP) has
doubled. This prompted the construction of more refugee camps and the proliferation
of existing camps with diverse structural morphologies. Satellite imagery and machine
learning (ML) are increasingly utilized to map these camps. However, there exists no
standardized inventory that systemizes the built-up structures of these camps. In this
study, we conceptualize the settlement morphology of refugee and IDP camps from
satellite images and create a structure catalogue. Using visual image interpretation (VII)
of very-high-resolution and multitemporal imagery, we compile a global database of
settlement structures from 285 camps across 1,053 observations. This catalogue is sub-
sequently used to synthesize patterns in camp structures and temporal dynamics. The
results show stark variations in settlement structures across camps. Despite some sim-
ilar regional patterns, stark differences in morphologies are a testament to the global
heterogeneous landscape of refugee and IDP camp structures. These findings highlight
the importance of considering morphological differences in image analyses across camps
in future designs of ML-based automated detection and monitoring efforts. Therein, the
Structure Catalogue serves as an important foundation for future earth observation for
humanitarian applications.
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1. Introduction

In 2020, the number of refugees worldwide reached unprecedented levels. Over 82 million
people were registered as forcibly displaced from their homes, more than doubling their
numbers over the past decade (UNHCR, 2021b). Reports in 2021 even indicate a further
increase to over 89 million (McAuliffe and Triandafyllidou, 2021), a trend that will continue
with, e.g, climate change drastically altering the human habitat in West Africa (Interna-
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tional Organization for Migration, 2021). One physical manifestation of these devastating
humanitarian crises are camps for refugee and internally displaced people (IDP) camps,
many of which host thousands of people. They find a bare minimum of shelter in tents,
containers, or plain huts. The camps are often initially planned as temporary solutions,
but over time evolve into permanent places of residence, failing to provide any glimpse of
perspective or legal status for their inhabitants (Ramadan, 2012; Kraff et al., 2022).

People around the world are flocking to ever larger, ever more complex settlements. A
trend that can be seen for formal cities (Taubenböck et al., 2019), is also true for refugee
and IDP camps around the world. With evermore people on the run, these settlements
become more important places of residence. Yet, reliable spatio-quantitative data about
these settlements are in demand but scarce. For example, the population density as well
as the spatial layout of camps has shown to play an important role in the spreading of
diseases. Recent efforts to model the spread of COVID-19 in the Cox’s Bazar refugee camp
in Bangladesh included information about the spatial setup and infrastructure in the camp
(Aylett-Bullock et al., 2021). Such efforts highlight the need for highly detailed geographical
data on refugee and IDP settlements.

In areas of violent conflict or with restricted access to international and independent
parties, remote sensing is typically the only tool to acquire independent, objective and large-
scale spatial information about the conditions on ground. This includes settlement extents,
population estimates and, with high resolution imagery available, dwelling types (Witmer,
2015, for an overview). Earth observation data has been used to describe, derive, and map
settlement morphology in complex urban settings (e.g. Kuffer et al., 2014; Taubenböck and
Kraff, 2014; Wurm et al., 2017; Georganos et al., 2021). Recent approaches increasingly
utilize machine learning (ML) of remote sensing imagery to provide large-scale information
on the extent of fast-growing informal settlements and refugee camps (e.g. Aravena Pelizari
et al., 2018; Braun et al., 2019; Wurm et al., 2019). In addition to mapping the spatial
extent of refugee camps, multi-temporal earth observation data can be used to derive
information like population counts and dynamics (Lang et al., 2010), supporting decision-
making and guidance for humanitarian aid (Lang et al., 2019). With the recent launches of
high resolution space-borne sensors, like Sentinel-2, evermore data is available to be used
for highly detailed land cover analyses (e.g. Weigand et al., 2020).

Despite recent technological and methodological advances in image analysis, however,
high quality and large quantity reference data availability remains a major challenge for
developing reliable automatic mapping applications for humanitarian aid (Quinn et al.,
2018; Nasir et al., 2022). In fact, aside from a target variable that is complex and of
varying structural appearance across the globe, the challenge of deriving reliable information
about refugee camps worldwide is increased by parameters like heterogeneous landscapes
or differences in soil and vegetation cover (Witmer, 2015).

As a consequence, existing satellite-based settlement datasets have been shown to mis-
represent refugee settlements (Van Den Hoek and Friedrich, 2021). This obscures the spatial
representation of displaced people in global geographic human settlement datasets, which
is why recent efforts for creating reference data explicitly include refugee and IDP camps
(e.g. the WorldStrat Dataset Cornebise et al., 2022). Also, initiatives like Missing Maps1

play an important role in closing existing data gaps. The morphological diversity of camps
and their potential ambiguity to formal settlements are challenging for modern ML-based
techniques, as recent studies on mapping informal settlements show (Aravena Pelizari et al.,
2018; Stark et al., 2020). Beyond that, efforts of mapping urban areas do not allow for a
detailed inventory of different settlement morphologies in refugee and IDP camps as such

1https://www.missingmaps.org/
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information is missing on a global scale. This complicates assessing the quality of previous
and future mapping efforts (Wang et al., 2022).

In this study, we conceptualize the different morphological structures in refugee and
IDP camps across the planet. While there are detailed procedures on how to plan and
build settlements, most notably the Sphere Handbook (Sphere Assotication, 2018), exist-
ing camps vary drastically in their spatial layout. We document the camp morphologies
found in refugee and IDP camps using spatial-quantitative measures. From this, we com-
pile a consistent systematization: the Structure Catalogue (SC) of refugee and IDP camp
settlement morphologies. We apply visual image interpretation (VII) in a large-scale as-
sessment of hundreds of camps. We then evaluate the reliability of VII for creating the
SC using high resolution geographic reference data. Eventually, the SC is used to analyse
the different complexity and dynamics of refugee and IDP camp structures worldwide. The
main questions of this study are:

(1) What are distinctive features of the morphological structures in IDP and refugee
camps?

(2) Is VII a reliable method to derive structure information in refugee and IDP camps?
(3) How diverse are morphological settlement structures in refugee and IDP camps across

the globe?
(4) Are there geographic patterns in the distribution of certain camp morphology types

across regional or continental scales?
(5) How do structural morphologies in refugee and IDP camps change over time?

To answer these questions, we first conceptualize the various aspects that allow the
description of camp morphology in section 2. We outline the data and methods used in
this study in section 3. Using a standardized set of morphological features, we compile
the SC from hundreds of refugee and IDP camps worldwide. Further, the resulting SC is
evaluated against reference data before serving as a database for a large-scale analysis of
camp settlement structures. To aid interpretability of the geographic patterns, the morpho-
logical features are aggregated by compactness and geometric arrangement. The results are
presented in section 4 and discussed in 5 before we conclude this study in section 6.

2. Conceptualizing refugee camp morphologies – the Structure Catalogue

2.1. Refugee camp structures

The spatial layout of refugee and IDP camps varies. This is reflected in satellite imagery,
from strictly planned adherence to geometric patterns to more informal layouts without
clear spatial planning guidelines. Leading humanitarian agencies and organizations set min-
imum standards on camp planning and structure2. For example, the Sphere standard defines
minimum distances between tents or shelters to provide safety, e.g., as fire breaks (Sphere
Assotication, 2018). It has been recognized that, especially in densely populated camps,
hazards, such as fire, pose a significant risk to the residents (Inter-Agency Shelter Sector
Corrdination Working Group, 2018). However, the defined minimum standards do not lead
to more or less homogeneous settlement structures with local adaptation, but their appear-
ance varies drastically across the globe. Some follow clear and regular patterns with rows
of tents or containers planned and built from scratch. Others grow organically in previously
unsettled areas or in yet uninhabited areas in cities. This variability can be attributed to

2https://emergency.unhcr.org/entry/35943/site-planning-for-camps
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many factors, such as camp management, building materials, topography, spontaneity and
history of the settlement.

Furthermore, the structures in camps are not static, but sometimes change significantly
over time. The camp Cevdetiye, Turkey, located along one of the most active migration
routes in 2020 from the Syrian Arab Republic to Turkey (McAuliffe et al., 2021; Unite
Nations Department of Economic and Social Affairs (UN DESA), 2020), allows illustrating
these dynamics. It was initially built with tents and later upgraded to a village of ac-
commodation containers (see fig. 1). Satellite data allow detecting the time of settlement
formation, the structural changes over time and possibly the time of their destruction.

Figure 1. The camp Cevdetiye, Turkey in 2014 and 2018 (top) and corresponding satellite imagery (bottom).
Between the two time steps, the camp was rebuilt from tents to containers. Image source satellite imagery ©
Google Earth, Maxar Technologies 2021 & CNES Airbus 2021; Image sources top left: © European Union 2016 -
Source : EP / Photographer: Yasin Akgül; top right: © Deniz Kurt Insaat.

A systematization of these structures is still pending. Thus, we aim (1) to document
the variety of camp structures around the globe in a structure catalogue. Through the
multitemporal nature of satellite image time series data, it is even possible to capture the
spatial dynamics (Tomaszewski et al., 2016) of camps over the years. And we aim (2) to
build a detailed spatial knowledge base that will allow for the creation of automated ML
applications based on modern satellite data.

2.2. Compilation of relevant morphological features – The Structure Catalogue

Previous studies on the classification of morphologic settlement structures utilized landscape
metrics based on VHR building footprint data (e.g. Jochem and Tatem, 2021; Jochem et al.,
2021). While they provide detailed localized morphologic abstractions, their reliance on high
resolution building footprint data poses a limitation as such data are rare, and mapping
errors of building footprints can introduce uncertainties for morphology evaluations (Wang
et al., 2022). In this study, we show that VII can alleviate some of these limitations in regions
without high resolution building data. In a previous study, Taubenböck et al. (2018) used
different morphological parameters to formalize informal and complex settlement structures
of slums. Slums share many structural elements with refugee camps, e.g., a lack of formal
infrastructure, predominantly single storey shelters, or high population densities. Here, we
adapt this approach to the analysis of refugee and IDP camp morphology. We derive a
set of morphological features specifically designed to represent the unique descriptive prop-
erties of camp structures in satellite images. Thereby, we do not imply any legal status,
genesis, ethnic background, or administrative or organizational structures in the camps.
These observations are descriptive and do not consider the defining reasons such as plan-
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ning specifications, topography, or available building material. Thus, we aim to provide an
objective, reliable description of the physical camp appearance. The features are compiled
into a comprehensive database, the SC. Each camp is represented as one or multiple ob-
servations over time. Each observation records the settlement structure using the following
parameters.

In general, settlement structure can be described at different scopes. We focus on three:
(a) the building level, (b) the block level, and (c) the camp level. On the building level,
the entity of analysis is individual dwellings. Blocks are defined as a closed conglomerate
of dwellings with consistent or similar structural patterns. Blocks are usually separated by
major paths or roads, water bodies or open spaces, all of which are not part of the blocks
themselves. On the camp level, the reference unit is the entire context of the site. Table 1
summarizes the definitions of the hierarchical morphological features, figure 2 depicts them.

Figure 2. Conceptual visualization of seven morphological features across three hierarchical scopes of a camp
captured by the Structure Catalogue.

At the building level, the size of the tents or shelters is a defining characteristic. In our
approach, we define shelter area (AREA) as the most dominant size of the shelters in the
camp. Based on observations, we distinguish between three classes: In camps categorized
by small shelters, on average, AREA does not exceed 20 m2. This roughly aligns with the
UNHCR’s family tents. Similarly, with medium-sized shelters, average shelter size does not
exceed 40 m2, and camps with large shelter area have an AREA of more than 40 m2.
Second, the shelter distance (DIST) is defined as the ratio of the distance between shelters
to the shelter’s axis. A ratio of 1 means, for example, that shelters with an axis of 5 metres
have an average distance to the next shelter of 5 metres. A small DIST is defined with a
ratio below 0.5, medium DIST is up to a ratio of 1.5, leaving large DIST above a ratio of
1.5.

The first feature defining the appearance of camps at the block level is the shelter density
(DENS). It describes the ratio of each block covered by buildings or tents. In light of built-
up densities recommended by Sphere, the cut-off points between the low-medium and
medium-high thresholds are set to 10 % and 20 % built-up density, respectively. Second,
the shelter orientation (ORI ) indicates how the buildings are oriented towards others in
their direct neighbourhood. In the case of planned structures we expect an arrangement of
buildings with high geometric alignment, i.e. this parameter indirectly establishes a reference
to the formality or informality of an area. A low degree of orientation is present when
shelters are not aligned in regular patterns but rather show chaotic structures, meaning
that the main axis of each building is neither perpendicular nor parallel to the ones of
neighbouring buildings. A high degree of orientation is given when all buildings are aligned
perfectly orthogonal or parallel. Medium orientation defines the in-between state. In case
shelters feature circular shapes, orientation was determined as the alignment of shelters
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along straight lines.
At the camp level, the parameter density homogeneity (HOM) describes whether the

building density varies throughout the camp. It is thus a parameter for the overall visual
consistency of the structure in camps. Whenever there is no clear pattern towards one
degree of building density, low homogeneity is assigned. Vice versa, high homogeneity is
achieved, when density is similar throughout the entire camp. Second on camp level, camp
structure (STR) indicates whether buildings in the camp show an unclear, fundamental or
pronounced alignment with an internal structure. The latter, for example, is found when
buildings align in parallel to the road network. Lastly, we assess the path structure (PATH).
It describes the geometric alignment of the major path network in the camp varying from
a perfect orthogonal alignment to a chaotic path system or even no clearly detectable path
network at all.

Table 1. Systematic definition of morphological features and their associated values that form the foundation for
the Structure Catalogue. (AREA = shelter area, DIST = shelter distance, DENS = shelter density, ORI = shelter
orientation, HOM = density homogeneity, STR = camp structure, PATH = path structure).

Scope Feature Low/Small Medium High/large

Build. AREA AREA ≤ 20 m² AREA ≤ 40 m² AREA > 40 m²
DIST DIST ≤ 0.5 shelter axis DIST ≤ 1.5 shelter axis DIST > 1.5 shelter axis

Block DENS Block area occupied by
shelters ≤ 10 %

Block area occupied by
shelters ≤ 20 %

Block area occupied by
shelters > 20 %

ORI Chaotic orientation of
shelter in their neigh-
bourhood

Some alignment of
shelter orientation

Perfect orthogonal
alignment of shelter

Camp HOM ≤ 66 % of blocks are of
same DENS class

≤ 90 % are of same
DENS class

> 90 % of blocks are of
same DENS class

STR No/low alignment of
shelters with internal
structure of the camp,
e.g. the path network

Some shelters align
with internal structure

All shelters align with
the internal structure

PATH No paths detectable,
chaotic path system

Semi-orthogonal
aligned path network,
or parts of the network
being chaotic

Perfectly orthogonal
path system

Overall, the SC comprises seven structure parameters representing different morpholog-
ical features. These provide a template for the quick, yet consistent and detailed visual
assessment of the refugee or IDP camp structural appearance. It is also intended to include
information useful to guide future developments in image classification approaches as it de-
scribes the physical structure of the camps. In this study, the SC will be used to categorize
the settlement structures of numerous refugee camps all across the globe.

3. Data and Methods

The methodological approach in this study is structured in three parts – (1) Visual image
interpretation of refugee camp structures from very high resolution (VHR) satellite imagery,
(2) evaluation of the SC using reference data, (3) subsequent analyses for finding common
patterns in refugee camp structures across the globe. For parts (1) and (2), three types of
data were used – (a) UNHCR PoC location data as a starting point for our analysis, (b)
publicly accessible VHR Satellite imagery for visual interpretation of settlement structures,
(c) OpenStreetMap (OSM) data for evaluating VII results.
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3.1. Visual image interpretation – Filling the Structure Catalogue

Ideally, the structure catalogue would be filled by metrics derived from HR geodata on
building footprints, road networks and other parameters for all refugee and IDP camps
worldwide. However, such data do not exist in a comprehensive database or are not publicly
accessible in consistent, up-to-date and exhaustive sources. Digitizing buildings in numerous
camps is a very time-consuming task and is therefore also not applicable at scale. This is
why we used visual image interpretation of freely available VHR remote sensing imagery
from Google Earth in this study, to assess the structural parameters as defined in sec. 2.2.

We based our analysis on a spatial database of locations for PoC published by UNHCR
(2022) which listed a total of more than 13,000 places around the world as of October
2020. These are classified into several categories, e.g., “Refugee Camp”, “IDP settlement”, or
“Returnee location”. From this database all entries of the “camp” categories were evaluated
for their inclusion into the SC (N = 1,606). All the following criteria had to apply for
inclusion: (a) the camp location coordinates were correctly located, i.e., inside or close
to a camp-like structure and settlement structures were visible in HR or VHR imagery at
least for one observation time in satellite imagery, (b) the structures resemble a coherent
(temporary) settlement pattern, (c) if located close to a city, the camp structures were
clearly distinguishable from formal settlement structures, and (d) any reference to the
camp/settlement in other data, e.g. OpenStreetMap, Google Maps, media or news outlets,
or UNHCR documents was found. Overall, 216 refugee camps and 69 IDP camps from the
UNHCR PoC locations database were found to be eligible for the structure catalogue based
on these criteria. Figure 3 shows the spatial distribution of the camps across the globe and
three examples of refugee camps are illustrated.

For each selected PoC location, all available historical and recent VHR image data were
inspected in Google Earth. For every available cloud-free image of the camp, morphological
features were visually annotated by an expert based on the classification scheme proposed
in sec. 2.2. In total, the Structure Catalogue contains 1,053 unique observations (851 for
“refugee camps”, 202 for the class “IDP camps”) attributing seven structural parameters as
ordinal variables: low/small, medium, high/large.

3.2. Evaluation of refugee camp structures

In order to validate the VII results, a subset of camps was evaluated using high resolution
(HR) reference data. Specifically, these were camps for which HR building footprint data
were available from the OpenStreetMap (OSM) Project3,4. The evaluation compared vi-
sually interpreted results from the SC with quantitative measurements derived from OSM
data. Therefore, building footprints, path/road networks and camp outlines were compiled.
High resolution reference data were available for 35 camps. The following geographic met-
rics corresponding to the morphological features in the SC were derived, allowing to test
for accuracy and stability of the visual interpretation process.

3.2.1. Measuring morphological features

At the building level, we evaluated the validity of the shelter area (AREA) derived from
VII. The three classes – low, medium, high – are compared to the median shelter area

3https://openstreetmap.org
4https://wiki.openstreetmap.org/wiki/Refugee/Displaced_Site_Mapping
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Figure 3. A selection of different refugee camps (top) and their corresponding appearance in high resolution satellite
images (middle). The map overview (bottom) shows all UNHCR PoC locations selected for this study. Satellite data:
© Google Earth, Maxar Technologies 2021 & CNES Airbus 2021. Image sources: top left: Image by user Wikipedia
User Arre, CC-BY-SA 3.0; top mid: Mark Knobil, CC-BY 2.0; top right: public domain Maaz Hussain (VOA).

(AREA′) of OSM building footprints in the respective camp. It is defined as

AREA′ = med{Ah | h = 1, . . . , H} (1)

where Ah is the area of each individual shelter h in square meters and H is the number of
all dwellings per camp.

To represent a numeric equivalent for shelter distance (DIST ) in the SC, we calculate
the distance between each building and its closest neighbouring building in relation to the
square root of the building’s size. The building distance is then averaged per camp as

Dih =
dh√
Ah

(2)

DIST ′ =
1

H

H
∑

h=1

Dih (3)
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where Ah is the size of each shelter h and dh is its distance to the closest neighbouring
shelter.

At the block level, the visually interpreted shelter density (DENS) is compared against
the median built-up density of all blocks (DENS′). Each block’s density is defined as the
ratio between the block area and the cumulative area of all buildings in this block:

Deb =
1

Ab

Hb
∑

h=1

Ah (4)

DENS′ = med{Deb | b = 1, . . . , B} (5)

where B is the total number of blocks, Hb is the number of dwellings per block, Ah

describes the area of each building and Ab is the area of block b.
The building orientation (ORI) describing the alignment of buildings in relation to their

neighbourhood is derived from a building’s footprint. It is simplified to its minimum area
encasing rectangle (Freeman and Shapira, 1975) from which the building’s main axis of
orientation is derived as ∆X and ∆Y . With those, the orientation o can be calculated for
each dwelling h and subsequently the orientation difference between each building and its
neighbour i can be assessed as ∆oh,i:

o = arctan

(

∆Y

∆X

)

× 180

π
(6)

∆oh,i = mod(oh − oi, 90) (7)

The angular difference is then transformed to an orientation index. Its function, oind(x),
scales the orientation difference of two objects from orthogonal to chaotic alignment be-
tween 0 and 1, cf. Taubenböck et al. (2018) eq. 3. A building’s orientation is seen in a
neighbourhood of the N closest dwellings. Empirically, we found N = 15 to be a good
trade-off between the stability of the index and computational effort.

oind(x) = −|x− 45| × 1

45
+ 1 (8)

Ih =
1

N

N
∑

i=1

oind (∆oh,i) (9)

That is, the building orientation (ORI ′) of the entire camp can be summarized as

ORI ′ =
1

H

H
∑

h=1

Ih. (10)

At the camp level, the visually derived block homogeneity (HOM) is compared against
the variance of shelter densities across all blocks as expressed by the standard deviation.
Lower variance therefore indicates higher homogeneity. Using the definition of built-up
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density per block Deb in eq. 4, homogeneity (HOM ′) is defined as

De =
1

B

B
∑

b=1

Deb (11)

HOM ′ =

√

√

√

√

1

B

B
∑

b=1

(Deb −De)2 (12)

and B is the number of blocks per camp.
The building structure (STR), a means of describing the overall structural cohesion of

a camp, is evaluated against the standard deviation of all shelter distances Di (see eq. 2)
in a camp as STR′.

Di =
1

H

H
∑

h=1

Dih (13)

STR′ =

√

√

√

√

1

H

H
∑

h=1

(

Dih −Di
)2

(14)

The path structure (PATH) is measuring how well paths in the camp are aligned to an
orthogonal pattern. First, the angle of orientation oi,x is calculated for all line segments at
each intersection i using eq. 6. Then, all the segments at each intersection are compared
to all adjacent paths k deriving the angular difference by means of eq. 8 and averaged
per intersection. Eventually, the road structure (PATH ′) is aggregated per camp as the
median of all path orientation indexes.

Pi =
1

JiKi

Ji
∑

j=1

Ki
∑

k=1

oind(oi,j − oi,k) (15)

PATH ′ = med{Pi | i = 1, . . . , I} (16)

where I is the total number of intersections per camp, Ji and Ki are the number paths at
each intersection i.

These metrics provide a set of quantitative measures to evaluate the validity of the VII
approach. This allows for an objective validation of the chosen method of VII in places
where highly detailed reference data was available.

3.2.2. Comparing measured morphology to visual interpretation

For the 35 selected camps with all geographic metrics derived from HR geodata, a com-
parison with the visually obtained parameters of the SC their three-step ordinal scale –
low, medium, high – is possible. By contrast, the metric counterparts derived in sec. 3.2.1
feature continuous scales. The goal is to analyse the relationship between these two scales
per morphological feature. Although it might be tempting to assume a linear relationship
between the three ordinal values in the SC, this would not suit the complex relationship,
rendering linear regression unusable for comparison.

Rather, we used ordered logit models, also known as proportional odds logistic regression
models, to analyse the relationship between visually interpreted structures and derived
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metrics (Brant, 1990; Grilli and Rampichini, 2021). Ordered logit models allow assessing
the odds, an ordinal target is described by a defined value range of continuous descriptive
variables. In particular, they describe the probability P of the outcome Y being less than
or equal to a category j = 1, . . . , J − 1 of J total categories with P (Y > J) = 0 as

P (Y ≤ j)

P (Y > j)
(17)

with which the log odds (logit) are defined as

log
P (Y ≤ j)

P (Y > j)
= logit(P (Y ≤ j)). (18)

The chosen implementation in R’s MASS package (Venables and Ripley, 2002, version
7.3.55) parametrizes the model as

logit(P (Y ≤ j)) = βj0 − η1x1 − · · · − ηpxp. (19)

The resulting proportional odds models fit coefficients that allow for interpreting the
relationship between visually interpreted structure parameters in ordinal scale and their
measured continuous evaluation metrics. This is done by means of odds ratios as well as
p-values and an associated significance estimation for each class transition in the ordinal
target.

3.3. Camp compactness and geometric arrangement

Observations in the SC aim at providing a multifaceted description of the prevalent struc-
ture in refugee camps. Comparing these highly dimensional visually derived parameters on
a global scale is challenging. To identify overarching patterns, we reduce the dimensionality
and aggregate the seven structure parameters from the SC to describe each settlement’s
complexity along two major categories: compactness and geometric arrangement. We com-
bine the following parameters into the aggregate compactness: shelter area (AREA) as one
large building is more compact than multiple buildings of the same cumulative size, the
inverse building distance (DIST ) as a distance-based compactness metric of free spaces,
and shelter density (DENS) as an areal metric, and homogeneity (HOM) of densities in
the blocks as a measure of consistency. We define compactness as

Comp. =
1

3
(AREA+ (| DIST − 4 |) +DENS +HOM)

4
. (20)

Similarly, we aggregate geometric arrangement from the SC metrics relating to geometric
alignment along certain features: building orientation (ORI ), camp structure (STR) and
path structure (PATH). It is defined as

Arr. =
1

3
(ORI + STR+ PATH)

3
. (21)
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In both aggregates, the ordinal values low, medium, and high are equated to numeric
values 1, 2, and 3, respectively. Therein, the values are mapped in equal intervals to an
ordinal scale low, medium, high. This allows to differentiate between different types of
structures and identify patterns by reducing the dimensionality to 2 axes: low, medium and
high compactness and geometric arrangement, respectively.

4. Results

The four key results in this study are: (1) the Structure Catalogue of refugee and IDP
camps filled with the structural features found across the globe, (2) a validation of the
visually assessed morphological features in the SC using high resolution geodata, (3) a
description of patterns and variabilities of camp structures across the globe, and (4) an
assessment of temporal camp dynamics. These results are presented consecutively in the
following sections. The SC is made available as part of the supplemental materials of this
study.

4.1. The Structure Catalogue

In total, the SC contains 1,053 observations from 285 camps, i.e. on average 3.7 observa-
tions per camp and 2.45 years apart. For each observation, seven morphological settlement
characteristics were assessed through VII of very high resolution satellite imagery. Across
the included camps, we found all possible values – low, medium and high – of each morpho-
logical feature in the SC (fig. 4), yet there are significant differences in their frequencies,
making clear that refugee and IDP camps have more and less characteristic features.

Figure 4. A histogram of the Structure Catalogue by morphological feature. For each camp the most recent
observation is used for this histogram. Definitions of low, medium, and high values per feature are detailed in table
1.

Overall, we found that the average building size (AREA) tended to be small to medium.
Less than one fifth of camps were registered with a large shelter area. Similarly, distances
between buildings (DIST ) were low to medium in most camps. Small building sizes and
small distances reflect the dominant shelter types, i.e., small tents, huts or containers
that make up the bulk of the residential shelters in refugee camps. Nevertheless, there are
exceptions to this trend. Larger buildings are defining the structure in cases where efforts
are made to build large facilities. These feature higher building qualities, better materials
and larger buildings.

At the block level, camps tend to show high built-up densities (DENS). However, this
trend is less pronounced than with DIST, e.g, as a result of organic low-density sprawl at
the fringe of camps. Building orientation (ORI ) had medium values for more than half of
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the settlements. Camp homogeneity (HOM) was evaluated rather bipolar as low or high
values were found more frequently than medium. Planned, structured settlement pattern
dominate our sample of camps; however, about one-third of all camps are measured with a
complex, less homogeneous pattern. Building alignment alongside structural elements like
roads (STR) was high in more than half of the camps. Less than 10 percent of camps did
not show a clear path structure (PATH); consequently, in most cases PATH was evaluated
to medium or high values, meaning semi-orthogonal and orthogonal layouts were dominant.

For example, the camps in figure 3 had the following morphology: Awserd, Algeria (in
October 2018) featured medium AREA, medium DIST, medium DENS, medium ORI, low
HOM, medium STR, medium PATH. Touloum, Chad (in December 2018) had small AREA,
high DIST, low DENS, medium ORI, high HOM, medium STR, low PATH. Nayapara,
Bangladesh (in January 2020) featured large AREA, low DIST, high DENS, high ORI, high
HOM, high STR, medium PATH.

4.2. Evaluation

The visual assessment of the settlement structures in camps corresponds to the measured
numeric variables in the geodata. The evaluation of the VII results reveals that the structure
parameters follow expected trends (fig. 5). Distinct linear or exponential relationships are
evident for all features but STR. Variances were generally low except in cases with low
numbers of observations, e.g. large shelter area (AREA).

Figure 5. Comparison of visually assessed ordinally scaled morphological parameters in the SC and the measured
evaluation metrics derived from geodata. Violin plots visualize the distribution of values across the evaluated metrics
defined in sec. 3.2: shelter size AREA, shelter distance DIST, shelter density DENS, shelter orientation ORI, density
homogeneity HOM, camp structure STR, path structure PATH. Yellow dots with antennas indicate the per-group
mean and variance, respectively.

The proportional odds logistic regression (fig. 6) shows that most features have distinct
per-class odds for the low, medium and high classes. Each class clearly populates a dedi-
cated interval along the measured validation metric. The only exception to this is medium
STR which does not clearly protrude by its proportional odds. The arrangement of the
proportional odds curves from low to high varied across the morphological features consis-
tently with the definitions of the visually derived and the measured features. For example,
the odds of a camp being considered having low, medium and high DIST was highest in
camps with measured average normalized building distances (cf. eq. 3) between 0 and 0.5,
0.5 and 1.45, and above 1.45, respectively. Thus, it was mostly matching the intended
definition in table 1. Similarly, a camp was considered having small, medium and large sized
buildings when average building sizes were measured to be around ≤ 25 m², ≤ 40 m², and
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> 40 m², respectively.

Figure 6. Results of the proportional odds logistic regression. The plots show the odds ratios (y-axis) of each
evaluated metric derived from OSM data (x-axis, see sec. 3.2) describing the discrete value of SC features derived
from VII (colours, see sec. 2.2): shelter size AREA, shelter distance DIST, shelter density DENS, shelter orientation
ORI, density homogeneity HOM, camp structure STR, path structure PATH.

The varying magnitude of the odds ratios (cf. table 2) was caused by the differences in
definition and especially the scale of units between the visually derived and the measured
features. For example, with an increase in average shelter size of 1 m², the odds of a camp
being evaluated with a higher value in the VII increased by 17 %. Similarly, the odds of a
camp being evaluated with a higher density were 1.45 times higher for every percent increase
in median building density in the camp. Most p-Values indicated highly significant results
for the low/medium and medium/high class thresholds except for the HOM medium/high
threshold, further highlighting the conceptual complexity of the parameter and relation to
the evaluated metric.

Table 2. Results of the proportional odds logistic regression analysis. Odds ratio, Confidence intervals (CI) and
p-Values for the class thresholds between low & medium and medium & high transitions are provided alongside
significance levels (*** p < 0.001, ** p < 0.01, * < 0.05).

Metric Odds Ratio CI 2.5 % CI 97.5 % p-Value low |
medium

p-Value
medium | high

AREA 1.1702 1.0905 1.2759 0.00028 *** 0.00000 ***
DIST 135.75 20 1640.23 0.00004 *** 0.00000 ***
DENS 1.4543 1.2200 1.9503 0.00368 ** 0.00071 ***
ORI 6.6×10−12 2.2×10−17 8.5×10−8 0.00000 *** 0.00013 ***
HOM 7.0×10−4 1.2×10−6 1.7×10−1 0.00089 *** 0.38330
STR 0.170 0.0470 0.4816 0.00005 *** 0.01776 *
PATH 6.3×10−4 5.1×10−6 0.0350 0.00000 *** 0.00069 ***

4.3. Global patterns in structural morphology

Aggregated patterns of the overall morphological structure were attained by combining
the morphological features into compactness and geometric arrangement (see fig. 7). The
distribution of IDP and refugee camps across these two parameters highlighted that all
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possible combinations of compactness and arrangement are well represented. The building
footprint plans in 7 a) exemplify the differences in settlement morphology. Interestingly, the
combinations ‘high arrangement–low compactness’ and ‘low arrangement–high compact-
ness’ were found less frequently across the observed camps in the SC (see fig. 7 b)). Also,
no notable differences between refugee and IDP camps could be identified.

Once mapped (see fig. 7 c)), the different structural groups, as defined along the two-
dimensional space of compactness and geometric arrangement, become apparent in their
spatial patterns across the globe. For example, along Turkey’s southern border we mostly
found highly compact and highly arranged camps. In fact, being built by the Turkish govern-
ment (Yavcan, 2016), most resemble a planned and built-from-scratch layout that features
high density and strict alignment of buildings along the checker board-like road network
similar to the Cevdetiye Camp (see fig. 1). Similarly, along the western border of Thailand
as well as in southern Bangladesh, we saw a spatial cluster of camps with high compactness
and medium arrangement.

Camps with lower levels of arrangement and lower compactness were found predominantly
in Central Africa and the Sahel region. The varying degrees of alignment could also be
indicative of the different evolution of these settlements, some of them existing for decades.
In western Africa, again, we found a spatial cluster of camps featuring high arrangement
and high compactness. Importantly, however, we found none of these regional clusters are
exclusive. Rather, in every region we found camps diverging from the majority of structures
in that region.

Figure 7. Overview of the structure catalogue. a) Examples of building footprints of camps along the two-
dimensional compactness and geometric arrangement scale. b) Frequency of camps in each compactness-arrangement
class. c) World map with IDP and Refugee camps in different locations with compactness and geometric arrangement
classification.

4.4. Temporal dynamics of camp structures

45 of the 285 camps in our study have been recorded only once. 240 camps were observed
multiple times. Across camps with multiple observations, 60 % of camps (N = 144) experi-
enced at least slight changes in one or more of the seven morphological features covered by
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the SC between observations. For readability, table 3 summarizes frequencies of all changes
in camp structure by means of the aggregates compactness and geometric arrangement.
These showed that, overall, arrangement decreases more often than it increases (see Σarr)
over time. An inverse trend was found for the compactness of the camps, which tended
to increase (see Σcom). Overall, arrangement was found to be more stable compared to
compactness. 157 camps did not change arrangement noticeably as opposed to 110 which
featured stable compactness.

Table 3. Cross tabulation of changes in structure by geometric arrangement (Arr.) and compactness (Com.) in
all 240 camps that were observed multiple times. 96 camps did not show any change. Changes are summarized as
decrease (decr.), no change (no chg.) or increase (incr.).

Arr. \ Com. decr. no chg. incr. Σarr

decr. 23 8 21 52

no chg. 28 96 33 157

incr. 7 6 18 31

Σcom 58 110 72 240

Yet, these changes were often minor and only were reflected by the slight change of
one morphological structure parameter in the SC. In fact, only 34 (ca. 15 %) of the
camps changed so significantly to be registered in a different class within the compactness-
arrangement scale (see fig. 8). Thus, most camps revealed a stable settlement pattern in
their compactness-arrangement class over time. Interestingly, camps with low arrangement
(purple colours) were adapted to a more geometric and arranged patterns in only very
few cases. In turn, medium and highly arranged camps (yellow and green arrows, respec-
tively) show higher dynamics. This is likely caused by sprawl or densification processes in
these camps. For example, 6 camps that were first observed with medium compactness and
medium arrangement (medium yellow, 6-8 o’clock positions) increased their compactness
over time, landing in the dark yellow target area (4-6 o’clock positions).

Figure 8. Changes in the structure of refugee and IDP camps by means of compactness and arrangement from
the first to the last observation (N = 240). Colours are chosen as in fig. 7: brighter to darker colours (low to high
compactness), purple (low geometric arrangement), yellow (medium geometric arrangement), green (high geometric
arrangement). Each arrow describes the transition from one compactness-arrangement class to another. Quantities
are represented by thickness. Most camps do not change their class, indicated by the thick arrows in each class
pointing to itself.

16



5. Discussion

5.1. The Structure Catalogue

We compiled the SC as an extensive database for camp morphologies in refugee settlements
around the world. The SC systemizes structural types in a spatial-quantitative manner.
The measured high diversity of the structures across all camps is intended to add to the
literature in two ways: On the one hand, the SC allows documenting the variability of
settlement patterns across space and the dynamics camp structures over time using a
spatial-quantitative method. Furthermore, it allows capturing the spatial distribution of
camp structures across the globe. On the other hand, it can serve as a reference database
to train supervised image analysis methods in the field of machine learning specifically on
the target objects and to keep an eye on their variability.

From a structural point of view, buildings in environments with limited or restricted access
to building material are typically constructed of scraps of timber, plywood or plastic sheeting
(Inter-Agency Shelter Sector Corrdination Working Group, 2018) explaining small shelter
sizes. We found a tendency to high homogeneity, geometric arrangements and geometric
path structure across in camps with a planned, organized, and well funded development
process. Especially in highly dense settings, buildings were found to be located along paths
or roads, towards central squares and the likes with no room to spare. However, there exists
no uniformity. Building density and orientation were also found to be influenced by the
underlying topography; in this analysis, however, these effects were not taken into account.

Despite the recent advances in technologies, satellite imagery is not able to capture
certain parts of settlement structures, such as the availability of certain amenities like
electricity, fresh water and sewage. This study is therefore limited by design to the aspects
visible in very high resolution imagery i.e. the building structures and the path patterns.
Furthermore, the description is solely based on visual appearance and does not intend to
elaborate on political, legal or ethical issues with the camps.

The selection of the camps was conducted using criteria described in sec. 3.1. Even
though we sought to find an objective set of rules determining which camps to include
from the UNHCR PoC locations data, we acknowledge that these rules may be subject
to selection bias. The following aspects influenced our selection: the camp type in the
underlying UNHCR PoC locations dataset, VHR image availability at the camp location,
spatial inaccuracy of the original UNHCR PoC locations data, and whether camps could be
delineated from adjacent formal settlement structures. What’s more, VHR image availability
further limits the analysis to the period of roughly two decades as VHR imagery was not
available prior to the early 2000s. The SC aims to provide an evaluation of the status quo
of settlement patterns as seen from VHR satellite imagery. It will be interesting to see in
future studies, whether these patterns match or deviate from the existing standards like
in the Sphere guidelines. Recent advances like with UAV imagery even allow increasing
the spatial resolution for such analyses (e.g. Chan et al., 2022). Beyond that, we suggest
additional research to analyse settlement patterns in relation to context and geographical
setting, e.g. planning guidelines, proximity to urban centres among many more.

In this study only dedicated refugee and IDP camps were analysed. However, as most
refugees and IDPs live in urban settings, we acknowledge that this only captures the living
environment of a small part of the refugees and IDPs worldwide (Inter-Agency Shelter Sector
Corrdination Working Group, 2018; UNHCR, 2021a). Furthermore, we did not include
information about the building materials used for shelters in the camps. Across the camps
we found a wide variety of materials, but as it was difficult to find reliable information for
their evaluation, they were not included in the SC.
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5.2. Evaluation

In this study, we described settlement structure in camps in two ways: VII and geographic
metrics derived from vector geodata. While the latter yields very high metric accuracy
and allows for describing morphological features along continuous axes, it requires high-
quality, up-to-date geographic vector data. These are, however, often not freely available and
sometimes even inexistent. We found refugee camps often not included in openly available
datasets like OpenStreetMap, despite dedicated efforts by the Missing Maps initiative or
work by the Humanitarian OpenStreetMap Team5. Even with recent advances in large-scale
building stock data on continental scales (e.g. Sirko et al., 2021; Zhu et al., 2022), such
data are still not able to capture the fine details of the highly complex settlements found
in refugee camps around the globe. Beyond this, it has been reported that refugee camps
are typically misrepresented in large scale settlement data products (Van Den Hoek and
Friedrich, 2021). Hence, VII offers a way of quickly assessing settlement structure in areas
where high quality vector data is missing.

We want to acknowledge that previous studies, e.g., by Kraff et al. (2020b) have high-
lighted the uncertainty of manual VII as a means of data collection. We therefore carefully
systemized the morphological structural features into a framework of ordinal scales suitable
for visual image interpretation and ensured its stability by evaluating it using high-resolution
geographic data. Our comparison of manual classification and quantitative analysis based
on high-resolution geospatial data showed that at this level of analysis, manual interpreta-
tion yielded reliable results. The probabilistic ordinal logistic regression is able to attribute
the ordinal relationship of the visually derived classes low/small, medium and high/large
along the continuous scales of the derived metrics. Only the values of homogeneity (HOM)
and settlement structure (STR) showed some levels of reduced reliability when compared
to measured values. This can be attributed to the conceptual complexity in the definition of
the respective morphological features. Further, the statistical stability of the results could
be increased by adding more camps to the evaluation.

Overall, bridging the gaps in existing geographic data, we deem VII a reliable tool to
provide useful information for many camps worldwide. Selecting 285 camps from 1,606
candidates as well as their structural evaluation is estimated to take about 25 working days
for a trained expert. While this is still a lot of work, it is significantly faster compared to
manually digitizing building footprints for each of the camps, let alone multiple temporal
observations. We conclude that the resulting SC is providing an empirically proven, reliable
description of measurable settlement structure patterns, albeit along an ordinal scale.

5.3. Global patterns in structural morphology

To our knowledge, the SC is the first global database of settlement structures in refugee and
IDP camps. As such it allows for better understanding of overarching patterns across the
globe. The seven morphological parameters captured by the SC, describe different aspects
of the structural layout in the camps in great detail. When seeking to identify global patterns
in refugee camp structure, however, this high dimensionality makes the analysis complex.
By summarizing the seven morphological features into a two-dimensional descriptor of camp
compactness and geometric arrangement, the assessment of settlement structure was made
accessible.

Before we used the two-dimensional approach to aggregate the results by arrangement
and compactness, we experimented with clustering techniques for dimensionality reduction.

5https://www.hotosm.org
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Specifically, we tried to apply agglomerative hierarchical clustering. The rationale behind this
approach was to identify clusters of camps with similar structural parameters. However, the
results did not show coherent groups of camps, as the mathematical nature of clustering did
not capture the conceptual and structural relationship between the individual morphological
features. Further, standardized methods for finding the optimal number of clusters showed
high variations ranging between two and more than a dozen clusters. Upon visual inspection
of different clustering results, i.e. varying number of clusters, we found no meaningful
explainable differences between some clusters.

Our results with the aggregated two-dimensional approach of geometric arrangement and
compactness show that there is, expectedly, no one-size-fits-all description of the structure
in a refugee or IDP camp that applies everywhere. However, using this scale we were
indeed able to identify some regional patterns. In general, we found that certain structural
compositions are regionally clustered; for example, highly compact and aligned along the
Turkish-Syrian border and highly dense along the Thailand-Myanmar border but with less
geometric arrangement owing to more rugged terrain; or highly diverse, often less dense
and more geometrically chaotic settlement patterns in Subsahara Africa of more informal
character that reflect the long and complex history of migration in the region as well as
precarious humanitarian funding (e.g. in Uganda, Ahimbisibwe, 2019). However, it needs
to be clearly stated that these are only trends and different types of structures are found
in all of these regions, too. This shows that one should infer a camp’s structure based on
the camps close by, as Tobler’s first law of geography would suggest. Rather, the structure
of each camp needs to be assessed separately.

5.4. Temporal dynamics of camp structures

Refugee camps are often built as temporary settlements. As such, they sometimes undergo
many stages of construction, changing complexity, density, and even building material, like
many poor neighbourhoods around the world (Kraff et al., 2020a). These changes are
caused by influx of people and following re-densification, sprawl or (partial) deconstruction
of the camp.

The multitemporal nature of the SC allows for tracking these structural changes across
multiple observations. Against our expectations, most settlements only show slight changes
to the structure. Generally, temporal evolution tends to lead to (but is not limited to) higher
compactness and lower arrangement of the settlements. More significant changes, which
we saw in our study, were expressed through a change along the two-dimensional ordinal
compactness-arrangement scale, yet they are rare.

Overall, the high percentage of camps that show any change during their time of existence
is indicative of highly dynamic settlement structures. It is these dynamics that are crucial
to include in future datasets when designing automated settlement classifications. Other-
wise, the misrepresentation of refugee and IDP settlements described by Van Den Hoek
and Friedrich (2021) will remain and eventually lead to biased geographic assessments of
dimensions or locations. Only by the integration of this knowledge, future automated map-
ping techniques employing ML can, as demonstrated by e.g. Quinn et al. (2018), account
for these temporal changes. Thus, our results can be used to inform the creation of future
automated mapping applications in complex settlement structures such as refugee and IDP
camps.
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6. Conclusion and Outlook

In this study, we developed a framework to reliably assess the settlement morphology in
refugee and IDP camps around the globe to create the Structure Catalogue (SC). Derived
from VII of multitemporal VHR imagery, it contains a collection of seven morphological
features for 285 camps across a total of 1,053 observations. These were further aggregated
into a compactness vs. geometric arrangement scale to describe the variability of existing
patterns in refugee and IDP camp morphology. The SC thus allows for analyses of over-
arching patterns on a global scale, it provides a conceptual frame and a methodological
workflow, and therefore allows closing the previously existing knowledge gaps on existing
settlement patterns. Based on a rigorous evaluation of results acquired through visual im-
age interpretation with high resolution vector data, we prove that VII provides stable and
reliable means to collect information about settlement structures. Yet, compared to manual
digitization efforts the process outlined in this study was significantly less resource intensive
and therefore provides a useful tool for creating reference data in an age of rapid growth
of ML applications.

The spatial analysis of refugee and IDP camps around the globe showed that they vary
drastically in terms of settlement structure. There was no one-size-fits-all description of
the complex and diverse morphological parameters. The SC documents spatial patterns in
terms of compactness and geometric arrangement of the camps. Overall, structures in these
settlements consisting of mostly single-story buildings range from very densely to sparsely
built. In most camps shelters are small and built with small distances between each other.
Almost half of the camps feature a highly organized path structure. Still, a wide variety of
geometric alignments, from complex to highly organized, were present. Several geographic
clusters of similar structure arose from the SC, the underlying mechanisms and determinants
of which, such as topography, history, funding, socio-economic and political setting will be
an interesting extension the SC in future research. The multitemporal nature of the SC
allowed for identification of changes in camps structures. We found that about 60 percent
of camps showed at least slight changes throughout the observed time frame. Further, about
15 percent of camps showed stronger changes along the compactness-arrangement scale.
This means that analyses of refugee and IDP camps must take the different structures
and dynamics into account in search of automated mapping techniques, e.g. in remote
sensing image classification applications, to ensure high quality and reliability in generated
geoinformation products.

The results of VII are always subject to the interpreter’s experience and hence might
be biased by subjective perception. In this study, VII was conducted by a single interpreter
with experience in GIScience. For future studies, we recommend performing a validation
for different interpreters. Future work is suggested to focus on further expanding the con-
cept developed in this study to other UNHCR PoC locations and possibly other geographic
databases. Besides, the SC is intended to lay ground to large scale GIScience and remote
sensing applications by serving as a global reference database and conceptual and method-
ological framework for analysis and monitoring of camp structures. We aim to foster the
development of automated frameworks for differentiation between different kinds of set-
tlement structures using open-access geographic data. This can be used to investigate
the gradient of structural dynamics to identify rapid changes in settlement structure, e.g.
caused by (natural) disasters, reconstruction or demolition. Thus, the SC can be used as
additional information layer that might support decision-making for humanitarian actors,
NGOs or governmental institutions to help the most vulnerable populations and those in
need fulfilling their human rights obligations.
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