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Abstract—The coordination of humanitarian relief is always dif-
ficult due to a lack of data required for management and planning.
Remote sensing imagery can be an important source of informa-
tion about the in-situ situation, notably, no-access areas. Scenarios
include situation awareness after natural disasters or military con-
flicts, damage assessment, or monitoring camp structure, either as a
one-off exercise or on an ongoing basis. In this article, we propose a
multifractal approach to automating information extraction about
internally displaced persons/refugee camps and discuss its potential
and limitations. Our case study uses multifractal features to deter-
mine the extent of camps in Kenya and Sudan. The results show
that the method can be usefully applied to camp growing analysis
and help to make a rough, but rapid estimation of their extent. Our
multifractal method appears to be a reasonable step forward on
the road between manual mapping and (not yet developed) fully
automated, highly accurate processing.

Index Terms—TFeature extraction, multifractal, refugee/inter-
nally displaced persons (IDPs) monitoring, settlement mapping,
very high resolution (VHR) satellite images.

I. INTRODUCTION

ONG-TERM humanitarian relief requires reliable and
L comprehensive information that is constantly delivered
during a crisis. However, the support that decision-makers need,
notably through repeated surveys of the situation on the ground,
is often unfeasible, especially over large areas. This situation has
led to the use of remote sensing data in the humanitarian domain.
Remote sensing is already being used to monitor and guide
humanitarian responses to conflicts, human rights violations,
and man-made or natural disasters [1]-[4].

Satellite data are especially valuable in difficult-to-reach or
dangerous zones where in-sifu measurements and observations
are sparse or nonexistent [5], [6]. In particular, very high resolu-
tion (VHR) optical satellite data have been shown to be useful in
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monitoring internally displaced persons (IDPs)/refugee camps
as it can provide an overview of the affected areas with spatial
resolution of up to 0.3 m within a matter of days (depending
on certain factors, including a cloud cover). According to the
United Nations High Commissioner of Refugees (UNHCR),
approximately 70.8 million people worldwide were forced to
leave their homes by the end of 2018 [7]. At this time, the total
number of people targeted by UNHCR reached 74.8 million.
This included people who had been forcibly displaced (refugees,
asylum seekers, and IDPs), those who had found a long-term
solution (returnees), together with stateless persons, and others
[7]. The year-on-year trend is constantly rising, a fact that is
directly reflected in the area covered by IDP/refugee camps.

Accurate estimates of refugee populations are essential for
the planning and management of efficient relief operations and
the proper allocation of resources. The number of dwellings
in a camp can be used to estimate the refugee population
[8]-[10] or monitor changes [11], [12]. Although these tasks
can be performed manually, based on the visual interpretation
of highly accurate remote sensing data, (semi)automated meth-
ods, including multisensor machine learning [13], object-based
classification [14], [15], or approaches based on mathematical
methods [16], [17], could improve the efficiency of processing
workflows. In this context, Ouzounis ef al. [18], [19] presented
image differentials that have been found to be useful in classifica-
tion problems, including the visualization of human settlements.
Differential area profiles, such as derivatives of morphological
profiles [20], can be computed directly from granulometries
obtained by the successive implementation of morphological
attribute filters [21]-[23]. A new, compact representation of
morphological profiles is presented in [24]. In the latter study, the
authors develop a model that aims to reduce the dimensionality
of the decomposition, in a statistical-model-free approach.

A different approach is presented in [25] and [26]. Here, the
authors present a fast, interactive method for collecting repre-
sentative descriptors of objects of interest based on a Max-tree
hierarchical image representation [27] that trains the classifier.
Training samples are contained within manually selected image
regions. In [25], IDP camp structures are extracted based on area,
scale, contrast, and compactness metrics. In [26] additionally the
k-d tree [28], a hierarchical clustering algorithm is employed to
manage the feature space organizations, allowing the classifica-
tion of a massive image dataset in near real-time.

The abovementioned systematic development and optimiza-
tion of algorithms based on mathematical morphology has
confirmed their usefulness in describing structures, including
the footprint of a single dwelling in a camp.
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The analysis presented here explores and tests the effective-
ness and capabilities of different approaches to the extraction of
data regarding the area covered by a camp, without focusing on
single dwelling.

Information about the area covered by a camp may support
monitoring of their uncontrolled growth and terrain complexity
mapping. Additionally, the response to crises or the regular
monitoring of large areas over long periods requires methods
that are less time-consuming and labor intensive. Given these
requirements, the proposed method is evaluated with the respect
to potential automation and independence from reference data.

The proposed approach is based on a multifractal description,
which has been applied in remote sensing data analysis. Some
of the earliest applications were radar data analysis [29], [30]
and the description of VHR optical data [31]-[34]. In an earlier
analysis, we found that multifractal parameters were a useful
tool for the processing and analysis of large datasets consisting
of selected fragments of VHR panchromatic images collected
by the EROS-A [31], WorldView-2 [32]-[35], GeoEye-1, and
Pléiades-1A [36] satellites. The results of the aforementioned
research confirmed the multifractal nature of the analyzed data.

The multifractality parameter that we propose to use to de-
scribe that the inhomogeneity of the considered data is at its
maximum for developed areas (see, for example, [32] and [34])
and for camp areas characterized by high spatial complexity
[36]. To the best of our knowledge, this is the first time mul-
tifractal parameters have been determined for large sections of
VHR data to investigate the area covered by residential camps.

We extend our previous work by applying the multifractal
description to the identification of existing IDP/refugee camps.
In particular, the main aim of this analysis is to distinguish
residential areas from other land use/land cover types present
at two test sites: Dorti and Ardamata (the Al Geneina IDP camp
complex in Sudan) and the Ifo and Ifo 2 refugee camp complex
in Kenya.

This article is organized as follows. The study area, input,
and reference data are described in Section II. In Section III,
we briefly discuss our methodology. Section IV presents the
results of the multifractal analysis of IDP/refugee camps, show-
ing, in particular, the multifractal map for the considered data.
Section V concludes this article.

II. STUDY SITE AND DATA

A. Study Site

Two test sites were selected as study areas. The first is in
Sudan: the Dorti and Ardamata IDP camps; and the second is in
Kenya: the two Ifo refugee camps.

Both Dorti and Ardamata camps are located north-east of
Al Geneina, West Darfur State, Sudan [37], [38]. They are
almost connected to each other and are homogeneous with
nearby residential areas that have a similar internal structure, i.e.,
dwellings bounded by fences in almost square compounds that
are separated by roads. Typical dwellings are traditional round
huts or tents [39]. These similarities make them recognized as
a group of the Al Geneina camps. Consequently, for the sake of
simplification, they are hereinafter referred to as the Al Geneina
camps.

The Ifo refugee camp complex is located close to Dadaab in
Garissa County, Kenya [40]. It consists of two spatially separated
parts: the southern part (Ifo) and the northern part (Ifo 2).
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TABLE I
MAIN CHARACTERISTICS OF THE DATASET AND THE
NUMBER OF CALCULATION WINDOWS

GeoEye-1 Pléiades-1A
Location Al Geneina Ifo
Time of acquisition May 2009  December 2013
Spatial res. [m] 0.5 0.5
Spectral band PAN PAN
Intensity range 210—2047 421-4196
Area [pixels] 10240 x 10496 14080 x 14848
Calculation windows 1640 3190

Ifo 2 was an extension that was officially approved by Kenyan
authorities on July 14,2011 [41]. Hereinafter, they are referred to
as the Ifo camps. Their internal structure is similar to that of the
Al Geneina camps, but differs with regard to the typical type of
dwelling. Here, most dwellings are tented shelters or flat-roofed
buildings covered by plastic sheets or tents. Dwelling size, their
orientation, materials, and density are homogenous over both of
the Ifo camps [41].

In both, Al Geneina and Ifo camps, the minimal dwelling
size is four square meters [17], which corresponds to 16 square
pixels at the spatial resolution of the data used (see Table I).
This information is used to determine the minimal size of the
calculation window (see Section V).

B. Satellite Data

The analysis was run for the two IDP/refugee camps. Moni-
toring the complex terrain in these areas requires the use of VHR
satellite imagery. Here, a set of two VHR PAN satellite image
samples were tested [see Fig. 1(a) and (b)]. Table I presents
the main characteristics of the dataset and the number of per-
image calculation windows (as an indicator of the computational
effort).

C. Reference Data

Reference data were derived manually from the visual in-
terpretation of satellite images, supported by maps and other
information [41]-[44]. Reference data are limited to a binary
mask of the camp area. Fig. 4(a) and (b) presents the mask with
original images in the background.

III. METHODS

In the analysis presented here, the image is treated as a
multifractal that is a nontrivial combination of a number of
fractals. Hence, the description of the inner structure, which
is the result of intertwined fractals, demands the consideration
of the whole spectrum of generalized dimensions D,, [45], [46].
This is in contrast to the fractal case, where only one fractal
dimension is studied. In general, the multifractal approach tries
to extract information directly from singularities observed in
the analyzed data. For homogeneous structures, multifractality
tends to zero. This feature distinguishes multifractals from other
methods, such as mathematical morphology, which aim to obtain
smoother versions of the image by removing irregularities [47].

The multifractal description of the image can be obtained
by several methods (e.g., [48]). In this article, we apply the
box-counting-based moment (BCBM) method [34] to estimate
the function D, as this method has been successfully tested
in many applications for remote sensing data analysis [35],



4440

1:30 000

1:20 000

Fig. 1. Original images of the Al Geneina (a) and Ifo (b) camps presented
in grayscale with image stretching applied. Multifractal maps are presented in
grayscale for Al Geneina (left panel) and Ifo camps (right panel) based on a
256 x 256 pixel window with image stretching applied: (c) and (d) SUM and
(e) and (f) MAX measure.

[49]. A detailed explanation of the method can be found in
other publications [33]-[35]; a schematic diagram is presented
in [34].

In the first step of the BCBM method, an m x m image is
dividedinto N (§) = (m/J)? square boxes of size § x J, starting
with a single pixel 4 = 1, and ending with an image box of size
6 = m, (see [34, Fig. 1]). Next, for a given box, the normalized
measure is calculated according to the following formula:

pi (0)
SV s (8)

wherei = 1,..., N(¢)labelsindividual boxes sized d, and p; (9)
denotes the sum of pixel values in the ith box (SUM) or the
maximum gray level in a given box (MAX). Here, p;(d) can be
interpreted as the weight of the ith box, whereas the denominator
in (1) is the total weight of the image. Therefore, 11;(d) denotes
the relative weight of the ith box or the probability assigned to
the ith box [35]. It is worth noting that the SUM measure makes
it possible to investigate the self-similarity of the image, whereas
the MAX measure makes it possible to analyze the distribution
of bright objects, based on the highest pixel values [35]. In the
next step, the partition function (g, o) for various box sizes J

i (8) = (M
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and real moments ¢ is defined as follows:
N(9)
X (g, 0) =Y (mi (6))". 2)
i=1
Analyzing the partition function (2), we can control and
describe how moments ¢ of measure (1) scale with § [49].
In particular, for a multifractal structure, the partition function
scales with the box size § — 0 as follows:

X (g, §) o §Pala~) 3)
where D, denotes the generalized dimension. From (2) and (3),

we obtain the spectrum of generalized dimensions D, defined
by [46]

N(§
o Mog ST (i (6)°
limg_o . 4)
1—gq —logé
It is worth noting that the case when ¢ = 0 corresponds to the
capacity dimension

D, =

. logN (6
Do = hmaﬁof’log(é) 5)

which should be interpreted as the fractal dimension of the
support of the measure. Moreover, for ¢ — +o0, the largest
value fiy.x dominates the sum in (4) and we have D, =

lims_.o k’iﬁ‘ﬁ [46], [50]. In the case when ¢ — —o0, the small-

est value fi,,;, dominates the sum and D_, = limg_,ok’ﬁf‘ﬁ‘“ .
Variability of the multifractal function D, is given as the
difference between the maximum (D_,) and minimum (D4 )

dimensions as follows:
A=D_ — Diw. (6)

This quantifies the degree of multifractality and quantitatively
describes the inhomogeneity of analyzed data [51]. It is worth
noting that due to the limited dataset, we can only determine
values of D, for narrow range of moments g. In this study,
we analyzed —5 < ¢ < 5, and A is calculated as the difference
between D_5 and D, 5. However, errors in the calculation
of generalized dimensions for positive ¢ are smaller than for
g < 0. Therefore, in the final step, A, was used as the differ-
ence between D and D 5 as uncertainties are lower compared
with A.

Moreover, results for positive moments g allow to take into
account the high concentration of measure (regions of the image
with high-intensity values); these areas dwarf smaller ones,
a feature that seems to be useful in the description of urban
areas [35].

IV. RESULTS

The multifractal analysis used the methodology described in
Section III. Selected camp areas were divided into non overlap-
ping 256 x 256-pixel windows. This size was a compromise
between the minimum size of camp dwellings found on image
samples and the computational effort required to process VHR
data (see Section II-B). It was run independently for each win-
dow and a degree of multifractality A, was assigned.

Fig. 1(a) and (b) presents original images of the Al Geneina
and Ifo camps, respectively, and maps of the degree of multi-
fractality for Al Geneina (left panel) and Ifo (right panel) camps
calculated using the SUM measure [see Fig. 1(c) and (d)] and the
MAX measure [see Fig. 1(e) and (f)]. All images are presented
in grayscale with image stretching applied. Original pixel value
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TABLE II
DEGREE OF MULTIFRACTALITY A, VALUES CALCULATED FOR THE WHOLE
IMAGE SAMPLE USING A 256 x 256 WINDOW SIZE (Rorg); USING MANUAL
IMAGE INTERPRETATION (Rman ), THE ROC ANALYSIS (Rroc ), AND USING
OTSU’S METHOD (Rotsu)

Degree of multifractality A,

Al Geneina Ifo
SUM MAX SUM MAX
Rorg 0.000-0.107  0.000-0.179  0.000-0.155 0.000-0.187
Rian 0.002-0.107  0.000-0.179  0.001-0.155 0.000-0.187
Rroc 0.010-0.107  0.008-0.179  0.010-0.155 0.008-0.187
Rotsu  0.016-0.107  0.020-0.179  0.019-0.155 0.030-0.187

Fig. 2. Selected land use/land cover types found on sample images of Al
Geneina [left panel: (a), (c), and (e)] and Ifo [right panel: (b), (d), and ()]
camps, determined using the multifractal method: high-contrast areas indicate
functional buildings (a) and (b), homogeneous areas are dwellings or cultivated
areas (c) and (d) or sparse vegetation, rivers and bare soil (e) and (f).

ranges are presented in Table I, for input data, and Table II, for
output data. The key point to note when comparing the original
data and processed data is that for both measures (i.e., SUM
and MAX), parameter A,, is highest in areas where functional
buildings or other high-contrast structures are present. These
objects can be either clearly separated from the typical camp
dwelling area or adjacent to it [see Fig. 2(a) and (b)]. The
average range of A, values refers to homogeneous dwellings
or cultivated areas [see Fig. 2(c) and (d)]. Lowest A, values
corresponds to sparse vegetation, reaching minimum for bare
soil and rivers [see Fig. 2(e) and (f)].

The threshold for classification into camp and noncamp areas
was determined using two independent approaches. The first
requires the use of reference data and is based on the receiver
operating characteristic (ROC) curve analysis [52]. The ROC
graph is a simple technique for the visualization, organization,
and selection of the best classification thresholds based on true
positive rates (TPR) and false positive rates (FPR) derived from
the confusion matrix.

It includes correct and incorrect indications (or nonindica-
tions) of the class (true positive—TP, true negative—TN, false
positive—FP, and false negative—FN). Since the TPR only pro-
vides information about the producer’s accuracy, user’s accuracy
was calculated as the positive predictive value (PPV). Overall
accuracy (OA) and the Kappa coefficient were also computed.
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Fig. 3. Results of the analysis of Al Geneina (left panel) and Ifo (right panel)
camps areas: ROC curve (a) and (b). Multifractal histograms A, determined
using SUM (c) and (d) and MAX measures (e) and (f). Thresholds are calculated
using the ROC analysis (red line) and Otsu’s method (green line).

The threshold is set by calculating optimal classification points
(P, and P,) as the minimal distance from the point (0, 1).

The results of the ROC curve analysis for Al Geneina and
Ifo camps are presented in Fig. 3. More precisely, Fig. 3(a) and
(b) shows optimal classification points for the SUM measure P;
(blue dot) and the MAX measure P» (red dot).

In addition, Fig. 3 presents histograms of multifractality de-
termined using the SUM (c and d) and MAX (e and f) measures.
Threshold calculated using the ROC analysis is indicated by red
line.

The second approach to the automatic and unsupervised deter-
mination of the classification threshold is based on the method
proposed by Otsu [53]. In contrast to the ROC analysis, this
approach is independent of reference data.

The threshold is set by calculating the separability value on
the image histogram. This threshold is indicated in Fig. 3(c)—(f)
by green line.

Table II summarizes the range of the degree of multifractality
values (A,) for our results, before thresholding, and for the
whole image (Ro.g), the manually derived camp area mask
(Rman), after thresholding performed with the ROC-based ap-
proach (Rroc). and Otsu’s method (Roysy ). The ranges of A,
values presented in Table II are similar, and this seems to be
related to the fact that open spaces are also found within camps.
Manual mapping does not exclude these open spaces. It should
be noted that the minimal A, value is lower in the case of Ryan
than for Rroc and Rois, cases.
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TABLE III
STATISTICAL MEASURES CALCULATED USING AN ROC ANALYSIS BASED ON
OPTIMAL CLASSIFICATION POINTS GIVEN IN FIG. 2(A) AND (B) AS P; AND P>

Degree of multifractality A,

Al Geneina Ifo

SUM MAX SUM MAX
TP 18227468 15728293 45200601 46313103
™N 63726464 65618201 128767478 141152172
FP 21618420 19726683 25840423 13455729
FN 3906688 6405863 9251338 8138836
FPR 0.2533 0.2311 0.1671 0.0870
TPR 0.8235 0.7106 0.8301 0.8505
PPV 0.4574 0.4436 0.6363 0.7749
OA 0.7625 0.7569 0.8321 0.8967
Kappa 0.4399 0.3921 0.6034 0.7401

Note: Values for TP, TN, FP, and FN are given in pixels.

TABLE IV
STATISTICAL MEASURES CALCULATED USING THE OTSU APPROACH

Degree of multifractality A,

Al Geneina Ifo

SUM MAX SUM MAX
TP 13211421 10717752 32758031 37691371
™N 76011921 80530604 151845420 152715528
FP 9332963 4814280 2762481 1892373
FN 8922735 11416404 21693908 16760568
FPR 0.1094 0.0564 0.0179 0.0122
TPR 0.5969 0.4842 0.6016 0.6922
PPV 0.5860 0.6900 0.9222 0.9522
OA 0.8301 0.8490 0.8830 0.9108
Kappa 0.4842 0.4809 0.6578 0.7459

Note: Values for TP, TN, FP, and FN are given in pixels.

The results of the assessment of the accuracy of the derived
camp masks with respect to reference data (see Section II-C)
are presented in Tables IIT and IV. The results of the multifractal
analysis of the Al Geneina and Ifo camp areas are presented
in Fig. 4. More precisely, Fig. 4(a) and (b) shows results that
are derived manually, whereas Fig. 4(c) and (d) and Fig. 4(e)
and (f) use (semi)automatic process based on the degree of
multifractality A, determined using SUM and MAX measures,
respectively.

The visual interpretation of the obtained results (see Fig. 4)
and the derived numerical values (Tables II-IV) lead to the
following observations. Both SUM and MAX measures, which
are used in the degree of multifractality calculation, reveal the
compact structure of the Al Geneina camps and the adjoining
residential area [see Fig. 4(c), (e), (g), and (i)] and highlight the
Ifo camps area [see Fig. 4(d), (f), (h). and (j)].

The manually derived camp area mask (i.e., reference data),
considers the camp area as one unit without separating it into
a built-up area and an open space. Unlike the automatically-
derived results, it excludes areas characterized by dispersed
dwellings. This is clearly visible in Fig. 4(d), (), (h), and (j),
which shows the northern part of the Ifo camps where open
spaces are present. In these areas, the degree of multifractality
is lower than the minimal values Rroc and Rotg, listed in
Table II.

Although Otsu’s method gives fewer FP, the final mask of
the Al Geneina camps does not include northern and eastern
areas that are sparsely covered by dwellings [see Fig. 4(g) and
(1)]. This increases the incidence of FN, which are more frequent
using Otsu’s method compared with the ROC analysis (Tables III
and IV). The high FPR, especially for the ROC analysis (see
Table III), is due to high multifractality values used in calculation
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Fig. 4. Al Geneina (left panel) and Ifo (right panel) camps masks derived:
manually by visual interpretation (a) and (b), via the multifractality method
where A, is calculated using SUM (c), (d), (g), and (h) and MAX measures
(e), (f), (i), and (j). Classification thresholds are determined based on a ROC
analysis and Otsu’s method.

windows. These values represent the most homogenous areas
with few irregularities (e.g., a high-contrast road, bare rock,
a river bank, or farming infrastructure). This singularity can
strongly influence the calculation by increasing the final degree
of multifractality.
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An analysis of the accuracy of the detection results leads to
the following remarks. For the ROC analysis, the SUM measure
works better when applied to the Al Geneina camps than the
Ifo camps—where the MAX measure is more accurate. For
the analysis performed using Otsu’s method, the MAX measure
dominates for the Ifo camps, but in the case of the Al Geneina
camps, the OA and the Kappa coefficient indicate comparable
results for SUM and MAX measures. These differences can only
be detected by comparing user’s and producer’s accuracies.

In general, results for the Ifo camps are significantly better
than for the Al Geneina camps, both in terms of sensitivity
and precision. Moreover, a comparison of Otsu’s method and
the ROC analysis shows that producer’s accuracy decreases
and user’s accuracy increases: TPR 85% and PPV 77% were
obtained in the ROC analysis (see Table III) compared with
TPR 69% and PPV 95% based on Otsu’s method (see Table IV).
OA and the Kappa coefficient are higher for results obtained
automatically using Otsu’s method. They ranges from 83% OA
(48% Kappa) for Al Geneina camps to 91% OA (75% Kappa) for
Ifo camps. Differences in accuracy parameters for the two camps
are most probably due to differences in their spatial complexity
(see Section II-A).

V. CONCLUSION

In the frame of this article, we performed multifractal analysis
aimed to identify the extent of two IDP/refugee camps in Sudan
and Kenya. Our results show that the degree of multifractal-
ity calculated for the selected images increases for compact
areas with high-contrast structures (e.g., functional buildings
and dwellings). This observation seems to confirm the conclu-
sions obtained in [34], where an analysis of four types of land
cover (water, agriculture, forest, and urban) found the highest
multifractality for urban areas. However, it should be noted that
Wawrzaszek et al. [34] applied a much bigger calculation win-
dow (1024 x 1024 pixels) and sample images were preselected.
Our results are also consistent with the findings reported in [36],
although this study only examined a small sample of the camp
area in order to test the applicability of multifractal features as
descriptors of complex terrain.

The extraction of the IDP/refugee camps extent by using only
one feature, i.e., the degree of multifractality, proved to be an
efficient way for initial image classification. It should be noted,
however, that spatial accuracy depends on the spatial complexity
of the surrounding area. Although all of the obtained results
are characterized by high OA, it should be noted that in the
case of binary classification of unbalanced classes, the PPV
and Kappa coefficient are considered as more relevant measures
for accuracy determination. Results obtained for Ifo camps are
significantly better than for the Al Geneina camps, both in terms
of sensitivity and precision. For Al Geneina camps, the presence
of dense, heterogeneous shrubby areas, roads, and riverbanks
adjacent to vegetation increased the FPR. Regardless of camp
and multifractal measure, PPV and Kappa coefficient are higher
for Otsu’s method where the FPR decreased, although this comes
at the cost of an increase in FN. Therefore, other thresholding
methods should also be explored.

Our work is a preliminary test of the usefulness of mul-
tifractal analysis in studies of camp areas. Further research
would help to improve our results. Postprocessing could re-
duce both FP and FN. Simple (e.g., majority voting) or more
sophisticated (e.g., morphological operators) approaches could
be used to fill gaps within camps or to filter out small, isolated
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areas classified as camp. Additionally, we expect that camps
characterized by low contrast levels will decrease the effec-
tiveness of the proposed method. However, our earlier work
[34] suggests that preprocessing with various filters can help
to maintain a sufficient level of class separability. Nevertheless,
it is clear that the effectiveness of the presented approach in
analyzing low-contrast areas requires further study.

Our approach has been tested on panchromatic bands. The
use of additional spectral information derived from multispectral
images may significantly increase accuracy. FP could be reduced
by supplementing the analysis with a vegetation index, such as
the normalized difference vegetation index; this option should
be investigated in future work.

Furthermore, our study shows that approaches, such as Otsu’s
method, can be used in the automatic determination of the spatial
complexity threshold, based on the degree of multifractality.

Consequently, the proposed method is characterized by a high
degree of automation compared with manual mapping, which
generally involves an expert in the domain and additional maps
and information. Increasing automation can help to provide
results more quickly, with more frequent updates. This is an
important asset if the camp is growing rapidly, especially for
tasks that require repeated, rapid, and rough estimates of the
camp’s extent.

Our work is ongoing, and future studies will focus on testing
the method on a larger dataset, the inclusion of multispectral
bands, analyzing other areas of interest, and examining the added
value of other multifractal measures (see, e.g., [35]) including
the local approach [54], [55]. We will continue to identify
ways to improve classification accuracy and will focus on the
development of an unsupervised classification approach that will
be based on the combination of several multifractal measures,
rather than a single feature. This may also improve the distinction
between camp areas and nearby settlements.

We would also like to test the potential of an extended set of
multifractal parameters to provide a more detailed description
of the area covered by a camp. The correspondence between
the degree of multifractality and land cover type revealed by
previous studies [34], [35] was also observed for camp areas and
their surroundings. It remains to be seen if this feature could
be used to differentiate different camp zones (e.g., areas with
functional buildings and dwellings, or areas covered by various
dwelling densities).

Finally, in the next phase of our work, we plan to perform a
more systematic and detailed analysis of differences between
mathematical morphology and multifractal-based approaches
and indicate possible areas where they interact (see, e.g., [56]).
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