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Abstract: For the first time, RGB and multispectral sensors deployed on UAVs were used to facilitate
grave detection in a desert location. The research sought to monitor surface anomalies caused by
burials using manual and enhanced detection methods, which was possible up to 18 months. Near-IR
(NIR) and Red-Edge bands were the most suitable for manual detection, with a 69% and 31% success
rate, respectively. Meanwhile, the enhanced method results varied depending on the sensor. The
standard Reed–Xiaoli Detector (RXD) algorithm and Uniform Target Detector (UTD) algorithm were
the most suitable for RGB data, with 56% and 43% detection rates, respectively. For the multispectral
data, the percentages varied between the algorithms with a hybrid of the RXD and UTD algorithms
yielding a 56% detection rate, the UTD algorithm 31%, and the RXD algorithm 13%. Moreover, the
research explored identifying grave mounds using the normalized digital surface model (nDSM)
and evaluated using the normalized difference vegetation index (NDVI) in grave detection. nDSM
successfully located grave mounds at heights as low as 1 cm. A noticeable difference in NDVI
values was observed between the graves and their surroundings, regardless of the extreme weather
conditions. The results support the potential of using RGB and multispectral sensors mounted on
UAVs for detecting burial sites in an arid environment.

Keywords: remote sensing; grave detection; drone; multispectral; MSI; forensic; photogrammetry;
NDVI

1. Introduction

Around the world, many populations have suffered from human rights violations
throughout history. A recent example is the Ukrainian and Russian war, where reports
described a wide range of violations of human rights from both sides, including war crimes
and unmarked clandestine mass graves [1]. A forensic investigation plays a significant role
in mass grave detection and exhumation to help provide closure for surviving families and
prove the occurrence of a human rights violation [2]. Current practice suggests a phased
approach in detecting burials in which the search moves from large-scale (macro-scale)
remote sensing methods to the application of medium-range geophysical technology, and
finally, a ground search (micro-scale) for a specific and defined area of interest [3]. One
of the early uses of remote sensing in detecting and identifying burial sites was during
the investigations of the International Criminal Tribunal for the former Yugoslavia (ICTY),
when aerial and satellite images from the US government helped search for clandestine
graves [2]. The aim of this research was to help narrow down the search area of a burial
site using a remote sensing approach. More specifically, the captured images using remote
sensing techniques were used to interpret surface anomalies that might indicate a suspected
burial site. For optimal results, combining different remote sensing techniques improves
the success rate in detecting and identifying clandestine graves. However, each scenario is
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case-specific, and the techniques that might show a success rate of identification in one case
might not be helpful in another due to various reasons, such as differences in the vegetation
cover and terrain features [4].

Past research has demonstrated that remote sensing can detect burial sites in various
environments using techniques such as hyperspectral imaging (HSI), light detection and
ranging (LiDAR), multispectral imaging (MSI), true color RGB, and thermal imaging
(TI) [2,5–11]. However, in arid environments, only the costly HSI and TI have been
used to detect buried remains [12,13]. HSI successfully detected the graves for almost
six months post-burial, and the useful wavelength intervals were mainly distributed
along the spectral range of 700–1800 nm [12]. While in a TI analysis, it was possible to
detect clandestine graves in an arid environment by distinguishing heat and soil moisture
differences between the graves and their surroundings. The former was successful in
detecting graves for seven months, while the latter was successful for ten months [13].
The impetus for the present study was the need to have accessible imaging techniques
that could help arid countries with limited resources detect graves following armed
conflicts. Hence, the research presented here aimed to explore the effectiveness of
using RGB and multispectral sensors deployed on unmanned aerial vehicles (UAVs) in
temporally monitoring and detecting soil disturbances, differences in ground elevation
level and differences in normalized difference vegetation index (NDVI) values in an arid
environment, with the purpose of helping to locate clandestine graves.

2. Materials and Methods
2.1. Study Area

The research took place in Kuwait, a country bordering Iraq to the north and the
Kingdom of Saudi Arabia to the south. Situated within the desert geographic zone in
the Middle East, Kuwait experiences a continental environment marked by its lengthy
summers and brief, mild winters, occasionally accompanied by rainfall. Temperatures can
sometimes reach 50 ◦C in the shade, and dust storms are a common occurrence during
the summer months. Despite its brevity, the winter in Kuwait remains relatively warm,
although temperatures can occasionally drop to 0 ◦C in the desert. The autumn and
spring seasons are notable for their short durations [14]. A permit was obtained from the
Environment Public Authority in Kuwait to construct the research area in a remote, dry,
flat, non-vegetated 900 m2 plot in a Nature Reserve that is not accessible by the public and
located in the north Kuwaiti desert (29.3621◦ N, 47.6931◦ E), which was fenced and secured
to avoid any human intrusion to the site. The site consisted of dry, rough, uniform soil
with no vegetation cover. The site was chosen to be consistent with the harsh and arid
environment that was encountered previously at burial sites in the region [15,16].

Ten freshly slaughtered and skinned sheep were purchased from a local slaughter-
house. The internal organs of the sheep were kept intact, and each sheep was separately
wrapped in a plastic bag and transferred to the research area to get buried. Pigs have always
been the first choice as an analogue to humans when conducting a forensic experiment as
they possess similar chemical composition, size, tissue-to-body fat ratios, and skin/hair
type to humans [17]. However, pigs are not available in Kuwait due to religious reasons.
Alternatively, sheep were the closest equivalent available to use for the experiment, and it
is not the first time mammals other than pigs have been used in such an experiment [18].
The sheep used in this research were procured from a local abattoir and had an average
weight of 32 kg, falling within the recommended carcass weight range (22 to 35 kg) for
experimental research involving a human analogue, which also aligns with the average
weight of an adult human torso [19]. The utilization of animals in this study adhered to the
ethical guidelines established by Liverpool John Moores University for conducting research
involving animals, which prohibit carrying out investigations on living vertebrates that
might cause pain, suffering, distress, or lasting harm.

A total of six graves were simulated for the purpose of the present research. All graves
were at least 5 m apart to avoid cross-contamination or interference from the decomposition
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fluids of the buried animals [20]. The graves were excavated and backfilled either by a
hand tool (shovel) or using a machine (Caterpillar backhoe loader with a bucket size of
60 cm and loader size of 240 cm). Three out of the six graves served as control graves with
no buried sheep in them, simulating soil disturbance caused by factors other than being
a burial site, such as digging related to construction. The first control grave was a single
shallow (50–60 cm) hand-dug grave (G1), the second one was a single deep (100–150 cm)
grave dug with a backhoe (G3), and the last one was a deep (150 cm) mass grave (G5) dug
with a backhoe. On the other hand, with the same relevant depth as the control graves,
the first experimental grave was a hand-dug shallow grave with a single sheep (G2). The
second experimental grave was a deep grave dug with a backhoe (G4), also with a single
sheep. The last experimental grave was a mass grave occupied by eight sheep (G6). Clothes,
placed on top of the sheep, and 9 mm handgun shell cases, placed around the sheep, were
added to the experimental graves to make them resemble a real-life scenario. Table 1
illustrates a summary of grave-related information.

Table 1. Summary of grave-related information.

Grave Single/Mass
Grave

Method of
Digging Depth (cm) Grave Content Control/

Experimental

G1 Single Hand dug 30 N/A Control

G2 Single Hand dug 40
1 sheep

2 shell cases
1 cotton sweater

Experimental

G3 Single Machine dug 60 N/A Control

G4 Single Machine dug 80
1 sheep

2 shell cases
1 cotton pants

Experimental

G5 Mass Machine dug 150 N/A Control

G6 Mass Machine dug 150

8 sheep
2 shell cases

1 denim jeans
2 cotton grey socks
1 cotton black dress

1 cotton white underwear

Experimental

Figure 1 shows unmodified aerial images of the research area using RGB and NIR
wavelength bands taken one week post-burial.

2.2. UAV Image Acquisition

Permission was obtained from the Ministry of Interior in Kuwait to fly the UAVs,
which was restricted only to the allocated research area due to its proximity to an airbase.
Two types of multi-rotor UAVs coupled with different imaging sensors were used to capture
18 sets of images using the Pix4Dcapture software [21]. The visible light (RGB) sensor was
used to capture 18 sets of images for the entire research period, which lasted for 18 months.
On the other hand, the multispectral imaging (MSI) sensor captured the same number of
images as the RGB except for the last month, due to a technical issue with the UAV. The
UAVs were flown at an altitude of 30 m, which yielded a ground sampling distance (GSD)
that laid within the recommended 10 cm/pixel for both sensors used [22].
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2.3. UAV Platforms and Sensors

A Parrot Anafi UAV equipped with a 21 MP SONY IMX230 1/2.4′′ sensor (Sony,
Tokyo, Japan) was used to capture the RGB images [23]. On the other hand, a Parrot
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Bluegrass (Parrot Bluegrass, Paris, France) was used for the MSI image acquisition. It
comes with a preinstalled front 16-megapixel RGB camera, which shoots both still and
video in full HD (1080 p). It is also equipped with a Parrot Sequoia multispectral sensor,
which captures images in RGB with a resolution of 4608 × 3456 and captures Green, Red,
Red-Edge, and Near-Infrared (NIR) wavelength bands with a 1280 × 960 resolution. It
also comes with a fully integrated sunshine sensor that captures and logs the lightning
conditions for calibration purposes to ensure the digital number (DN) obtained is an
accurate representation of the captured images on the day [24].

2.4. Image Processing

Upon linking the UAVs to the photogrammetry software Pix4Dcapture [21], the UAV
and its attached sensor were calibrated by following the provided guidelines in the software.
Following that, the flight was planned, and the images were set to be captured using the
software. Once the images were captured, and the flight mission was over, the captured
images were then transferred to the photogrammetry software Pix4Dmapper for the initial
processing phase and some feature extraction for the research area [21]. Each time the
images were captured, the RGB images were used to extract a digital terrain model (DTM),
digital surface model (DSM), and an orthomosaic map of the area using the Pix4Dmapper.
An orthomosaic map is an image with great detail and resolution (it can reach as low as
1 cm/pixel depending on the various aspects such as UAV height and sensor used) made
by combining overlapping images to construct drone-based reflectance maps of an area of
interest [25]. A reflectance map is an orthomosaic monochromatic image used to calculate
vegetation indices such as the NDVI, where each pixel on it is radiometrically calibrated,
contains surface reflectance values ranging from 0 to 1, and shows a different amount of
light and similar hue in a specific spectral band [26]. On the other hand, depending on the
type and source of the digital elevation model (DEM), the elevation values describe the
ground surface excluding all objects above, which is known as the DTM, or it represents the
actual surface including all objects rising above the terrain, which is known as the DSM [27].
Therefore, subtracting the DTM from DSM results in a normalized digital surface model
(nDSM), which is a representation of objects rising from the terrain, and in our case, the
grave mounds.

Meanwhile, MSI was used to extract the normalized difference vegetation index
(NDVI) map and multiple orthomosaics of the area (Red, Red-Edge, and NIR). An addi-
tional step in processing the MSI images with Pix4Dmapper was to calibrate the images
using an image captured from a calibration target, right before or after the flight, to match
the weather and lighting conditions to the ones during the flight [26].

Once the images were captured and processed, the extracted DTMs, DSMs, and
orthomosaics were exported to image and geospatial analysis and processing software
for further analysis. The multiple-band RGB orthomosaics were exported to ENVI by
L3HARRIS (V2.3.1), an image processing and analysis software, to detect surface anomalies
both manually and using an enhancement tool. The manual method was conducted by
macroscopically visualizing any anomalies in the extracted orthomosaic using Windows
Photos software (2019.19071.12548.0) that might indicate the location of the grave without
using any enhancement methods, coloring tools, or specialized computer software. It
included targeting surface features such as soil disturbance and differences in vegetation
distribution. Alternatively, the enhanced method of detection was conducted using the RX
Anomaly Detection tool available in ENVI [28]. It is an enhancement tool that implements
the workflow of the Reed–Xiaoli Detector (RXD) algorithm, which extracts targets that
are spectrally distinct from the image background and identify them as anomalies in a
multiband image, an algorithm developed by Reed and Yu [29]. Three anomaly detection
methods are available to choose from in the ENVI RX Anomaly Detection tool based on
the chosen algorithm: RXD, Uniform Target Detector (UTD), and a hybrid of the RXD and
UTD methods (RXD-UTD) [29,30]. On the other hand, the extracted DTMs and DSMs were
exported to the Esri ArcMap application (10.8.2), a geospatial processing software designed
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by ArcGIS Desktop, to calculate the nDSMs of the research area using the Map Algebra
tool—Raster Calculator feature [31]. This nDSM of the enclosed research area was used to
identify surface outliers related to grave mounds. Moreover, the RGB orthomosaics were
visualized for manual inspection for any surface anomalies caused by the graves without
using any enhancement tools.

Similarly to the RGB images, the single-band MS orthomosaics were exported to
ENVI v.5.6 by L3HARRIS to combine them into a multiple-band orthomosaic image using
the Layer Stacking tool [32]. Then, the stacked image was processed using the Anomaly
Detection tool in ENVI to detect surface anomalies with an enhancement tool. In addition,
the Esri ArcMap application was used to preview and manually detect surface anomalies
of the single-band MS orthomosaics by visualizing the image and looking for the outplaced
pixels in the image.

3. Results
3.1. RGB Imaging

The nDSM successfully distinguished surface elevation differences between the graves
and their surroundings. The method was successful in detecting height differences as low
as 1 cm. An average of the obtained nDSM values from the surfaces of the graves was
calculated, which indicated the height of the graves. The results showed a sharp elevation
loss in the experimental graves the first three days post-burial due to scavenger intrusion
and their attempt to dig out the buried sheep. Afterwards, all graves showed a steady
trend of elevation loss. Table 2 illustrates the height of grave mounds measured on-ground,
using a measuring tape placed on the center of the grave and flattened against the ground
surface, and the height of the graves, calculated from the DTM and DSM layers throughout
the experiment.

Figure 2 illustrates the nDSM map calculated two months post-burial.
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Table 2. Grave height measurement obtained from the nDSM and their relevant on-ground measure-
ment in centimeters. nDSM: digital elevation model, PB: post-burial.

Day
Measured

Height
Measured Grave 1 Grave 2 Grave 3 Grave 4 Grave 5 Grave 6

Day of
digging

On-ground 12 12.5 3 0 6 17
nDSM 12.6 13.7 3.9 2.5 7.9 13.9

1 day PB On-ground 12 6 0 0 6 7
nDSM 11.9 7 1 2.5 7 7

3 days PB On-ground 10.8 −8 0 −9 6 5
nDSM 11.5 1 1 0 7 7

1 week PB
On-ground 8 −10 0 −9 4 5

nDSM 11 3 0 0 3.6 8.3

2 weeks PB
On-ground 8 −10 0 −11 4 5

nDSM 10 3 1 1 1 8.4

3 weeks PB
On-ground 8 −8 0 −10.5 4 4

nDSM 10 1 1 1 3 7

1 month PB
On-ground 8 −10 0 −11 4 4

nDSM 11 0.7 2.7 1 2.7 6.4

2 months PB
On-ground 8 −10 −1 −12 4 3

nDSM 10 0.7 1.7 0.6 8 6.5

3 months PB
On-ground 7 −10 −2 −12 3 3

nDSM 9.3 1.1 1.6 0.3 4 5.7

6 months PB
On-ground 5.5 −6 −5.5 −10 0 4

nDSM 7.9 1.2 1.2 0.2 1.2 5.9

7 months PB
On-ground 5.5 −6 −6 −8 0 3.2

nDSM 7.6 1.5 3.5 0.5 3.5 5.2

9 months PB
On-ground 5 −3 −5.5 −9 0 3

nDSM 7.2 1.5 3.5 0.5 2.2 4.1

10 months PB
On-ground 3 −2 −2.5 −5.5 0 2

nDSM 4.2 1.3 1.3 0.3 3.6 4.2

11 months PB
On-ground 3 −1.5 −2 −4.5 0 2

nDSM 2.8 1.3 1.3 1.3 2.7 3.5

12 months PB
On-ground 2.5 −1.5 −1.5 −4.5 0 2

nDSM 2 1.8 1.8 1.2 2.4 3.2

15 months PB
On-ground 2 −1 −1 −2 0 1

nDSM 2.6 1.2 1.2 1.2 1.4 2.5

18 months PB
On-ground 1 −1 −1 −1 0 1

nDSM 2.7 1.3 1.3 1.3 1.6 2.1

The manual method was successful for 15 months post-burial for all graves, except
G4, which was visible until the ninth month only and then again at 15 months. It was
successful in finding which surface anomalies on the graves were detectable and could
be clearly identified when the area was macroscopically visualized. The images captured
in the eighteenth month did not show any type of soil disturbances or indications that
could be used to locate the graves. On the other hand, the automated method proved to
be successful during the entire period of the experiment, with RXD and UTD being the
most suitable methods of detection. Out of the 16 times when the images were analyzed,
the RXD algorithm performed better on nine occasions (56%), while the UTD algorithm
was favorable in the remaining times (44%). Table 3 lists the most appropriate method of
detection used throughout the experiment.
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Table 3. The best method of detection when applying the RX Anomaly Detection Tool on RGB images.
PB: post-burial.

Collection Date Method of Detection G1 G2 G3 G4 G5 G6

1 day PB RXD � � � � � �
3 days PB RXD � � � � � �
7 days PB RXD � � � � � �

14 days PB RXD � � � � � �
21 days PB RXD � � � � � �
1 month PB RXD � � � � � �
2 months PB RXD � � � � � �
3 months PB UTD � � � � �
6 months PB UTD � � � �
7 months PB UTD � � � � � �
9 months PB UTD � � �

10 months PB UTD � � � � � �
11 months PB UTD � � � � � �
12 months PB UTD � � � � � �
15 months PB RXD � � � �
18 months PB RXD � � � � � �

Figure 3 illustrates the difference between the manual and enhanced method of detec-
tion of the research 15 months post-burial.
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3.2. Multispectral Imaging

Unlike the regular RGB sensor, which is limited to three wavelength bands, MSI
records a broad range of spectral bands from visible light to Near-Infrared (NIR) wavelength
bands. Hence, when combined with witness testimony, MSI can be very useful in searching
for a suspected area that might contain a burial site. Therefore, MSI is considered to
be a beneficial spectral imaging sensor to expose surface anomalies using different light
reflectance sources invisible to the human eye. A previous study used MSI to identify
burial mounds and subsurface remains that represented permanent settlements built from
durable materials in Bulgaria and Italy [33]. In the present study, the image analysis was
used to evaluate and temporally monitor the use of multispectral imaging in detecting
surface anomalies that could indicate the presence of a clandestine grave both manually
and using enhancement tools and the usefulness of using the NDVI in the process. The
manual method results revealed that the NIR and Red-Edge wavelengths had the most
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details that could aid this process. The NIR output had the best band to visualize the surface
anomalies in 11 of the 16 data sets collected, while the Red-Edge was the best detection
method for the other 5 data sets, in which the NIR band was the second-best (NIR, 69%
and Red-Edge, 31%). Meanwhile, throughout the research, the Green band had the lowest
detection rate among all the spectral bands, showing the least amount of information on
the images. Table 4 indicates the arrangement level of the bands most suitable for each
data collection date and the identified MSI wavelength bands most suitable for each data
collection date.

Table 4. MSI wavelength bands most suitable for each data collection date. PB: Post-burial.

Collection Date
Bands Detection Level

High Low

1 day PB Red-Edge NIR Red Green
3 days PB Red-Edge NIR Red Green
7 days PB Red-Edge NIR Red Green
14 days PB NIR Red Red-Edge Green
21 days PB NIR Red-Edge Red Green
1 month PB NIR Red Red-Edge Green
2 months PB NIR Red Red-Edge Green
3 months PB NIR Red Red-Edge Green
6 months PB NIR Red-Edge Red Green
7 months PB NIR Red-Edge Red Green
9 months PB NIR Red-Edge Red Green
10 months PB Red-Edge NIR Red Green
11 months PB NIR Red-Edge Red Green
12 months PB Red-Edge NIR Red Green
15 months PB NIR Red-Edge Red Green
18 months PB NIR Red-Edge Red Green

In addition, the enhanced method of detection that ran on the MSI using the RX
Anomaly Detection Tool in ENVI proved successful for almost the entire period of the
experiment. It was able to successfully detect surface anomalies in all graves in 10 out of
15 data sets captured. In the other five data sets, the anomaly detection method successfully
detected between four and five surface anomalies on the graves. The tenth-month post-
burial analysis could not detect surface anomalies related to the graves. The best outcomes
for the multispectral sensor method were obtained using a hybrid of the RXD and UTD
algorithms (RXD-UTD) (56.25%), UTD (31.25%), and RXD (12.5%). Table 5 illustrates
the method of detection used and which graves were detectable when the RX Anomaly
Detection tool was used on the MSI data.

Figure 4 illustrates the application of the RXD-UTD anomaly detection method twelve
months post-burial.

The NDVI is a graphical indicator mainly used in agriculture, biology and other geo-
sciences to measure healthy vegetation [34]. However, here, the NDVI index was applied
as an explanatory contribution in bare-soil moisture estimation, similar to experimental
conditions previously conducted, since the research was carried out in a desert environ-
ment lacking vegetation cover [35]. It is calculated using the Near-Infrared (NIR) and Red
spectral bands, and its values always lie between −1 and 1. The closer the number is to
one, the higher the indication that the soil is moist.

NDVI =
NIR − Red
NIR + Red

(1)

where NIR is the calibrated wavelength value of the Near-Infrared spectral band, and Red
is the calibrated wavelength value of the Red spectral band captured from an MSI camera.
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Table 5. The graves which were detected when applying the RX Anomaly Detection Tool on MSI
data. PB: post-burial.

Collection Date Method of Detection G1 G2 G3 G4 G5 G6

1 day PB UTD � � � � � �
3 days PB UTD � � � � � �
7 days PB UTD � � � � � �

14 days PB RXD-UTD � � � � � �
21 days PB RXD-UTD � � � � � �
1 month PB RXD-UTD � � � � � �
2 months PB RXD-UTD � � � � �
3 months PB RXD-UTD � � �
6 months PB RXD � � � � � �
7 months PB RXD � � � � � �
9 months PB RXD-UTD � � � � �

10 months PB UTD
11 months PB RXD-UTD � � � � �
12 months PB RXD-UTD � � � � � �
15 months PB UTD � � � �
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MSI was used to explore and temporally monitor whether variations in NDVI over
time could help detect the location of a grave in an arid environment lacking dense veg-
etation. Generally, the graves had modest differences in NDVI values compared to their
surroundings, except for the seventh month post-burial, where the experimental mass
grave (G6) showed a considerably high difference (0.33) compared to its surroundings
(Figure 5). Therefore, when examining the obtained results, graves were mainly categorized
under the “open soil and sparse vegetation classes” [36]. Table 6 illustrates the obtained
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NDVI values of the graves throughout the 18-month research period, along with the highest
and lowest NDVI values recorded for the surroundings.
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Table 6. NDVI values for both graves throughout the research period, along with the highest and
lowest NDVI values of the surrounding area. PB: post-burial.

Collection Date Highest Value Lowest Value G1 G2 G3 G4 G5 G6

3 days PB 0.19 0.03 0.04 0.04 0.08 0.07 0.1 0.15

7 days PB 0.17 0.03 0.04 0.04 0.09 0.08 0.15 0.16

14 days PB 0.12 0.02 0.03 0.04 0.07 0.09 0.15 0.17

21 days PB 0.12 0.02 0.02 0.02 0.03 0.04 0.09 0.12

1 month PB 0.14 0.04 0.02 0.02 0.03 0.04 0.1 0.13

2 months PB 0.2 0.06 0.06 0.07 0.07 0.08 0.19 0.2

3 months PB 0.17 0.06 0.07 0.07 0.09 0.08 0.16 0.17

6 months PB 0.49 0.2 0.25 0.27 0.31 0.32 0.42 0.48

7 months PB 0.56 0.3 0.23 0.24 0.29 0.31 0.4 0.56

9 months PB 0.43 0.2 0.2 0.2 0.25 0.27 0.38 0.42

10 months PB 0.35 0.12 0.14 0.13 0.2 0.22 0.31 0.34

11 months PB 0.32 0.08 0.09 0.08 0.19 0.21 0.25 0.3

12 months PB 0.21 0.05 0.07 0.08 0.12 0.14 0.21 0.21

15 months PB 0.18 0.04 0.06 0.06 0.09 0.07 0.15 0.16

18 months PB 0.35 0.07 0.07 0.07 0.09 0.08 0.17 0.18

Figure 5 illustrates the NDVI map of the surveyed area seven months post-burial.
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4. Discussion

The research presented here aimed to temporally monitor and evaluate a cost-effective
detection method when searching for clandestine graves in an arid environment. RGB
image analysis results sought to help detect surface anomalies and measure the digital
elevation model of the enclosed research area. A multispectral image analysis evaluated
the use of multispectral imaging in detecting surface anomalies that could indicate the
presence of a clandestine grave and the usefulness of using the NDVI in the process. In
2002, a revolutionary search method was introduced to the field of forensic science in which
multispectral data with a resolution of 15 m/pixel from the ASTER satellite were used
to detect a mass grave in Guatemala during a retrospective study [4]. Since then, using
multispectral imaging to locate clandestine burials has been a well-documented area within
forensic science and suggested as a helpful technique in various environments [4,37–42].
However, it has not been utilized in an arid environment before.

4.1. RGB Sensor
4.1.1. nDSM

An unmodified RGB digital camera deployed on a UAV has proved its effectiveness
in detecting clandestine burials on numerous occasions [2,8,41,43,44]. It might be argued
that capturing those images in such narrow spectral bands limits the use of this sensor in
grave detection methods. However, when using the appropriate software and applying
the proper tools to the captured images, the results might become substantial in aiding the
detection process. Areas that are non-vegetated and have open landscapes with no ground
obstacles, similar to the presented research area, are preferable when looking for clandestine
graves when using aerial sensors [41]. For the present research, the captured RGB images
were processed with multiple software tools to analyze the findings and investigate their
effectiveness in identifying any surface elevation in the enclosed area that can resemble an
outlier using the nDSM technique. Furthermore, RGB images were analyzed to explore
their usefulness in detecting surface anomalies caused by digging and refilling the graves.

Akin to the previously published literature where the digital terrain model (DTM) and
digital surface model (DSM) were used and successfully demonstrated the effectiveness
of such features in detecting clandestine graves [4,42,45], the present research findings
collectively support using such features to detect clandestine graves. The calculated
nDSM values listed in Table 4 illustrate that this feature could be used to detect surface
elevation in an arid environment for up to 18 months in our research conditions. Another
study conducted explored the effectiveness of using terrestrial Light Detection and Ranging
(LiDAR), which is far more complex and precise, in identifying elevation changes associated
with unmarked graves [11]. It found that a decrease in elevation was detected immediately
after the creation of the burial and persisted for up to 108 days. Thus, the research findings
using the affordable technology presented in that study showed good results, which could
be used in the detection method for burial mounds while they still exist.

4.1.2. Anomaly Detection

The anomaly detection on the RGB images was investigated manually and using
an enhancement tool. Upon checking, the orthomosaic maps of the research area had a
clear image of soil disturbance for all graves for the first three months. This clarity was
expected since the area was isolated from human and mechanical intrusions and only
exposed to nature and its wildlife. In addition, the first three months remained out of the
rainy season of the country. Hence, this manual detection of soil disturbance was more
likely to be possible for the first three months. As far as the sixth- and seventh-month data
are concerned, where only G5 and G6 were detectable, the vegetation growth of the area
played a major factor in obstructing the soil disturbance that appeared on the other graves,
and the graves were less detectable and defined. Toward the tenth month, graves G1, G2,
G3, and G4 became visible again; this can be related to the fact that the vegetation cover
of the research area dried out, and the topsoil of the graves got more defined and shaped
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from the rainwater absorption. This detection was possible until the fifteenth month but
not for the last set of data collected in the eighteenth month.

Alternatively, the obtained results from the automated soil disturbance detection
method on the RGB images demonstrated encouraging technology usage in such arid
conditions. Until the second month post-burial, RXD was the best detector to distinguish
soil disturbance automatically. While RXD extracts targets that are spectrally distinct from
the image background, UTD extracts background signatures as anomalies and provides
a reasonable estimate of the image background. Hence, referring to Table 3, RXD was a
more suitable detector than UTD for the first two months since the area did not undergo
any changes in environmental or climatic conditions except for the disturbance caused
by the digging and backfilling of the graves. However, the situation was different when
capturing data from the third month and toward the twelfth month. There was a seasonal
weather change, and the area experienced rainy days and vegetation growth. Hence,
topsoil disturbances became more detailed after absorbing the rainwater. Ultimately, the
background signatures were extracted as anomalies and a good estimate of the image
background was provided. Therefore, the UTD detector was more applicable in this period.
Afterwards, with the twelfth- and fifteenth-month post-burial data, and after the area had
completely dried out, the RXD detector was once again a more effective detector to be
used with the obtained images. Out of the 18 sets of images collected and examined, the
detectors could not identify all graves on 4 occasions. In the first, third, and sixth months
of post-burial data, the detectors could identify five out of the six graves. Moreover, the
detectors could identify three out of six graves in the ninth and fifteenth months post-burial.
However, none of the non-detected graves was a mass grave on all those undetectable
occasions. Consequently, it can be inferred that the technique works better with larger
graves than smaller ones since more disturbance can be detected.

4.2. MSI Sensor
4.2.1. Anomaly Detection

Similarly to RGB imaging, detecting surface anomalies in multispectral imaging was
carried out manually and using enhancement tools. The results were successful until the
last set of data collected for the multispectral imaging, which was 15 months post-burial.
When manually viewing those images captured at those wavelengths and trying to identify
any surface anomalies in the images, NIR and Red-Edge represented the optimal spectral
regions for anomaly detection. The detectability of the NIR wavelength band was consistent
with the reported results from the previously published literature where multispectral
and hyperspectral imaging techniques were used to detect anomalies caused by potential
burial sites [12,38,44,46,47]. Moreover, the findings of other studies revealed that imaging
techniques readily distinguished the graves from soil disturbances for 16 months using the
reflectance spectra [2,5]. Likewise, the present results also demonstrated the capability of
the multispectral imaging technique to distinguish such disturbance for a similar period.

Unlike the obtained high-resolution RGB images, MS images were less detailed and
had less image resolution. Furthermore, the research area was in an arid environment, and
anomalies were not easily distinguished. Moreover, RXD-UTD suppresses the background
and enhances anomalies and is most suitable when the anomalies have an energy level
equal to or less than the background [30]. Hence, it was expected that the most suitable
detection method for this type of imaging would be RXD-UTD when analyzing the images
automatically using the RX Anomaly Detection Tool in ENVI. However, the exception of
the tenth month post-burial, which failed to capture any anomaly on all graves, remains
unjustifiable since the disturbance was visible upon examining the images manually.

4.2.2. NDVI

When the present research is compared to the existing published literature regarding
the use of the NDVI to measure vegetation health to help locate clandestine graves, it is
essential to note that it is not directly comparable. The main reason is that the research
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environment and the vegetation coverage do not resemble what has been previously
studied. When comparing the graves to their surroundings, there was a slight variation
between the NDVI values. The research environment is considered one of the hottest
in the world, and vegetation growth is not very common in such an arid environment
due to the dryness of the ground and lack of rain and nearby natural water resources.
In addition, the burial was classified as a deep grave (carcasses were buried at 1.5 m).
At this depth, the decomposition process and the release of nutrients might take years,
depending on interrelated environmental variables such as soil pH, humidity, temperature,
and others [48]. Hence, only a minor difference in NDVI between the graves and the
adjacent surroundings was noticed.

4.3. Limitations

Also, it is acknowledged that one limitation of the current research is the restrictions
of airspace regulations due to the proximity of the research area location to an airbase. In
addition, flying permission was obtained from the Ministry of Interior in Kuwait to operate
the UAV, which forbids the capturing of any images outside the research area. This limited
us from testing the technology used for false positives and false negatives, which would
have provided us with more information on the utility of commercially available UAVs
in aiding clandestine grave detection methods. Another limitation is that alterations in
different soil and vegetation patterns were not heavily studied nor observed in much detail.
A future study could focus on detecting any plant species that are unique to burial sites,
determine the length of time that soil and vegetation changes persist and recognize any
factors that may influence the visibility of graves in arid environments such as larger distur-
bance areas, fine-textured soils, different subsoils, and the distance from intact vegetation,
which has been studied and explored recently but in a different environment [49]. While
the complexity of surface anomalies can vary, utilizing the expertise of archaeologists and
botanists can aid in developing search techniques for the location of potential burial sites.
Additional steps to be considered in any future work to increase the validity of the obtained
results include blind testing, whereby the examiner does not have any prior knowledge
about the location of the graves when conducting the analysis. This step can be repeated
with another observer, neither by revealing the decisions and conclusions of the first exam-
iner nor by knowing what is being verified. Such techniques have been previously used
in many other fields in the forensic science community, such as in fingerprint and DNA
analyses, to avoid any bias in decision making [50].

5. Conclusions

Throughout the years, detecting clandestine graves has posed a great challenge to
forensic investigators. As highlighted, the present study aimed to temporally monitor and
evaluate the use of commercially available UAVs coupled with remote sensing technology
to detect clandestine graves in an arid environment. More specifically, our research sought
to understand the effectiveness of using RGB and multispectral imagery in identifying
soil disturbances, exploring differences in surface elevation and evaluating the use of a
vegetation index to aid the detection process of clandestine graves in an arid environment.
The research addressed the knowledge gap in forensic anthropology concerning detecting
clandestine graves in an arid environment using remote sensing techniques. This research
provided insight into whether disturbance from the creation of single and mass graves
was detectable using multispectral and RGB imagery. This was achieved by analyzing
the captured multispectral and RGB images using manual and automated methods. The
ability to detect a grave using remote sensing imagery, whether from multispectral or RGB
platforms, depends on several factors, including the spatial resolution of the imagery and
the size of the grave. Therefore, the success of mass grave detection through remote sensing
hinges on carefully considering a variety of issues. In this research, multispectral imagery
was a more suitable approach for manually detecting anomalies than the RGB method.
Specifically, NIR and Red-Edge wavelengths were found to be the most appropriate for
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this type of detection. However, in some instances, the RGB images were more practical to
use in the detection process, especially when there was a vegetation cover on the graves
compared to their immediate surroundings. Regardless of the type of sensor used, the
manual detection method was sustainable for 15 months for both sensors. Also, the
automated detection method for both sensors showed encouraging results when using the
RX Anomaly Detection tool. It aimed to detect pixels that are different from the rest of the
recorded image sequence, reflecting the soil disturbances on the graves.

Depending on the time of the year and the type of image captured, the detection
method which was most informative between the three available options varied. Hence,
in principle, this research demonstrated that both the RGB and multispectral imagery
could be used to identify a disturbance indicative of the creation of a grave, whether
empty or full, for a period that is as long as 18 months and possibly more. Here, the
presented findings contradict statements by the previously published literature [5,39],
who asserts the necessity of having sophisticated hyperspectral sensors in order to locate
areas of disturbances. Instead, the results proved that the acquisition of images in some
wavelength bands could indeed help in the identification of soil disturbances, which could
be related to the location of the graves when conducting a field search for possible burial
sites. Multispectral images were also examined to monitor the normalized difference
vegetation index (NDVI) from the surface of the graves. In general, the index map of the
NDVI showed a minor difference between the graves and their surroundings. It can be
said that the use of the NDVI and its index map can be considered a good addition to any
existing detection methods used in the area of interest in an arid environment that lacks
dense vegetation but might not be as valuable when used by itself.

Using an RGB sensor deployed on a UAV proved its applicability and appropriateness
in detecting burial sites in arid environments throughout the research period of 18 months.
This conclusion was reached from the results of the anomaly detection method mentioned
above. Moreover, the analysis of RGB images using the normalized digital surface model
(nDSM) accurately identified burial mounds with a 1 cm difference from ground level.

In summary, there is no simple answer or single technique for the best method to use
in clandestine grave detection. It is all constrained by the environment, the size of the
grave, the depth of the grave, the number of bodies buried in the grave, the time of the year
when conducting the search, the budget dedicated, and the human resources available.
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