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Abstract
Remote sensing has been a part of archaeology for over 100 years. One of these remote sensing
techniques is LIDAR (light detection and ranging). LIDAR can penetrate the canopy of trees, this means
that it is able to look through a forest at the surface beneath. These abilities in combination with the high
density of the point clouds makes it usable in areas where other mechanisms wouldn’t be efficient any
more. Archaeology is a field of science that can benefit greatly of a system that is able to penetrate the
forest canopy. LIDAR systems that are mounted on an airborne platform such as airplanes and
helicopters are the most abundant LIDAR systems in use for archaeological research. With the availability
of drones increasing, new opportunities arise. Although both LIDAR for archaeology and drones have
seen a rise in use, this combination remains virtually unexplored. The aim of this research was to explore
the usability of drone based LIDAR data. Data was collected in two areas in the municipality of
Hürtgenwald in terrain that is rough and tree covered in places. The first step needed to be done in order
to further process the data was the extraction of ground points to create a DEM. For the second step, the
visualization of possible interesting features hillshade was used. The next step was a comparison with
airborne LIDAR data. To validate the results, the RMSE between rasters was calculated and a difference
raster was created. From the results it can be concluded that drone systems due to their high point
density show great potential on remote sensing for archaeological purposes in rough terrain. Altough
there are still some problems, it has the potential to fill the gap that is left open for smaller areas of
several kilometres.

Keywords:
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1. Introduction

1.1 Context
Remote sensing has been a part of archaeology for over 100 years (Adams et al., 1981, Siemens &
Puleston, 1972, Pneu Michelin, 1919). By looking at the earth’s surface from a distance, data is acquired
that can greatly help to understand and provide new insights on earth’s surface features that can’t be
obtained while being on the surface (Horning, 2008). One of these remote sensing techniques is LIDAR
(light detection and ranging). LIDAR is a technique which makes use of laser pulses to determine the
distance to an object. It has been showing potential for different fields of science for over decades
(Collis, 1966). The result of scanning a region or object with LIDAR is called a point cloud. LIDAR has
some advantages over other remote sensing techniques. LIDAR is able to penetrate the canopy of trees,
this means that it is able to look through a forest at the surface beneath. This ability in combination with
the high density of the point clouds makes it usable in areas where other remote sensing techniques
would be useless for the same goals (Chase et al, 2011). Due to these traits, the potential of LIDAR for
archaeological purposes on both small landscapes and individual sites has been demonstrated (Cowley &
Opitz, 2012). Therefore, LIDAR is one of the most important technological advancements in the field of
archaeology (Bewley et al., 2005). In fact, the technological advances when using LIDAR are so far
reaching that it has induced a transformational shift in archaeology. Problems do occur while using
LIDAR. Crow et al. (2007) found hinderance of vegetation while using an airborne system for
archaeological purposes meaning sometimes the penetration of vegetation is sometimes insufficient.
1.2 Problem definition
LIDAR systems that are mounted on an airborne platform such as airplanes and helicopters are the most
abundant LIDAR systems in use for archaeological research (Devereux et al, 2005). The use of airbornebased LIDAR for archaeology in woody areas was considered state of the art in 2008 (Doneus, et al.,
2008) Airborne platforms are able to scan medium to large sized areas with a relatively high point
density. These factors both depend (though not solely) on the altitude with which the platform flies over
the area. When a platform flies higher, the region the platform can scan within one flight is higher than
with a low altitude flight (Table 1). But, the point density is lower. In archaeology using, LIDAR the point
density is an important factor. The higher the point density is, the more ground points are available to
create an accurate DEM (Digital elevation model) and therefore it is possible to point towards smaller
features hidden in the landscape (Risbøl & Gustavsen, 2018). One could say a trade-off exists between
the altitude, the point density and the penetration of the canopy (Dharmapuri & Tully, 2020). This means
that drone based systems, in theory, can provide better results for medium to small areas (one to
several hectares) with vegetation cover.
Table 1. Comparison of fixed wing, helicopter and UAV platforms (Opitz, 2013).

Point Density
Vegetation Penetration
Area Covered

Fixed Wing Aircaft
Circa 4-10 pts/m²
Limited, affected by
flying height
Large, e.g. 100 km² per
mission

Helicopter
Circa 40 pts/m²
Better than Fixed Wing
due to lower flying height
Medium, e.g. 35 km² per
mission

UAV
??? Circa 100 pts/m²
??? Theoretically best
Small, 2 km² per mission

Due to regulations, drone systems will always have a lower maximum flying altitude (100 meters) than
the minimum flying height for airplanes (150 meters). (European Commission, 2012., DFS , 2020). This
means that drone based LIDAR platforms will always have to fly lower than airborne systems. A lower
altitude will naturally result in a higher point density thus being able to spot smaller features in a
landscape as well as being able to penetrate the forest canopy better. A probable result because of this
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will be that drone-based systems will actively fill the gap in the effective range and detail of low-altitude
surveys in the future (Campana, 2017).
With the availability of drones increasing, new opportunities arise (Colomina & Molina, 2014). And
although both LIDAR for archaeology and drones have seen a rise in use, this combination remains
virtually unexplored (Risbøl & Gustavsen, 2018). This can also be seen in Appendix A. When looking at
existing literature there is a gap concerning the use of drones.
There is a lot of information available on the usability of airborne based LIDAR data in different kinds of
terrain. Airborne systems, algorithms for processing and examples of researches are all available for
airborne data. It is known that there are problems while using airborne data in forested areas and to
overcome this, a higher point density is needed. The use of LIDAR systems mounted on drones can
actively fill this gap, but not much is known about the usability of these drone systems.
1.3 Research objective and research questions
To explore the usability of LIDAR drone systems for archaeology, the main research question for this
research will be:
What is the added value of drone based LIDAR systems compared to airborne systems for archaeological
purposes in rough terrain?
To help answer this question, three sub questions have been identified:
1.

What is the best way to create a DEM for drone data?

2.

What is the influence of tree cover over the ground points?

3.

How do the results of drone data compare to the results of airborne data.
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2. Methodology
2.1 Data
2.1.1 Study Area
Data was collected by the Wageningen University prior to this research in two areas in the municipality of
Hürtgenwald in the state of Nordrhein-Westfalen (NRW), Germany (see figure 1). One is near the area
known as the Ochsenkopf, the other is near the town of Simmerath. The terrain in the Ochsenkopf flight
is more rough, hilly terrain where the terrain in the Simmerath flight is less rough. The area covered by
the Ochsenkopf flight is approximately 800 x 800 meters which is about 64 hectares. The Simmerath
area is 300 x 600 meters which is 18 hectares. Both of the flights have some areas that are covered by
dense forest and some areas that have a more open character. The data was acquired using The
RiCopter VUX-SYS LIDAR system, operated by Wageningen University. Data was acquired on the 20th of
January 2019. At both sites 2 flights were done, at an altitude of 90m above the take-off point. Because
of the steep terrain and forested areas the flights were done manually to assure visual line of sight. This
means that the speed was determined by the pilot, aiming at a forward speed of 3-4 m/s. Variations in
this speed may cause spatial differences in point density. The scanner frequency was set to 550khz and
the scan pattern was set in such a way that an even point spacing in cross-track and along-track
directions was aimed for. As subset a tile of 100 x 100 meters will be used. In this tile it is known that
archaeological features are present in the landscape. This tile has a crater feature and several line
features (figure 2). An analysis on the total areas covered by the LIDAR system will also be conducted.
Airborne data for the municipality of Hürtgenwald can be found at the open geo-portal of NRW:
https://www.opengeodata.nrw.de/produkte/geobasis/hm/3dm_l_las/. The geoportal does not provide
more information about the specifications of both the flight itself (altitude, speed etc.) and the LIDAR
system.

.
Figure 1. Study area with the Ochsenkopf flight to the north of the Simmerath flight
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Crater feature

Line features

Figure 2. Hillshade of subset of study area with known features

2.1.2 Historical background
During the autumn and winter of 1944/1945 a battle took place in the Hürtgenwald. It was the longest
battle of the second world war that took place in Germany. The forest was part of the Westwall defensive
line created for protecting the borders of Germany. The area which consists of woodlands, rough terrain
and deep gorges made the area an outstanding place to defend. The aim of the American offensive was
to penetrate into the mainland of Germany and cross the Rhine as soon as possible. However, the
defensive line was impenetrable for the attackers. Because of the opening of the Ardennes front in
December the focus shifted away from the Hürtgenwald resulting in over 30.000 Allied casualties where
German casualties were just under 30.000. Because of the intense fighting and the extensive fortification
networks in the area, remnants of the battle are still visible in the landscape today (Europe Remembers,
2020, Knighton, 2018).
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2.2 Data handling
2.2.1 Software
To enhance the reproducibility of the research, it was conducted in the R programming language making
use of the different packages (named in the corresponding part of the methodology section) that provide
possibilities of handling large LAS-files and rasters. In addition to this, for fast exploration of pointclouds
CloudCompare was used.
2.2.2 Extraction of ground points and creation of DEM
The first step needed to be done in order to further process the data was the extraction of ground points.
To be able to extract the ground points a classification step is needed. The classification was performed
using the lasground function of the lidR package (Roussel and Auty, 2019). The function uses an
algorithm based on a Cloth Simulation Filter (CSF) as introduced by Zhang et al. (2016). This is the best
freely available algorithm to create a DEM (Serifoglu Yilmaz et al., 2018) In this algorithm first the point
cloud is inverted. After that, an imaginary blanket of cloth is ‘dropped’ on top of the inverted point cloud.
The final shape of the cloth is compared with the point cloud. This results in the points that are part of
the cloth being classified as ground points with a high precision. In order to find the best performance of
the CSF, the parameters classification threshold and cloth resolution of the lasground function that both
have an influence on the classification of ground points were changed with steps of 0.1 and compared to
gain an insight on how these parameters influence the classification of ground points (see corresponding
section).
The actual creation of the DEM resulting in the removal of non-ground points was done using the function
grid_terrain of the lidR package (Roussel and Auty, 2019). The resolution used for the different
interpolations is 0.11 meters. This function takes a classified LAS-file and performs an interpolation on
the points classified as ground. This results in a rasterized digital elevation model. There are three
different algorithms for interpolation available that were compared: Triangulated Irregular Networks
(TIN), Kriging and K-Nearest Neighbour Inverse-Distance Weighting (KNNIDW).
When using TIN, the interpolation is based on a Delaunay triangulation. This is a network of triangles of
points that do not overlap. Which means that points fit in a group according to their x, y and z
coordinates and do not fit within any of the other groups. The algorithm determines which points are
most important to create a fitting portrayal of the DEM. A disadvantage is that it is less suitable to create
a slope or aspect (Tucker et al., 2001). No further parameter settings are needed to interpolate using
TIN.
In Kriging for the lidR package the K-Nearest Neighbour (KNN) algorithm is combined with kriging. In
kriging the values of the points are predicted using a weighted average of the known points in a
neighbourhood around the point to be predicted (Glen, 2018). The value is the linear combination of
values and covariates with the known values. In KNN the z-value of a data point is predicted by
comparing the values of the points which x- and y-values are closest to the x- and y-values of the point
to be predicted. This combination is the most advanced method for the interpolation of spatial data, but
it is harder to manipulate (Harrison, 2018). k= 10 was used as a parameter for the number of k-nearest
neighbours. For the rest, the defaults of the function were used.
KNNIDW is a combination of KNN and Inverse Distance Weighting (IDW). In IDW it is assumed that
values of points that are further away from the point that will be predicted, are less likely to have
roughly the same value as a point that is closer. Therefore a weight is added in order to be sure that
values that are closer have a bigger influence on the prediction of the unknown value (Geomatics, 2019).
The parameters used were k = 10 and p = 2. Where K is the number of k-nearest neighbours and p is
the power of the inverse distance weighting.
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2.2.3 Visualization
For the visualization of possible interesting features in the landscape the hillshade function of the Raster
package was used. For this function a slope and aspect of the DEM first need to be calculated. This was
done using the terrain function of the raster package (Hijmans, 2019). 8 neighbours were used to
calculate the slope and the aspect. In hillshade, an artificial light is shone under an angular direction that
can be chosen by defining the azimuth and altitude both in degrees. These hillshade representations are
created in order to improve the interpretation of DEMs (Devereux et al. 2008). The results show up best
when the light is shone with an azimuth of 315 degrees and an altitude of 30 degrees (e.g. Van Den
Eeckhaut et al., 2005, Campana, 2017).
2.2.4 Influence of tree cover
Tree cover over the area of interest has a big influence on how much ground points can be obtained. If
all of the ground is covered the possible archaeological features will not show up after analysis. In order
to test the influence of high tree cover a mask is created from a tile that has a lot of tree cover. This tile
was chosen by visual assessment on the amount of trees in the tile. This mask is put over the subset
with known features. After this, an indication of the workability with drone data for archaeological
purposes in dense forest can be given.
2.2.5 Comparison with airborne LIDAR data
The airborne was processed in the same way that the drone-based data was handled. Using the same
algorithms as well as the same parameters. A comparison in cell values was conducted to see how much
each cell differs in percentage from the same cell in the other image. In addition to this, for the three
different interpolation methods the RMSE was calculated.
2.2.6 Importance of parameters
To test the importance of different parameters on the classification, the values of the parameters were
changed and the amount of points of ground points was plotted against the corresponding value of the
parameter. The parameters cloth resolution and classification threshold are tested. Cloth resolution
influences the distance between particles in the cloth. The classification threshold represents the distance
to the simulated cloth to classify a point cloud into ground and non-ground. The values for both
parameters that were tested range from 0.1 to 1.0 with steps of 0.1. The number after the decimal point
corresponds to the value on the x-axis. This means that a parameter value of 0.1 has the x-value 1 and
the parameter value 0.2 has the x-value 2 and so on.
2.3 Validation
The rasters were compared based on their RMSE. The RMSE (see formula 1) is a measure that says
something about mean differences between values as well as the fit of an predicted value to the ground
truth (Woody, 2019). In this case, due to the large number of available data points the values will most
probably be small. In addition to this, there is no ground truth, and therefore the values of the
interpolated rasters will be compared to each other instead of a comparison with the ground truth
(Roussel & Auty, 2019, Hijmans, 2019). This results in a relative RMSE that indicates to what degree two
rasters differ from each other.

Formula 1: 𝑅𝑀𝑆𝐸 = √∑𝑛𝑖=1
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A validation based on percentage of difference will be conducted. For this validation, the difference in cell
value will be calculated in a percentage. Where each cell is 0.11 m2. This percentage will be given a
colour that shows how much the absolute difference between two rasters is in percentage. This will be
coloured from green to red based on the percentages so that it is easily interpretable, green being no to
little difference while red being more difference.

Formula 2: 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
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3. Results
3.1 Parameter test
3.1.1 Influence of cloth resolution
In figure 3 the influence of the cloth resolution parameter for the lasground function on the amount of
points classified as ground can be seen. The x-axis represents the value of the parameter and the y-axis
represents the amount of ground points. As can be seen, when the cloth resolution increases, the
amount of points classified as ground decreases. After an initial steep decline, the decline is less steep
and more stable between x = 4 and x = 8 after which the amount of points classified as ground starts
increasing. Around x = 5 (this corresponds to a cloth resolution value of 0.5) the line seems stable. This
is also the default for the lasground function. A value of 0.5 was used for the cloth resolution in the rest
of this research.

Figure 3. Influence of cloth resolution on the amount of points classified as ground points

3.1.2 Influence of classification threshold
In figure 4 the influence of the classification threshold parameter of the lasground function on the
amount of points classified as ground can be seen. The x-axis represents the value of the classification
threshold. The y-axis represents the amount of points classified as ground points. After the steep incline
at x= 1 the incline stabilizes. This means that the amount of points that are classified as ground points
13

also have a steady incline. The default for this parameter lies at x = 5 (meaning the value of the class
threshold is 0.5). At x = 5 the incline has stabilized and follows a near straight line. The default value of
0.5 was kept as the value of this parameter for the rest of this research as it does not deviate from the
straight line.

Figure 4. Influence of classification threshold on the amount of points classified as ground.
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3.2 Comparison of interpolation techniques
In figure 5 the results of hillshading with the use of three different interpolation techniques can be seen
on the 100 x 100 m containing the crater and line features. In addition to these bigger features, a lot of
small possible interesting features can be detected. Although it is not possible to say what the smaller
features are, all details are important in order to find the maximum amount of features in a landscape.
With the naked eye it is impossible to see big differences in features that show up between the different
interpolation methods.

Figure 5. Hillshade results of different interpolation techniques on drone data. a) KNNIDW interpolation result.
b) Kriging interpolation result. c) TIN interpolation result.

In figure 6 the difference percentage per cell of the interpolation techniques can be found. In all of the
rasters the values are close to each other, hence the green colours. It can also be seen that around the
line features in the landscape most of the differences in the values can be found, hence the darker
colours. In figure 6a the differences between KNNIDW and Kriging can be found. The image shows only
small patches with values that differ more than 10% from each other. In figure 6b the results between
TIN and KNNIDW can be found. More patches values that differ more than 10% from each other can be
found. In figure 6c the difference percentage per cell between TIN and Kriging can be found. Which also
shows more patches of values that differ more than 10% from each other than Kriging and KNNIDW. The
values of the KNNIDW and Kriging interpolations seem to have the most values that are close to each
other or even the same. This is confirmed by table 2 where the RMSE between the different interpolation
technique results can be found. Where the values of the RMSE between KNNIDW and TIN and Kriging
and TIN differ only slightly from each other, the RMSE of KNNIDW and Kriging is lower. This means that
the results of Kriging and KNNIDW are more closely related to each other than TIN and KNNIDW or TIN
and Kriging. TIN is not the best way to create the slope and aspect of an area (Tucker et al., 2001),
which are both used to create a hillshade image. The best performing interpolation technique for
archaeological purposes in this research is therefore either KNNIDW or kriging. Because of the lower runtime while using KNNIDW this was used (if not stated otherwise) in the remainder of this research.
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Figure 6. Difference percentage per cell between the interpolation techniques on drone data from 0 – 100 %.
Green indicating low differences where red is a higher difference a) the difference raster of Kriging and
KNNIDW. b) Difference raster of TIN and KNNIDW. c) Difference raster of TIN and

Table 2. RMSE between interpolation techniques for drone data

Interpolation method combination
TIN - KNNIDW
TIN - Kriging
KNNIDW - Kriging

RMSE in meters
0.06423
0.06749
0.04317
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3.3 Influence of tree cover
In figure 7 the hill shading results on the 100 x 100 m tile with high forest cover can be found. This
shows the locations of the original data where the forest cover was so dense that weak spots in the
interpolation occur due to the lack of ground points. In the bottom left only small artefacts occur and the
hill shading result is still interpretable. In the rest of the image it can be seen that the interpolation
methods were not able to compute an accurate DEM from the ground points, several artefacts scattered
across the image are the result. This tile was used as the high forest mask.
In figure 8 the high forest mask results in an image with more noise when used on the same 100 x 100
m subset tile with known features. In the places where the forest is the thickest, the interpolation
method is not able to compute the values, therefore it leads to noise in the image, the black spots. The
features are still present, but parts of them are covered by the noise. Overall, the interpretability of the
image drops and it is not possible to depict if there are features present.
This is confirmed by the RMSE between the masked and non-masked tile which is 0.4865 m. This shows
a difference in values between the two rasters. The amount of ground points that is used to compute the
DEM is reduced from 3441958 to 503422 (table 3). This is a decline of over 85%. Which has a big
influence on the accuracy of the DEM and therefore on the hillshade results.

Figure 7. Results of hillshading on a heavily forested tile
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Figure 8. High forest mask over subset
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3.4 Comparison drone data and airborne data
In figure 9 the comparison between drone data and airborne data can be found. In figure 8a the results
of an hillshade on an KNNIDW interpolation on drone data shows the crater and line features. In figure
8b the same area can be seen with airborne data. The same features can be spotted in the landscape but
there are fewer small features than when using the drone data. Figure 8c shows the differences between
the drone data and the airborne data in percentage. Green pixels represent pixels that do not or only
slightly differ in value where red pixels represent big changes in value. The RMSE value of the two
rasters is 0.1424 m. This means that after the interpolation there are differences between the drone
raster cell values and the airborne raster cell values and thus feature loss might occur. This feature loss
is more likely to happen in the airborne data as the amount of ground points is only 3.5% of the amount
of ground points for the drone data (table 3). The RMSE values of the different interpolation methods on
the airborne data can be found in table 4. All of these values are very close to zero, meaning that the
results when using different interpolation techniques do not differ much from each other. This might be
because the amount of ground points is lower. Because there are less points smaller details in the
ground relief do no stand out any more and are interpolated based on the ground points surrounding
them. Because all the smaller details don’t get handled, the images are more related to each other than
when looking at the drone data. The results for TIN and Kriging have a lower RMSE than the other
interpolation methods this is different than the drone data results

Table 3. Ratio of ground points to non-ground points

Data type
Drone data
Airborne
Masked drone data

Ground points
3441958
123260
503422

Non-ground points
10991160
131174
2109555

Ratio
0.3132
0.9397
0.2384

Figure 9. Differences between drone and airborne data. a) Hillshade results on drone data. b) hillshade results
on airborne data. c) difference percentage per cell of airborne and drone data from 0 to 100 %. Green
indicating low differences where red is a higher difference.
Table 4. RMSE between interpolation techniques

Interpolation method combination
TIN - KNNIDW
TIN - Kriging
KNNIDW - Kriging

RMSE in meters
0.03711
0.02628
0.02921
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3.5 Assessment of total study area
In figure 10 the results of hillshading the Simmerath flight can be seen. In some heavily forested areas
on the left and right of the image the hillshading results in areas with a lot of noise (figure 10b). It is not
possible to create an accurate representation of the ground surface due to a lack of ground points. In the
middle of the image this problem does not occur (figure 10c). Here an accurate representation of the
ground relief is possible, and some small craterlike features can be found. Due to a lack of data points in
the point cloud at the edges, the image shows noise there, even when the amount of tree cover is low
(figure 10d).

b

c

d

a
Figure 10. The results of hillshading the whole of the Simmerath flight. a) The results of the whole flight. b)
Detail of a heavily forested are resulting in an inaccurate hillshading. c) Possible interesting features in the
landscape. d) Noisy features around the edge of the image
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In figure 11 the results of the Ochsenkopf flight can be found. Again, some noise can be seen at the
edges of the image resulting in non-interpretable parts of the whole flight (figure 11b). In the rest of the
image it is possible to see and accurate visualization of the ground relief in almost all parts. Some
possible features can be found in the image. Across different parts of the image line features can be
found (figure 11c) as well as possible crater features (figure 11d). In the middle of the image a noisy tile
can be found. This tile was processed incorrectly and therefore it is not possible to interpret.
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Figure 11. Hillshading results of the ‘Ochsenkopf’ flight. 11a) The results of the whole flight. 11b) A detail of an
artefact. 11c) detail of line feature in the landscape 11d) Detail of possible crater feature in the landscape.
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4. Discussion
4.1 Research goals
The main objective of this research was to explore what the added value of drone-based LIDAR systems
compared to airborne systems for archaeological purposes is. This was done by finding the answer to
these three questions: Is it possible to create an accurate DEM from drone data in rough terrain? What is
the influence of tree cover over the ground points? How do the results of drone data compare to the
results of airborne data?
4.2 Influence of classification parameters
As can be seen in the figure 3 and figure 4, the parameters that were changed influence the amount of
ground points directly. A successful classification of ground points is crucial for the extraction of features
in the landscape (Masini et al., 2011). In figure 3 the highest and lowest values of the parameters have
a big impact and do not show the same trend that is visible in the other values (between x= 2 and x=
9). In figure 4 a trend is visible between x= 2 and x= 10. Because the default (x=5) values do not
deviate from the trend in this case there is no need to change them for the rest of this research.
In addition to this, there were more defaults for the lasground function that were not changed. This was
done because the guide for using the function mentions that there should be no reason to change these
from their defaults in normal situations. It is not expected that a perfectly classified distinction between
ground points and non-ground points can be made using an automatic data interpretation (Sithole &
Vosselman, 2004). But choosing the right parameters can improve the quality of a classification
significantly (Serifoglu Yilmaz et al., 2018).
4.3 Comparison of interpolation techniques for creating an accurate DEM
As can be seen in figure 5 when comparing the results of the different interpolation techniques visually it
is hard to see big differences. The same features are visible in all three images and the smaller features
and noisy features are in roughly the same places. In the difference rasters (figure 6) most of the cell
values differ 10% or less, which again says that the differences between the interpolation techniques
differ only to a small degree. The RMSE (table 2) shows that while the values are low and quite close
(most differ less than 10%), the RMSE between de KNNIDW and the Kriging is lower than that of the
combination of TIN with either one of the two. This means that the raster values in the KNNIDW and
Kriging results are closer to one another and therefore have results that are more closely related.
Overall, it can be concluded that these three interpolation techniques are all able to find the same
features. Therefore, they are all usable to find archaeological features in moderately rough terrain with
trees covering the ground. Differences between the rasters mostly occur on the edges of the features
while the features themselves have the same cell values.
4.4 Influence of tree cover
Figure 7 are the results of hillshading on an area with a lot of ground covered by trees. The results of the
interpolation are of a lower quality, big artefacts can be seen across the image and interpolations are not
able to calculate in accurate DEM for areas with high tree cover. The tree cover that is present results in
an inability to visualize possible archaeological features in a landscape.
By looking at the subset tile with known features but presenting the tile with a mask that represents the
highly forested area of figure 7 it can be depicted how the visualization of features would work if there
less ground points available in the dataset (figure 8). This represents a tile with high forest cover. The
amount of ground points that are left after using the mask drops 85% (table 3). As can be depicted
visually, the big features are still visible although surrounded by noise. It is not possible to say if features
were lost. The interpolation is not able to calculate some values as can be seen in the difference raster
where they show up as white. Also, there are more fluctuations scattered across the raster in comparison
with the other difference raster where the fluctuations mostly occur on the edges of the features. it can
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be concluded that the overall quality of the image drops because of the lower number of ground points
due to the tree cover over the ground.
The RMSE of 0.4865 m shows that differences between the masked tile and the non-masked tile exist.
This indicates that the amount of ground points that is available to derive a DEM is very important for the
overall quality of the results. Although it is still possible to find big features in the landscape, the smaller
features might be invisible due to the blocking of the signal. To get the maximum result, the amount of
ground points per square meter is essential. There is a minimum amount of ground points per square
meter for which drone data is still usable for archaeological purposes. This means that if the vegetation
cover over the area of interest is so dense that the signal is blocked to such an extent that this minimum
amount of ground points is not reached, the results are not reliable anymore. The point density of LIDAR
is essential to create an accurate DEM. Low-density point clouds result in low accuracy DEMs (Chu et al.,
2014) especially in dense forested areas.
4.5 Comparison airborne and drone data
As the amount of relevant literature and research is limited as it comes to drone-based LIDAR (Appendix
A). The number of specified filters, algorithms and other means of analysis specifically pointed towards
the use of LIDAR data is also limited. Therefore, in this research, analysis was performed while using
measures focussed on processing airborne data. This might have an influence in the results especially
when comparing airborne data with drone data.
In figure 9 the comparison between airborne data and drone data can be found. The features that are
visible in drone data (figure 9a) also show up in airborne data (figure 9b). However, differences can be
seen. In the drone data, there are small features present that influence the interpretability of the raster
when compared to airborne data. These smaller features are most probably the result of having a higher
point density in the landscape resulting in finding every bit of relief that the landscape has. These smaller
features might be of interest when looking at the archaeological context. In airborne LIDAR-systems the
loss of (smaller) features is a common problem (Inomata et al., 2017). Due to the higher amount of ground
points, the relief of the landscape is better captured when using drone data (Risbøl & Gustavsen, 2018) and

thus more features can be found. In archaeology all features might be of interest and the loss of possible
features must be prevented where possible.
The parameters for the analysis on the airborne data were kept the same as the parameters for the
drone data. This was done in order to be able to compare the results. As already mentioned, the
changing of parameters can result in the loss or the finding of features. To be sure that the comparison
was reliable, the parameters were not changed although the amount of ground points differ between the
different platforms.
When visualizing drone data, the image is less easy to interpret and seems noisier. This is probably due
to the fact that in drone data, most of the relief difference show up in the visualization because of the
amount of data points. In addition to this, the algorithms that were used to extract the ground points,
derive the DEM and create the hillshade were all designed for airborne LIDAR data as there are not yet
specific algorithms for the higher density drone point clouds (Roussel & Auty, 2019). The adaptation of
the (parameters of the) algorithms in order to prevent the creation of the noisier and less interpretable
parts of the results would be the solution to this problem.
The RMSE of the airborne and drone data is 0.1424. This is higher than that of any of the different
interpolation methods compared to each other for the drone data or the airborne data. This means that
the values of the drone and airborne data differ more from each other than the results of the different
interpolation techniques on one type of data. While most features keep their shape, there are still cell
values that differ from each other. In figure 9c it can be seen that especially the area around the line
features have a lot of cells that differ in value across the two different systems.
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The ratio of ground to non-ground points in airborne data is bigger than in drone data (table 3). The
absolute amount of ground points is higher in drone data. Both are able to find the larger features
present in the landscape. However, the smaller features that are missing when using the airborne data
might be of importance. To find these smaller in the landscape a higher point density including more
ground points is needed. This means that the absolute amount of ground points and their spread is more
important than a ratio between ground points and non-ground points. As drone data has more ground
points per square meter, it means that it is possible to create more accurate results while using drone
data as long as they penetrate the potential ground cover.
Through the whole of the research the resolution of the DEMs (at 0.11 m) was kept constant. The
influence of the resolutions is therefore not known. Different resolutions of DEMs might depict whether
certain features are visible or not (Serifoglu Yilmaz et al., 2018). Due to the high point density of drone
data it is possible that the resolution at which drone data is still usable for archaeological purposes is
lower than that of airborne data. Which in archaeological context means that more small features could
be found that would be missed with a bigger resolution
4.6 Whole area assessment
In figure 10 and 11 the results of the flights over the whole areas of the research can be seen. On the
edges of the images artefacts exist and the interpolation methods are not able to construct an accurate
DEM. This is probably because on the edge of the flight, the point density is lower than on the middle of
the flight where the drone flies over the area directly and the surface is hit with the maximum amount of
pulses. The results of the middle of the flights have more data points. It is possible by hillshading to
visualize the relief of the terrain showing the features that are present. Except for some regions that
have too much vegetation cover. In these areas it is not possible for the signal to penetrate the canopy
as much as is needed to create an accurate DEM. Because of the high point density that comes with
drone data it is possible to use the drone-data for archaeological purposes for small to medium sized
areas of several kilometres in rough terrain with vegetation cover. It can therefore be concluded that
drone data can fill the gap that is left open by the airborne platforms in LIDAR for archaeological
purposes.
4.7 Additional remarks
For this research it was not possible to compare the results with the ground truth. Therefore it is not
known which features are present in the landscape. Although an accurate hillshade image showing the
relief as well as objects on the forest floor can be created using the data, it is still not known which
features are interesting from an archaeological perspective.
The hillshading for visualization purposes has not been explored in this research and therefore it is not
known if there lies an advantage in changing the parameters for hillshading. Literature suggests that
there are both advantages and disadvantages when changing the parameters (Millard et al., 2009). It is
possible to find other features that are present in the landscape when shining the artificial light from
different angles. But, on the other side it might enhance the amount of noise in the image. Because this
was an exploratory research on the usability of drone data in any way, it lies beyond the scope to find all
possible features in the landscape and therefore the influence of these parameters was not further
tested.
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5. Conclusions
Drone systems due to their high point density show great potential for remote sensing for archaeological
purposes in rough terrain and can create highly accurate DEMs.
The absolute amount and distribution of ground points is more important than the ratio of ground points
to non-ground points to create an accurate DEM. When trees are covering the ground, it is still possible
to derive an accurate DEM as long as the distribution and amount of ground points is still adequate.
When there is more tree cover, the quality of the DEM is reduced.
Drone LIDAR data is usable to find archaeological features in a landscape and performs better at finding
smaller features in the landscape than airborne LIDAR data as almost no feature loss occurs due to a
higher point density in comparison with airborne data.
Algorithms that are available are mostly focussed on working with airborne LIDAR data, this means that
there is still a gain possible if either existing algorithms are adapted to be able to work better with high
density point clouds or new algorithms are developed for working with this type of data.
Drone based LIDAR has the potential to fill the gap for medium or smaller sized archaeological sites of
several kilometres for both rough and smooth terrain. Where for larger areas the use of airborne systems
is still superior.

6. Recommendations
This research has only focussed at the exploring of the usability of drone data. Therefore, this research is
only an indication on its benefits and shortcomings. Some recommendations can be made to enhance
and explore the usability of drone data further:
Although all of the interpolation techniques that were compared were usable for drone data, the
finetuning of the parameters for the algorithms can provide better results. The possible removal of
features that make the results less interpretable and the enhancement of features that are of interest
can boost the usability of drone data for archaeological purposes.
Further research is needed to quantify the amount of ground points per square meter that is needed to
create an accurate DEM of an area. This will also say something about the amount of tree cover over an
area at which it is still possible to look at underlying features.
The comparison of drone data with airborne data that was performed was mainly based on the
differences in cell-values. It would be useful to compare their abilities on the finding of actual
archaeological features in a location where the ground-truth is known. This might indicate a field of use
for drone data where airborne data is less efficient thus narrowing the gap to fill concerning drone data.
As the legislations on drone use are just starting to emerge it is important to not waste opportunities
that these systems bring by overregulation.
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Appendix A
Query 1 Scopus : TITLE-ABS-KEY ( ( lidar OR "airborne laser scanning" ) AND archaeology AND
NOT ( spectral OR photogrammetry ) ) -> 233 results
Query 2 Scopus: TITLE-ABS-KEY ( ( lidar OR "airborne laser scanning" ) AND archaeology AND
NOT ( spectral OR photogrammetry OR uav OR drone ) ) -> 226 results
Query 1 Web of Science: TOPIC: ((lidar OR Airborne laser scanning) AND archaeology NOT
(photogrammetry OR spectral)* -> 161 results
Query 2 Web of Science: TOPIC: ((lidar OR Airborne laser scanning) AND archaeology NOT
(photogrammetry OR spectral OR UAV OR drone))* -> 155 results

Query 1 Google Scholar: allintitle: archaeology lidar OR "Airborne laser scanning" -photogrammetry spectral -> 33**
Query 2 Google Scholar: allintitle: archaeology lidar OR "Airborne laser scanning" -photogrammetry spectral -uav -drone -> 33**
* topic includes title abstract and keywords
** only in title

Literature analysis
7

10
226
151
0
33
SCOPUS

WEB OF SCIENCE
Airborne

drone

* Only in title
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GOOGLE SCHOLAR*

Appendix B
All scripts that were written while conducting this research can be found on
https://git.wageningenur.nl/leeuw165/
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