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ABSTRACT:

The integration of Airborne Laser Scanning survey into archaeological research and cultural heritage management has substantially
added to our knowledge of archaeological remains in forested areas, and is changing our understanding of how these landscapes
functioned in the past. While many types of archaeological remains manifest as micro-topography, several important classes of
features commonly appear as standing remains. The identification of these remains is important for archaeological prospection
surveys based on ALS data, and typically represent structures from the Roman, Medieval and early Modern periods. Standing
structures in mixed scenes with vegetation are not well addressed by standard classification approaches developed to identify bare
earth (terrain), individual trees or plot characteristics, or buildings (roofed structures). In this paper we propose an approach to the
identification of these structures in the point cloud based on multi-scale measures of local density, roughness, and normal orientation.
We demonstrate this approach using discrete-return ALS data collected in the Franche-Comte region of France at a nominal point
density of 8 pts/m?, a resolution which, in coming years, will become increasingly available to archacologists through government

supported mapping schemes.

1. INTRODUCTION
1.1 Standing archaeological remains in mixed scenes

The integration of Airborne Laser Scanning (ALS) survey into
archaeological research and cultural heritage management has
substantially added to our knowledge of archaeological remains
in forested areas, and is changing our understanding of how
these landscapes functioned in the past. To date, the majority of
the remains identified through ALS can be characterised as
earthworks- slight or sometimes substantial local variations in
micro-topography (Opitz and Cowley, 2013). While many types
of archaeological remains manifest as micro-topography,
several important classes of features commonly appear as
standing remains. The identification of these remains is
important for archaeological prospection surveys based on ALS
data and typically represent structures from the Roman,
Medieval and early Modern periods. They are essential to the
characterization of the site distribution and landscape
organization of these periods.

Standing archaeological remains are frequently found in areas
characterized by dense low vegetation. The identification of
these remains has been particularly problematic in the analysis
of ALS data collected for Mediterranean landscapes
(Lasaponara and Masini, 2009; Opitz, 2009), and is also
relevant in temperate European landscapes. Standing structures
in mixed scenes with vegetation are not well addressed by
standard classification approaches developed to identify bare
earth (terrain), individual trees or plot characteristics, or
buildings (roofed structures). These structures are typically
mixed into the low- or medium- vegetation classes by terrain-
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seeking algorithms, and into ‘understory’ by vegetation
characterizing algorithms, and are classified as vegetation by
building-extraction algorithms. While full-waveform lidar data
provides a relatively straightforward path to distinguishing these
structures from the surrounding vegetation based on echo-width
filtering (Doneus et al., 2008), the substantial archive of discrete
return ALS data must be treated using purely geometric
measures, as described below.

2. METHODS AND ALGORITHMS
2.1 Related Approaches to Mixed Scenes

2.1.1 Multi-scale Segmentation of Terrestrial Laserscans
(TLS) of Natural Scenes:

TLS scans of natural scenes that contain multiple elements,
including vegetation, stones, and soil, pose many of the same
problems as mixed natural scenes in ALS, including
heterogeneity in the morphological characteristics of each class
of features, random orientation of structural elements, and local
shadow effects in the point cloud. Consequently the
fundamentals of the approaches developed to segment scenes
are similar. The approach developed by Lague et al. (2012,
2013), like the one presented here, uses a measure of multi-scale
dimensionality to characterize the local geometry of the
neighbourhood around each point. They develop a metric for
multi-scale dimensionality based on the dimensionality of a
local neighbourhood sphere at varying scales s around each
point. They describe dimensionality at each scale using the
variance in the eigenvalues of the first three components of the
PCA of the points in each sphere. The dimensionality measures
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at multiple scales are combined in the final classification. They
develop a semi-automatic approach, in which a classifier is
trained and then deployed over a larger scene. While Lague et
al.’s approach uses PCA to describe dimensionality — the extent
to which the point cloud geometry is 1D, 2D, or 3D, our
approach uses roughness, point density, and normal orientation.
The ideal measure of dimensionality to characterize 3D point
clouds is a matter of debate. Fractal dimensionality and
multifractal measures (e.g. Wendt et al., 2007) and spatial
correlation measures (e.g. Sim et al., 2010) have been used
successfully on TLS data. In our approach the combination of
roughness, density and normal orientation is preferred for
distinguishing between approximately planar features (walls)
and surrounding amorphous points (understory canopy) at
relatively coarse resolutions compares to typical TLS data.

Measures of roughness (e.g. Vetter et al. 2011), density (e.g.
Ferraz et al. 2010) and normal vector (e.g. Dorninger and
Nothegger 2007) are all regularly used to segment point clouds.
The originality of our approach is in combining the measures,
and iteratively calculating them across multiple scales in what is
essentially an opening operation. The application to standing
archaeological remains in mixed scenes is also, to the extent of
the authors’ knowledge, original.

2.1.2 Hierarchical Segmentation of ALS of Urban Scenes:

The urban scene problem differs from natural scenes in that
many target objects e.g. roofs and building walls are
approximately planar and not immediately surrounded by other
returns, and in that vegetation is often in the form of individual
or small groups of trees, without the presence of an understory.
Successful approaches to urban scene segmentation include
wavelets (e.g. Keller and Borkowski, 2011), region growing
(e.g. Forlani et al. 2006) and RANSAC (e.g. Niedhart and
Sester, 2008).

2.2 Description of the proposed method

In this paper we propose a method to segment ALS point clouds
representing mixed scenes containing returns from terrain,
vegetation, and standing archaeological remains using purely
geometric measures. This method has been developed using
ALS data at a nominal density of 8 pts/m?, a resolution likely to
become increasingly available to researchers and managers
through regional and national mapping schemes. In the
proposed approach a point cloud representing a mixed scene
containing terrain, vegetation and standing archaeological
remains is selected for analysis. The point cloud is initially
classified using a terrain-seeking algorithm, in this case a
custom macro implemented in Terrascan. Terrascan relies on an
adaptation of Axelsson’s algorithm, which discriminates
between terrain and vegetation points using a series of adaptive
TINs (Axelsson, 2000). This algorithm is well suited for large
scale terrain/non-terrain segmentation of point clouds, but
significantly less well suited to identifying individual
components within the vegetation segment of the point cloud.
The pre-classified point cloud is then segmented on the basis of
three criteria: roughness, density, and normal orientation. All
roughness calculations are performed in CloudCompare, and
density and normal calculations are performed in Meshlab.
Regions of points representing standing remains, which were
initially identified as vegetation by the Terrascan algorithm, are
reclassified on the basis of their low roughness and consistent
normal orientation, as calculated at multiple scales.

The proposed method has several advantages. First,
computation is relatively rapid, because the 3D point cloud is
treated directly and interpolation is avoided. Further, it is
implementable using basic point cloud morphology metrics,
meaning it can be carried out using a variety of open source
software packages. Finally, only a few parameters need to be
tested and set. Consequently, this approach can be implemented
and adapted by researchers with limited computing resources,
making it widely accessible.

2.2.1 Multi-scale iterative roughness calculations: In the
first stage of the analysis local roughness values are calculated
for each point at a scale s/. The roughness calculation is basic:
at each point the roughness is calculated as equal to the distance
between the point and the least square best fitting plane
computed on its nearest neighbours. Points with fewer than 3
nearest neighbours within the sphere defined by the scale of the
analysis are assigned an invalid scalar value (NaN)
(CloudCompare, 2012). The Weibull distribution of the
roughness values is calculated and points falling within one and
two standard deviations (6) of the distribution are identified
(figure 1). Points with roughness values exceeding 1 ¢ of the
roughness distribution are removed. Roughness values are then
recalculated on the modified point cloud on a smaller spatial
scale 52 and points exceeding 1 ¢ are again removed. In the
third pass, the roughness values are recalculated on a larger
scale s3. For ALS data at nominally 8 pts/m” and archaeological
features at the 1-5m scale, s/ is set at Sm. The parameters s1, s2
and s3 should be varied with respect to the scale of the standing
remains sought and the nominal point density of the ALS data.
For the case studies here, these parameters were set at 5, 3 and
11m. The selection of appropriate scale parameters is essential
for the identification of standing architecture, and successful
segmentation. If objects of significantly different scales are
present, the segmentation procedure would need to be
performed repeated] objects across scales.

Figure 1: The distribution of roughness values the scale of Sm.
The 1 ¢ and 26 cut-off points are indicated by red vertical lines.

2.2.2 Segmentation on local density: After initial
segmentation of the point cloud based on multi-scale roughness,
some points classified as vegetation remain in the scene. In the
case studies here, these are clearly distinguishable by local point
density. Local point densities are calculated on a 3x3x3 matrix
of neighbours, and areas with low point densities, typically
beyond 26 in the distribution, are excluded. In the first two
examples shown here, the use of a 3x3x3 matrix of neighbours
produces good results. At other scales, it may be appropriate to
vary the size of the neighbourhood. Optionally, a second pass of
density segmentation may be undertaken, varying the size of the
neighbours matrix.
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2.2.3 Segmentation on normal orientation: After
segmentation on local density remaining components can be
separated into individual walls, and walls distinguished from
terrain and any remaining vegetation components on the basis
of normal orientation. Normal orientations are calculated for the
resulting point cloud on the basis of each point’s neighbours (26
neighbours are used in these calculations, representing a 3x3x3
matrix without a preferred orientation). The normal orientations
are also used to differentiate between multiple structures at
different orientations in the scene, on the basis of dominant
normal orientation. As with local point densities, a second pass
may be needed if features at substantially different scales are
present in the scene.

2.3 Intended Applications

Archaeological sites on which standing remains may be
expected are often identified in ALS data on the basis of more
easily detected and visualized microtopographic features, e.g.
mounds, ditches, cuttings, or platforms. This approach is
intended for the analysis of forested scenes, where the potential
for standing structures has been established. Consequently, the
sites assessed for this paper are relatively small (under 1 ha.).
This approach could be scaled up to address larger areas, but the
problems of doing so, notably increased computational expense,
are not addressed here.

3. CASE STUDY SITES

The approach developed to identify standing remains was tested
at three sites with known standing structures. Two of these sites,
Montfaucon and Bregille, contain substantial preserved walls,
and the dominant scale of the standing archaeological features is
2-5m. At the third site, Chapel de Buis, the dominant scale of
standing features is 0.25-1m. All three sites were characterized
by mixed deciduous forest with medium to dense understory
canopies.

3.1 Montfaucon

The remains of the chateau and village of Montfaucon are
located in mixed deciduous forest. In this sample scene a single
long wall, preserved to more than 2m in height and less than 1m
in width is present (figure 2).
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Figure 2. The sample area at Monfaucon. More vegetation was
present at the time of ALS data collection.

3.1.1 Calculations: Roughness values for the entire point
cloud are calculated at the Sm scale (figure 3- top). The
distribution of roughness values is calculated and points
exceeding 1 o of the distribution are classified as vegetation and
removed from subsequent segmentation iterations. The scene

is subsequently segmented at 1 ¢ at 3m and then 11m scales.
After the roughness segmentation, some vegetation points
remain (figure 3- bottom).

Points removed from the cloud

R Points remaining after rough-
% ness segmentation

Figure 3(top) Sm roughness values in the Montfaucon scene,
viewing the main wall end-on. (bottom) Points remaining after
the roughness segmentation phase (red) seen within the point
cloud (white).

Local point densities are calculated for the resulting point cloud
and final remaining vegetation components, characterized by
low point densities (green points, figure 4), are removed. Areas
with consistent normal orientations (figure 4) define regions of
terrain and standing architectural remains. Terrain regions are
confirmed by checking against the initial Terrascan
classification of the point cloud. The resulting point cloud
contains three classes: terrain, standing remains, and vegetation
(figure 5).

3.2 Bregille

A ruined building with multiple walls standing to heights of
more than 2m, and averaging 50cm in width, provides a second
case study. In this case several walls are present, at different
orientations. The remains at Bregille are, as for the Montfaucon
scene, initially segmented based on roughness values, iterating
over the point cloud at scales s/=5m, s2=3m, and s3=11m. The
results of this step can be seen in figure 6. Two vegetation
components remain (figure 7). The local density values for the
remaining points are calculated, and points with density values
falling outside 2 ¢ of the density distribution are classified as
vegetation and removed. At this point only returns from the
terrain and the standing remains are present in the point cloud.
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Figure 4. Points coloured by density and normal represented as

vectors. Remaining vegetation points are characterized by
coherent normal, but low local densities.

Normal Vectors
Terrain Components

Figure 7. Post roughness segmentation points remain which
represent terrain areas (white), standing remains (pink) and
vegetation (green). The separations shown here are made on the
basis of the local point density distribution.
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Figure 5. Final segmentation into terrain areas (white), standing ; s R/ S
remains (pink) and vegetation (green).

Terrain points, as identified in the initial Terrascan _
classification, are removed and the standing remains can be
segmented into individual walls based on normal orientation

(figure 8). Some misclassified terrain points remain (red points,
figure 8) after the density segmentation and removal of
Terrascan-classified terrain points, but these can be
distinguished on the basis of their normal orientation, strongly
along the z-axis.

Figure 6. The points remaining after three iterations of
roughness segmentation (pink) inside the complete point cloud,
(white). Some vegetation remains at this stage. However, the
remaining vegetation is well separated from both the terrain and
the standing structures.

Figure 8. Points coloured by density and normal direction
represented as vectors. Individual walls are distinguished in this
example on the basis of normal orientation.

3.3 Chapel de Buis

In this scene small walls, of less than 50cm in width and
preserved to less than 1m in height are present among dense
scrub, under a mixed deciduous canopy. In this case initial
calculation of the roughness values at scales of 1, 3, 5, and 7 m
reveal a different situation than at Montfaucon or Bregille. Here
the lowest roughness values correspond predominantly to the
understory canopy rather than to the terrain (figure 9).

Figure 9. Dominant vegetation in this scene results in the lowest
roughness values at the 7m scale (shown here) appearing in the
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understory canopy, and higher roughness values appearing on
the terrain and standing archaeological remains. The results are
the same at the 1,3, and 5m scales.

It is clear from this initial step that the approach taken at
Montfaucon and Bregille will not succeed in this case, due to
the extremely dense understory combined with the small scale
of the features present. Rather than removing points with
roughness values beyond 1c in the roughness distribution, we
invert the procedure and retain these points. The result is a point
containing the majority of the terrain points and a number of
vegetation components (figure 10).

Figure 10. The point cloud after the removal of points with
roughness values within 1 ¢ in the point cloud.

The usual procedure is now followed, segmenting the cloud on
roughness, local point density, and normal orientation. The
resulting point cloud does not contain concentrations of low
roughness returns with coherently oriented normals. Visits to
the site reveal structures (figure 11) were not identified using
the proposed approach. Based on a visual inspection of the point
cloud we conclude that the small number of returns from these
structures, fewer than 12 on a typical wall like the one in figure
10, prevents their successful identification using this approach.

RE y A Y Y i "(‘ *' t ARG \; %
Figure 11. Standing architecture on the scale of 40cm wide and
60cm tall, like the wall pictured here, is not successfully
identified using the proposed approach.

4. RESULTS

In this paper three scenes were used to demonstrate an approach
to the identification of standing architectural remains in mixed
natural scenes using purely geometric measures of the point
cloud. Using data collected at 8 pts/m* standing architectural
remains at the 2-3m scale (vertical height) are successfully

identified in medium density understory beneath a deciduous
canopy. However, smaller remains, of less than 1m in height
and located in dense understory canopy, are not detected. We
predict that remains on this scale would be detected under
similar vegetation conditions with ALS data collected at a
higher point density.

We present two cases where the approach is successful in
defining standing remains and one case, with under
unfavourable vegetation conditions and where the scale of the
features approaches the resolution of the data, where the
approach is unsuccessful. We present both successful and
unsuccessful cases here to illustrate both the potential and
limitations of the proposed approach.

5. DISCUSSION

The principles of distinguishing standing archaeological
remains, terrain and vegetation in ALS data by using local
measures of roughness, density and normal orientation are
established in this paper. The results presented here show that a
combination of metrics results in a better classification than the
use of a single multi-scale metric. For example, after the
classification of the Bregille scene based on multi-scale
roughness, some vegetation points are present in the segmented
point cloud, which should only contain terrain and standing
remains’ points. However, further segmentation on the basis of
point density allows us to correctly identify these points as
vegetation. Similarly, classification based solely on point
densities (figure 12) confuses points from the terrain and denser
vegetation components.

Figure 12. Local densities of the unsegmented point cloud at
Chapel de Buis. Different components cannot be reliably
segmented based solely on point density.

Terrain and standing architectural components of the point
cloud have very similar roughness values across multiple scales,
but can be clearly distinguished based on dominant normal
direction because terrain components will have normals
predominantly oriented towards the z-axis (except on extremely
steep slopes) and standing architectural components will have
normals predominantly oriented in the plane of the x-y axes.
Even in the cases of relatively steep local slopes, as seen at
Montfaucon (figure 4) the normals on the sloping terrain are
oriented more strongly toward the z-axis than the normals from
architectural components.
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6. FUTURE WORK

The automation and optimization of this approach, so that it
might be effectively applied to larger areas, is an obvious
direction for future work. The automation of this approach
would allow for the prospection of standing remains parallel to
the prospection for microtopographic remains using ALS data
currently widely practiced in archaeological research and
cultural resource and heritage management.

Further testing of the approach using ALS data collected at
higher and lower resolutions would be useful for establishing
the limits of the approach in terms of the scale of the standing
architectural remains which can be detected. Similarly, testing
under other vegetation conditions would be wuseful in
establishing the limits of this approach’s applicability.
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