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1. Introduction

Photogrammetry is an engi-
neering discipline that in the last 
century has guaranteed a more 
and more detailed and accurate 
reconstruction of the Earth’s to-
pography, going from the 2D map-

ping of mountains areas to visua-
lize a georeferenced 3D model of a 
complex geomorphology.

The term was used for the first 
time in 1867 by the civil engineer 
Albrecht Meydenbauer in a pu-
blication with the title die Photo-
grammetrie, published in the Wo-
chenblatt des Architektenvereins 

zu Berlin (Berlin Architectural 
Society – Weekly Journal): it was 
a about the use of a photographic 
camera as a measuring method 
(Grimm A., 2007). This underli-
nes how this discipline has develo-
ped along the years thanks to the 
progress of technology. The four 
major phases of photogrammetry 
history are related to inventions in 
the field of photography, airplanes, 
computers and electronics (Shenk 
T., 2002). In 1839 Joseph Niepce 
and Louis Daguerre took the first 
picture; since then many experi-
ments were made in order obtain 
a larger image of the land and per-
form the first measurement, espe-
cially by Aimè Lussedat who tried 
to take aerial photographs with 
kites and ballons. Then, the inven-
tion of stereophotogrammetry by 
Carl Pulfrich in 1901 and the con-
struction of the first stereoplotter 
by Eduard von Orel in 1908, along 
with the diffusion of the first air-
planes by the Wright brother at 
the beginning of the XX century, 
allowed to visualize the tridimen-
sional geometry of a scene by pai-
ring two overlapping photograms. 
The analog photogrammetry took 
place and it spread quickly betwe-
en the two world wars thank to 
its military applications. With the 
advent of computers in the 60s, 
it was finally possible to apply the 
basic mathematical theory, develo-
ped by Shimd in the 50s by using 
matrix algebra, to perform the 
photogrammetric process: nume-
rical solution were applied to solve 
the photographic prospective and 
obtain a cartographic projection 
(Cannarozzo et al., 2012). Only at 
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the end of the XX century, aerial 
photographs were substituted by 
digital images, so no more photo-
grams but numerical data became 
the raw data to work on. Develop-
ment in electronics offered then, 
along the years, more compact and 
cheaper solutions, reaching the hi-
ghest practicality in the application 
of UAV as drones.

Nowadays it is possible to track 
the evolution of natural surfaces in 
3D at an unprecedented resolution 
and precision. By meaning appli-
cation of UAV photogrammetry, 
today is possible monitoring flu-
vial morpho-dynamics, observing 
landslide and glacier evolution, de-
tecting erosion and deposit areas, 
characterizing the discontinuities in 
a rock mass, realizing geology maps 
and estimating vegetation exten-
sion with advantages if compared to 
other methods, as LiDAR, in terms 
of portability, cost, power consu-
mption and time of execution.

In the case here discussed, such 
technology allowed to investigate 
the evolution of a complex geo-
morphology, where both block 
detachment and debris flow occur 
frequently, despite also its limited 
access. The chance of obtaining a 
3D reconstruction of such scene 
allows to better describe the ge-
ometry of the area, and the easy 
repeatability of the flights allows 
to observe the chronological evo-
lution the slope.

2. Site description

The area of study is in the Nor-
th-West region of Slovenia, in 
Central Europe. It is located near 
the village of Belca in the munici-
pality of Kranjska Gora, close to 
the Austrian border, and about 60 
km from Ljubljana, the Slovenian 
capital city.

The site is mainly characteri-
zed by a fractured rock mass on a 
mountain slope, at the bottom of 

which the fallen debris, characte-
rized by an heterogenous granular 
distribution, has deposited along 
the years. The valley is short and 
narrow and it is crossed by a small 
torrent which flows into the Sava 
main river. Most of the bigger 
blocks are accumalted in the tor-
rent’s riverbed close to the slope; 
a poprtion of the derbis deposited 

in the torrent’s riverbed has been 
probably transported dwonward 
by the river flow (Fig. 1).

From a geological point of view, 
the slope is made of Upper Trias-
sic rocks, mainly light grey massi-
ve dolomite and layers of limstone, 
strongly tectonized.

The slope has been monitored 
because a rock fall with a volume 

Fig. 1. Location of the area of study (a) and some photographs of the slope (b) and torrent 
riverbed (c, d).
Ubicazione dell’area di studio (a) e alcune fotografie del versante (b) e dell’alveo del torrente 
(c, d).
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of 5’000-10’000 m3 occurred in 
September 2014. Since 2014 until 
2017, both geotechincal and geo-
logical data were aquired by Lazar 
et al. 2018: in particular wire ex-
tensometers, tachometry, TLS and 
ALS were adopted to observe the 
evolution of the geomorphology.

3. Data acquisition

The data for this study comes 
from seven different surveys, five 
of which were performed by mem-
bers of the University of Ljublja-
na, Faculty of Civil and Geodetic 
Engineering (Fakulteta za gradbe-
ništvo in geodezijo, FGG) and the 
remaining two were performed by 
the Department of Forestry and 
Renewable Forest Resources of the 
Biotechnical Faculty (Biotehinška 
Fakulteta, BF). They go from July 
2018 to October 2019.

The observed area changed in 
the first surveys: at first only the 
upper part was captured, then 
the entire riverbed has been once 
observed in order to detect the 
eventual transportation of the de-
tached material and progressively 
only the portion of the river closer 
to the slope was sometimes consi-
dered in the survey.

The data from BF were acquired 
with a DJI Mavic Air drone with a 
FC2103 camera model, having a 
focal length of 4.5 mm and retur-
ning images with a resolution of 
4056×3040 pixels. No further de-
scription of the surveys has been 
shared. Apparently, the flights were 
not performed systematically but 
by manual piloting of the drone.

The data from FGG were acqui-
red with a DJI Phantom 4 with a 
FC6310 camera model, having a 
focal length of 8.8 mm and images 
with a resolution of 5472x3648 
pixels. The flight plans changed 
from a survey to another, learning 
from previous experiences. At first 
only one flight for both the slope 

and the river was planned. Due to 
the complex geomorphology of the 
slope, 3 flights were then planned 
with an oblique orientation of the 
camera (45°): the first two were 
performed at the same height, 
one having as reference a previous 
DTM of the area and the other one 
having as reference a plane with an 
inclination close to the overall slo-
pe; the third flight was performed 
as the second one but with a grea-
ter flying altitude in order to gua-
rantee a greater overlap of the ima-
ges. Then, the presence of isolated 
blocks and niches led to consider 
a different point view, so a flight 
with the camera orientated to the 
vertical direction was introduced. 
The portion of the river far from 
the slope was no more considered 
and only one flight with an oblique 
camera was necessary to reduce the 
number of holes in the final model.

In order to perform the geore-
ferencing of the final model, the 
actual position of some control 
points was measured. The actual 
measurements of the position of 
the targets were performed accor-
ding to different geodetic methods.

The methodology adopted by BF 
is unknown, but the coordinates 
available come with a level of accu-
racy between 1,5 and 4 cm both in 
horizontal and vertical direction.

The FGG adopted at first the 
methodology of RTK (Real-Time 
Kinematics) GNSS (Global navi-
gation Satellite System) with an 
achieved accuracy of 4/8 cm: due 
to problems with the GNSS signal 
some measurements came with a 
great error, so this method revea-
led to be not the optimum one. La-
ter a combination of tacheometry 
and GNSS, with an accuracy in a 
rank of 2-3 cm, was adopted.

The number and the distribu-
tion of the targets changed betwe-
en the surveys. The main limit was 
the instability of the slope and its 
accessibility. Some targets were 
placed out of the body of the rock-
slide: at the top, at the bottom, 

and some on the sides of the main 
body, thanks to the presence of a 
road that used to go through the 
slope before being covered by the 
debris flow.

Not all of them were used as 
GCP (Ground Control Points) or 
CP (Check Point) because some-
times the difference between the 
estimated position and the input 
coordinates was too big (probably 
due to some errors in the acquisi-
tion of the spatial datum) or the 
number of projections along the 
images was lower than 2.

4. Data processing

The photogrammetric pro-
cessing is carried out using the 
software Agisoft Metashape Pro 
(version 1.5): it uses a Structu-
re from Motion (SfM) algorithm 
that allows the matching of com-
mon features among the images 
in order to reconstruct the camera 
motion and the 3D geometry of a 
scene. The obtained georeferenced 
dense point clouds are then impor-
ted into the software CloudCom-
pare (version 2.6.1) for multi-tem-
poral change detection by meaning 
of point cloud comparison.

The general workflow adopted 
(Fig. 2) is based on the ones propo-

Fig. 2. Workflow adopted in the data pro-
cessing.
Flusso di lavoro adottato nell’elaborazione dei 
dati.
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sed by several authors (Westoby et 
al., 2012; Johnson et al., 2014; Pas-
salacqua et al., 2015) and it is the 
result of several tests, carried out 
considering which step would have 
significantly affected the next one.

4.1. Import and alignment of 
the images

The first step is the alignment 
of the images, which is based on 
the automatic identification of key 
points among the images and the 
matching of the tie points. Since 
every survey requires more than 
one flight, different set of images 
were aligned in separated chunks. 
During this process, the collinea-
rity equations are solved and the 
camera motion is reconstructed by 
the estimation of the camera loca-
tion. The accuracy of this process 
can be defined by the operator: 
medium, low and lowest setting 
cause image downscaling respecti-
vely by a factor of 4, 16 and 64; the 
highest accuracy setting, instead, 
upscales the images by a factor of 
4 allowing a better estimation of 
the tie points location. Since this 
choice strongly affects the time of 
the processing, the default high 
accuracy setting was adopted and 
the software worked with the ori-
ginal size of the images.

The images come along with 
the camera position and rotation 
measured by the drone itself in a 
WGS84 (EPSG 4326) coordinate 
system, so they were used to per-
form a preliminary pair selection 
of the photos. It is also possible 
to perform a generic preselection 
of the overlapping photos by ma-
tching them using lower accuracy 
setting first. In order to reduce the 
time of processing, both reference 
and generic preselection were per-
formed.

The result is a sparse point cloud 
(Fig. 3) that gives a first rough 3D 
reconstruction of the investigated 
area.

Fig. 3. Sparse point clouds: the color ramp in the legend indicates the number of images in 
which each point is present; the black dots, instead indicate the estimated camera location 
during the survey.
Nuvole di punti sparse: la scala di colori nella legenda indica il numero di immagini in cui ogni 
punto è presente; i punti neri, invece, indicano la posizione stimata della telecamera durante il 
rilievo.
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4.2. Input of GCP coordinates

A three-dimensional model ge-
nerated by aerial images by using an 
Unmanned Aerial Vehicles (UAV) 
can be used to perform accurate 
measurements only if it is properly 
registered in a specific coordinate 
system. There are two basic approa-
ches to perform the georeferencing 
of the model: direct and indirect. 
The direct method is based on the 
presence of sensors that measures 
position (easting, northing and al-
titude) and orientation (yaw, pitch 
and roll) of the camera for every 
image (Reese et al., 2006). In this 
case, both the drones have a GPS 
(Global Positioning System) and 
GLONASS (GLObal NAvigation 
Satellite System) sensor installed. 
The indirect method is based on the 
access to the absolute position of 
some points in the interested area, 
with a level of accuracy accordingly 
to methodology adopted for the 
topographic survey. These points 
are called Ground Control Points 
(GCP), usually signalized with tar-
gets, and they can be introduced by 
inserting markers over the set of 
images: each marker is associated 
with one target visible and reco-
gnizable in a subset of images. The 
first solution is the cheaper and 
the less time-consuming, but it is 
very sensible to interference and 
it can be affected by vehicle mal-
function or construction errors, 
so the estimated parameters may 
come with great uncertainties (Zhu 
et al., 2008). More accurate results 
can be achieved by meaning of the 
indirect georeferencing, even if it’s 
an expensive and time-consuming 
method. In addition to the time re-
quired for the geodetic survey, the 
right positioning of each marker is 
not immediate and it may require 
a critical judgment from the opera-
tor, whose intervention is essential 
in producing high quality model of 
a complex geomorphology, espe-
cially in presence of vegetation (Bi-
telli et al., 2004).

The points coordinates in terms 
of northing, easting and altitude 
in coordinate system of Slove-
nia 1996/Slovene National Grid 
(EPSG::3794) were then imported. 
The data from BF came with a value 
of accuracy for each GCP; the data 
from FGG didn’t have any accuracy 
value and at this stage the default 
value of 0.005 m was applied. The 
later definition of this parameter 
is discussed in the chapter 4.4 Op-
timizing georeferencing.

By this process, the model is 
transformed by estimating 7 pa-
rameters (3 for translation, 3 for 
rotation and 1 for scaling) in order 
to obtain a valid reconstruction of 
the terrain, every point of which is 
associated to three spatial coordi-
nates in a known reference system. 
This can also help to compensate 
the eventual linear errors in the first 
alignment of the cameras. Since the 
overlapping of the images and the 
shape of the terrain could lead also 
to non-linear deformation of the 
model, the camera alignment must 
be optimized. This is performed by 
optimizing the cameras, using a 
function inside the software that 
minimizes the sum of reference 
coordinate misalignment error and 
reprojection error while adjusting 
the estimated point coordinates 
and the camera parameters.

Some markers showed greater 
value of error, indicating a possi-
ble outlier in the measurements. 
Before eventually remove these 
markers, the cleaning of the point 
cloud was performed to obtain 
better result from optimizing the 
cameras parameters in the fol-
lowing steps since this process is 
affected by the presence of mislo-
cated points.

4.3. Cleaning the sparse point 
cloud by gradual selection

As discussed before, the align-
ment of the images could lead to 
both linear and non-linear errors 

in the 3D reconstruction of the 
scene. Georeferencing the mo-
del by introducing the measured 
spatial coordinates of GCPs could 
compensate the linear error, but 
in order to correct the non-linear 
errors the optimization of camera 
parameters must be performed. 
This is a useful and powerful tool 
since it strongly affects the result 
of the georeferencing. It is used 
every time after changing the 
GCPs to look for a possible outlier 
or selecting the proper set of CPs 
to verify the quality of the geore-
ferencing. This is the reason why 
the sparse point cloud must be 
edited: the estimation of camera 
parameters and the quality of the 
reprojection depends on the pre-
sence of mislocated points.

The selection of the points to 
remove is performed by setting 
a threshold for each of these pa-
rameters: reprojection error, recon-
struction uncertainty, image count 
and projection accuracy. In order to 
find the best way to perform such 
selection, different approaches 
were considered in order to obtain 
a good reconstruction of the 3D 
model without losing too many 
points.

The approaches adopted and 
compared are:
•  CLEAN 0: this method is the 

simplest and it has based on an 
application in archaeological 
and cultural heritage studies 
by Mallison H., 2015. A value 
of 80-90% of the maximum 
reprojection error was set as a 
threshold: points with greater 
error were removed. In case of 
reconstruction uncertainty and 
projection error, a threshold of 
10 was set. After the removal of 
the points ended, the optimi-
zation of the cameras has been 
run with the default parameters 
selected. Due to the different 
kind of field of application, new 
approaches were tested.

•  CLEAN 1A: this method intro-
duced the principle of setting 
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the threshold value in order to 
obtain the selection of 5-10% of 
the points of the sparse cloud, 
since the previous approached 
sometimes led to a very small 
or very large selection of points. 
The sequence of the parameters 
adopted in the gradual selection 
and the default options in opti-
mizing the cameras were kept 
unchanged.

•  CLEAN 1B: this approach mixes 
the methods CLEAN 1A and 
CLEAN 2. The order of the pa-
rameters used in the gradual se-
lection and the 5-10% threshold 
principle were kept unchanged. 
After removing the selected 
points, the camera parameters 
were optimized each time: in 
case of reconstruction uncer-
tainty and projection accuracy, 
all the parameters of the camera 
were considered.

•  CLEAN 2: this method is based 
on the introductory training 
class in Unmanned Aircraft Sy-
stems Data Post-Processing pro-
posed by United States Geolo-
gical Survey (USGS, 2016), the 
sole science agency for the De-
partment of the Interior of the 
United States of America. This 
is the most complex method 
adopted, but it finds its appli-
cation in the reconstruction of 
a terrain model from aerial sur-
veys so it closer to this study. 
The sequence of the parameters 
used in the gradual selection 
changed and after removing 
the selected points the optimi-
zation of cameras was perform 
selecting all the camera parame-
ters for the selections based on 
the projection accuracy and re-
projection error. The selections 
based on the reconstruction 
uncertainty and projection ac-
curacy were run twice. Also in 
this case the 5-10% threshold 
principle was adopted. The ima-
ge count wasn’t considered in 
any of the methods and for any 
of the data sets, since setting a 

threshold number immediately 
lower then given value (3) would 
have selected a very large num-
ber of points, close to 50%. This 
process would have removed 
those points that are present 
only in 2 images but in these 
cases it would have strongly af-
fected the characterization of 
the slope and the quality of the 
final model.
In order to reduce the time of 

the cleaning process, for every 
survey the sparse point cloud ge-
nerated from the different flights 
were merged into one single point 
cloud. This step was performed ba-
sed on the position of the markers.

The comparison of the results 
obtained from the several appro-
aches considered the reprojection 
error, RMS and maximum values, 
both in terms of tie point scale and 
pixel. Also the mean key point size, 
defined as the mean tie point sca-
le averaged across all projections 
(Agisoft Metashape User Manual), 
was considered. 

Since low values of both re-
projection error and mean key 
point size stand for a better quali-
ty of the model, the approach that 
led to a greater reduction of this 
parameters was considered to be 
better choice in terms of cleaning 
method of the sparse point cloud. 
For the data from BF (D1, D6) the 
CLEAN 1A was considered valid; 
for the data coming from FGG 
(D2, D3, D4, D5, D7) the best re-
sults were given by the CLEAN 2 
method.

4.4. Optimization of the 
georeferencing

In the photogrammetric proces-
sing of the images, a better defini-
tion of the position and rotation of 
the camera at the time when every 
image was taken can be defined by 
introducing several Ground Con-
trol Points (GCPs) in order to per-
form an indirect georeferencing of 

the model. This process performs a 
transformation of the point cloud 
in terms of translation, rotation 
and scaling with the purpose to 
better fit the input coordinates 
of the GCPs with the estimated 
position of the associated targets 
present in the model. However, 
in Agisoft Metashape introducing 
some GCPs allow also to constrain 
the bundle block adjustment, as 
suggested by Benassi et al., 2017. 
The amount and the spatial distri-
bution of GCPs affect the quality 
of the final registration: the mi-
nimum request is having at least 
three non-collinear points. A good 
distribution over the entire area of 
study allows to prevent a rotation 
of the point cloud around the GCP 
and an incorrect size definition of 
the model. A great amount of GCPs 
grantees a more rigid registration 
of the model but they also requi-
re a greater number of resources, 
in terms of cost and time. Both 
these conditions are then affected 
by the accessibility of the site. The 
presence of obstacles such as the 
vegetation could also affect the vi-
sibility of the targets.

Taking into account all these 
considerations, even in the best 
scenario the quality of the geore-
ferencing and so the validity of the 
3D terrain reconstruction is de-
pendent to the accuracy of the po-
sition measurement of the target 
on site. This is performed by a ge-
o-topographic survey that could be 
carried out by different methods, 
involving different technologies. 
Such procedure isn’t perfect: it is 
affected by gross errors that can be 
avoided by performing redundant 
measurements, systematic errors 
that follow a certain pattern and 
random errors that may cause 
small unavoidable fluctuations in 
the registration of the data. This 
could lead to the presence of some 
outliers or measurements so inac-
curate to significantly reduce the 
quality of the registration. So, at 
this stage, thanks to a preliminary 
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georeferencing of the models an 
estimation of the error in the re-
projection was possible.

The values of northing, easting 
and altitude for each remaining 
GCP are not precise but they come 
with a level of uncertainty.

For the data from BF, the level of 
accuracy for each GCP is given: it 
goes from 0.018 to 0.038 m, with 
a mean value of 0.024 m, for the 
first survey (D1) if one GCP with 
an accuracy of 5 m is not conside-
red; it goes from 0.011 m to 0.032 
m, with a mean value of 0.02 m, 
for the second survey (D6). Al-
though the surveying method has 
not been shared.

For the data from FGG, instead, 
a value of accuracy is not defined. 
For this reason, a simple method 
which reliability is yet to be de-
monstrated has been adopted to 
find a reasonable value. The first 
survey (D2) was carried out by 
RTK GNSS and its expected ac-
curacy was around 0.04 m in the 
horizontal direction and 0.08 m in 
the vertical direction; due to a low 
intensity of the signal that led to 
unprecise measurements in some 
portion of the site, the metho-
dology changed for the following 
surveys and a combination of 
GNSS and tachometry was adop-
ted, achieving an accuracy in the 
rank of 0.02 m in the horizontal 
direction and 0.04 m in the verti-
cal direction.

This estimated values of accu-
racy were tested in order to verify 
if they were low enough to gua-
rantee a short difference in the 
reprojection error of the same 
marker used as GCP and then as 
CP: a big difference would have 
highlighted a non-homogeneous 
distribution of the error in the re-
gistration of the model, due to an 
over-estimated level of accuracy 
that would have forced the fitting 
of the model in some portion of 
the point cloud. In order to obser-
ve such behaviour, the following 
method has been adopted. Three 

Fig. 4. Georeferenced dense point clouds; the color ramp in the legend show the error in 
the vertical direction; the error for each GCP and their distribution is shown.
Nuvole di punti dense georeferenziate; la scala di colori nella legenda mostra l’errore nella dire-
zione verticale; viene mostrato l’errore per ogni GCP e la loro distribuzione.
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different values of accuracy were 
considered: 0.005 m, 0.01 m and 
0.02/0.04 m (0.04/0.08 m for D2). 
For each marker, for a given accu-
racy, the reprojection error as GCP 
was compared to the value as CP, 
both before and after optimizing 
the cameras in order to check any 
significant change. The optimiza-
tion of the camera led to very dif-
ferent values and no useful pattern 
was recognized while changing the 
accuracy. The comparison showed 
how high level of accuracy lead to 
a greater difference between the 
estimated position of the few mar-
ker and their actual coordinates; 
lower accuracy, so a wider level of 
confidence, instead reduced such 
differences and guaranteed a more 
flat distribution indicating an ho-
mogenous distribution over all the 
markers of the uncertainty of the 
terrain reconstruction.

At the end, the proposed values 
of accuracy satisfied the expecta-
tions since all the differences were 
lower than 1 mm.

The final results, adopting all 
the valid points as GCP, in terms of 
horizontal, vertical and total error 
are shown in Figure 4: the achie-
ved accuracy of the reprojection is 
between 2 and 4 cm.

4.5. Building of dense point 
cloud

At this point, the point clouds 
are ready to be used for building 
a dense point cloud with far more 
information. Agisoft Metashape 
elaborates a depth map for every 
image starting from the estima-
ted camera locations. This means 
that after this process no camera 
optimization can be run without 
losing the dense cloud, so the refe-
rence system must be defined and 
properly optimized. The camera 
positions were estimated conside-
ring all the valid markers as GCP, 
for several reason: low number 
of markers available if compared 

to the scale of the site of interest; 
poor distribution of the markers 
due to the reduced accessibility 
of the slope; complexity of the 
geomorphology (niches, isolated 
blocks, rock-walls oriented in dif-
ferent directions) that could easily 
lead to a poor reconstruction and 
a distortion of the model.

4.6. Classification

A Digital Surface Model (DSM) 
is the representation of the sur-
face of the earth considering the 
presence of all the natural and ar-
tificial objects, such as vegetation, 
buildings, roads, etc. The Digital 
Terrain Model (DTM), instead, is 
the representation of surface of 
the ground without any artificial 
object and without any vegetation 
(Meza et al., 2019); this mean that 
DTM comes after the elaboration 
of a DSM from which non-ground 
point are identified and assigned 
to a class that regroups the point 
of a particular category of objects 
(cars, buildings, high vegetation, 
roads, etc.).

The classification of point cloud 
with the purpose of obtaining a 
DTM can be often a critical opera-
tion, especially in natural and com-
plex landscape where we can find 
a dense forest of high vegetation 
and a diversified geomorphology. 
The manual selection of the poin-
ts for every class can be the most 
reliable method but certainly the 
most time-consuming accordingly 
to the scale of the model. In the 
last 20 years, many algorithms 
were studied to automatize this 
process and literature is rich of 
studies that compare their results 
and highlight their limits (Passa-
lacqua et al., 2015). There are four 
main categories of approach in or-
der to perform such a classification 
and they differ for the assumed 
structure of the ground points: 
progressive densification filters 
starting from seeds (for example 

the detection of the lowest point); 
surface-based filters that progres-
sively remove the points that don’t 
fit the surface model; morpho-
logical filters; segmentation and 
clustering-based filters that work 
in homogenous portions of the 
model rather than on every single 
point. Studies carried out by Sitho-
le et al., 2004 on the application of 
different filtering algorithms on 
rural landscapes, urban areas and 
rough terrain with vegetation re-
vealed that filters that estimate 
local surfaces are found to per-
form best. For this reason, it was 
worth it to try different solutions 
applying the algorithms that come 
with Agisoft Metashape and Clou-
dCompare.

In the first case, the Classify 
Ground Points algorithm was 
used. The software was able to per-
form an automatic classification of 
ground points based on the defini-
tion of several parameters set by 
the user (for more information, 
more details are present in Agisoft 
Metasahpe User Manual). Diffe-
rence tests were performed chan-
ging the cell size, the max distan-
ce and the max angle but none of 
those led to good results: in every 
case many portions of the slope 
were not classified as ground and 
in some cases portion of the vege-
tation were misclassified, causing a 
necessary intervention of the user 
to perform a long and precise ma-
nual classification.

Given such results, some tests 
were carried out by using Cloth Si-
mulation (CS) filter, thanks to the 
plug-in integrated in the last ver-
sion of CloudCompare. The details 
of the algorithm and the definition 
of the parameters that the user can 
manipulate are better described 
by Zhang et al., 2016. The parame-
ters that would set the simulation 
process were changed in order to 
find out the best result. The main 
problem was to let the cloth adapt 
to the asperities and niches of the 
rock mass: every test left out some 
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portion of the terrain and none of 
the parameters configuration led 
to a good representation of the 
entire slope.

The many difficulties in finding 
the best automatic classification 
of the ground point by using both 
the presented methods made ine-
vitable the manual intervention 
of the operator. In order to facili-
tate this task, a first preliminary 
classification was performed by 
using a simplified method. A mul-
ti-class classification has been run 
in Agisoft Metashape and, than-
ks the machine learning techni-
ques, an automatic classification 
of the point cloud in different 
classes (ground, high vegetation, 
building, car and man-made) was 
possible. The other parameter that 
the user can change is the level of 
confidence: it goes from 0 to 1 and 
high values means that the point 
which class cannot to be reliably 
assigned would remain unclassi-
fied. For simplicity, it was set equal 
to 0. The obtained results were not 
precise, but good enough to make 
easier and faster the manual clas-
sification. This one was performed 
roughly in the vegetated areas, 
where an accurate selection of the 
ground points would have led to a 
terrain full of holes. For this rea-
son the forests on the sides of the 
area of interest and the portion in 
the middle of the bottom area were 
classified as high vegetation: the 
future comparison of the models 
will not show any possible change 
detection in these areas.

5. Point cloud comparison

CloudCompare is an open sour-
ce software originally designed 
to process and compare both 3D 
point clouds and triangular me-
shes. Its development began in 
2003 and in the last years it evol-
ved into a more generic 3D data 
processing software, including dif-

ferent kind of algorithms allowing 
to perform registration, noise 
filtering, point classification, nor-
mal computation and many other 
functions.

5.1. Noise filtering

Differently form the Gradual 
Selection in Agisoft Metashape 
already discussed, CloudCompa-
re allow to automatically remove 
some points considering the geo-
metry of the point cloud and the 
relative position and distance of 
each point.

After removing the duplicate 
points, the point clouds were sub-
sampled setting a minimum point-
to-point distance of 5 cm. Since 
some isolated groups of points 
were still present, the S.O.R. (Sta-
tistical Outlier Removal) filter 
was used: it removed the points 
according to a relative error defi-
ned as the average distance plus 
the standard deviation multiplied 
by a factor (nSigma) chosen by the 
user. A constant number of kNN 
of 100 and a nSigma of 1 were 
able to remove most of the noisy 
points from the perimeter and 
the holes of the point clouds. The 
only exception was the point cloud 
from data D1: the filtering process 
would have significantly affected 
the density of the overall model, 
so it wasn’t performed.

5.2. Registration

The next step consists in the 
alignment of the point clouds that 
are supposed to be compared. A vi-
sual inspection of the point clouds 
is performed to verify the quality 
of the automatic projection of the 
points into the software environ-
ment. The only unmovable artifi-
cial objects in the scene were the 
portions of two roads crossing the 
sides of the middle section of the 
slope: in some cases, there was a 

good correspondence, in others a 
vertical offset was visually clear. 
After detecting the Δz for multiple 
points of the roads, one of the two 
point clouds was rigidly transla-
ted in the vertical direction of an 
average value of Δz. Since the re-
ferences for the registration of the 
point clouds were two areas along 
one direction, this approached was 
adopted to perform a preliminary 
registration but it was not consi-
dered good enough to judge the 
overall alignment of the models 
since it wasn’t possible to verify 
an incorrect rotation of the model 
that would have affected a bad ali-
gnment at the top and at the bot-
tom of the slope.

In order to avoid a misestima-
tion of the changes between two 
point clouds, an automatic fine 
registration was performed. Both 
an Iterative Closest Point (ICP) al-
gorithm and a multiple point-pairs 
picking method were tested (for 
more detail, look at CloudCompa-
re User Manual), but none of them 
gave good results. In the end, given 
the limits of the available option to 
perform an automatic registration 
led to consider the preliminary re-
gistration valid.

5.3. Estimation of cloud-to-
cloud distance

CloudCompare is an indepen-
dent open source project and its 
most common application is the 
comparison of two entities, that 
could be two point clouds or one 
point cloud and a mesh. Surface 
changes measurements usually 
are purchased by two different 
approaches (Lague et al., 2013): 
computation of a displacement 
field by tracking of homologous 
parts of the surface, usually ap-
plied to monitor landslides; cal-
culation of the distance between 
two model, usually applied when 
there aren’t homologous parts in 
the scene.
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The rock fall and the debris flow 
are instability phenomena usually 
not characterized by the slow mo-
bilization of a deformable mass. In 
the first case, one or more blocks 
detach from a niche and they reach 
the valley or an obstacle in diffe-
rent ways, by rolling or jumping or 
a combination of both; in the se-
cond case we have different blocks, 
already detached, with similar or 
different sizes, and even if in some 
occasions a soil-like behaviour can 
occur, singular blocks can flow by 
their own. For this reason and ac-
counting the total absence of re-
cognizable movable homologous 
parts, the distance computation 
approach was adopted.

In order to perform such proce-
dure, the software uses different 
tools: Cloud-to-Cloud compari-
son (C2C), Cloud-to-Mesh com-
parison (C2M) and Multiscale 
Model to Model Cloud Compari-
son (M3C2). The decision of the 
most reliable method was based 
on previous comparative studies 
applied in geoscience fields. The 
same Lague et al. 2013 showed 
that M3C2 algorithm is more ro-
bust to changes in point density 
and point cloud noise, differently 
from and C2C, and even if it could 
be accurate as C2M, it’s the only 
one to allow a local confidence 
interval estimation; Nourbakhsh-
beidokhti et al., 2019 tested these 
methods applied to topographic 
changes estimation in channel se-
dimentation and M3C2 revealed 
to be the most reliable to highli-
ght the erosion and deposition ra-
tes from point cloud comparisons, 
considering also the fact that this 
method doesn’t use interpolation 
which could lead to some errors, 
especially in complex terrain. In 
addition, the Lague et al., 2013 de-
monstrate the M3C2 algorithm’s 
ability to handle complex 3D geo-
metries, with both flat and verti-
cal faces on the same scene, and to 
reduce the uncertainty caused by 
the local roughness of the model. 

Such algorithm, also, guarantees 
two advantages: defining locally 
a level uncertainty that goes with 
the distance estimation, also cal-
led level of detection or LOD95%; 
estimating the distance on a sub-
set of the point cloud, consisting 
of the core points, in this case 
identified by defining a minimum 
distance of 0.5 m. For the details 
of the M3C2 algorithm and the 
proper definition of the parame-
ters that the user must set, the 
authors remind to the full article 
by Lague et al., 2013. However, 
the considerations made to decide 
the values of optimal normal scale 
and projection scale, are proposed.

5.3.1. Definition of the normal 
orientation and the optimal 
normal scale

In complex rough surfaces, the 
value of the normal scale D stron-
gly affects the normal orientation 
and consequently the possibility 
to detect an overestimated distan-
ce between the two point clouds. 
Figure 5 shows how a normal sca-
le (D1) similar to the local rough-

ness would detect very different 
normal directions, leading to an 
incorrect distance estimation; a 
larger normal scale (D2) would be 
able to compute a more uniform 
normal orientation, ignoring the 
effect the surface roughness. No-
tice that the standard deviation 
σ1(d), measured along a normal 
direction defined by a large scale, 
varies with small scale variations 
in surface orientation, leading to 
a larger local confidence interval, 
meaning a less accurate distance 
estimation. On the other hand, in 
order to detect large scale chan-
ges in surface orientation and to 
observe the possible detachment 
or displacement of medium size 
blocks, the normal scale should 
not be too large.

Under these circumstances, an 
optimal value of the normal sca-
le D should be estimated. A sim-
ple and empirical solution would 
be defining a range of scales, for 
example from 0,5 m to 5 m with 
a 0,5 m step, and the local value 
of D would be the one ensuring a 
minimum of 10 points used in the 
normal estimation. This method 

Fig. 5. Scheme of a complex topography and consequences of different normal scales in 
distance computation. (Figure from Lague et al., 2013).
Schema di una topografia complessa e conseguenze di diverse scale della normale nel calcolo 
della distanza. (Figura tratta da Lague et al., 2013).
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would better adapt to the variety 
of geometries into the scenes, 
avoiding the definition of one con-
stant normal scale that may overe-
stimate the distance between the 
two point clouds or not-detect a si-
gnificant change in surface orien-
tation. The only problem comes 
with a restriction inside the M3C2 
plug-in: the normal orientation 
necessarily requires, in absence of 
the sensor position for the referen-
ce point cloud, the definition of a 
preferred orientation among a re-
stricted list of options: ±X, ±Y, ±Z, 
± Barycenter, ± (0,0,0). Since none 
of these options gave valid estima-
tion normal orientation, the nor-
mals were computed by using the 
tools inside CloudCompare. The 
most useful feature was the possi-
bility to adjust the orientation of 
the normals according to a Mini-
mum Spanning Tree method.

However, this approached has 
its own limit: it allows to set only 
one value of the normal scale D. 
The best solution revealed to be 
testing different values, from 0,5 
m to 15 m, in order to assess the 
proper surface roughness recon-
struction. Greater values of the 
normal scale would have led to a 
smoother surface, lower values 
would have detected small details 
of the surface asperities. At the 
end, the best value in terms of 
processing time and proper surfa-
ce roughness restitution was 1 m.

5.3.2. Definition of the optimal 
projection scale

The value of d strongly affects 
both the spatial resolution of di-
stance computation and the con-
fidence interval: for greater values 
of the projection scale the spatial 
resolution of measurements de-
creases while the capacity of de-
tecting statistically significant 
change increases. It follows that 
an optimal value of the projection 
scale must be found in order to 
properly detect the changes betwe-

en the point clouds without losing 
any significant information.

Lague et al., 2013 studied this 
question by observing the rela-
tionship between d and LOD95% 
accordingly to different surface 
roughness (flat cliff, cobbles, de-
bris) and different point density 
(Figure 6). The estimation of level 
of detection is obtained by com-
paring identical point clouds. This 
shows that for low values of d, 
0.1-0.2 m, the estimated confiden-
ce interval in flat surfaces is too 
short and it leads to the detection 
of changes that should not be sta-
tistically significant. This happens 
for compared point clouds with 

both similar and different point 
density. In case of rough surfaces, 
as cobbles and debris, increasing 
d over the value of 1 m strongly 
increase the percentage of point 
detecting significant surface chan-
ge. For point clouds with different 
point density, this happens with 
values greater than 0.5 m.

The point clouds object of this 
study presents the following fe-
atures: their point cloud density 
is very similar since they all have 
been subsampled at 0.05 m; they 
all present both flat and rough sur-
faces at different scales. In conclu-
sion, the optimal projection scale 
must be found in a range that goes 

Fig. 6. Relationship between the distance uncertainty (also called level of detection, 
LOD95%) and d in different kind of terrain. (Figure from Lague et al., 2013).
Relazione tra l’incertezza della distanza (chiamata anche level of detection, LOD95%) e in 
diversi tipi di terreno. (Figura da Lague et al., 2013).
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from 0.3 m and 2 m; three values, 
0.5, 1 and 2 m, were tested. Incre-
asing the parameter d would have 
detected more homogenous and 
wider areas with points detecting 
a significant change, but since the 
rock instability can be a small sca-
le phenomenon rather than occur 
on large scales and considering the 
effort done so fare to not lose in-
formation about the surface rou-
ghness, the medium value of 1 m 
was chosen as the final solution.

5.3.3. Results of M3C2 distance 
estimation

The results of the comparison 
are shown in the Appendix A; an 
example is reported in Figure 7. 
The first model D1 has been com-
pared to the LiDAR data coming 
from the Slovenian Environment 
Agency, Agencija Republike Sloveni-
je Za Okolje (ARSO). Positive values 
of distance are indicated with me-
dium grey, negative values are in-
dicated with dark grey. The shown 
distance uncertainty is the level of 
confidence in detecting the distan-
ce between the two point clouds.

The results allow to emphasize 
the niches were the detachment 
occurred, mainly along the vertical 

wall the rock mass in the left upper 
part of the slope, with particular 
occurrence at the top. The loss of 
material occurs even on the debris 
deposit: this is not unusual since 
instabilities, triggered by the im-
pact of a block or rainfall, can oc-
cur inside debris deposit causing 
a debris flow towards the valley. 
It is possible also to recognize the 
areas where the material accumu-
lated causing an increase of volu-
me in the debris deposits, both 
across the middle portion of the 
slope and along the bottom part, 
affecting mainly the right. Many 
changes are also observed along 
the riverbed and on the riverban-
ks, where mining activities cause 
the removal and stocking of natu-
ral material. The presence of rela-
tively small distances, lower than 
1 m, between two point clouds 
coming from consecutive surveys 
detects a smaller scale evolution 
well distributed all over the entire 
slope.

Such estimations come with a 
level of detection, which in most 
cases is globally lower than 10 cm. 
In the portions of the slope whe-
re the surface orientation is more 
consistent, a confidence interval 
close to the registration error oc-

curs. Greater values of LOD95% 
are mainly caused by a poor recon-
struction of the reference and/or 
compared point cloud or can be 
the consequence of a local increase 
of the surface roughness

5.4. Calculation of volume 
changes

In literature different approa-
ches to detect topographic volu-
me changes by comparison of two 
point cloud representing natural 
geomorphologies are adopted: 
Wheaton et al., 2010 and William 
R.D., 2012 applied the Difference 
of DEMs (DoD) method perfor-
ming a comparison between two 
horizontal grids in order to de-
tect a vertical surface variation, 
commonly adopted to study ero-
sion and sedimentation in flu-
vial environments as riverbeds; 
Guinau et al., 2019 performed 
point cloud-mesh comparison to 
observe volume changes in a na-
tural rockslide and an artificially 
triggered rockfall; Stumpf et al., 
2014 combined the M3C2 distan-
ce computation with a grid com-
parison by meaning of a local in-
terpolation along a circumscribed 
best fitting plane.

In this case, the DOD would 
have led to a great loss of infor-
mation in a complex terrain, whe-
re many vertical surfaces with 
different orientation are present 
(Lague et al., 2013), and the de-
scriptions of the last two metho-
dologies given by the authors were 
not enough to reply their approa-
ch. For these reasons, a simplified 
method proposed by Griffith and 
Thompson, 2017 was adopted: 
they studied the application of 
laser scanning in quantifying the 
abrasion level on water-submer-
ged human bones and they pro-
posed a simple analytical approa-
ch based on the M3C2 algorithm. 
The principle is obtaining a partial 
volume Vi by multiplying for each 

Fig.  7. Indicative example of the results of the cloud-to-cloud comparison, in this case D5 
vs D6, in terms of distance uncertainty (a) and distance (b); this values are visualize on the 
compared point cloud (D6, in this case).
Esempio indicativo dei risultati del confronto tra le nuvole di punti, in questo caso D5 vs D6, in 
termini di incertezza della distanza (a) e distanza (b); questi valori vengono visualizzati sulla 
nuvola di punti confrontata (D6, in questo caso).
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point i the LM3C2 distance for a 
local circular area Ai; the total vo-
lume is then given by summing the 
different Vi. Such cylinder could 
be considered the same as the one 
adopted by the M3C2 algorithm in 
the cloud-to-cloud distance com-
putation, but this could lead to 
some error: in a complex surface 
the normal orientation could vary 
a lot, causing the overlapping or 
the non-tessellating of the cylin-
dric volumes, hence an overesti-
mation or an underestimation of 
volume variation.

However, since the roughness of 
the surface and the normal orien-
tation along which the distances 
are considered while running the 
M3C2 algorithm, it can be ap-
plied also to complex and rough 
geomorphology by imagining a 
regular planar distribution of the 
core points (Figure 9) where the 
dp, point-to-point distance, is set 
equal to the core point distance, 50 
cm. This should avoid, with some 
uncertainty, to alter the actual 
area of the scene. To each point a 
volume, given by multiplying the 
area A for the associated LM3C2, has 
been assigned.

The cumulative results (Table 1), 
for both positive and negative va-
lues, representing respectively an 
accumulation and a loss of volume, 
were then computed by running a 
script in Matlab since an ASCII file 
of the point cloud was possible to 
export from CloudCompare.

Tab. 1. Cumulative results for volume change 
estimation from each comparison.
Risultati cumulativi per la stima della variazio-
ne di volume da ogni confronto.

VOLUME (m3)

Positive Negative

D1 20˙393 13˙218

D2 slope 522 19˙746

D2 river 27˙570 7˙162

D3 6˙401 10˙425

D4 12˙338 13˙953

D5 2˙977 5˙138

D6 30˙524 19˙554

D7 2˙702 5˙310

Positive values indicate an ac-
cumulation of material, negative 
values indicate a loss of volume 
mainly due to the detachment that 
describe the evolution of the rock 
mass. In most cases, the results are 
very different. The most frequent 
scenario is a negative volume 
bigger than the positive one: this 
can be justified considering the 
possibility that most of the deta-
ched material could have felt out 
of the scene captured during the 
survey, accumulating among the 
vegetated areas in left bottom por-
tion of the slope or even reaching 
farther points of the riverbed. A 
falling block could also be divided 
into smaller debris due to the im-
pacts with the surface, so that the 
material could spread in different 
directions reducing the actual sur-

face change that can be confidently 
detected. Finally, the presence of 
a mining activity in the valley and 
secondary instability phenomena 
triggered by natural events cannot 
be ignored: the final balance can be 
affected by both human activities 
and natural causes. Others scena-
rios, where the positive volume is 
bigger than the negative one can 
be justified more likely in the same 
way: the detachment occurred in a 
portion out of the scene or where 
the model was not reconstructed 
due to the presence of vegetation 
or the small and distributed ero-
sion of the rock mass, lower than 
the level of detection, led to the ac-
cumulation of material in the bot-
tom debris deposit. Combining the 
results of both the slope and river 
model in case of the second data 
set D2, a relatively small difference 
between the accumulated and the 
detached material is shown: this 
indicates that a portion of the ma-
terial reached the valley and some 
of this has been transported by the 
Belca torrent towards the main 
Sava river.

6. Conclusion

The final results show a quali-
tative and quantitative evolution 
of the slope: the main areas where 
the detachment and accumulation 
of rock blocks occurs are detected, 
and an evolution of the material in 
the riverbed, especially in the up-
per part, is reported.

This experience highlights the 
fact that even if the photogram-
metric elaboration could have a 
high level of automatization, the 
judgment of the user is required 
when reconstructing a complex 
geomorphology. SfM software are 
very useful since they provide a 
user-friendly low cost technique 
when a scene or even an object 
need to be reconstructed in a 3D 
virtual environment, starting 

Fig. 8. Scheme of the principle behind the methodology adopted to estimate volume chan-
ges starting from M3C2 distances. (Figure from Griffith and Thompson, 2017).
Figura 8. Schema del principio alla base della metodologia adottata per stimare le variazioni di 
volume a partire dalle distanze M3C2. (Figura da Griffith e Thompson, 2017).
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simply from multiple overlap-
ping images taken from different 
points of view. Vast areas can be 
investigated by UAV, nowadays ac-
cessible to everybody in terms of 
economic expense, portability and 
level of automatization during the 
flight. The data processing become 
more challenging when an indirect 
georeferencing using GCPs is re-
quired and the final reprojection 
error must be minimized: the 
experience and the knowledge of 
the user are the key elements to 
obtain the best result possible, be-
cause in most cases an inspection 
of the images is needed to assess 
the projection of the markers and 
their right positioning into the 
images could require an iterative 
process (Bitelli et al., 2004). Also 
the ground point classification 
may need a manual intervention: 
considering the limited results re-
turned from many different algo-
rithms. There are even algorithms 
as CANUPO that can be trained by 
manually assigning some portion 
of the scene to a defined class, but 
even in this case the experience of 
the user is the key element to bet-
ter train the classifier and reach a 
good result in obtaining the nee-
ded ground point cloud.

In natural hazard estimation, 
the photogrammetric process can 
be a powerful source for geometric 
considerations and stability analy-
sis. Indirect geomechanical sur-
veys can be carried out on the rock 
mass in order to assess the spatial 
distribution of the joint sets and 
potentially estimate the size of 
the block more likely to collapse: 
high resolution fault and fractures 
maps can be created to observe 
the growth, the mechanics and the 
properties of the fractures (Bemis 
et al., 2014). A closer investigation 
of the debris deposit could allow 
the estimation of the sediment 
granulometry to evaluate the in-
ternal stability.

The comparison with other kind 
of data it could also help in the re-

construction of the entire natural 
phenomenon. Here the areas most 
susceptible to detachment and ac-
cumulation, observed in a short 
period of time, almost 1 year if 
excluding the LiDAR data coming 
from the 2014, are shown but 
more can be done: a correlation 
with external factors as rainfalls or 
mining activities could eventually 
highlight possible triggering fac-
tors of instability.

In the end, many things can 
be accomplished by combining 
UAV photogrammetry and SfM 
software. They provide a low-cost, 
rapid and flexible alternative to 
other methodologies for accurate 
geomorphological mapping. They 
can also be used before and after a 
natural event or also in real time in 
order to offer a basis upon which 
to test models, forecast and under-
stand the evolution of the investi-
gated process (Tarolli P., 2014).
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