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Abstract�Earth surface changes are often computed by 
comparing the sequences of digital elevation models (DEMs) so 
called the DEM of difference (DoD) method. We present an 
operational DEM generation, co-registration and DoD 
comparison software in which the surface changes are 
quantified in metric units of volume. A practical method, which 
is based on the law of error propagation, is developed to estimate 
the theoretical precisions of volumetric changes. The proposed 
pipeline can estimate the change of object volumes (in terms of 
loss and gain) together with their precision numbers. Change of 
the forest volume in a fire effected region in a test site is analyzed 
for the validation. The method can be used for various change 
detection applications related to forestry as well as other topics 
such as earthworks, geomorphology, mining, and urbanization.  

Keywords�surface, volume, change, precision estimation, 
DEM of difference (DoD), co-registration, comparison  

I. INTRODUCTION 

Volume is the amount of 3D space enclosed by a 
topologically closed surface. It requires much more 
computational effort in terms of data collection, processing 
and dissemination aspects with respect to distance and area. It 
is an important quantity to measure many phenomena in the 
environment, such as static object modelling, dynamic flow 
[1], biomass [2], glacier [3], timber [4], forest [5-6] and 
landslide [7-10] measurements.  

Although there are many studies to investigate object 
change either in height or planimetric dimensions, relatively 
less studies exist to analyse it in all three dimensions [11-12]. 
3D methods give better insights to understand the spatial 
variability [3].  

In geodetic and photogrammetric applications, the digital 
elevation models (DEMs) derived from data of terrestrial, 
aerial or satellite sensors are used to model pre- and post-state 
of object surfaces. Consequently, changes of object surface 
are analysed through the comparison of pre- and post-state 
DEMs. This procedure is known as DEM of difference (DoD), 
in which cell-by-cell computations are performed to calculate 
the total volume of change [13]. It is also called as sequential 
DEM differencing (SeqDEM) method [3]. Several 
applications are available, e.g. in glaciology [3][14], 
urbanisation [15], forestry [16] and morphology [17].  

Volume values, if given solely, have limited worth unless 
the uncertainty budget is known [18]. Uncertainties of 
volumetric changes generated by the DoD methods have been 
investigated in several studies [19-22]. The variance and 
covariance of the height errors of the respective DEMs have 
been considered in [23-25]. 

We developed an operational processing pipeline, 
implemented as a software package so called FORSAT, to 
generate digital surface models (DSMs) through the very high 
resolution satellite (VHRS) imagery and to perform the DoD 
method to obtain volumetric changes [26-28]. The VHRS 
imagery allows stereo and triplet overlaps at sub-meter 
resolutions, and offers cheaper, faster and more agile remote 
sensing capacities than the alternative imaging platforms. 
FORSAT software can also process the photogrammetric and 
LiDAR DSMs. A theoretical precision estimation method is 
developed in order to define the uncertainty budget of each 
volume value. It is a straightforward derivation of the law of 
error propagation.  



In the next chapter, FORSAT software is presented with 
the focus of its algorithmic details. In the third chapter, the 
precision estimation method is introduced. In the fourth 
chapter, the loss of forest volume due to a wild fire is analysed 
by co-registering and comparing the pre- and post-fire DSMs. 
The conclusions are given in the fifth chapter.  

II. FORSAT APPROACH

The goal of the FORSAT (a satellite processing platform 
for high resolution forest assessment) software is to develop 
an independent, standalone and modular satellite-based 
monitoring system for two-dimensional forest canopy 
mapping and change detection purposes. Although it was 
specifically developed for forestry applications, it can be used 
for many terrain applications. The software (Fig. 1) has four 
main modules for  

1) format conversion and image pre-processing,

2) geo-referencing,

3) DSM generation,

4) 3D co-registration, comparison and analysis.

Fig. 1. FORSAT software and its user interface 

The two main tasks are effectively combined under the 
entire system.  

The rst task is committed to the radiometric and 
geometric processing of the VHRS imagery and two- and 
three-dimensional surface information extraction. The sub-
tasks are the image pre-processing, radiometric enhancement, 
tie-point and control-point measurement, image orientation 
and geo-referencing, quasi-epipolar image generation, dense 
image matching, DSM and ortho-image generation, and 
feature/vector measurement. Most of the optical VHRS 
imagery formats, such as Pleiades-1A/1B, WorldView-1/2, 
GeoEye-1, IKONOS, SPOT-5/6/7 are supported. The image 
formats from future missions are to be updated.  

The second task is committed to three-dimensional point 
cloud and/or surface co-registration and comparison for 
change analysis. Not only the DSMs but also the digital terrain 
models (DTMs) can be imported and aligned by using a 
rigorous 3D surface matching method. Thereby, multi-
temporal 3D models are used to calculate the 3D volume 
differences.  

The FORSAT approach consists of a set of relevant 
algorithms all of which are the doctoral studies carried out at 
the group of photogrammetry of ETH Zurich. The technical 
details are explained in [29-31]. Afterwards, 4DiXplorer AG 
(www.4dixplorer.com), which is an ETH spin-off company 
located in Zurich, commercialized these algorithms. FORSAT 
is a customised software solution based on these algorithms 
and distributed by 4DiXplorer AG.  

A. Format onversion and mage re-processing 

Prior to the core algorithms, the conversion and 
enhancement operations are essential in order to make the 

input data ready. They comprise the analysis of the metadata 
files, extraction of the required image information (datum, 
orientation, intensity range, etc.), format conversion, creation 
of the internal image data files, and radiometric enhancement 
of the images in order to increase the reliability of point 
measurements.  

The radiometric deficiencies are mostly out of control of 
the end-users. Their impact, which degrades the image 
quality, should be attenuated to the best of algorithmic 
abilities. The image pre-processing algorithms are employed 
so that such problems are reduced and the images are 
optimised for the subsequent measurement, feature extraction 
and matching steps. The common examples are the histogram 
equalisation, low-pass and high-pass filters, gamma correction 
and contrast enhancement, which are standard options in 
many of the image processing software packages. In this 
respect, the Wallis filter is a distinctive and powerful 
algorithm [32]. It applies a radiometric transformation such 
that the mean and standard deviation of the grey values of an 
image are shifted to user-defined target values. The FORSAT 
software uses the Wallis filter as the pre-processing method. 

The image pyramids are used to represent an image in 
multi-resolution form. They are effective solutions to increase 
not only the speed but also the reliability of image matching 
computations meanwhile keeping the finest spatial resolution 
level. If a coarse-to-fine resolution hierarchy and an image 
pyramid are combined under a smart strategy, the matching 
results found at a coarse resolution are used to find denser 
matches at a finer resolution level. The computations are 
performed consecutively starting from the coarsest to the 
finest (original) levels of the image pyramid. The results of the 
coarser levels are the approximate information for the 
successor finer levels. FORSAT software generates the image 
pyramids starting from the original resolution images. In order 
to generated each pyramid level, a 7x7 pixel Gaussian kernel 
is multiplied and the resolution is reduced by factor 3. There 
are totally four levels including the base (original) level 0. 

B. Geo-referencing  

The rational function model (RFM) is a widespread 
generalised (non-rigorous) orientation method based on the 
rational polynomials functions. The image pixel coordinates 
are expressed as the ratio of two polynomials, which are 
derived from the rigorous sensor model and the corresponding 
terrain information. The object coordinates, which are the 
normalized latitude, longitude and height values, stand as the 
multipliers to these rational polynomials coefficients (RPCs). 
The RFM does not reveal the sensor parameters, explicitly. 
The VHRS images are usually supplied with only the RPCs 
instead of rigorous sensor model parameters.  

If a few numbers of control points are available, FORSAT 
software can improve the geo-referencing accuracy of the 
RFM through a kind of RPC block adjustment computation 
[33-35]. It can handle the stereo, triplet and block types of 
image acquisition configurations. 

C. Automated DSM eneration 

FORSAT software uses an automatic DSM generation 
method which is based on the multiple primitive multi-image 
(MPIM) matching method [30][35][36]. It matches a dense 
pattern of features with an advanced matching strategy, 
exploiting all implicit and explicit knowledge, such as image 
acquisition network, sensor model, photogrammetric 
constraints (such as epipolar constraint) and image content. It 



is an effective combination of feature-based and area-based 
image matching methods under the framework of parameter 
self-tuning, dense matching and coarse-to-fine hierarchical 
matching strategies [37-38].  

Once the images and their associated pyramids are 
prepared in the pre-processing step, the area-based and the 
feature-based matching methods are run in parallel. Starting 
from the low resolution levels of the pyramids, the matching 
procedure progressively approaches eventually to the original 
resolution images. Any number of images can simultaneously 
be processed, since the procedures is based on the concept of 
multi-image matching, which is guided from the object space. 
The triangulated irregular network (TIN) is reconstructed 
from the matched features on each level of the pyramid using 
the Delaunay triangulation method, which in turn is used in 
the subsequent pyramid level for the approximations and 
adaptively computation of the matching parameters. Then, the 
least squares matching methods are used to achieve more 
precise matches for all the features and to identify the false 
matches. Finally, the DSM is resampled.  

D. DSM o-registration and omparison  

In the DoD methods, a reference (template) DSM is 
interpolated in the DSM to be checked for quality evaluation, 
inspection and change detection purposes. This approach is 
suboptimal since:  

The errors in surface modelling may cause large height
differences at surface discontinuities although the
measurements are correct,

if the template and the search DSMs have the reference 
frame differences, such as translations and rotations,
then again large height differences may occur,
especially at surface discontinuities although the
heights are correct [36][38].

The height differences (one-dimensional along the Z-axes) 
may not truly represent the surface-to-surface distance in areas 
where the object surface is complex and undulated. Such 
drawbacks can be resolved by employing the approaches 
which use the Euclidean (3D) distance instead of the height 
difference [39-41].  

FORSAT software uses a fully satisfying and general 
solution, which is the least squares 3D surface matching 
(LS3D) method [31][39][40][42]. It is a rigorous algorithm for 
the matching of overlapping 3D surfaces and/or point clouds. 
It estimates the transformation parameters of one or more fully 
3D surfaces with respect to a template surface, using the 
generalised Gauss�Markov model, minimising the sum of the 
squares of the Euclidean distances between the surfaces. This 
formulation gives the opportunity to match arbitrarily oriented 
3D surfaces, without using explicit tie points. Details of the 
procedure can be found in [43-44]. Diverse applications 
ranging from cultural heritage and object modelling to 
geomorphology are available [45-49]. The 3D co-registration 
and comparison module of the FORSAT software is a 
customised implementation of the LS3D method. 

The procedure starts with matching of the pre- (template) 
and post-state (search) DSMs by use of the LS3D co-
registration module of the FORSAT software. Once the DSM 
pair is co-registered and overlaid, the two surfaces form many 
shapes (3D manifolds) at intersection or separation regions. 
Each grid cell is analysed by comparing the template and 
search surface elements in it, and accordingly labelled as any 

of those three classes: decrease, no change and increase. As 
the grid cell dimensions and surface-to-surface distances are 
known, the area and volume values are computed by 
aggregating the information of all grid cells. 

III. PRECISION ESTIMATION FOR VOLUMETRIC CHANGE

The standard deviation (theoretical precision) of the 
volumetric change value is computed from the internal data 
following the law of error propagation. Therefore, it is a kind 
of a priori precision estimation method.  

Assume that the volume V of any polygon with a 3D 
change is to be computed as 

In short, 

where a is the area of the unit grid cell of the template DSM, 
which is 2×2 = 4 m2 in our test site, hi are the height 
differences between the template and search DSMs at every 
grid cell location within the polygon, n is the number of grid 
cells coinciding in the change polygon.  

The standard deviation mv of the volume V is computed by 
applying the law of error propagation to Eq. (2). 

The a priori precision of the area of the unit grid cell ma is 
supposed to be errorless, therefore ma = 0.  

The a priori precision of the height differences are 
assumed to be equal, that is, 

The value of mh can be computed as the root mean square 
error (RMSE) of the co-registration of small surface patches 
of the DSMs over flat and unchanged areas. It corresponds to 
the uncertainty of surface match at the grid cell level.  

Then, Eq. (4) becomes 

where A = n a is the area of the change polygon.  

The volume and the associated theoretical precision 
(standard deviation) values in Fig. 10 are computed using Eq. 
(9). 



IV. EXPERIMENTAL RESULTS

Cyprus has a typical Mediterranean climate, with long dry 
summers from May to October, and mild winters from 
December to February, which are separated by short autumn 
and spring seasons. This dry climate conditions trigger 
frequent forest fires, boosted through human interventions, 
which increase the risk for the ecosystem. The forest fire of 
Saittas, which was raged in 2007, was defined as the test site 
for the validation. The area of interest (AOI) delimited by a 
red frame in Fig. 2 covers an area of about 45 km² and includes 
the city of Pelentri in the Limassol district.  

Fig. 2. The AOI is located in the centre of Cyprus 

There was an Ikonos stereo pair dated from October 2001 
available in the archive (Fig. 3), which was used for the 
generation of the pre-fire DSM. For the actual date, no VHRS 
image was available, so a new Pléiades stereo acquisition was 
ordered for the specific area. The Pléiades coverage was 
acquired in July 2014 (Fig. 4). In spite of the long period 
between the event and image acquisition, disastrous impact of 
the fire to the local vegetation is still visible. 

Fig. 3. Ikonos false color image composite of October 2001 

Fig. 4. Pléiades false color image composite of July 2014 

Fig. 5. Pre-fire DSM gnerated from the images acquired in October 2001  

Fig. 6. Post-fire DSM generated from the images acquired in July 2014  



Based on the archived Ikonos stereo pair and the newly 
acquired Pléiades stereo pair, a historic (pre-fire) DSM (Fig. 
5) and an actual (post-fire) DSM (Fig. 6) were generated using 
the FORSAT software. The both DSMs have the same spatial 
resolutions of 2.0 m.  

On the basis of the generated DSMs, the change analysis 
was performed with the LS3D co-registration and comparison 
module of the FORSAT software (Fig. 7).  

Fig. 7. Change map of the test site 

The spatial deviations whose absolute values are greater 
than 3 m (d > ±3 m) between the historic and actual DSMs 
are labelled as a change (fire induced decrease or increase by 
vegetation growth). The used threshold value is the average a 
priori accuracy of the used DSMs according to our internal 
tests with the VHRS images. FORSAT software has an 
average DSM generation accuracy in the range of 2-to-3 times 
of the ground sampling distance (GSD) of the processed 
imagery.  

The spatial deviations whose absolute values are less than 
3m (d  ±3 m) are labelled as no-change.  

As a consequence, three classes (decrease-in-height, no-
change and increase-in-height) are identied in the change 
detection step.  

The outliers (gross errors) due to image matching and 
modelling problems produce abrupt changes on the DSM 
surfaces. The spatial deviations whose absolute values are 
greater than 20 m (d > ±20 m) are considered as the 
outliers, excluded from the computation, and labelled as no-
data. Despite the fact that they are excluded in the 
computations, they are kept in the visualizations.  

The selection of the threshold values as ±3 m and ±20 m 
is specific to this application. They should be tuned depending 
on the data type and object of interest.  

The outcome of the forest fire of Saittas is depicted in the 
change map (the largest blue circle in Fig. 7). Moreover, there 
are relatively smaller damaged areas in the north-east 
direction, near the Potamitissa village (the blue circle in the 
upper right part of Fig. 7). The change areas in the south-east 
direction of the AOI are the man-made changes (see the 
smallest circle in the lower right part of Fig. 7). 

Fig. 8 shows the percentage of the vegetation type of the 
fire-affected coverage in the AOI. It is notable that the conifer 
forest (class 21) is the most affected vegetation type by the 
forest fire with nearly 70% of the area, followed by bushes and 
shrubs (class 23) with 9.5% and tree cultivations (class 27) 
with 9.2%.  

Fig. 8. Percentage of the vegetation type of the test site 

Fig. 9 is a stacked column chart showing the internal 
change of each vegetation type according to the three change 
classes; decrease, no-change and increase. More than half 
(54.6%) of the broadleaved forest (class 22), 47.5% of conifer 
forest (class 21) and more than a third (36.0%) of the 
undefined forest (class 11) types were affected by decreasing 
the canopy height. Notice that the forest has not yet 
regenerated. 

Fig. 9. Percentage of the internal change of each vegetation type  

Fig. 10 shows the volumetric changes of fire-affected 
vegetation cover according to the DoD comparison of the 
DSMs of the year 2001 and 2014. It characterizes that there is 
the largest volume decrease (13,154,716 ±2,014 m3) in conifer 
forest (class 21). Notwithstanding, this class has also the 
highest volume increase (365,892 ±341 m3) in the site. Note 
that conifer forest covers almost 70% of the whole fire-
affected area.  



Fig. 10. Volumetric change (m3) of each vegetation type  

Bush and shrubs (class 23) and tree cultivations (class 27) 
are the land cover classes with a volume decrease of nearly 
200,000 m3. Moreover, the larger volumetric losses are 
exhibited in broadleaved (class 22) and undefined (class 11) 
forests. Apart from the conifer forest (class 21) only the tree 
cultivations (class 27) have a volume increase of more than 
100,000 m3. An interesting fact is that the annual cultivations 
(class 26) decreases the area, but increases the volume in net 
total. 

The volume values and their standard deviations in Fig. 10 
are computed according to the Eq. (9). In order to determine 
the mh value, the nine surface patches, each of which has a size 
of 25 x 25 points, are co-registered. Their locations are 
spatially well distributed in the extend of the AOI. The patches 
on the pre-fire DSM are set to the template, and the ones on 
the post-fire DSM are assigned as the search surface. They 
contain relatively flat terrain without any temporal change. 
Therefore, they are assumed to have only the random errors 
which show the quality of the fit of both DSMs. The average 
of the nine RMSE values coming from the nine co-registration 
computations is ±0.55 m which is taken as the mh value in Eq. 
(8). The coloured residuals on the template surface patches are 
given in Fig. 11.  

Fig. 11. Residuals of the nine co-registration computations 

Value mh = ±0.55 m does not represent the surface 
accuracy of the template and search DSMs. Rather, it shows 
the a priori precision of their fit at a minimal extend.  

V. CONCLUSIONS 

A theoretical precision estimation method is proposed to 
assess the uncertainties of volumetric change values, which 
are generated by 3D comparison of pre- and post-event DSMs. 
It is based on the law of error propagation.  

The developed software suite, so called FORSAT, 
generates the spatial information for rapid monitoring of 
environmental, natural and man-made changes. The basic 
input data is the VHRS imagery. The software consists of 
mutually linked modules which are pre-processing, geo-
referencing, DSM generation, and 3D comparison and 
analysis.  

The experimental study demonstrates the capability of 
FORSAT software for the change analysis of a forest burnt 
area. Pre-fire and post-fire DSMs were generated and 
compared. The volumetric gains and losses of the forest cover 
together with their standard deviation values helped us to 
gauge the severity and damage of the fire.   
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