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1. Introduction
One of the most interesting and challenging
studies in the field of remote sensing is the es-
timation of some information about man-made
constructions on the Earth surface. In particu-
lar, this thesis focuses on the analysis and appli-
cation of specific remote sensing methodologies
to oil tanks. Monitoring this type of structures
[1] is very important since their content is of-
ten dangerous, being easily flammable. In ad-
dition, extracting automatically some geometri-
cal parameters of oil tanks by means of remote
sensing techniques saves companies time, which
otherwise would have to do it by hand. More-
over, these parameters could help to calculate
the oil level, through the height of the floating
roof which increases or decreases according to
it, that is particularly significant for economics
and trade. The parameter in analysis will be
the height of the tank. In order to achieve this
goal, methods based on optical and Synthetic
Aperture Radar (SAR) have been exploited. Ex-
isting techniques employ Very High Resolution
sensors; with respect to this approach, the pro-
posed methods in this thesis are analysed both
for high and low resolution, since these latter
types of data are more readily available com-
pared to high resolution and they are also free.

For this class of sensors Sentinel-1 and Sentinel-2
images are exploited.

2. Proposed methods
A scheme of methods that have been proposed
is summarized in figure 1.

Figure 1: Proposed methods scheme: on the left
the optical, on the right the SAR ones. Blue:
type of data, Green: algorithms applied, Red:
results
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2.1. Optical method for tanks height
estimation

2.1.1 High resolution method explana-
tion

The optical method which has been presented
extracts the height of the tanks from the shadow
each of them projects on the ground, exploiting
the fact that the shape of the shadow of a tank
(both the outer and the inner ones) is a "half-
moon" (figure 2).

Figure 2: Example of a tank - optical data

Concerning shadow detection, it has been de-
cided to apply a histogram thresholding tech-
nique [2], since it shows the best performance
compared to the other state-of-the-art meth-
ods [3]. An optimal threshold that maximizes
the variance between the classes in the image
and automatically divides, in its histogram, the
shadows from the rest is found, after inserting
a certain number of initial thresholds based on
the number of classes present in the image (K
classes, K-1 thresholds). A binary shadow mask
for each tank is extracted, which is transformed
then into a stand-alone polygon. Its convex hull
is drawn around it (figure 3a) and its longest seg-
ment is selected, that is the distance between the
two vertexes of the “half-moon”. The midpoint
of this segment is calculated and its perpendicu-
lar line passing through this point intersects the
polygon itself into two other points (A and B
in figure 3b), whose distance corresponds to the
shadow length measured in pixels.

(a) Convex hull

(b) Estimation of shadow length

Figure 3: HR shadow length estimation method.
Note: axes values are in pixels

This shadow length (s) is finally converted into
the tank height (eq. 1) knowing the Sun inci-
dence angle (θsun) and the resolution of the im-
age res, that in this case is 0.5m (eq. 2). The
actual height has to consider a “look correction”
(eq. 3) due to the fact that part of the shadow is
covered by the tank itself from the satellite/look
point of view (θlook):

h =
ha
l

(1)

where ha is the "apparent" height and l the look
correction, and:

ha = tan(θsun) · s · res (2)

l = 1− (tan(θsun) · tan(θlook)) (3)

2.1.2 Sentinel-2 method modifications
with respect to HR

Sentinel-2 images have a lower resolution (10m),
while tanks sizes vary from 20 to 30m of radius
and from 12 to 20m of height. Consequently, the
shadow shape in Sentinel-2 images is not very
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clear because it consists of too few pixels. For
this reason, before testing the same method pre-
viously mentioned, it was deemed necessary to
apply a Super Resolution to the image. The al-
gorithm makes use of Deep Laplacian Pyramid
Networks since it has been demonstrated that
it is one of the best performing SR algorithms
[4]. The HR resolution image is constructed pro-
gressively, each time by a factor 2, in a coarse-
to-fine fashion. Afterwards, since some shad-
ows were not very visible, it has been decided to
apply a contrast enhancement (Contrast Lim-
ited Adaptive Histogram Equalization) modify-
ing the lightness component of the image. De-
spite the super resolution and the contrast en-
hancement, shadows are not always shaped like
a ‘half-moon’. Figure 4 shows one of the possible
cases in which this occurs.

(a) Original Sentinel-2 image

(b) Shadow mask

Figure 4: Example of shadow not shaped like a
"half-moon"

It could happen because a part of the shadow
of nearby tanks merges with the shadow whose
length is being calculated, because of low reso-
lution (few pixels in the scene). However, be-
cause of the low resolution itself, it is difficult to

state it with certainty. Anyway, the steps that
followed in the method used in high resolution,
i.e. using the convex hull, can’t be applied for
Sentinel-2 images and need to be modified. The
center on ground of the tank, that is supposed to
be known, is used together with the Sun azimuth
angle to construct a line crossing the polygon in
two points which correspond, as before, to the
shadow length (figure 5).

Figure 5: Modification of Sentinel-2 method
with respect to HR for shadow length estima-
tion. The red curve indicates the Sun azimuth
angle with respect to the North direction

This approach still manages to find the two in-
tersection points with the polygon of interest
that correspond to the length of the shadow,
considering the direction in which the correct
shadow is expected to be, i.e. along Sun azimuth
angle. However, it is a limitation with respect to
high resolution, since it requires a precise knowl-
edge of the center on ground of the tank, while
high resolution approach needs it just to crop
the image around a single tank at the beginning
of the method.

2.1.3 Application of the optical methods
on dataset images

An entire tank terminal is used as dataset (more
than 300 tanks).
A result of shadow detection applied to a high
resolution optical image on a part of this area
is shown in figure 6. As it can be seen, in HR
shadows and polygons can be recognized quite
well.
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Figure 6: Shadow detection applied to a HR op-
tical image. Note: axes are in pixels for both
images

Regarding the parameters used, the number of
thresholds in shadow detection algorithm have
been set to four, so assuming that the scene
is composed by five classes. The assumption
comes from the fact that the minimum num-
ber of classes in the image is three: the tank
itself, its shadow and the background. However,
this number has been increased since the back-
ground is not homogeneous and it includes dif-
ferent types of terrains and facilities in the sur-
roundings of the tanks (figure 6).
Concerning Sentinel-2 images, the effect of
Super Resolution, contrast enhancement and
shadow detection on a single tank image can be
seen visually in figure 7.

(a) Original Sentinel-2
image

(b) Super-Resolution

(c) Contrast enhance-
ment

(d) Shadow mask

Figure 7: Sequence of applied algorithms for
Sentinel-2 shadow detection

The resulting shadow from the application of
Super Resolution is much sharper and similar
to the real one with respect to the one in the
original image. The resolution achieved is 1.25
meters, since the resolution is 10 meters and the
HR factor in SR algorithm is 8. The histograms
of the image before and after the contrast en-
hancement can be seen in figure 8.

(a) (b)

Figure 8: Histogram before (a) and after (b) the
contrast enhancement

256 gray levels are used to represent the image.
In the resulting histogram the values are more
distributed on the entire range of levels, as it is
the purpose of the increase of the contrast.
All numerical results of this sequence are re-
ported in the next section.

2.1.4 Experimental numerical results -
Validation of the proposed meth-
ods through a comparison with ref-
erence data

In order to validate the results, these have been
compared to calibrated heights that are consid-
ered as reference. First, the mean and and stan-
dard deviation of the error (estimated height -
reference height) of the preliminary steps ap-
plied to the original Sentinel-2, corresponding
to the numerical results of figure 7a and 7b, are
presented in table 1.

mean standard deviation
about 1.2 m about 6 m

(a) initial image, no super resolution, no
contrast enhancement

mean standard deviation
about 45 cm about 4.6 m

(b) after super resolution, no enhancement

Table 1: Sentinel-2 mean and standard deviation
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The final mean and standard deviation, after
also contrast enhancement which is the final step
before applying the shadow algorithm, is pre-
sented with its corresponding histogram of the
error distribution (estimated height - reference
height) and together with the final results from
optical HR (figure 9 and table 2).

(a) optical HR

(b) Sentinel-2 (all algorithms applied)

Figure 9: Error distribution

mean standard deviation
about -30 cm about 2.4 m

(a) optical HR

mean standard deviation
about 15 cm about 4 m
(b) Sentinel-2 (all algorithms applied)

Table 2: Mean and standard deviation

Numerical results show that there was a signif-
icant improvement after the entire sequence of
Sentinel-2 algorithms.
Since the average height in the tank terminal
of interest is 15 meters, the indicative relative

error is 16% for HR and 26% for Sentinel-2.
Therefore, HR data provide more precise results
than Sentinel-2 in terms of standard deviation,
as we may expected. However, except for some
significant outliers that worsen this parameter
with respect to high resolution, the mean in
Sentinel-2 image is around zero like high reso-
lution one, meaning that the majority of the es-
timated heights are similar to the reference data
in both cases.
Some “outliers” values emerged from the error
distribution because of something unusual in the
original image, for example a change in the level
of the ground that leads to a deformation of
the projected shadow, and consequently the es-
timated tank height could be very different from
the reference one in these particular cases.
The estimated heights in literature regarding the
oil tanks were the one of the floating roofs [5],
so an accuracy to compare our method with
it is not available. In the other articles [3]
[2], heights were estimated for buildings, hence
parallelepiped-shaped structures. Moreover, the
results were compared based on accurate refer-
ence shadow masks manually created, and the
related accuracy has been calculated as the num-
ber of correctly classified pixels with respect to
those shadow masks. Since in our proposed
method the metric is different, because it has
been calculated through a difference between
estimated shadow lengths, an exact numerical
comparison with existing methods can’t be ob-
tained.

2.2. SAR method for tanks height es-
timation

2.2.1 High resolution method explana-
tion

The presented technique exploits SAR images
to find the height of the tanks. Since in a tank
SAR image there are mainly three bright peaks
(figure 10), the height is estimated through the
difference between the leftmost and the center
peaks position in range direction, which corre-
spond respectively to the top and the base of the
tank (layover), and consequentially to its height
in slant range.
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Figure 10: SAR (Iceye) image with the most
relevant bright peaks

A geometric model is exploited, because us-
ing an electromagnetic one the height could be
estimated through the double-reflection bright
curve but this requires the knowledge of electro-
magnetic parameters regarding the ground and
the radar itself and they are not known in our
case. Therefore the first was preferred.
First, a correct crop of the image is performed
transforming the center coordinates of each tank
into the acquisition time of the satellite, and the
reference radius (r) into its number of pixels in
azimuth and in range direction. In azimuth, it is
required the satellite velocity (vs) and the step
between pixels (saz), as in eq. 4:

raz =
r

vs · saz
(4)

The same in the range direction, projecting the
measure of the radius in slant range (eq. 5 and
5), knowing the incidence angle (θ) and the pixel
spacing in range (sprg):

rrg =
r · sin(θ)
sprg

(5)

where:

sprg =
c

2
· srg (6)

in which c is the speed of light and srg the range
step.
To crop the image in near (with respect to
the center) range direction, the measure of the
height in slant range is also required. The max-
imum possible height (in meters) of a tank is
retrieved using a database (if this information
is not known in general, it can be estimated by

a previous general visual inspection), and trans-
formed in pixels in slant range (eq. 7), knowing
the incidence angle (θ) and pixel spacing (sprg):

(hmax)[p] =
(hmax)[m] · cos(θ)

sprg
(7)

c
A cubic interpolation is then applied in order to
select a sub-pixel peaks in the following steps.
The profile of the data absolute value [5] along
azimuth, summing in the entire range direction,
is then calculated and the peak of this profile,
that corresponds to the azimuth pixel where the
very bright three peaks are, is found exploiting a
function that finds the maximum values points
with respect to the neighbouring ones (positive
left and negative right derivatives). An equal
procedure is performed along range, summing
in a small window in azimuth direction centered
around the azimuth index found in the previous
step. The two peaks corresponding to the height
will be chosen by the peak function (figure 11).

Figure 11: Peaks selection

The height of the tank, in pixels, is calculated
through the difference of the range indexes of
these two peaks, which is then converted into
the actual height (eq. 8), in meters, knowing
the range pixel spacing (sprg) and the incidence
angle (θ):

h[m] =
h[p] · sprg
cos(θ)

(8)
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2.2.2 Sentinel-1 method modifications
with respect to HR

The same proposed technique can be applied
also on Sentinel-1 images. However, it has been
decided to merge more images instead of using
just a single one because, as previously men-
tioned, LR images are more readily available
with respect to HR ones and they are also free
data. In particular, a multi-temporal average
has been calculated, so each pixel value in the fi-
nal image is the average of each amplitude value
along all the images acquired in different times.

2.2.3 Experimental results - Validation
of the proposed methods through
a comparison with reference data

To assess the accuracy of the proposed method,
it is necessary to validate the results compar-
ing the estimated heights with reference heights
values, like it has been done for optical images.

(a) SAR HR

(b) Sentinel-1 (51 images)

Figure 12: Error distribution

mean standard deviation
about 20 cm about 1.8 m

(a) SAR HR

mean standard deviation
about 80 cm about 3.5 m

(b) Sentinel-1 (51 images)

Table 3: Mean and standard deviation

The error distributions (estimated measure with
respect to the reference one) of Iceye and
Sentinel-1 is shown above (figure 12), together
with their mean and standard deviation (table
3). Since the average height in the tank termi-
nal of interest is 15 meters, the relative error
is 12% for Iceye and 23% for Sentinel-1. The
standard deviation of SAR HR distribution is
halved compared to the one of Sentinel-1. How-
ever, except for some significant outliers that
worsen the standard deviation with respect to
high resolution, the mean in multi-temporal av-
erage Sentinel-1 images is around zero like in Ic-
eye one, meaning that the majority of the peaks
are correctly identified despite the lower resolu-
tion.
Some “outliers” were investigated also in SAR
case. For HR these values are due to the fact
that in some cases the peaks are not very promi-
nent with respect to the background noise. Con-
cerning Sentinel-1 images, some other bright
peaks may appear in the scene in the surround-
ings of the tank even if an attempt has been
made to eliminate them. Hence, the peak func-
tion chooses different peaks with respect to the
right ones related to the height. In both cir-
cumstances, the estimated height can be very
different from the reference one.
In literature [6], results have shown an error of
about 1 m (estimated - real height), but a mean
and a standard deviation have not been specified
since the tanks were very few (four). Therefore
it is not meaningful to make a comparison with
the accuracy of existing methods.

2.2.4 Advantages and disadvantages of
multi-temporal average

In order to evince the advantages of multi-
temporal average with respect to a single
Sentinel-1 image, the mean and standard devi-
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ation is calculated for an increasing number of
images starting from one (figure 13).

(a)

(b)

Figure 13: Number of images and their mean (a)
and standard deviation (b)

From 10 to 51 images the two parameters have
similar values; however, they are halved com-
paring them with one single image, proving that
using more images improves the accuracy. The
reason is that if one or both of the two peaks
corresponding to the height, that are supposed
to be stable and bright, are instead not very
clear in few of them, they can stand out from
the background noise anyway and be recognized
thanks to multi-temporal average. In addition,
the background noise is reduced.
On the other hand, a disadvantage of the multi-
temporal average is that if there are high peaks
in the surroundings of the tank, even just in a
subset of images, the temporal average will have
a high value for those pixels in the final image so
the algorithm may select wrong peaks in range
or azimuth directions.
A slight fluctuation from the values in figure
13 may occur changing which images from the
dataset to select in particular.

3. Optical and SAR comparison
results - average between es-
timated heights from the two
different sensors

After the analysis and experimental results of
the distinct methodologies on optical and SAR
images on the same tank terminal, a compar-
ison can be carried out between them. From
results in the previous sections, SAR method
proved to be more accurate in terms of standard
deviation with respect to optical, both for high
and low resolution. This is due to the different
type of height estimation: because of the dif-
ferent ground levels or glimpses that affect the
shadow shape, shadows on ground undergo more
significant changes with respect to the ones esti-
mated by SAR, which are simply calculated by
the difference between two stable peaks.
Moreover, an average between the height ob-
tained from the two different sensors for each
tank is calculated and then compared again with
reference data (HR: figure 14 and table 4, Sen-
tinel: figure 15 and table 5).

Figure 14: HR optical/SAR average - error

mean standard deviation
about 0 cm about 1.5 m

Table 4: HR optical/SAR average - mean and
standard deviation
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Figure 15: Sentinel optical/SAR average - error

mean standard deviation
about 45 cm about 2.8 m

Table 5: Sentinel optical/SAR average - mean
and standard deviation

The standard deviation and the total relative er-
ror (10% for HR and 18% for Sentinel) are lower
than the ones obtained with separate method-
ologies. This outcome suggests that some esti-
mated heights which are more inaccurate with a
sensor are compensated by a more precise mea-
surement obtained from the other one.

4. Conclusions
The objective of this thesis was the estimation
of the height of oil tanks exploiting methods
based on optical and Synthetic Aperture Radar
(SAR). The proposed methods have been ex-
plained and analysed both for high and low reso-
lution. Distinct techniques for optical and SAR
have been presented: for the first the height
has been calculated from the shadow length on
ground, while in the latter from the distance be-
tween the two bright peaks corresponding to it.
The reason behind the choices made in terms of
algorithms that have been used were explained.
Methodology modifications that are necessary
with respect to the HR have been highlighted
for Sentinel-1 and Sentinel-2. Experimental re-
sults have shown that HR performs better than
LR in both cases, as we could expect; however
the majority of the tanks have been well rec-
ognized also in LR (mean of the error distribu-
tion is around zero meters). It has been demon-
strated that SAR method is more accurate than

optical one in terms of relative error/standard
deviation and that averaging the estimates from
the two different sensors improves the results in
both High and Low resolution. Outliers values
have been analysed for possible future develop-
ments. The reason why the proposed methods
cannot be numerically compared to the existing
ones has been explained. Therefore the contri-
bution of the thesis with respect to state-of-the-
art methods is to have studied the height of the
tanks in more detail, and on an entire terminal,
so as to be able to analyze also a distribution
of the error and its statistical parameters both
for optical and SAR, which had not been done
before, and to have also explored the low reso-
lution data, that can be exploited in all those
cases in which HR ones are not available or too
exclusive.
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