








in the case of the farm buildings mainly flat or gabled roofs can be found while
in the case of residential buildings the hip, pyramid hip or multisurface roofs
dominate (new single-family detached or semidetached houses). The hip or
pyramid hip roofs have slopes between 10o and 15o; most multisurface roofs
have slopes between 20o and 35o.

Data source and pre-processing

Threefold data have been used in the study: airborne laser scanning (ALS),
the WorldView-2 multispectral satellite image (Fig. 1a) and the roof coverings
database (RCDB) (Fig. 1b).

The ALS data were acquired for the ISOK Project (IT System of
the Country’s Protection against Extreme Hazards for Poland,
http://www.isok.gov.pl/en/press-releases,press-information-about-isok-
project). For the Powsin study area the flight was performed in April 2012 with
average point density 12 points/m2 (standard II of ISOK Project) obtained from
two perpendicular flight paths. Considering the points height accuracy
(<0.10 m) of the ISOK standard II data the accuracy of models obtained from
these data can be estimated as 15–30 cm (KURCZYŃSKI, BAKUŁA 2013). The ALS
data in standard II of ISOK Project were sufficient for modelling the roof
planes. Three height models in 0.5 m GRID format were generated with use of
the classified point clouds.

Fig. 1. Sample of WorldView-2 satellite image (a), visualization of the roof coverings database for the
study area (b) and Digital Surface Model generated based on ALS data (c)
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The Digital Terrain Model (DTM) was generated based on triangulation of
points classified as ground points. During the Digital Surface Model (DSM)
generation modelling of the classified point clouds dependent on land cover
type according to the rules proposed by HOLLAUS et al. (2010) was applied. To
determine the object height in flat (smooth) areas such as ground or roofs the
IDW (Inverse Distance Weighting) interpolation was used. For areas covered
with medium and high vegetation, considered as rough surfaces, the maximum
point height in particular cells of resulting DSM was used (Fig. 1c).

The WorldView-2 image was acquired on August 4, 2011. Multispectral
image bands are captured in the following wavelengths: 0.400–0.450 μm,
0.450–0.510 μm, 0.510–0.580 μm, 0.585–0.625 μm, 0.630–0.690 μm,
0.705–0.745 μm, 0.770–0.895 μm, 0.860–1.040 μm. The WorldView-2 satellite
does not register middle infrared bands which according to BASSANI et al.
(2007) are the most useful spectral range for chrysotile asbestos detection.
However, at the start of this study WorldView-2 was the only very high
resolution satellite system capturing such a large number of spectral bands,
therefore it offered the best possibilities of remote detection of roofing ma-
terials. Available satellite systems capturing spectral data at the wavelength of
ca. 2.3 μm, that is according to BASSANI et al. (2007) the best wavelength for
chrysotile detection, have too large ground sampling distance for detection of
roof materials (e.g. OLI on LANDSAT 8, HYPERION on EO-1, ASTER on
TERRA). The characteristics of WorldView-2 satellite data used in the study
are presented in Table 1.

Table 1
Characteristics of WorldView-2 multispectral image

Acquisition date 2011–08-04

Acquisition time 09:52:16.8

GSD 1.98 m

Global incidence 17.9o

Viewing angle across the track/ viewing angle along the track 17.8o/–1.7o

Sun azimuth 159.7o

Sun elevation 54.0o

The Worldview-2 image orthorectification was performed in the Photomod
software (www.racurs.ru) using the Rational Polynomial Coefficients (RPC)
model. 21 control points evenly distributed over the test area were used in
order to register the scene. Accuracy of the registration was checked with the
use of check points (Table 2). The orthorectification was performed in two
ways. Firstly, a standard orthophoto with 2 m spatial resolution and a position-
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ing accuracy of 2 to 3 pixels was created using the DTM. However, since objects
above the terrain appeared displaced and the building roofs included many
artefacts, it was decided to use the surface model (including additional
information about heights of buildings) in the second orthorectification pro-
cess. As results improved roofs localization in the corrected image was ob-
tained.

Table 2
Accuracy assessment of orthorectification process of WorldView-2 image (MS DTM orthophoto)

Parameter dX [px] dY [px] ds [m]

Control Points

dX [px] dY[px] ds [m]

RMS 0.36 0.38 0.28

Mean 0.30 0.30 0.26

Max. 0.57 0.85 0.43

Check Points

RMS 0.31 0.54 0.31

Mean 0.27 0.48 0.28

Max. 0.42 0.71 0.40

Vector data from the roof covering database (RCDB) were used as the
reference data for the classification accuracy assessment. This database was
created based on visual interpretation of aerial orthophotomaps (with ground
resolution of 0.25 m, building boundaries at ground level) and on the field
observations. There are 636 residential houses and farm buildings in the roof
covering database of Powsin housing estate.

Experiments description

In order to evaluate the possibilities of automatic extraction of information
on roofing material types several experiments were performed which included
the supervised classification. All operations were performed with the use of
ERDAS Imagine 2014 software, made available by the Intergraph Polska. The
flowchart of the procedure used in the study is shown in Figure 2, where MS
stands for multispectral image, MS DTM for standard orthophoto based on the
DTM, MS DSM for true-orthophoto based on the DSM and MS TOPO for
true-orthophoto based on the DSM and with topographically corrected roof
reflectance’s. The superscript „f” indicates results after majority filtering.
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Fig. 2. Methodology scheme

The supervised classification was performed for the building roofs only,
obtained by masking areas outside of the roof coverings vectors (RCDB).
Building outlines could also be obtained from laser scanning data by applying
an appropriate filtering algorithm. In many cases the ALS-based roofs and
those from the RCDB overlap and in deliver comparatively satisfying results,
but especially in regions with tall vegetation hanging OVER roofs problems
occur. Therefore the decision has been made to further use the RCDB only.

The supervised classification was performed using the maximum likelihood
algorithm for set of orthophotos: the MS DTM, the MS DSM, and the MS
TOPO. Topographic effect is caused by differences in illumination due to the
incidence angle of sun radiation onto the object surface, thus a significant
variation in the pixel values of the same object occurs. One way to reduce
topographic effect in imagery is by applying transformations based on the
Lambertian reflectance models. The topographic corrections were performed
with the cosine method described, among others, in RICHTER et al. (2009). This
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method assumes that the surface reflects incident solar energy uniformly in all
directions, and that variations in reflectance are due to the amount of incident
radiation which in turn depends on the incidence angle of the illumination
(COLBY 1991). But for low illumination, i.e., large incidence angles and thus
small values of cosine, the corrected reflectance is too large and the corre-
sponding parts of an image are overcorrected (RICHTER et al. 2009). In the
study area in most cases the local solar illumination angles vary in the range of
15–58o. The largest angles of incidence are on the north-west facing roof planes
because of the south-east sun azimuth at the time of image acquisition.

For every variant a set of training fields was prepared, representing all
types of roofing materials present within the study area, namely: sheet metal,
metal tiles, bituminous tiles, cement tiles, ceramic tiles, asbestos cement,
shingle, wooden shingle (only one roof) and roofing felt. In the case of the sheet
metal roofings three training fields (zinc coated sheet metal, copper sheet and
painted sheet – only red painted sheet in the study area) and for metal tiles two
training fields (red metal tiles and dark red metal tiles) were defined. Prepared
training fields contain ca. 300–500 pixels. Examples of spectral characteristics
of class patterns obtained for multispectral image (MS DSM orthophoto) are
presented in Figure 3.

Fig. 3. Mean spectral characteristics of class patterns obtained for MS DSM orthophoto

Due to the spatial resolution of 2 m the stripe texture of roofing materials
for corrugated metal plates and asbestos-cement plates, often used as roofing
material of farm buildings, was not visible. This limited the necessity to define
more samples and simplified the process of representative sample selection. All
training fields fulfilled the criteria for this type of patterns. The evaluation of
class separability with the transformed divergence and Jeffries-Mattusita’s
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distance yielded good results, except for the following pairs: dark red metal
tiles and ceramic tiles, asbestos-cement and cement tiles, asbestos-cement and
shingle (cement shingle), shingle and copper sheet as well as dark red metal
tiles and red painted sheet. The latter pair showed the highest radiometric
similarity and therefore it was decided not to include the red painted sheet in
the classification process. When analysing the separability of training fields
derived from the three variants of input data (i.e. MS DTM, MS DSM, MS
TOPO), MS TOPO showed a slightly better separability than MS DSM.

Results analysis and discussion

The obtained classification results show that roofs made of one material are
usually classified as several types of roofing materials (Fig. 4). That effect is
mainly caused by the differences in illumination of individual roof shapes
caused by additional roof elements such as skylights, roof windows, chimneys,
and so-called the mixels on roof edges.

The variable influence of illumination is clearly visible in the case of
classification of the multispectral image after orthorectification with the use of
DTM (MS DTM, Fig. 4a) as well as after orthorectification with the use of DSM
(MS DSM, Fig. 4b). The satellite image was acquired at 9:52 AM and with the
south-east Sun position the north-west roof shapes were half-shaded. After
detailed analysis of obtained results it can be noticed that after orthorectifica-
tion with the use of DSM the number of mixels on roof edges decreased, but it
has no significant influence on evaluation of classification results. Unfortu-
nately, the topographic correction performed with the cosine method did not
result in expected significant improvement of the classification results. An
improvement is only visible in the case of roofs with not complicated shapes
with a relatively low slope angle value. In the case of multi-shaped roofs of
diverse slopes the topographic correction resulted in deterioration of the
classification results. The main problem concerning topographic correction is
that the cosine method results are overcorrected for low illumination (RICHTER

et al. 2009). In the case of areas with diversified relief or roofing shapes this
type of situations occurs quite often (in the analysed image it may be visible
only on the northern-west side of roofs).

Due to the fact that several classes can be found in an individual roof,
including single-pixel classes, a majority 3×3 filter was used to filter the
classification results. This filter selects the most common pixel value within
the filter window. In result more homogeneous classification results were
obtained for individual roofs and the influence of edge-pixels and pixels of
different roof elements (such as roof windows, roof hatches, chimneys) was
limited. The result after filtering is presented in Figure 4d, e, f.
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Fig. 4. Comparison of the supervised classification results of the multispectral image orthorectified
using the DTM (a), the multispectral image orthorectified using the DSM (b), the multispectral image
orthorectified using the DSM after topographic correction (c) and results of classification after

majority filter 3×3 (d, e, f)

Evaluation of the classification results was done by comparison with the
roofing materials coverings database. It was performed according to two
approaches: a conventional pixel-oriented and the object-oriented approach1,
with respect to the roofing materials vector database. In the per object analysis
for individual roof (polygon/object in vector database) major roofing material
type is considered because during the field survey it was not noticed that the
mixed type of roofing material for individual building existed. Additionally it
eliminates the problem of different class values in the case of edge pixels or
pixels of roof windows or pixels of different elements of roofs which results in
incorrect values of roofing material classes.

Comparison of the classification results of different input data given per
object with the reference database is presented in Figure 5. Results obtained
from classification of three orthophotos (MS DTM, MS DSM, MS TOPO) seem
to be similar when compared visually however some differences rise in the
accuracy assessment statistic. Table 3 presents results of the accuracy assess-
ment of several classification variants, according to the pixel and per object
approaches, for: MS DTM, MS DSM, MS TOPO.

1 Not to be confused with of object oriented classification (OBIA).
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Fig. 5. Comparison of supervised classification results in object-oriented approach of the
multispectral image orthorectified using the DTM (b), the multispectral image orthorectified using
the DSM (c), the multispectral image orthorectified using the DSM after topographic correction (b),

and the roofing materials database (a)

Based on results analysis it may be stated that asbestos-cement roofing, as
well as ceramic roofing plates are classified with the highest accuracy. In the
case of other roofing materials both, much lower producer’s and user’s
accuracy may be noticed. For the asbestos-cement roofing and ceramic roofing
plates slightly higher values of the user’s accuracy may be noticed for the
image orthorectified based on the DSM than with the use of the DTM. This
results from the fact that in an image rectified based on the DSM the roof
position is correct (no building layover effect) and after masking of the area of
interest we deal with the lower number of edge pixels.

In the case of information extraction concerning asbestos-cement roofing
the producer’s accuracy reaches the level of 81–85%, depending on the type of
classified data. The user’s accuracy reaches 57–66% in this case. Asbestos-
cement roofings are quite often classified as (damaged) roofing felt or cement
roof tiles or cement shingle. In the case of ceramic roof tiles the producer’s
accuracy reaches as much as 95%, but the user’s accuracy varies between
41 and 53%. This is due to the fact that roofs with red metal roof tiles are
mainly classified as ceramic roof tiles. Similar accuracy was obtained by
HEROLD et al. (2003) for classification of ceramic roof tiles. However, using the
principle component analysis method (made only for roofs image), at the stage
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prior to the image classification, it is possible to improve the classification
accuracy of those roofing materials (the user’s accuracy may be improved to
70%). This was proved by (OSIŃSKA-SKOTAK 2014).

For the assessment per object higher accuracy was achieved for all types of
roofing materials, both, with respect to the user’s and the producer’s accuracy.
The highest accuracy was obtained for asbestos-cement roofing materials. In
the case of classification of an image after topographic rectification accuracy of
almost 92% was obtained, and the user’s accuracy reached 77%. Image filtering
using the majority 3×3 filter did not lead to considerable improvements in
obtained accuracy.

When analysing the list of results presented above, it may be noticed, that
the applied topographic correction did not considerably improve the classifica-
tion results. Only improvements of the classification results may be seen in the
case of uncomplicated, gable or hip pyramid roofs or in the case of hip roofs. In
the case of more complicated roof constructions of high inclination angles, too
high „saturation” value of pixels is noticeable. This might be partly explained
by differences in spatial information content between satellite multispectral
data (2 meters) and ALS data used.

Conclusions

Results of experiments performed in the study prove that automatic detec-
tion of roofing materials is a challenging issue. The highest accuracy of the
supervised classification of the WorldView-2 image was achieved for asbestos-
-cement roofing materials (76–92%, depending on the variant of classification).
Another type of roofing materials which is characterised by the very high
producer’s accuracy are ceramic roof tiles. Much lower accuracy values were
achieved for other types of roofing materials. This results from the high
similarity of some roofing materials (metal tiles, painted steel plates, bitumi-
nous tiles and roofing felt). However, after grouping roofs made of similar
materials it is possible to achieve classification results with the accuracy of ca.
70–80%.

As presented, the accuracy of classification of a multispectral image or-
thorectified with the use of the digital surface model is slightly higher
comparing to the accuracy of classification of a multispectral image orthorecti-
fied using the digital terrain model. Unfortunately, topographic correction of
a multispectral image performed using the cosine method did not result in
expected improvements of roofing materials classification results. Some posi-
tive effects may be seen only in the case of uncomplicated roof construction,
such as gable and hip pyramid roofs, as well as hip roofs.
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A b s t r a c t

This article presents the results of the experimental research into the ionospheric influences on
the accuracy of the GNSS measurements by comparing single and dual frequency GNSS observa-
tions. In the research, GNSS data from three reference stations in central Poland were used. The
selection of the observation period depended on the calm and disturbed ionospheric conditions. The
purpose of the research was to determine the differences between the control coordinates of the
stations and the coordinates of these stations received after processing the results of single and dual
frequency GNSS observations. For a better visibility, these differences were presented as horizontal
and vertical components. The values of these components are compared with the global magnetic
activity and regional ionospheric index I95. The results obtained show that the ionosphere has
a considerable impact on single frequency GNSS measurements according to the geodetic require-
ments, although this impact depends more on the state of ionosphere rather than on its space-time
changes.

Introduction

The main principle of the GNSS measurements is based on the determina-
tion of the amount of time it takes for an electromagnetic signal to travel from
the satellite to the receiver. Because the signal travels through the heterogen-
eous atmosphere (ionosphere and troposphere), it will be distorted under its
influence. One of the major errors in this case is the ionospheric delay.

The ionospheric impact on the distribution of the GNSS signals causes
phase and group delays. The signal delay in the ionosphere depends on the
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solar activity, seasonal and daily variations, zenith distance and azimuth
satellites, location of an observer. The measurement error of the pseudorange
can be more than 50 m due to the delay of the GNSS signals in the ionosphere
(SEEBER 2003).

Unlike the troposphere, that is not a dispersive medium and does not affect
the propagation of the GNSS signals, the ionosphere is a dispersive medium
and its impact depends on the satellite signal frequency. This factor helps
minimize the measurement error in the computation of the ionospheric delay
for the satellite signal.

The overall ionospheric impact on the satellite signal can be hypothetically
divided into three components:

– 1st order impact (≈ 99%);
– 2nd order impact (≈ 0.8%);
– 3d order impact (≈ 0.2%).
The first order refractive index only accounts for the electron density

within the ionosphere, while the effect of the Earth’s magnetic field and its
interactions with the ionosphere are considered in the higher order terms; i.e.
the second and third terms.

The 1st order impact of the ionosphere can be fully compensated due to the
dispersion, namely 99% of its total impact if to use dual frequency (multifre-
quent) equipment (receiver and antenna). The detection and estimation of
ionospheric impact during single frequency GNSS observation poses a special
problem.

The main source of errors in single frequency equipment when measuring
pseudorange is the signal propagation delay in the ionosphere that is caused by
the total electron content (TEC) along the pass of the signal. This type of
equipment does not allow to use the signals at the two coherent frequencies to
avoid the ionospheric measurement error.

There are two methods to compute the ionospheric delay for single
frequency equipment (SEEBER 2003). The first one is the correction of
pseudoranges using ionospheric model parameters (KLOBUCHAR 1991) received
in a GPS navigation message. The application of ionospheric model that is used
in GPS allows to reduce ionospheric impact on the standard deviation when
determining coordinates. It is experimentally proven that the real deviation
reduction is possible only on approximately 50% (KAZANTSEV, FATEEV 2002).
The second and the most promising method is the usage of properties of the
received signals. According to this method, the calculation of the ionospheric
signal delay is based on the fact that the phase and group ionospheric delays of
the GNSS signals are equal in values but opposite in signs (GUOCHANG

2007).However, existing methods based on this approach have one common
limitation – the additional identification of initial ambiguities in phase
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measurements (KRANKOWSKI et al. 2007). This problem complicates the imple-
mentation and reduces the efficiency of such method, which explains its
limited use in practice.

Lately, the scientists actively work on the study of phase fluctuations and
failures in GNSS phase and code measurements under conditions of geomag-
netic disturbances (AFRAYMOVICH, USHAKOV 2003). Magnetospheric storms
and substorms cause geomagnetic disturbances that result in a wide range of
irregularities and processes in the Earth’s ionosphere (HUNSUCKERET et al.
1996). Classic picture of ionospheric disturbances is proven by numerous
observations (CHERNOGOR et al. 2014, BURMAKA, CHERNOGOR 2012). However,
the physical nature of numerous mechanisms is not yet clear enough. The
effects of a storm/substorm in the ionosphere depend on a great number of
parameters such as local time, latitude, season, solar activity phase,
storm/substorm intensity, and others. Thus, it is necessary to study the impact
of signal propagation delay in the ionosphere on the measurement errors of
defining coordinates, as this issue remains unexplored throughout the whole
period of GNSS usage.

Experiment description

For the study of the ionospheric impact, three stations with accurate
coordinates (determined from long-term GNSS observations and adopted as
control coordinates) are chosen. One station is used as a base station and two
other are used as test stations to form 2 baselines for the computations. The
distance between the stations depended on the possibility to determine the
significant ionospheric impact. Thus, for short distances it would be more
difficult to analyze the research results. That is why the approximate distances
from the vector stations to the basic have to be 35–40 km and 85–90 km
correspondingly. Based on hourly observations, the coordinate change had to
be determined during the processing of single and dual frequency observa-
tions. For practical implementation of this research, we processed GNSS data
from three reference stations in central Poland: BOGO (Borowa Gora), JOZE
(Jozefoslaw), and LODZ (Lodz).The basic station in the research was JOZE.
The distance between the BOGO and JOZE stations was approximately 40 km
and between the JOZE and LODZ stations – 90 km. The observation period
depended on the calm (2–6/12/2014, 9–15/02/2015, 16/03/2015) and disturbed
(1, 7/12/2014, 17–22/03/2015) ionospheric conditions.

GNSS observation data was processed in Trimble Business Center.
Figure 1 shows the location of the stations on the map and Table 1 provides

the control coordinate values (EPN 2015).
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Fig. 1. Location scheme of the reference stations BOGO, JOZE, LODZ

Table 1
Control coordinates of the stations BOGO, JOZE, LODZ

Coordinates [m]

X Y Z
Station name

BOGO 3633738.798 1397434.280 5035353.563

JOZE 3664939.989 1409154.013 5009571.472

LODZ 3728601.378 1317402.626 4987811.422

The purpose of the research is to compare station coordinates obtained
after processing of single and dual frequency GNSS observations with the
control coordinates provided in Table 1.

For a better clarity and visibility, the differences between the processed
and control coordinates are converted into topocentric coordinates dN, dE, and
dU, which are further represented as horizontal H = √N2 + E2 and vertical
V = U components. These components are the object of the analysis and are
compared with the regional ionospheric index (I95) and global magnetic
activity (MAG).
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Using ionospheric index I95, the impact of the ionosphere on the determi-
nation of coordinates with the help of GNSS can be calculated with the
accuracy up to 95% (WANNINGER 2004). Therefore, I95 is a statistic index that
provides information about the value of differential ionospheric errors. Index
is calculated using the GNSS observations results. One value of I95 includes
differential ionospheric errors of all accessible satellite signals from at least
three reference stations. The I95 value depends not only on the ionospheric
conditions but also on other factors such as distance between the reference
stations and elevation (SAPOS 2015).

Index values range between:
0–2 – normal level of ionospheric activity;
2–4 – moderate level ionospheric activity;
4–8 – high level of ionospheric activity.
Magnetic activity is a disturbance in Earth’s magnetic field that is connec-

ted with the changes in magnetosphere-ionosphere current system. It is a part
of the Sun-Earth connection physics and, correspondingly, the space weather.
The main manifestations of the magnetic activity are strong disturbances
– magnetic storms and substorms, and light disturbances – different kinds of
magnetic pulsations (GFZ-Potsdam 2015).The condition of the magnetic field
can be described using the Kp index:

K ≤ 2 calm storm conditions;
K = 2, 3 minor disturbances;
K = 4 disturbances;
K = 5, 6 magnetic storm;
K ≥ 7 strong magnetic storm.
The information about ionospheric conditions and the change in magnetic

activity parameters can be obtained on the Internet (TESIS 2015).

Calculation results

Figures 2, 3, 4, and 5 show the variations of H and V components for the
BOGO station. Analysis of Figures 2 and 3 shows that there are considerable
jumps in values of horizontal and vertical components for single frequency
observations. These values are mostly positive and reach up to 40 cm. Figures
4 and 5 show that the values of horizontal and vertical components are smaller
and do not exceed 5 and 10 cm, correspondingly.

Figures 6, 7, 8, and 9 illustrate variations of H and V components for the
LODZ station. Figures 6 and 7 show that single frequency observations at
a bigger distance have considerable influence on the way the vertical compo-
nent changes. The values of these changes are both positive and negative and
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Fig. 2. H variations for single frequency observations

Fig. 3. V variations for single frequency observations

Fig. 4. H variations for dual frequency observations
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Fig. 5. V variations for dual frequency observations

Fig. 6. H variations for single frequency observations

Fig. 7. V variations for single frequency observations
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Fig. 8. N variations for dual frequency observations

Fig. 9. V variations for dual frequency observations

range between -40 and 40 cm. Such fluctuations can be caused by the shift in
ionosphere heterogeneity changes in space and time. Figures 8 and 9 show that
bigger distance between the stations does not influence the results of dual
frequency observations as the values of horizontal and vertical components do
not exceed 5 and 10 cm correspondingly.

To our opinion, only the ionosphere can cause considerable deviations of
single frequency observations discovered during the analysis of the obtained
results.

Similar studies were conducted for three other reference stations in
western Ukraine: MYKO (Mykolaiv), STRY (Stryi), and SKOL (Skole). The
distances between these stations are similar to those in Poland. MYKO is used
as a base station. The distance between the MYKO and STRY stations is
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approximately 35 km and between the MYKO and SKOL – 70 km. The
observation period is 03/12/14. Figure 10 shows locations of the stations, and
Table 2 provides their control coordinates.

Table 2
Control coordinates of the MYKO, STRY, and SKOL stations

Coordinates [m]

X Y Z
Station name

MYKO 3790465.481 1685988.196 4828829.875

STRY 3812850.835 1687385.931 4810814.627

SKOL 3841562.710 1671363.028 4793846.225

Fig. 10. Location scheme from MYKO, STRY, and SKOL reference stations

Considerable coordinate changes can be observed after the analysis of the
obtained results from the reference stations in both Poland and Ukraine.
Graphically the results are represented in Figures 11 and 12. The distance
between the stations is 35–40 km. The similar results are obtained for the
stations at the distance 70–90 km between each other (Fig. 13 and 14).

In general, 168 hourly observing sessions are processed. Approximately 5%
of them did not result in a fixed solution. Most likely, this can be caused by the
impact of the ionosphere.
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Fig. 11. H variations for single frequency observations at the BOGO station

Fig. 12. H variations for single frequency observations at the STRY station

Fig. 13. V variations for single frequency observations at the LODZ station
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Fig. 14. V variations for single frequency observations at the SKOL station

The figures above show that the connection of the vertical and horizontal
components with regional ionospheric impact is evident and with global
magnetic activity is practically missing. This is due to the processing technol-
ogy of the satellite observation results according to the relative method and the
fact that the important factor is ionospheric space-time change and not its
absolute indicators.

Table 3 includes the value percentage of the horizontal and vertical
components obtained from the GNSS observations processing.

Thus, the ionospheric impact on the relative single frequency GNSS
observations is essential to understand the geodetic practice requirements,
especially with the distance between the stations of 40 km and more. The
condition of the ionosphere (either calm or disturbed) is not as important as
the space-time change.

Table 3
H and V percentage for single and dual frequency observations

Percentage [%]

Value L1 L1 + L2

H V H V

≈ 100 cm 0 0 0 0

≈ 50 cm 1 1 0 0

≈ 20 cm 14 20 0 0

≈ 10 cm 30 29 1 5

≈ 5 cm 55 50 99 95
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Conclusions

The conducted research resulted in the following:
1. The accuracy of defining coordinates according to the single frequency

observations is much worse. It ranges between 2 and 40 cm. The accuracy of
the dual frequency observations is approximately 1–2 cm.

2. The distance between the research stations also influences the computa-
tion results. The ionospheric impact increases when the distance from the
basic station gets bigger. For example, the errors for the BOGO station range
between 1 and 50 cm for single frequency and between 0-3 cm for dual
frequency observations. For the LODZ station, they range from 0 to 60 cm and
0–11 cm correspondingly.

3. Ionospheric disturbances slightly influenced the accuracy of the GNSS
coordinates.

The errors are bigger for the calm condition of the ionosphere rather than
for the disturbed. This indicates that the impact of the ionosphere is not driven
by the absolute TEC level, but rather depends on its space-time dynamics, e.g.,
gradients in the TEC level, and the orientation of the processed baselines.
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A b s t r a c t

The rapid distribution of digital cameras has caused several new problems related to text
recognition. Based on experimental studies, was revealed that existing OCR systems cannot cope with
complex perspective and geometric distortions that arise when photographing text document.
Therefore it is necessary to apply text documents pre-processing so that the text lines were straight
and horizontal. This article briefly consider existing methods pre-processing documents and found
that it depend on the type of distortion and not universal. Proposed new method involving the
mathematical raising of straightened text lines on the image and heterogeneous distortion correction
based on a page surface transformation model. This method is better than others because it is
universal and corrects any type of distortion, including a combination of several types of distortion.

Introduction

Very often there is a need to convert a paper text document or book into an
electronic form (ARMS 2000). The process of translating paper documents into
a digital form is carried out by a scan or photography. Because it is difficult to
work with text document images (it is sometimes necessary to edit some part of
the text), it is more convenient to present this image in a text editor. Optical
recognition systems are often sufficient to deal with this task (such as
FineReader, Omnipage, Readlris). The optical text recognition system acquires
digital representation of the scanned or pictured document and has to form
a text which is contained in this image, in a form suitable for saving in an
electronic text document format.
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Optical recognition systems can generally recognize high quality images
with high enough precision. However, if an image has some distortions (this
problem is very often found in photographed text documents), the quality of
recognition is considerably worsened and, sometimes, the process of recogni-
tion becomes generally impossible. Such images need previous geometrical
correction of existing distortions to ensure that the lines of text on the image
are direct and horizontal.

The existing methods (MASALOVICH 2007, FU et al. 2007, YIN et al. 2007) are
based on certain models distortion document and depend on the type of
distortion (distortion types discussed below). First out some text lines and text
lines distortion function is constructed on the image. Then, based on this
information, there is straightening the image. If only geometric distortions
present in the document (when scanning thick books), then the total distortion
function documents are taking from information of distortions of two text lines
and build a linear approximation between them (FU et al. 2007). If there are
only perspective distortions on the image, then it is enough to find the point of
intersection of the lines on the image (YIN et al. 2007). To find the point of
intersection is possible to construct a linear approximation for each word in the
image and find the point at which intersect the continuation of all received
segments. All of analyzes methods have their drawbacks, are not universal and
can be used in the case when only one of all the types of distortion are on the
image. Therefore, recognition of distorted test documents remains an actual
problem.

Types of distortions. Maximal possibilities of the optical
character recognition systems

To allow this recognition system to recognize a text document image
without errors, all text lines must be straight and horizontal. However, after
scanning or photographing there are often problems which can result in
a worsening of image quality and the recognition will become impossible.
Several algorithm is a result of recognition:

1) A skewed page which is characterized by the turning of all of the text
lines towards a corner. Such curvature can appear as a result of unequal
position of a document in a scanner.

2) Geometrical distortions can appear during the scanning of thick books
in the area of the bend of a book.

If an image is acquired by a digital photocamera, except for previous
problems, there can be perspective distortions and more difficult geometrical
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distortions, related to inequality of the initial document (incurving, concavity,
etc.) which is hard to predict.

As shown in Figure 1a, an image defect usually takes a place when the
image plane of a digital camera (R) is parallel with the document (plane D). If
the image plane of camera R is not parallel to plane (D), perspective distortions
appear, as shown in Figure 1a. Geometrical distortions appear when scanning
or photographing thick books (in the area of the bend), when a text is placed on
a smoothly curved and not flat surface (Fig 1b).

Note that there are not only damaged documents considered in this paper;
distortion in scanning documents related with damage of a document eg.
crease or tear are not analyzed.

From OCR Software rating (OCR Software Review, on line) for test we
selected such OCR programs as OmniPage, ABBY FineReader and Rediris.
Based on experimental studies, the maximal recognition possibilities of the
disfigured texts in this system are:

1) Distortion of image. ABBY FineReader and Rediris recognizes images,
where the angle between the horizontal line of image and the line of text is less
than 25 degrees. If this angle is more than 25 degrees, the system does not
recognize an image and reports an error (it did not find text characters in the
image); pretreatment of the image is needed. OmniPage corrects documents
with any angle of text strings and recognizes characters with almost no
mistakes.

2) Perspective and geometrical deformation. All systems recognizes an
image with a great amount of errors. The quality of recognition is poor.

None of this programs cannot correct non-linear distortion. So, it is obvious
that for high-quality character recognition of a text document, pretreatment of
such images is necessary.

Definition of the mathematical problem of straightening text lines
The task of straightening text lines in the picture is formulated as follows

(MASALOVICH 2007):
If an image I is given on rectangular area m × n, the image can belong to the

plural of images with the distorted lines £damaged or to the plural of images without
distortions of lines £normal. It is necessary to build a reflection φ of source image I,
to get such an image Ī, that will satisfy the following terms:

1) if the initial image lines were distorted, on a regenerated image, where
lines are practically level, the quality of recognition must be better by far, than
on the initial;

2) if there were direct lines on an initial image, the regenerated image
quality of recognition must be not worse than on the initial image.
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Fig. 1. Issues of the image projections

The digital image can be represented as a rectangular matrix of size m × n.
Each element of the matrix (pixel) aij, i = {1, ..., m}, j = {1, ..., n} is a color in
the corresponding image point. If the image is binary, then aij = {1,0} [6,7].

The task of straightening the text lines can be described by the following
mathematical formula:

Ī = Φ–1 (I) = {C̄(x,y) = C(Φx(x,y), Φy(x,y))} (1)

C:R2 → {0; 1} – presentation of binary image I is as a two – dimensional
function of color
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� 1, if x < 0 ∧ x > m ∧ y < 0 ∧ y > n
C(x,y) = 0, ifaij = white; i = [x], j = [y] (2)

1, ifaij = black; i = [x], j = [y]

Φ(t, u): R2 → R2 – function of image transformation:

�
�

�

�
�

�

�

Φ(t, u) =
Φx (t, u)
Φy (t, u)

; Φx (t, u): R2 → R, Φy (t, u): R2 → R (3)

The ultimate goal of every text document image distortion correction
algorithm is improvement of the results of recognition of the corrected image.
As it is impossible to create an ideal initial document, the efficiency of the
straightening limits are estimated with segments, by algorithm will accept
a value which equals the difference between a value which determines the
quality of text recognition before the straightening of text lines and a value
which determines the quality of text recognition after straightening text lines.

Correction method by the construction of a page surface
transformation model

It is necessary to build a model of transformation to represent the
projection of an extended surface in a two-dimensional rectangular area. To
find the projection of an extended surface it is necessary to estimate the text
limits of the document. The left and right text limits are estimated using
segments by the least-squares method, which base on of all of the discovered
most left/right points, except for those points of text lines which do not begin
from the beginning of document (titles, cross-headings). For the estimation of
the highest and lowest bound of text, the polynomial of the third degree least-
squares method is also utilized.

Thus, we will have two segments-off: AD, which relies on the left text
bound

y = alx + bl (4)

and BC, that relies on the right limit of text

y = arx + br (5)
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the equation of the curved highest bound of text AB will look like:

y = au1x3 + au2x2 + au3x + au4 (6)

the same for curve BC:

y = al1x3 + al2x2 + al3x + al4 (7)

It is necessary to perform a transformation to represent the projection of
the curved surface, limited by curves AB, DC and by lines AD, BC in a two-
dimensional rectangular area. Let the A’(x’1,y’1), B’(x’2,y’2), C’(x’3,y’3),

∧

D’(x’4,y’4) – angular points of rectangular area (Fig. 2). Let ⎪AB⎪be length of
arc between points A and B, ⎪AB⎪ – Euclidean distance [8] between points
A and B.
Width W of the rectangular area determined as:

∧ ∧

W = min (⎪AB⎪, ⎪DC⎪) (8)

Height H of the rectangular area equals:

H = min (⎪AD⎪, ⎪BC⎪) (9)

∧

In our example, (Fig. 2) W = ⎪AB⎪, H = ⎪AD⎪.

The angular points of the rectangular area are calculated as follows:

�
�

�

�
�

�

�x’1 = x1, y’1 = y1

x’2 = x’1, + W, y’2 = y’1

x’3 = x’2, y’3 = y’2 + H (10)
x’4 = x’1, y’4 = y’3

The function Φ now creates the accordance between curves AB and DC.

∧ ∧

Φ(E(xu,yu)) = G(xl,yl), if
⎪AE⎪

=
⎪DG⎪

(11)∧ ∧

⎪AB⎪ ⎪DC⎪

Where E(xu,yu) – is a point-on curve AB, G(xl,yl) – is a point-on-curve DC

Oleksandr Tymchenko et al.318

Technical Sciences 18(4)2015



Fig. 2. Projection of curved surface

All points from the projection of curved surface determine the new position.
Let O(x,y) be a point on the projection of a curved surface. Our task is to define
the new position O’(x’,y’) of point O(x,y) (Fig. 2).

First, we will define a line EG, which satisfies the next terms:
1. It crosses points E(xu,yu), G(xl,yl) that lie on curves AB and DC,

accordingly.
2. Φ (E(xu,yu)) = G(xl,yl)
3. Point O(x,y) belongs to the line EG.
Farther calculate position O’(x’,y’):

x’ = x’1 + ⎪A’Z⎪ (12)

y’ = y’1 + ⎪A’H⎪ (13)

where H – is a point H(x’1,y’) Z – is a point Z(x’,y’1). The lengths of segments
⎪A’Z⎪, ⎪A’H⎪ are calculated as follows:
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∧

∧⎪AB⎪
=

W
⇒ ⎪A’Z⎪ =

W
⎪AE⎪ (14)∧ ∧

⎪AE⎪ ⎪A’Z⎪ ⎪AB⎪

⎪EG⎪
=

H
⇒ ⎪A’H⎪ =

H
⎪EO⎪ (15)

⎪EO⎪ ⎪A’H⎪ ⎪EG⎪

Repeat this sequence of executions for all points from the projection of
a curved surface. If a point is out of an area, it accepts transformation of the
nearest point.

Figure 3 shows the experimental application of this method to images
taken with a digital camera (with geometric distortion).

Fig. 3. Example of dewarping image: a – extraction of curved surface projection, b – corrected image
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Conclusion

All of types of distortions which can arise on a text document image are
analyzed in this article. If there are only perspective distortions or the problem
of a page defect on the image, after a prognostication model of the curvature of
all of lines of phototypography it is possible to align text strings (YIN et al.
2007). However, various heterogeneous distortions can appear in the photogra-
phy of a text image. They can carry an arbitrary form and differ within the
bounds of one page, or one line. For example, a page can be curved from one
side, and curved inwards from other, with the different angles of slope and yet,
despite this, there can be perspective distortions. Thus, it is hard to predict the
model of distortion. The described method is universal and does not depend on
the type of distortion. It is necessary to develop software on the basis of the
described algorithm to define the efficiency of its application to the images with
arbitrary heterogeneous line curvatures.
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