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ABSTRACT 
The proposed study aims at an assessment of the potential of hyperspectral data for analysis and 
monitoring of mountain environments with a special focus on vegetation mapping and its condition 
investigation. Vegetation investigation will be based on airborne hyperspectral imagery analysis 
supported by a range of field remote sensing techniques and laboratory measurements concerning 
plant physiology. The following issues will be presented: 

 construction of spectral libraries of dominant vegetation communities using aerial hyper-
spectral imagery and field measurements, 

 investigation of plant condition using remote sensing field techniques and supportive tech-
niques of plant physiology, including measurements of LAI, fAPAR, biometric parameters, 
pigments content, plant and soil humidity, transpiration and evapotranspiration, heat ex-
change, etc., 

 image classification using standard techniques, mixture modelling and artificial neural net-
work approach, 

 integration of field and aerial data, and 

 integration of hyperspectral aerial imagery with satellite multispectral imagery 

INTRODUCTION 
Presented study was undertaken as a part of an international project HySens 2002 and aims at an 
assessment of the potential of hyperspectral data for analysis and monitoring of mountain envi-
ronments with special focus on vegetation mapping and investigation of plants condition.  The 
study is based on airborne hyperspectral imagery acquired by two sensors: DAIS and ROSIS. It 
also includes supportive field measurements of spectral and biophysical parameters of vegetation 
taken in traditional way as well as with the use of remote sensing devices. Such detailed study will 
also help in thorough investigation of alpine vegetation properties and in creation of local spectral 
libraries of researched elements.  

Another aim of this study is creation of vegetation map of the study area. This should be achieved 
in an automatic manner by means of supervised classification of image data, thus providing the 
user with fast and easy way of plant communities identification over large and inaccessible areas 
such as high mountains.  

STUDY AREA 
The study area of the project is located in an alpine region of High Tatra Mountains in southern 
part of Poland (Figure 1). The richness of this small mountain range is the reason of its special role 
in an international system of biodiversity protection. There are about 1300 vascular plant species in 
the Tatra National Park and about 250 of them are mountain and high-mountain species.  
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Figure 1: The study area (red circle) 

Tatra Mountains form a border between Poland and Slovakia and they are protected as a national 
park. The Tatra National Park in Poland consists of Polish part of the High and Western Tatra. 
They belong to the alpides and constitute a specific miniature of high mountains, expressed in the 
general size of these mountains: they can be compared to one average valley of the Alps. They 
are also the farthest centre of endemism towards the north in Europe and the largest core of the 
high-mountain flora and fauna on this part of the continent. 

Together with Pieniny and Beskidy, they comprise one of three main geobotanical units of the Pol-
ish part of the Western Carpathians. 

Striking feature of the Tatra Mountains landscape is presence of clear climatic-vegetation belts, 
being a result of climatic changes along the elevation gradient. From the base up to the highest 
peaks, one can successively observe: 

 lower montane belt (up to 1250 m) - mixed forests with moderately cool climate, 

 upper montane belt (1200 - 1550 m) - spruce forests up to the timberline, with a cool cli-
mate,  

 subalpine belt (1550 - 1800 m) - dwarf pine, very cool climate, 

 alpine belt (1800 - 2250 m) - alpine tundra with low high - mountain grasslands dominance 
and moderately cold climate, 

 subnival belt (above 2250 m) - occurs only in the High Tatra. The zones of lichens, mosses, 
liverworts and also the loose, low grasslands characterise it, with a low number of species, 
dispersed amidst the bare rocks.  

The study area encompasses only a part of the Tatra Mountains – Gasienicowa Valley with its sur-
roundings. The area is located between 49°13’00”E and 49°15’00”E and between 20°00’00”N and 
20°03’00”N, and includes alpine and subalpine zones ranging in altitude from about 1500 to about 
2300 meters above sea level. Vegetation in the area has been well researched (since the 1920’s), 
however most of the research has been carried out on transects and in points (i, ii, iii, iv, v, vi). 
Plant species have been well identified and described, however detailed maps of vegetation are 
available only for selected areas.  

This study should help in identification of detailed spectral characteristics of main high mountains 
vegetation species and plant communities located in various topographic situations. The terrain 
analyses focused on the following species (Figure 2): 

 

692



© EARSeL and Warsaw University, Warsaw 2005. Proceedings of 4th EARSeL Workshop on Imaging Spectroscopy. New quality in environmental studies. 
Zagajewski B., Sobczak M., Wrzesień M., (eds)  

 

 Luzula spadicea 

 Nardus stricta 

 Juncus trifidus 

 Calamagrostis villosa 

 Deschampsia flexuosa 

 
Figure 2: Main vegetation species of the study area 

 
Figure 3: Additional targets measured at the study site 
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Many other species were also analysed, but was treated as additional targets. Also non-vegetation 
targets were measured. Among all of these auxiliary elements the most important were (Figure 3): 

 Vaccinium myrtillus 

 Pinus mugo 

 lake water 

 rocks 

DATA 
Image data used in this study was acquired in cooperation with German Aerospace Center DLR 
(Deutschen Zentrum fuer Luft- und Raumfahrt), using two hyperspectral scanners (DAIS and 
ROSIS) onboard Dornier Do-228 aircraft. Images were taken over Tatra test site on 4th August 
2002 at 10:30 a.m. During the overflight, the sun altitude was 38º and sun azimuth was 145º. Six 
lines were acquired, partly overlapping each other. Two of them were taken additionally due to 
clouds presence.  

Each image line registered by DAIS scanner represents an area of about 25 km2 (2.5 km x 10 km), 
while ROSIS image encompasses an area of about 5.6 km2 (0.8 km x 7 km). Overlapping areas of 
DAIS images were chosen in such a way that the ROSIS images are continuous. As a result the 
area covered by all DAIS images equals 35 km2 (3.5 km x 10 km) and ROSIS images cover 15 
km2. In the study however, only the area overlapped by both images was taken into account (Fig-
ure 4). The rest of DAIS image, located in neighbouring valley, will be used in future studies.  

Images from both scanners were geometrically corrected. DAIS images were registered to the 
UTM coordinate system using PARGE (PARametric GEocoding) software (vii). Pixel size of the 
corrected DAIS image equals 2 meters. Unfortunately, due to technical problems during data ac-
quisition, ROSIS images had to be corrected in more traditional way using polynomial transforma-
tion based on large amount of control points (GCPs). They were also registered to the UTM coor-
dinate system with 2 m pixel size. Geometric accuracy of both types of images is about 2 pixels, 
which is acceptable and does not prevent further analysis. 

 
Figure 4: Coverage of DAIS (a) and ROSIS (b) images 
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Atmospheric correction was performed on the DAIS data using ATCOR4 (ATmospheric CORrec-
tion) software, which includes a database of correction functions based on the MODTRAN4 radia-
tive transfer code (viii). During this process the data values were changed from radiance to reflec-
tance, removing in this way the influence of the atmosphere on the data. ROSIS data was not at-
mospherically corrected and was used as is.  

METHODS 
High mountain vegetation species, due to adaptations to alpine environments, have intrinsic differ-
ences in anatomical and functional structure. It is expressed by high diversity of many physiologi-
cal properties, like quantitative and qualitative change of photosynthetic pigments content, fluores-
cence or transpiration and water content. Many studies indicated that above mentioned elements 
directly influence spectral characteristics of the vegetation (ix). Good example can be high carote-
noids content (pigments protecting from excessive solar illumination) in Juncus trifidus, which 
helps in relatively easy identification of this species using carotenoids absorption feature (about 
470 nm). Functional variability observed on the species level is also confirmed by spectral charac-
teristics of plant communities and analysis of ground and satellite images (x). Results of mentioned 
studies indicate, that identification and monitoring of alpine plant communities from airborne level 
is possible. However, up to date a detailed map of vegetation of Tatra Mountains does not exist 
due to specific difficulties of terrain mapping. Therefore remote sensing methods of mapping and 
monitoring of vegetation of Tatra Mountains seem to be of high importance.  

Spectral library 
During hyperspectral image acquisition, many field measurements were taken. They were used 
both during geometric and atmospheric corrections and during further image analysis. Some of the 
measurements were also used as a control set for validation of the results. Spectral measurements 
were used to create local spectral library of researched objects, that is a dataset consisting  
of reflectance curves for each researched element present in the study area. In case of this project 
the library contains mainly spectral curves of mountain vegetation. Creation of spectral libraries is 
extremely important part of studies using hyperspectral images, because they include detailed and 
accurate spectral information of all of the researched elements. During image classification these 
elements are regarded as pure endmembers, that are such objects whose spectral curves are 
used to create values of image pixels. Spectral libraries are also a very good source of information 
regarding plant condition and properties, and indirectly also about environment in which the plants 
are growing. Detailed analysis of spectral curves can reveal such information as water stress, pig-
ment content or accumulated photosyntheticaly active radiation.  

In presented study the local spectral libraries were made for alpine vegetation of Gasienicowa Val-
ley in Tatra Mountains. The most important plant species are: Luzula spadicea, Juncus trifidus, 
Nardus stricta, Calamagrostis villosa, Deschampsia flexuosa (Figure 2). Additionally, many other 
species were measured, also in other locations. Among those, the most important are Vaccinium 
myrtillus and Pinus mugo. (Figure 3). 

All of the species were measured in a few locations characterized by different environment condi-
tions. Measurements were taken in the lower part of the slope, in the middle of the slope and in the 
upper part of the slope. If possible they were taken also at different slope expositions (different 
aspects). Main reason of this was to include in the spectral library changes in spectral curves 
shape caused by environmental factors.  

Spectral measurements in the study area were taken each year from 2002, in the same period of 
the year (beginning of August), eliminating most of differences caused by phenology. Weather 
conditions during most of the measurements were stable – this ensured accurate data collection. 

In 2002 the measurements were taken with the GER 3700 spectrometer (Figure 5a), which covers 
the spectral region from 300 nm to 2500 nm in 700 narrow bands. In the next years FieldSpec 
HandHeld spectrometer was used (Figure 5b). It registers spectral response in 512 channels from 
325 to 1075 nm.  
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Figure 5: Spectrometers used in the study: GER 3700 (a) and ASD Fieldspec HandHeld (b) 

Figure 6 shows collected spectral curves of the main vegetation species measured in 2002 during 
an overflight of the two scanners DAIS and ROSIS. After comparing these curves with typical spec-
tral curve of vegetation (Figure 7) it can be seen that most of the spectral features that are charac-
teristic of green vegetation are preserved. The field measurements, however, are more detailed 
between 800 and 1400 nm and much more noisy between 1850 and 2500 nm.  

 

 
Figure 6: Main vegetation spectra measured in the field 

696



© EARSeL and Warsaw University, Warsaw 2005. Proceedings of 4th EARSeL Workshop on Imaging Spectroscopy. New quality in environmental studies. 
Zagajewski B., Sobczak M., Wrzesień M., (eds)  

 

 
Figure 7: Dominant factors influencing spectral curves shape of vegetation (after xi) 

Plant condition 
Main reason of measuring spectral responses of the vegetation in the field was to collect spectral 
characteristics of researched species and communities and preparation of reference data for DAIS 
and ROSIS image calibration. Analysis of gathered data confirms that it is possible to remotely 
discriminate between most of researched objects. The highest differences can be observed in near 
infrared and green part of the spectrum, which is well seen in case of Vaccinium myrtillus. Reflec-
tance in green channel is almost twice as high as in case of other species. In near infrared reflec-
tance reaches 70%. The smallest response level was observed in Luzula spadicea specie. In visi-
ble part of electromagnetic spectrum this plant is characterized by very low reflectance (below 
10%), in near infrared it increases to about 30%. Other analysed species have similar reflectance, 
but analysis of chosen spectral bands together with other data (e.g. pigment or water content) al-
low their differentiation.  

In case of all researched species the NDVI index reaches high values: the highest for Luzula 
spadicea (0.92) and Calamagrostis villosa (0.90), and the lowest for Juncus trifidus (0.73). All  
of them are characteristic for plants in good condition. Very significant is the fact, that change in-
dexes (standard deviation as a percent of mean value) are low, ranging from 0.45% for Vaccinium 
myrtillus to 10.5% for Juncus trifidus. It means that in all of studied communities (species) meas-
ured characteristics are similar.  

Photosynthetic pigments 
Measurements of the amount of photosynthetic pigments showed relative difference among re-
searched species both in qualitative and quantitative domain. Chlorophyll a, being a basic pigment 
in a photosynthesis process, has the highest values in Nardus stricta and Luzula spadicea – about 
2 mg in 1g of fresh biomass. Half of this was found in Vaccinium myrtillus and Juncus trifidus (Fig-
ure 8). Similar relations occur in case of chlorophyll b. Taking into account the carotenoids, which 
have concentrations similar to chlorophyll b, the optimal content of these elements can be ob-
served in Calamagrostis villosa (Figure 9). It means that there is 3 times more chlorophyll a than 
chlorophyll b, and that their sum is about 5 times larger than the amount of carotenoids. If this con-
dition is not fulfilled, the plant is under some kind of stress. Excessive amount of carotenoids is 
characteristic for senescent plant or plants exposed to some stress (e.g. high solar radiation). 
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Figure 8: Content of leaf pigments 

 

Figure 9: Relationship between leaf pigments 

Accumulated Photosynthetically Active Radiation 
Efficiency of photosynthetic apparatus can be estimated by analysis of accumulated energy. In 
case of the researched plants, after analysis of this element, their good condition is confirmed. The 
amount of energy used for photosynthesis fluctuates from 85% to 95% of total potential energy 
(Table 1) 

Table 1: Accumulated Photosynthetic Active Radiation 

 fAPAR Standard deviation Variability index (%) 
Nardus stricta 0.85 0.02 2.43 
Luzula spadicea 0.89 0.05 6.15 
Calamagrostis villosae 0.88 0.04 4.29 
Juncus trifidus 0.64 0.07 11.22 
Vaccinium myrtillus 0.95 0.00 0.39 

Biomass production 
The amount of produced biomass is a good indicator of environmental conditions in which the 
plants grow and of their own genetic possibilities and growing strategies. As it was shown in the 
above indices, the vegetation condition is good. This fact is supported also by LAI (Leaf Area In-
dex) measurements, because in most cases this index reached values from 3 to 5. Only Juncus 
trifidus does not take advantage of all of its productivity potential. It should be noted that there is 
high variability of measured LAI and biomass in particular locations. However, the correlation be-
tween these two is still high – the R2 parameter oscillates about value of 0.92.  
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Table 2: Biomass indexes 

 LAI Biomass 
 LAI Standard 

deviation 
Variability
index (%) 

Fresh biomass 
(kg/m2) 

Standard   
deviation 

Variability 
index (%) 

Nardus stricta 2.35 1.00 42.65 1.1 0.36 32.68 
Luzula spadicea 4.04 0.15 3.80 2.7 0,35 13.02 
Calamagrostis villosae 2.98 0.66 22.16 2.0 0.60 29.99 
Juncus trifidus 1.79 0.36 20.05 1.2 0.54 45.89 
Vaccinium myrtillus 5.10 1.27 24.90 4.2 0.30 7.12 

Water content and temperature 
One of the next indices that confirms good condition of researched vegetation is an index de-
scribed as a difference between plant temperature (ts) and air temperature (ta). In all of the com-
munities this index has values below zero. For Luzula spadicea it is -6.3 oC, whereas for Calama-
grostis villosa the difference equals -4 oC.  

Water content in plants is relatively diverse (Figure 10). It is also very characteristic for each of the 
researched species. It is useful in identification of plant specie basing on the information in near 
infrared channels, and moreover it helps in characterising vegetation condition (9) 

Fig.10: Water content in leaves 

IMAGE CLASSIFICATIONS 
Main purpose of automatic classification of remotely sensed images in this study is fast and accu-
rate mapping of land cover. In presented paper the authors performed automatic and semi-
automatic classifications of hyperspectral data using different methods and algorithms. The main 
aim was to identify chosen vegetation species together with their communities, and to create land 
cover map of researched area.  

Widely used, traditional methods of supervised classification, such as Maximum Likelihood (ML) or 
Minimum Distance (MD) methods, are not the best option in case of hyperspectral data, because 
of high correlation between spectral bands of these images. Moreover, these methods do not take 
full advantage of spectral measurements taken in the field with very high spectral and spatial reso-
lution. In this study some of more advanced classification methods were also used and described, 
like an Artificial Neural Network classification.  

One of the most difficult aspects of vegetation classification is its spatial and seasonal variability, 
and high similarity of grass vegetation spectra of different species. Their common shape makes 
the process of classification or mixed pixels decomposition very difficult, which in turn negatively 
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influence the results of automatic map creation.  Therefore, adding auxiliary data into classification 
process can greatly increase its accuracy.  

N-Dimensional visualisation 
Visualisation of hyperspectral images in n-dimensional space helps in overall analysis of presented 
data in both spatial and spectral aspect. Figure 11 shows a part of study area as a data cube, 
which allow analysis of spatial variability of this area in three bands and at the same time spectral 
variability can be observed at the upper and right edges of the cube. Appropriate localisation of 
these edges can be used as an indicator of differences in spectral response among different fea-
tures present on the ground. Advanced computer techniques help in fast and effective calculations 
necessary for creating the data cube.  

 

Figure 11: Data cube of a part of the study area (explanation in text) 

Multidimensional visualisation was made also in spectral domain, where each dimension was rep-
resented by different band (wavelength). Using ENVI software a detailed analysis was performed 
of localisation of pixels in this n-dimensional space. Electromagnetic spectrum is defined here as 
n-dimensional scatterplot, in which n indicates a number of spectral bands. Mentioned analysis of 
pixel points localisation allowed indication of areas characterised by relatively homogeneous spec-
tral properties. After changing from spectral to spatial domain, these areas were used for defining 
of training sites necessary for supervised classification. Figure 12 shows an example of multidi-
mensional spectral space seen from various directions. For simplicity only 3 bands were used, 
therefore only 3-dimensional space was created.  
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Figure 12: 3-dimensional presentation of spectral data. The coordinate system of the space is 
slightly rotated on each image 

Additionally, 3 extreme locations in this space were marked with different colours (red, green and 
blue). On each picture, from 1 to 20, the coordinate system is rotated, facilitating its interpretation 
and identification of spectrally homogeneous areas. In the real study however, all available bands 
were used, making such analysis much more complicated and time consuming. 

In this study the process of n-dimensional visualisation and spectral space analysis was performed 
for images from both scanners. It was very important step especially in case of ROSIS data, be-
cause due to lack of atmospheric correction the spectral curves measured in field could not be 
used. Therefore, above described process was used for identification of spectrally pure pixels.  

Training sites 
To perform a supervised classification it is necessary to define training sites on the image. These 
training sites have to represent particular land cover type and should be characterised by similar 
spectral properties. In case of hyperspectral image classification, this process is based on identifi-
cation of spectrally pure pixels – endmembers. These are used to create training signatures.  

One of the methods of defining endmembers on the image is to make spectral measurements in 
the field. Spectral curves acquired in this way, characterising reflectance in function of wavelength, 
are considered spectrally pure, because they represent spectral properties of only one object.  
A set of such spectral curves is called a spectral library. In many cases it is possible to use already 
existing spectral libraries, collected in the field or in laboratory (e.g. spectral libraries of NASA). 
However, due to high spatial variability of environmental conditions and physical and chemical 
properties of vegetation, it is advisable to create local spectral libraries, which will truly characterise 
researched plant communities. As described earlier, in this study such local spectral library was 
created. 

In case of ROSIS data, the field measurements could not be used, due to lack of atmospheric cor-
rection of image data. Another method of pure pixel identification was used – Pixel Purity Index 
(PPI). The algorithm finds spectrally pure pixels in the image by iterative projection of randomly 
chosen lines onto n-dimensional spectral space. Pixels from this space located on the extremes of 
the line are marked as spectrally pure. Training sites are created from those pixels, which were 
most frequently marked as pure. To eliminate bands with low signal to noise ratio and to minimise 
computation time by data compression, PPI calculation was performed on image after Minimum 
Noise Fraction (MNF) transformation.  

During spectral information acquisition in the field also positional data of each of the vegetation 
species was collected using GPS receivers. This data was also used during the process of choos-
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ing training areas for classification. Each location was identified in the image and the area was 
marked as the training site.    

Data compression using Minimum Noise Fraction (MNF) 
Minimum Noise Fraction transformation consists of two Principal Component transformations. First 
step is based on decorrelation of noise present in hyperspectral data. As a result the noise is re-
moved from the data, which is used in the next step's Principal Component Analysis. In this step 
the original spectral coordinate system of n-dimensional space (where n is the number of analysed 
bands) is rotated in such a way, that the new main axis represents highest data variability. Next 
axes of new spectral coordinate system are perpendicular to each other, minimising between band 
correlation. During the process eigenvalues are computed for each new band. They can be used 
as indicators of relative content of information. Figure 13 shows that most of the information is con-
tained in few first new bands. Therefore mainly these bands were used in further analyses.  

 
Figure 13: Eigenvalues created during MNF transformation 

ISODATA classification 
Unsupervised classification is based on assigning pixels to a given number of classes that are 
spectrally homogeneous and does not take into account any additional information about analysed 
region. User defines only the number of classes. Their names are defined after the whole process. 
Results of this approach depend on spectral characteristics of the data. In the study the ISODATA 
algorithm was used (e.g. xii). 

Output of unsupervised classification, that was made as the reconnaissance before the main clas-
sification process, did not show satisfactory result. Many areas of the same land cover type, even if 
they were spectrally very different, were assigned to improper class. For example, some pixels that 
were in fact meadow pixels, were assigned to the forest class, and vice versa. Accuracy assess-
ment was performed only on visual basis. Errors in classification results were too obvious, and 
more quantitatively accuracy analysis was not necessary.  

Misclassifications in case of unsupervised classification could be a result of high vegetation com-
plexity and high fragmentation of mountain landscape. This classification method occurred too 
simple to reveal the differences in vegetation cover, and therefore is not suitable for mountain 
vegetation analyses.  

Maximum Likelihood classification  
The next classification used in the study applied Maximum Likelihood algorithm. This is a super-
vised method which, unlike unsupervised classifications, much more depends on the user and his 
knowledge. The user, basing on different data and information available, defines pixels represent-
ing land cover elements creating in this way training sites used by the classifier to assign pixels to 
particular classes. The class types and names have to be therefore defined before the classifica-
tion starts. 
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The first step during the supervised classification process was to choose the number of classes 
that should be discriminated and then to create spectral signatures of land cover types under in-
vestigation. The first task was done basing on a visual analysis of the image and on the results  
of unsupervised classification performed earlier. Seven main classes were defined:  

 mountain pine shrubs 

 forests 

 meadows 

 rocks 

 lakes  

 shadow areas 

 tourist routes  

Results of supervised classification were much better than in case of ISODATA algorithm. An out-
come image is shown in Figure 14. The overall accuracy was 78%, and the kappa statistics 
equalled 0.75. A producer’s accuracy, which describes how many pixels of the reference map are 
correctly classified, is highest for meadows (95.8%) and lowest for tourist routes (37.5%). In case 
of user’s accuracy (which describes how good the classified image is) the best results were ob-
tained for mountain pine shrubs (91.9%), and the worst – for shadows (47%). Results of both types 
of accuracy for all classes are in Table 3.  

Table 3. Accuracy assessment of Maximum Likelihood classification over original 15-band data 

Class name Producer’s accuracy User’s Accuracy 
mountain pine shrubs 76.47 91.92 
forests 87.50 79.55 
meadows 95.83 60.53 
rocks 77.78 75.68 
lakes 91.67 78.57 
shadows 53.33 47.06 
tourist routes 37.50 50.00 
Overall accuracy: 78.04 Overall Kappa: 0.75 

In view of increasing the level of details on the resulting map, an attempt was made to increase the 
number of class definitions by dividing the seven main land cover types into more detailed sub-
classes. 18 classes were created, and the classification process with Maximum Likelihood algo-
rithm was repeated. However, it gave much poorer results than in case of 7 classes - the specific 
subclasses were indistinguishable. Therefore, in case of this algorithm, more detailed division (into 
different soil moisture, aspect, altitude, etc.) requires further investigation.  
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Figure 14: The results of the DAIS 7915 image classification using Maximum Likelihood algorithm. 
The map is overlayed by the contours of the actual vegetation map. 

Principal Components data classification 
Another classification attempt was made with data after Principal Component Analysis (PCA) 
transformation. This is a well known mathematical process that transforms correlated bands into 
new image set of uncorrelated principal components. All 15 image bands that were not rejected 
during previous stage, were transformed into PCA space. After analysis of information content in 
the new data set, for the next step only the 6 first bands were chosen (i.e. from PC1 to PC6) repre-
senting about 99% of the original image information.  

During the classification process the same training sites were used. Also the same Maximum Like-
lihood algorithm was chosen for assigning pixels to the seven defined classes. The result achieved 
with the PCA-derived data did not show, however, better results than in case of the original image. 
The overall accuracy of 71% was achieved. Producer’s accuracy was best for tourist routes and 
forests (100% and 97.9%, respectively), while the poorest was for mountain pine shrubs (55.6%). 
In case of user’s accuracy best result was achieved for mountain pine shrubs (97.3%) and poorest 
– for meadows (36.6%). Accuracy for all classes is shown in Table 4.  Errors were mainly con-
nected with the misclassification of meadows, which were assigned to mountain pine and rock 
classes, causing inaccuracies. Problems arose also in areas of shadow. 

Table 4. Accuracy assessment of Maximum Likelihood classification over PCA-derived data 

Class name Producer’s accuracy User’s Accuracy 
mountain pine shrubs 55.64 97.37 
forests 97.92 62.67 
meadows 88.24 36.59 
rocks 79.31 82.14 
lakes 90.91 83.33 
shadows 80.00 63.16 
tourist routes 100.00 66.67 
Overall accuracy: 71.76 Overall Kappa: 0.69 
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All the problems mentioned above were probably caused by high spectral and spatial diversity of 
different land cover types in the researched area. The mosaic of different landscape elements 
causes the spectral responses to mix within the pixel size, creating pixels that are not spectrally 
pure. Moreover, the selection of data bands used for the classification process can be probably 
improved. High mountain vegetation identification and mapping requires very specific spectral 
ranges. On the other hand, vegetation analysis should not be done as an automatic process for all 
of the plant communities, but rather for each of them independently. Also providing an additional 
information, such as texture, would be a good idea.  

Artificial Neural Networks Classification 
Traditional classification, that uses parametrical approaches (like maximum likelihood approach), 
does not show satisfying results. A method that uses artificial neural networks was supposed to 
perform better, because it does not depend on statistical parameters of particular class and hence 
makes it possible to include texture information as additional data. This method may be especially 
useful to separate and classify vegetation communities.  

Texture is one of the main characteristics used in the visual interpretation of an image. Adding this 
information to automatic classification processes is possible both for the Artificial Neural Network 
(ANN) approach and for more traditional methods like Maximum Likelihood (ML) classification. The 
main difference is the additional error, which is introduced due to the χ2 distribution characteristic 
of textural data in the case of the ML classification. To avoid this problem it is favourable to use 
non-parametric methods of classification, like ANN. 

In this study the Neural Network classification was used to derive more detailed map of plant 
communities present in the area. Therefore, another set of classes was used, which aimed at dif-
ferentiation between main vegetation types of Tatra Mountains: 

 rocks  

 snow-bed communities 

 alpine swards 

 peaty and boggy communities 

 avalanche meadows 

 grassland communities after grazing 

 subalpine dwarf pine shrubs 

 lakes 

 For the classification process DAIS and ROSIS images were used. Texture information was added 
as the 16th band. A multilayer, one-directional network was applied, trained using a supervised 
method of back-propagation. The Stuttgart Neural Network Simulator (SNNS) was used for that 
purpose. This software was developed at the University of Stuttgart and is available for free on the 
internet (xiii) 

To assess the usefulness of the artificial neural networks classification approach and to choose the 
best method, detailed tests were performed for one of the defined classes. Mountain pine was 
used for that purpose because of it is very common presence in the study area. It was assumed 
that the ANN structure that showed the highest classification accuracy for the mountain pine class, 
should also provide good results for the other cover types (xiv). In the first stage, training was lim-
ited only to this single class due to large amount of time that was needed to accomplish this task. 
Results achieved for this class with different parameters are shown in Figure 15.  

The second stage included all of the mentioned above classes. The resulting vegetation map is 
shown in Figure 16.  
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Figure 15: Hyperspectral image classification using ANN algorithm. Upper left image presents the 
reference map of the mountain pine shrubs (white areas). the rest of the images present the com-
parison of the classifications with different threshold values (0.2-0.6).  

Figure 16: Comparison of the terrain mapping (right) and the DAIS 7915 image classification (left) 
using ANN algorithm. Colours represent different land cover  

The evaluations of the results were conducted using a point-to-point comparison with an actual 
vegetation map of the High Tatras. Table 5 presents the results obtained from the comparison of 
different maps generated by neural network classification with different hidden layers and threshold 
values. The error varies between 15 and 18 percent and is below 15 percent for the best combina-
tion. 

Table 5: Mountain pine classification errors.  

Threshold 0.3 0.4 0.5 0.6 0.7 0.8 

Hidden layer 3x3 15.35% 15.13% 14.55% 14.85% 16.95% 17.18% 

Hidden layer 5x5 15.97% 15.08% 14.89% 15.65% 17.82% 17.85% 
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