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ABSTRACT
Report 96 p., fig. 7, 103 sources, appendix 11.
HYPERSPECTRAL AEROSPACE IMAGES, COMPRESSION ALGORITHM, DISCRETE TRANSFORMATIONS, COMPRESSION RATIO, DISCRETE-COSINE TRANSFORMATION, PHYTOSANITARY CONTROL.
The object of the study is hyperspectral aerospace images for phytosanitary inspection of grain crops.
The purpose of the work is to analyze the use of hyperspectral images to identify a specific disease of grain crops in the development of optimal mathematical solutions and software by effectively compressing the flow of information while maintaining a high archiving coefficient, without loss of image quality in order to reduce the volume of information flow.
Research methods. In the course of the research, spectral correlation accounting, regression analysis, difference-discrete transformations, evaluation of quality criteria of reconstructed hyperspectral images were used.
As a result of the research, the need to create methods that are currently used in managing the storage of large archives of aerospace data was justified. The available developed lossless compression methods and algorithms for hyperspectral images are analyzed, which can be improved by reducing their computational efficiency and increasing the compression ratio due to significant preprocessing steps. A mathematical apparatus based on a difference-discrete transformation for compressing hyperspectral images has been developed and adapted. Hyperspectral image compression algorithms have been developed and modified.
As a result, software has been developed designed to compress hyperspectral data, taking into account the characteristic features and qualitative indicators of hyperspectral cameras for phytosanitary inspection of grain crops.
The degree of implementation. The obtained research results will be used in the Center of Geoinformation Technologies of the Kazakh Agrotechnical University of Nur-Sultan.
The effectiveness is determined by using the results of research and the developed hyperspectral image compression software to identify a specific disease of grain crops.
Scope of application. Aerospace data processing centers, agricultural facilities.
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TERMS AND DEFINITIONS
In this research report, the following terms are used with appropriate definitions:				
	TERMS
	DEFINITIONS

	Compression of hyperspectral images
	- this is archiving and the process of encoding/decoding hyperspectral images, taking into account their characteristics

	Lossless hyperspectral image compression algorithms
	- - these are algorithms that restore and decode images with bit accuracy

	Lossy hyperspectral image compression algorithms
	- these are algorithms that restore and decode images with a certain level of data loss with an adjustable quality parameter

	Phytosanitary control
	- this is a set of measures aimed at improving the quality of products in agriculture

	Preprocessing of hyperspectral images
	- radiometric correction (elimination of distortions due to uneven sensitivity of detector elements, taking into account the influence of the atmosphere); geometric correction (elimination of the shift, taking into account the curvature of the earth; landscape features); geographical reference, synthesis of color and pseudo-color images from channel images

	Remote sensing of the earth
	- observation of the Earth's surface by ground, aviation and space facilities equipped with various types of shooting equipment



		


LIST OF ABBREVIATIONS AND DESIGNATIONS
The following abbreviations and designations are used in this research report
RSE – remote sensing of the Earth
GI – hyperspectral images
KA – spacecraft
SW – software
PC – electronic computer
DCT – discrete-cosine transformation
DWP – discrete wavelet transform
UHT – Walsh-Hadamard transformation
KL – Karunena-Loeva
SPIHT – set partitioning in hierarchical trees 
PPM – prediction by Partial Matching 
JPEG – Joint Photographic Experts Group
JPEG-LS – Joint Photographic Experts Group-Lossless
ECW – Enhanced Compression Wavelet 
MrSID – multiresolution seamless image database 
EZW – Embedded Zerotrees of Wavelet
BpP – bit per pixel 
PSNR – peak signal-to-noise ratio 
MSE – mean square error 
PMSE – peak mean square error 
SD - standard deviation
PCA – principal component analysis 
AI – Aerospace images
WS-SLCT – weighted spatial-spectral lossless coding technique
IP3-BPS – interband predictor and the backward pixel search scheme
HGI – hierarchical grid interpolation
SLSQ – spectral-oriented least SQuares
M-OBSI – multiband prediction quantized index options band-sequential


INTRODUCTION
In Kazakhstan, the average sown area annually is about 18 million hectares, including 11 million hectares of spring wheat. Spring wheat can be threatened by many diseases: brown rust, powdery mildew, root rot, septoria, etc. Under favorable environmental conditions, an outbreak of these diseases can spread rapidly, leading to significant losses in yield and quality. Each disease has its own characteristics and, therefore, requires appropriate measures.
Therefore, the development of technologies for accurate monitoring and detection of the occurrence of diseases is an extremely important task in the management of agriculture. To monitor crop diseases, several areas of survey methods have been studied, including X-ray, ultrasound and multispectral and hyperspectral technologies.
Among these technologies, the hyperspectral method has a number of advantages for detecting and monitoring diseases over a wide area. Using existing indices to identify a specific disease remains difficult, since the unique spectral characteristics of each condition have not yet been studied. Consequently, there is a need to develop new methods and algorithms of spectral analysis for the detection of diseases; which can be achieved using a combination of wavelengths.
The GIS Technology Center of the Kazakh Agrotechnical University named after Seifullina is conducting research in conducting hyperspectral analysis of infected wheat in order to develop a methodology for detecting diseases using remote sensing. By identifying specific spectral ranges indicating the manifestation of changes caused by exposure to diseases, the center plans to develop methods for early detection of spring wheat diseases from hyperspectral images. Conducted ground, space, measurements with the Headwall Nano Hyperspec UAV allow us to determine the technical requirements for hyperspectrometer projects that can be laid down when creating spacecraft used for agricultural monitoring. Thus, this study is limited to a large volume of hyperspectral images, sometimes amounting to hundreds of gigabytes. To simplify the research tasks, it is necessary to archive hyperspectral images, which fully give a complete picture of the detection and monitoring of diseases, rather than multispectral ones.
Relevance. One of the urgent tasks is archiving hyperspectral images due to their large volume occupied on disk. Therefore, the research is aimed at analyzing and developing software that allows compressing hyperspectral images in order to reduce the volume occupied by them, using new mathematical and adaptive compression algorithms to identify diseases during phytosanitary control of grain crops.
Novelty. A comprehensive study of methods and algorithms for lossless and lossless compression of hyperspectral images, as well as comparative experiments on various criteria for the quality of restored images, has been carried out. The novelty lies in the improvement of existing methods, algorithms and formats of compression of aerospace data optimized for the currently used data format of the Headwall Nano Hyperspec device, allowing to increase the compression rates and the quality of restored images in order to identify diseases during phytosanitary control of grain crops.
All studies were carried out according to the approved work schedule, according to Contract No. 309/12-2 dated 21.06.2021 (Appendix A - Calendar Plan 2021).

THE MAIN PART OF THE RESEARCH REPORT
1 Analysis and choice of research direction
Modern satellite centers for space monitoring and remote sensing of the Earth allow you to quickly receive, register, process, archive and distribute large amounts of data, sometimes amounting to hundreds of gigabytes. The transmitted data is accumulated at ground stations, while occupying a huge disk space, which in turn requires the cost of their storage [1]-[25].
During the phytosanitary survey, measurements of wheat infected with helminthosporiosis root rot were carried out. Helminthosporous root rot is a disease affecting all parts of the plant and is widespread throughout the areas of grain cultivation. All crops are affected, but most often wheat and barley. The disease manifests itself on seedlings and seedlings by browning of the coleoptile, yellowing and deformation of leaves, general oppression of plants; in adult plants - rotting, browning and blackening of primary and secondary roots, the tillering node and the ground part of the stem. Light brown spots are formed on the leaves, elongated along the plate, often surrounded by chlorosis, merging. Plants lag behind in growth, there is whiteness and the death of productive stems. Sometimes the grains in the ear turn brown, shrivel. The reflection coefficient in the infrared region is much lower, and in the spectrum range of 520-680 nm, the reflection of diseased wheat is relatively higher.
Thus, the spectral reflection of healthy wheat and wheat with powdery mildew were recorded using a PSR 1100 field spectrometer. The main symptoms of powdery mildew disease are: a white cobwebby plaque consisting of mycelium and conidia of the pathogen forms on leaves, stems, and rarely ears.
In general, studies have shown that the approach of calculating vegetation indices allows us to obtain generalized estimates of the condition of crops. This fact can lead to significant errors and serious methodological errors for assessing the sanitary condition of crops, where the appearance of weeds, diseases and pests in conditions of initial uncertainty is a random event.
Thus, the existing methods of processing multispectral images for phytosanitary control do not provide more accurate data due to excessive information, for this purpose it is proposed to use hyperspectral images, which have a number of advantages for determining diseases of grain crops. The main direction of the project is to reduce the flow of information, which will allow determining the ranges of hyperspectral images, while identifying various diseases of grain crops [26]-[50].
Thus, the work carried out the determination of the phytosanitary condition of crops based on hyperspectral data, as well as the analysis and improvement of existing methods and algorithms for compressing hyperspectral images optimized for the currently used data format of the Headwall Nano Hyperspec device, allowing to increase the compression rates and the quality of restored images in the identification of diseases of grain crops. The Headwall Nano Hyperspec Hyperspectral camera allows you to collect a series of continuous, very narrow spectral bands, providing an almost continuous spectrum of an object, commonly referred to as a spectral signature. This method has a number of advantages over more traditional multispectral sensors, in which several relatively wide ranges are implemented [51]-[62]. 
While multispectral sensors typically consist of 5-12 bands, hyperspectral sensors can contain hundreds of bands, with a bandwidth typically in the 5-20 nm range. Experimental studies of the developed algorithms and software for compressing hyperspectral images were carried out, as well as testing and evaluation according to the criteria of the compression ratio and quality of decoded images in comparison with the original images of the developed system.




2 Methods of research
The research work was carried out on the basis of the GIS Center of the NAO "S. Seifullin KATU". In the course of scientific research, spectral correlation accounting, regression analysis, difference-discrete transformations, evaluation of quality criteria of reconstructed hyperspectral images and statistical methods were used.
To conduct the study, hyperspectral images were used to identify a specific disease of grain crops, in particular, the use of the Headwall Nano Hyperspec 270 channels hyperspectral camera. The justification of the need to create or improve the methods that are currently used in the storage management of large archives of aerospace data is presented.
The generally accepted methods of phytosanitary inspection are based on conducting a ground diagnosis of the disease by examining the field diagonally at an average of 10 points. This method is very time-consuming and expensive, which is impossible for large-scale farming. Therefore, it is important to have an automated solution to detect these diseases.
Among remote sensing technologies, the hyperspectral method has a number of advantages for detecting and monitoring diseases over a wide area. The fundamental principle of detecting infected plants is the analysis of the spectral reflection coefficient of electromagnetic radiation. Plants in a state of disease have a decrease in the reflection coefficient in the near infrared range (750-1300 nm). When shooting by remote sensing methods, the images have three types of resolution: temporal, spatial and spectral [63]-[73].
Field studies were conducted on the territory of the North Kazakhstan Agricultural Experimental Station LLP in the North Kazakhstan region of the Akkayynsky district of the village of Shagalaly. In the scientific department of the farm, experimental plots were laid for 4 crops: sunflower, wheat, triticale, peas, flax. Field measurements were carried out by ground and remote methods. Phytosanitary monitoring is based on visual diagnostics (Figure 1).
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Figure 1  –  Ground surveys of diseases of agricultural crops (sunflower on the left, wheat on the right).
Samples were taken to the laboratory to determine the type of diseases. In addition, ground-based imaging was carried out using a PSR 2500f field spectrometer. PCR-2500f makes it possible to shoot objects in the range from 350 nm to 2500 nm. The spectrometer was taken in direct contact with 15 measurements of each plant to determine the average spectral curve. Calibration measurements were carried out every 10 measurements on a white calibration panel coated with BaSO4. Shooting is carried out in clear weather from 11.00 to 17.00. Aerial photography of test polygons was carried out using a GAIA 120 with a Headwall Nano hyperspectral camera.
The advantages of quantifying the spectral characteristics of an object or material are recognized and used in phytosanitary control in the identification of landings, and their application in various disciplines covering plant sciences for the production of plant pigment, biochemistry and evaluation of various plant species, geology for mineral exploration and marine sciences for water quality assessment and mapping of benthic communities, among many others. The usefulness of hyperspectral sensors has been enhanced by relatively recent developments in the use of unmanned aerial vehicles (UAVs) as an observation platform. Thanks to developments in the field of sensor miniaturization, power supply stability, communication and storage requirements, the use of unmanned aerial vehicles for hyperspectral remote sensing has become a possible option for obtaining hyperspectral data of ultra-high spatial resolution. Hyperspectral sensors based on unmanned aerial vehicles can be broadly divided into several groups.
Application of the Headwall Nano Hyperspec hyperspectral camera, which has 270 channels per 640 spatial pixels in the range from visible to near infrared from 400 nm to 1000 nm.
It is determined that hyperspectral data have great opportunities for phytosanitary control due to the high correlation of spectral channels. The Headwall Nano Hyperspec family of hyperspectral sensors and imaging systems are small, lightweight and durable, the design uses precisely designed high-quality holographic diffraction gratings and mirrors to ensure a high signal-to-noise ratio, high spectral and spatial resolution and a wide field of view with aberration correction, this indicator allows you to more accurately determine a specific disease of grain crops. But, due to the fact that the hyperspectral camera in aerial photography has a large amount of data, characterized by a variety of spectral channels, rather than multispectral cameras, archiving of images is required. For such tasks, a large range of methods and algorithms have been developed in the scientific space, specialized for a specific data compression format. Thus, the mathematical apparatus and algorithms for compressing hyperspectral Headwall Nano Hyperspec data were developed in order to identify diseases of grain crops.
The shooting was carried out at an altitude of 50 m, with a flight speed of 4-5 m/ s. The flight is carried out in automatic mode according to a pre-created flight plan in the UgCS application (or any other for controlling the drone). Before shooting with a hyperspectral camera, calibration is performed in the HyperSpec application on a white calibration panel and a picture is taken with a closed lens for subsequent processing. As a result of shooting, each image forms 270 images of the electromagnetic spectrum that require pre-processing of converting images into spectral reflection (Appendix B).
Before compressing the obtained hyperspectral images from the HyperSpec camera, preliminary processing was carried out, which includes: radiometric calibration and orthotransformation of the images.
Based on the studies of hyperspectral images in the field of compression presented in the works of scientists from Russia, China, the USA, India, etc., suggest that the developed lossless compression methods and algorithms for hyperspectral images can be improved by reducing their computational efficiency and increasing the compression ratio due to significant stages of preprocessing. In addition, new compression preprocessing steps can be proposed that effectively increase the compression ratio and reduce the compression process time.
To solve this problem, the following approaches and scientific research methods were used [74-103]:
- accounting for spectral correlation, which gives certain advantages based on the calculated correlation matrix and regression analysis;
- discrete-cosine transformation with high quality and minimal loss of hyperspectral data;
- evaluation of quality criteria of reconstructed hyperspectral images PSNR, MSE, PMSE, etc. for lossless compression;
- adaptive arithmetic coding, the introduction of which will improve the results of compression, because it is one of the best among statistical methods;
- the use of parallel compression algorithms to reduce the cost of computer computing resources.

3 Research results
3.1 Research results of existing algorithms and methods of compression of hyperspectral aerospace images, literature review
According to the calendar plan, the justification of the effectiveness of using hyperspectral images to identify a specific disease of grain crops and a comparative characteristic of the qualitative indicators of multi- and hyperspectral images is presented.
The risks and the achievement of the goal are assessed, the research directions are selected. The efficiency of using hyperspectral images is substantiated and a comparative characteristic of the qualitative indicators of multi- and hyperspectral images is carried out.
The analysis of the literature sources of domestic and foreign scientists in the field of the use of hyperspectral images for the identification of a specific disease of grain crops, in particular the use of the Headwall Nano Hyperspec hyperspectral camera.
The necessity of creating methods that are currently used in managing the storage of large archives of aerospace data is substantiated. The technical specification for the created software systems has been compiled.
The available developed lossless compression methods and algorithms for hyperspectral images are analyzed, which can be improved by reducing their computational efficiency and increasing the compression ratio due to significant preprocessing steps.
To solve this problem, the following approaches and scientific research methods will be presented within the framework of the scientific project, which effectively increase the compression ratio without loss and with loss and reduce the time of the compression process:
- accounting for spectral correlation, which gives certain advantages based on the calculated correlation matrix and regression analysis;
- discrete-cosine transformation with high quality and minimal loss of hyperspectral data;
- evaluation of quality criteria of restored PSNR, MSE, PMSE, etc. for lossless compression;
- adaptive arithmetic coding, the introduction of which will improve the results of compression, because it is one of the best among statistical methods;
- the use of parallel compression algorithms to reduce the cost of computer computing resources.
Test samples of image files were obtained in the format used by existing systems for subsequent tests.
According to the calendar plan, it was investigated that software designed to compress hyperspectral data that does not take into account the characteristic features and quality indicators of hyperspectral cameras has been developed and is being used.
Thus, the sample files depend on the method or algorithm used to compress hyperspectral data. The solution of the research problem in the field of available transformation methods and algorithms shows that the current trend in the field of compression is the use of hyperspectral data characteristics, which is of great importance for compression methods. In this regard, it is necessary to develop new approaches to compression and processing aimed at increasing the efficiency in the compression ratio and reducing the computational complexity of the algorithms used.
It was determined that the efficiency in the compression ratio is achieved by using the proposed mathematical apparatus and compression algorithm, taking into account the correlation and ordering of groups of G channels using difference transformations, which finds the best pairs of correlated channels than without ordering (with the selected reference channel).
The results obtained during the research allow us to determine the optimal parameters for compression:
1. The results of the compression ratio indicators improve with an increase in the size of the channels of parameter R. This is due to the fact that the more values to be converted, the fewer bits are required to store them.
2. The best values of the compression ratio are achieved by choosing the number of channels in an ordered group, at 10< K<15.
3. Taking into account the interchannel correlation of the Cog parameter shows that the greatest values in the compression ratio of the channel number, at 0<N<210.
4. The algorithm, taking into account correlation and grouping at G [2..10], shows the most effective growth in the compression ratio due to the formed groups of channels and their ordering.
The proposed approach to the formation and ordering of a set of channel groups with a high intra-group correlation has increased the efficiency of using the channel subtraction stage (difference transformation) and subsequent coding of spectral channels.
3.2 Development of algorithms and methods of compression of hyperspectral images
A mathematical apparatus based on a difference-discrete transformation has been developed and adapted to determine the identification of the incidence of grain crops and the compression of hyperspectral images.
The sequence of stages of the developed mathematical apparatus is as follows.
1. The original transformation of the data structure based on the original hyperspectral AI, storing the values of the coefficients, based on the discrete-cosine transformation with the generated quantization table.
2. Transformation of the data structure based on the original hyperspectral AI, coefficient values, based on Walsh-Hadamard three levels.
3 Transformation of the obtained data structures based on steps 1-2 by means of the generated coefficient quantization table.
4  The use of standard criteria for the quality of restored images.
5 Compression of the obtained structures of stage 4 by one of the standard entropy algorithms.
6 Experimental study of conversion algorithms by compression ratio and quality of recovered data.
The advantage of the Walsh-Hadamard transform is the increased ability to detect low-frequency components due to the separation of hyperspectral AI channel regions into sublevels and the generated quantization coefficient.
For a step-by-step description of the transformation, the following objects must be introduced into consideration:
- source image - matrix of image values I[m,n,k], when m,n,k – indexes of rows, columns and channels of the source image, m = 1,2,…,M, n = 1,2,…,N, k = 1,2,…,K;
- transformation WHT – these are filters that divide the image into low-frequency and high-frequency components (to get the original image, you need to combine the components again);
- SC – spectral component of the matrix I[m, n, k].
Consider an example of the Walsh-Hadamard transformation (WHT) for a fragment of hyperspectral AI.
Let the fragment AI represent a matrix consisting of m rows, n columns and k channels: I[m, n, k] = I[10, 10, 10].

The direct WHT transformation is represented in matrix form Hwt2, a fragment of AI is taken (123, 105, 121, 103, 118, 100, 123, 123, 122, 104), l. e.,. 
As a result, after such a transformation, we obtain the coefficients of the low-frequency and high-frequency components SC = 114, 9, 112, 9, 114, 9, 123, 0, 123, 9. During quantization, high-frequency coefficients (close to zero and negative values) are rounded to zero.
It should be noted that the level matrices  Hwt4 и Hwt8  are calculated similarly as and  Hwt2.  



At the stage of restoring the original image channels, the SC is decoded. , when  - inverse wavelet transform WHT,  - spectral component. 
The advantage of the Walsh-Hadamard transform is the increased ability to detect low-frequency components due to the separation of hyperspectral AI channel regions into sublevels and the generated quantization coefficient.
Sequence of processing steps and compression algorithm:
1) calculation of the correlation value between all pairs of hyperspectral image channels and determination of the channel encoding and decoding sequence;
2) regression transformation algorithm;
3) obtaining channel differences and their block-by-block conversion;
4) compression by statistical algorithm.
Description of the lossless compression algorithm.
Step 1. Let's calculate the values of the correlation matrix between all pairs of channels A and, while identifying the most correlated groups of channel pairs. Based on the matrix, we will form and determine the sequence of transformation (encoding) and reverse transformation by constructing a strongly branching tree.
Step 2. Regression analysis based on step 1. We calculate the linear regression coefficients between the values of the generative (the main vertex of the tree, BI) and the regressed (RI) channels of hyperspectral AI by creating optimal values for the formation of arrays of differences between BI and RI.
Step 3. Block-by-block conversion. The idea of the transformation is to calculate the differences based on step 2 by the block-by-block separation of hyperspectral data. The effectiveness of this separation is that the differences obtained do not cover the entire range of the image, but only a certain block. Due to this, they are effectively compressed by an entropy algorithm.
Step 4. Compression by a well-known statistical algorithm.
Let's consider the proposed algorithm in detail.
Knowing that hyperspectral aerospace images are obtained in the spectrum of a single wave, we assume that some degree of dependence can be determined between pairs of channels. To determine the magnitude of this dependence, we use the Pearson correlation coefficient calculation formula (aka linear correlation coefficient). The formula requires two sequences of data, so we first extract two sequences of samples from a pair of files. This happens as follows: we represent a two-dimensional data matrix of one channel in the form of a linear array (passing the matrix line by line from left to right and rows from top to bottom), then we select a certain number of samples in it (denote the number by the letter m; dividing the array into approximately identical segments. From the second channel, we extract a sequence of samples that are located in the matrix at the same positions as the samples from the first channel. We denote the resulting sequences with the letters x and y, and the unit values are xi and yi (i from 1 to m inclusive). Also, the arithmetic averages of both sample sequences (1) will be needed for the formula.
					 (1)
Next , you need to apply the formula:
					(2)

Why we extract samples – for large channel matrices, calculating the formula for all values would take a huge amount of time. By setting the upper threshold for the number of samples, we remove the dependence of the calculation time on the image size.
By calculating the coefficients for all possible pairs of channels of the same image, we build a coding sequence - naturally, starting from large values to smaller ones.
Regression (regressive) transformation
The essence of the transformation is to bring into compliance with the encoded pair of channels some structure that would:
1) allowed to unambiguously restore one of the original channels according to the data of another channel,
2) occupied as little disk space as possible.
To do this, the following algorithm was defined. In each encoded pair of channels, we define a generating channel (master) and a regressed channel (slave, compressible). It has been experimentally confirmed that the principle of definition has a rather insignificant effect on the compression index; therefore, without wasting time on sorting through both options, we choose the channel with a smaller index as the generating channel (assuming that all channels were originally numbered).
Now let's explain how the difference matrix is considered (then it will be clear why the desired structure is so named). Before that, we calculated the linear correlation coefficient. The idea of linear regression in our case is to find such real values of k and b such that the matrix formed from the data of the encoded pair according to the following formula (3):
					(3)
(here and further xij и yij – the values in the master and slave matrices, respectively) would have as small values as possible. Next, we will call the matrix d with the values dij « the difference matrix». A sufficiently good linear correlation indicator (close to one), calculated beforehand, leads to sufficiently low values dij. Knowing the values of k, b and the matrix d, can reconstruct the matrix y from the values of the matrix x (5):
 					(5)
Standard formulas used to calculate linear regression parameters (6):
 					(6)

when  will be calculated (7) and   (8):

  			(7)

 			(8)
(m – image height, n –  width).
In each compressed channel, we put the values k and b in Double format (8 bytes, 15 decimal places in decimal format). By encoding the only main generating channel for the image (the generating channel of the first pair) independently of the others, will be able to restore it later in the first place, then gradually restore all the other compressed channels (as mentioned earlier, through the coefficients k and b).
The absence of losses is ensured during transformations. After receiving the matrix d and before writing it to the file, we round the values to the nearest integer (in the case of a fractional part equal to 0.5 – to a smaller integer). This does not prevent a lossless recovery. Let's explain why. Let's pay attention to the formula (9):
  					(9)
The matrices x and y are integers, so the value has the same fractional part (let's denote it q) as the number  before rounding. We will denote the integer part of the numbers through square brackets, the fractional part through curly ones. So, . 
After rounding, rounded values are written to the difference file. Moving on to recovery (10):
 			(10)
The value of w_ij remains unchanged, since k and b were calculated earlier and written in Double format (that is, lossless), the values of x are integer and do not undergo losses.
If q <= 0.5, then  and: (11)
				 (11)
So, rounded , get the original value .
If же q > 0.5, then  , and (12):
		 (12)
Value (1 - q) <= 0.5, and  - the whole. It also means: rounding , get the original value .
Thus, the regressive transformation does not incur losses.
To reverse decode hyperspectral AI, we perform the following actions:
Step 1. Decoding arrays of differences by the Huffman algorithm.
Step 2. Formation of regression transformation arrays by finding the sums between the generating channel and its average value.
Step 3. Formation of the initial arrays based on the available OHR coefficients and obtaining the initial data of hyperspectral AI.
As a result, compression methods and algorithms were selected to develop methods for determining phytosanitary control of diseases of grain crops. Based on the above results of the compression experiment based on orthogonal and wavelet transformations of hyperspectral AI with losses, it can be concluded that the developed mathematical and software compression, to some extent occupies a leading position in the degree of compression and quality of the restored images, depending on the selected preparatory processing, significantly demonstrates and surpasses analogues on all test sets.
Based on the conducted research, the following conclusions are made
- разработка the development of algorithms based on discrete-difference transformations allows to increase the compression ratio to (R=12);
- the proposed lossy approach is determined in adaptive transformations based on the Walsh-Hadamard transformation, discrete-cosine transformation and the generated quantization table and subsequent adaptive coding;
- the obtained results of comparing the transformed hyperspectral AI using the obtained coefficients suggest the effectiveness of using these studies with adaptive Huffman coding.
- a comparison of quality criteria using standard quality metrics allows us to note that hypospectral AI has been restored with high quality and minimal losses.
[bookmark: OLE_LINK4]3.3 Description of the results of experimental studies of encoding and decoding of lossless and lossy hyperspectral aerospace images
Figure 2 shows spectral reflections of wheat with helminthosporous root rot. The reflection coefficient in the infrared region is much lower, and in the spectrum range of 520-680 nm, the reflection of diseased wheat is relatively higher. For the infrared channel, on the contrary, the reflectivity is lower. The absorption in this area is dominated by the internal structure of the sheet. The reflection coefficient, usually high in this region, is associated with refractive gaps between intercellular air spaces and cell walls. However, during the pathogenesis of the disease, these structures are damaged by the disease, which leads to a decrease in reflectivity.
[image: ]

Figure 2 – Spectral reflection of healthy wheat and wheat with helminthosporous root rot
Thus, the spectral reflection of healthy wheat and wheat with powdery mildew were recorded using a PSR 1100 field spectrometer. The main symptoms of powdery mildew disease are: a white cobwebby plaque consisting of mycelium and conidia of the pathogen forms on leaves, stems, and rarely ears. Powdery mildew causes premature leaf death, plant depression, grain frailty, resulting in a yield reduced to 30% or more. In Figure 3, it is noticeable that the reflectivity of the disease is susceptible to both red and red edge ranges increased. This can be explained by the strong reflection of pigments in the red-red marginal ranges. Pigments such as chlorophyll A and B, and carotenoids decrease as plants get sick.
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Figure 3 –  Spectral reflection of healthy wheat and wheat with powdery mildew
The spectral reflection of a diseased plant differs significantly from the spectral reflection of a healthy one. Each disease on each culture can be recognized using spectral characteristics. Early recognition of diseases and the application of appropriate measures in time will increase the productivity and yield of crops.
The results of experimental studies of the original algorithms are obtained in comparison with standard and specialized analogues in terms of compression ratio, computational efficiency and loss level. It is noted that lossless compression algorithms, taking into account inter-band correlation, using difference-discrete transformations, are superior to other algorithms in terms of a set of indicators. To assess the quality of the reconstructed hyperspectral AI, the results of experimental studies of the proposed lossy compression algorithms using various quality metrics are presented. The proposed lossy and lossless compression algorithms demonstrate high compression ratios, as well as high quality indicators of the restored images.
Figure 4 and Figure 5 show compression algorithms with a variable number of channels K and a geometric size R (100×100) in comparison with the universal Winrar, 7Z archivers and the specialized JPEG Lossless algorithm. Compression ratio indicators exceed by 75 percent or more than universal algorithms, due to the consideration of cross-channel correlation, regression and difference transformation.

Figure 4 - Comparison of algorithms by number of channels
Figure 5 – Comparison of algorithms by geometric size of images
As a result of experiments based on the algorithm described in [10-11], the groups with the highest correlation were determined. In which the compression ratio varies from 5 to 8. This suggests that taking into account the interchannel correlation for hyperspectral AI is crucial in the compression problem.
To speed up the calculation of intermediate calculations, multithreaded processing was applied, in which certain results were obtained when AI was compressed. Figure 6 shows a graph of the calculation time of the experiment in comparison with universal archivers and the JPEG Lossless algorithm.

Figure 6 – Comparison of compression algorithms by calculation time
From Fig. 4, it can be seen that the dependencies of the compression ratio of the algorithms, taking into account the correlation and grouping of channels, are higher than if all 224 channels are fed to the input. This means that subtraction (difference transformations) using regression analysis are effective when selecting certain groups of channels, then the values of the differences will be the smallest, which will allow you to store the original channels in the smallest amount on disk.
Thus, the features of the practical implementation of HI compression algorithms are analyzed. A generalized structure for hyperspectral AI compression is proposed, including coding and decoding subsystems
1. The lossless compression algorithm, taking into account inter-band correlation and regression analysis, allows you to increase the compression ratio to (D>8) than in the use of universal archivers.
2. The proposed approach of finding the best groups of channels at a given correlation value increases the efficiency of using the difference transformation stage.
3. The experimental results obtained show the effectiveness of using the stages of regression transformation and parallel processing, which allow to obtain advantages over analogues


4 Generalization and evaluation of the results obtained
Comparative studies of compression performance characteristics in terms of peak signal-to-noise ratio, peak signal-to-noise ratio (PSNR) were carried out for the algorithm with minimizing the loss level. An example of calculating quality metrics.
[image: ]


then, PSNR = 10×log10(2552 / MSD). PSNR = 10×log10 (2552 /) = 32,56.
Based on experimental studies and calculated metrics of the quality of the original and restored images, the quality of the restored hyperspectral AI was analyzed.
Indicators of the quality metrics of the restored images are determined using PSNR and MSD. The degree of distortion compares the ratio between compression and distortion in lossy algorithms. Distortion is measured using PSNR. Figure 7 shows the dependence of D on PSNR.


Figure 7 – Comparative evaluation of the quality criteria of the restored images


CONCLUSION
Based on the above results of experimental studies of compression using difference-discrete hyperspectral images, it should be concluded that the developed mathematical and compression software occupies a leading position in terms of compression ratio and quality of the reconstructed images, depending on the chosen algorithm, since it significantly exceeds analogues on all test sets.
Comparative results of experimental studies of lossless compression algorithms, taking into account interchannel correlation, based on difference and regression transformations, which are superior to other algorithms in terms of a set of indicators, are presented.
To assess the quality of the reconstructed hyperspectral AI, experimental data of the proposed lossy compression algorithms with quality metrics are presented. It is concluded that the proposed lossy and lossless compression algorithms show high compression ratios along with high quality indicators of the restored images.
An estimate of the complexity of the developed algorithmic support for compression of hyperspectral images of various remote sensing systems is given, showing the computational complexity of the algorithms. At the same time, the dependence on the number of iterations of the procedures performed and the compression functions of hyperspectral images is shown. This suggests that the developed algorithms have minimal computational complexity.
The results of comparative experiments indicate that the developed algorithmic and software occupies a leading position in terms of compression ratio, computational efficiency, minimizing the level of losses and surpasses analogues on experimental sets of real data that vary widely.
Based on the above results of the compression experiment based on orthogonal and wavelet transformations of hyperspectral AI with losses, it can be concluded that the developed mathematical and software compression, to some extent occupies a leading position in the degree of compression and quality of the restored images, depending on the selected preparatory processing, significantly demonstrates and surpasses analogues on all test sets.
Based on the conducted research, the following conclusions should be drawn: the development of algorithms based on discrete transformations makes it possible to increase the compression ratio to (R=12); the proposed lossy approach is determined in adaptive transformations based on the Walsh-Hadamard transformation, discrete-cosine transformation and the generated quantization table and subsequent adaptive coding; the obtained results of comparing the transformed hyperspectral AI using the obtained coefficients suggest the effectiveness of using these studies with adaptive Huffman coding; comparison of quality criteria using standard quality metrics allows us to note that the hyperspectral AI was restored with high quality and minimal losses.
In 2021, 1 article recommended by Committee for Quality Assurance in the Field of Education and Science of the Ministry of Education and Science was submitted, 2 articles were submitted to print in the foreign peer-reviewed journal "Journal of Theoretical and Applied Information Technology", included in the Scopus database (percentile in international sciences -36) and "Journal of Applied Remote Sensing" (included in the Scopus database (percentile in international sciences - 69)), as well as abstracts in the international scientific and practical conference XIII All-Russian Scientific and Technical Conference with international participation "Robotics and Artificial intellect" (RII-21), abstracts submitted to the XX International Conference named after A.F. Terpugova "Information Technologies and mathematical modeling" (ITMM - 2021). Recommendations for the application and dissemination of the results of research work and Methodological instructions for the use of the software package "Compression of hyperspectral images for phytosanitary inspection of grain crops during aerospace survey" have been developed. One certificate of state registration of a computer program has been obtained.
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Appendix 1.5
to this Agreement
№________________ from «_____»_____________2021 year


CALENDAR PLAN

NJSC "Kazakh Agrotechnical University named after S.Seifullin"

1.1 Priority: Sustainable development of the agro-industrial complex and safety of agricultural products.
1.2 By sub-priority: Technical support for the modernization of the agro-industrial complex.
1.3 On the topic of the project: AP09561922 «Development of a mathematical apparatus for the use of hyperspectral images for phytosanitary examination of grain crops in aerospace imagery».
1.4 The total amount of the project for 2021 is 7 943 066,77 tenge (seven million nine hundred forty-three thousand sixty-six) tenge 77 tiyn to perform work according to paragraph 3.

2. Characteristics of scientific and technical products by qualification criteria and economic indicators

2.1 Field of work: aerospace survey.
2.2 Scope of application: software.
2.3 Final result for 2021:
· The need to create or improve the methods that are currently used in managing the storage of large archives of aerospace data will be justified. A technical specification for the software systems being created will be drawn up.
· Test samples of image files will be received in the format used by existing systems for subsequent tests.
· A mathematical apparatus based on a difference-discrete transformation for compressing hyperspectral images will be developed and adapted. The proposed compression methods and algorithms for development will be selected.
· The results of testing, reproducing the results and the adequacy of the developed mathematical models for determining the identification of the morbidity of grain crops will be obtained. Mathematical methods for processing hyperspectral images will be developed.
· The results of preliminary preprocessing of hyperspectral images will be obtained. Image preprocessing methods will be selected
· The results of experimental studies of the developed algorithms and software for compressing hyperspectral images will be obtained.
· Experimental research reports will be generated.
· The results of testing and evaluation will be obtained according to the criteria of compression ratio and quality of decoded images in comparison with the original images of the developed system.
· The results of elimination of identified deficiencies and adjustments in accordance with technical requirements will be obtained.
· Software will be developed with support for working through graphical or/and command interfaces. The results of the software implementation of high-performance compression algorithms in the Visual Studio 2019 software environment using the C# language will be obtained.
· High-performance software-ready algorithms for compression of aerospace data will be developed to optimize their storage and perform conversion, both with and without losses.
· Recommendations will be developed for further application and dissemination of the results of the work. Methodological instructions on the use of the software package will be developed.
· 1 (one) article will be submitted to the press, to a peer-reviewed scientific publication included in the Science Citation Index Expanded or Social Science Citation Index in the Web of Science database and (or) having a CiteScore percentile in the Scopus database of at least 35 (thirty-five); 1 (one) article will be submitted to the publication from the list of CQAFES of the MES RK.
2.4 Patentability: The results are patentable.
2.5 Scientific and technical level (novelty): The use of image archiving is an innovation in the development of space technologies and the agro-industrial complex of the republic and will ensure its scientific competitiveness in the global industry. The study will allow a more rational use of disk space for storing aerospace data, so the result is cost-effective. The developed and improved data compression algorithms can subsequently be used for other various digital formats. The novelty of the research will be an incentive for the introduction of own solutions in all scientific branches of digital development of the agro-industrial complex of the Republic of Kazakhstan.
2.6 The use of scientific and technical products is carried out by: the contractor.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: publications, reports.

3 Name of works, terms of their implementation and results
	The cipher of the task, stage
	The name of the work under the Contract and the main stages of its execution
	Deadline 
	Expected result


	
	
	beginning
	ending

	

	1
	Substantiation of the effectiveness of using hyperspectral images to identify a specific disease of grain crops and comparative characteristics of the qualitative indicators of multi- and hyperspectral images.
	may
2021 y. 
	june 2021 y.
	Risks and achievements of the goal will be assessed, research directions will be selected. The effectiveness of the use of hyperspectral images for the identification of a specific disease of grain crops will be justified and a comparative characteristic of the qualitative indicators of multi- and hyperspectral images will be carried out.

	1.1
	Justification of the need to create or improve methods that are currently used in the storage management of large archives of aerospace data.
	may
2021 y.
	june 2021 y. 
	The need to create or improve the methods that are currently used in the storage management of large archives of aerospace data will be justified. A technical specification for the software systems being created will be drawn up.

	1.2
	Получение образцов файлов в используемом существующими системами формате для последующего проведения тестов.
	may
2021 y.
	june 2021 y. 
	Будут получены тестовые образцы файлов изображений в используемом существующими системами формате для последующего проведения тестов.

	2
	Development and adaptation of a mathematical apparatus based on a difference-discrete transformation for compression of hyperspectral images.
	July
2021 y.
	August 2021 y.
	A mathematical apparatus based on a difference-discrete transformation for compressing hyperspectral images will be developed and adapted. The proposed compression methods and algorithms for development will be selected.

	2.1
	Testing, reproduction of the results and adequacy of the developed mathematical models for determining the identification of the morbidity of grain crops
	July 
2021 y.
	August 2021 y.
	The results of testing, reproducing the results and the adequacy of the developed mathematical models for determining the identification of the morbidity of grain crops will be obtained. Mathematical methods for processing hyperspectral images will be developed.

	2.2
	Preliminary preprocessing of hyperspectral images.
	July 
2021 y.
	August 2021 y.
	The results of preliminary processing of hyperspectral images will be obtained. Image preprocessing methods will be selected

	3
	Conducting experimental studies of the developed algorithms and software for compressing hyperspectral images.
	September 2021 y.

	October 2021 y.
	The results of experimental studies of the developed algorithms and software for compressing hyperspectral images will be obtained.

	4
	Software implementation of high-performance compression algorithms in the Visual Studio 2019 software environment using the C# language.
	November 2021 y.
	December 2021 y.
	Experimental research reports will be generated.

	5
	Development of high-performance algorithms for compression of aerospace data, allowing to optimize their storage.
	November 2021 y.
	December 2021 y.
	Software will be developed with support for working through graphical or/and command interfaces. The results of the software implementation of high-performance compression algorithms in the Visual Studio 2019 software environment using the C# language will be obtained.

	5.1
	Testing and evaluation according to the criteria of compression ratio and quality of decoded images in comparison with the original images of the developed system.
	September 2021 y.
	October 2021 y.
	The results of testing and evaluation will be obtained according to the criteria of compression ratio and quality of decoded images in comparison with the original images of the developed system.
Abstracts will be submitted for participation in the international conference.

	5.2
	Elimination of identified deficiencies and adjustment in accordance with technical requirements.
	September 2021 y.
	October 2021 y.
	The results of the elimination of the identified deficiencies and adjustments in accordance with the technical requirements will be obtained. A fully functional software ready for use will be created.

	6
	Development of recommendations for further application and dissemination of the results of the work.
	November 2021 y.
	December 2021 y.
	Recommendations for further application and dissemination of the results of the work will be developed. Methodological instructions on the use of the software package will be developed.
1 (one) article will be submitted to the press, to a peer-reviewed scientific publication included in the Science Citation Index Expanded or Social Science Citation Index in the Web of Science database and (or) having a CiteScore percentile in the Scopus database of at least 35 (thirty-five); 1 (one) article will be submitted to the publication from the list of CQAFES of the MES RK.

	

	From the Customer:
Chairman
State Institution «Committee of Science of the Ministry of Education and Science of the Republic of Kazakhstan»

______________ Kurmangalieva Zh.D.
       p.p.

	From the Performer:
Chairman of the Management Board
NJSC «Kazakh Agrotechnical University named after S. Seifullin»

________________ Aituganov K.K.
          p.p.
Familiarized with:
Scientific director of the project

___________________ Sarinova A.Zh. (signature)
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Images of hyperspectral images per channel №№ 1, 10, 25, 50, 75, 100, 120, 140, 160, 180, 200, 210, 250, 270 
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APPENDIX C
List of publications for 2021

1. A.Zh. Sarinova, P. A. Dunayev, A.М. Bekbayeva. Methodology for developing algorithms for compressing hyperspectral aerospace images used on board spacecraft. Журнал КОКСОН МОН РК «Труды университета». Карагандинский технический университет.  In print 
2. A.Zh. Sarinova, P. A. Dunayev, A.М. Bekbayeva, Y. Zh. Sarsikeyev, A. D. Mekchtiyev Development of compression algorithms for hyperspectral aerospace images based on discrete orthogonal transformations. Journal Applied Remote Sensing. Scopus. In print 
3. A.Zh. Sarinova, P. A. Dunayev, A.М. Bekbayeva, Y. Zh. Sarsikeyev, K. M. Sansyzbay  Hyperspectral image compression algorithms for phytosanitary inspection of agricultural crops in aerospace photography. Journal of Theoretical and Applied Information Technology. Scopus. In print 
4. А. Ж. Саринова, П. А. Дунаев, А. М. Бекбаева. Discrete-cosine transformation for compression of hyperspectral images in phytosanitary control of grain crops. Abstracts have been submitted for the XX International Conference named after A.F. Terpugov "Information Technologies and Mathematical modeling" (ITMM - 2021). In print 
[bookmark: OLE_LINK97]5. А. Ж. Саринова, П. А. Дунаев, А. М. Бекбаева. Features of compression of hyperspectral images on board the spacecraft. Abstracts have been submitted for the XIII All-Russian Scientific and Technical Conference with international participation "Robotics and Artificial Intelligence" (RII-21). In print 
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INTRODUCTION
As part of the grant financing of the AP AP09561922 project "Development of a mathematical apparatus for the use of hyperspectral images for phytosanitary inspection of grain crops in aerospace photography", it was investigated that software designed to compress hyperspectral data that does not take into account the characteristic features and qualitative indicators of hyperspectral cameras has been developed and is being used. These include ERDASImagine, ERDASERMapper, ArcViewGIS, GeoExpress, etc., which is increasingly supplemented with specialized modules for compressing hyperspectral data. So, the package ERDAS Imagine, as well as ArcViewGIS have image compression tools in the MrSID format (IMAGINE MrSID Desktop Encoder and IMAGINE MrSID Workstation Encoder). Based on the analysis of existing specialized systems for compressing hyperspectral data, it is shown that the systems use a small range of lossy and lossless compression formats JPEG 2000, MrSID and ECV. These formats have three main stages of image compression processing. At the first stage – the transformation of the original image, at the second – the quantization of the converted values obtained and at the third stage – entropy coding. The main idea of the transformation is to change the source data in order to give it a different form.
Thus, the sample files depend on the method or algorithm used to compress hyperspectral data. The solution of the research problem in the field of available transformation methods and algorithms shows that the current trend in the field of compression is the use of hyperspectral data characteristics, which is of great importance for compression methods. In this regard, it is necessary to develop new approaches to compression and processing aimed at increasing the efficiency in the compression ratio and reducing the computational complexity of the algorithms used.
According to the calendar plan for 2021, the analysis of literature sources of domestic and foreign scientists in the field of the use of hyperspectral images for the identification of a specific disease of grain crops, in particular, the use of a hyperspectral Headwall Nano Hyperspec camera with 270 channels per 640 spatial pixels in the range from visible to near infrared from 400 nm to 1000 nm. It is determined that hyperspectral data have great opportunities for phytosanitary control due to the high correlation of spectral channels. The Headwall Nano Hyperspec family of hyperspectral sensors and imaging systems are small, lightweight and durable, the design uses precisely designed high-quality holographic diffraction gratings and mirrors to ensure a high signal-to-noise ratio, high spectral and spatial resolution and a wide field of view with aberration correction, this indicator allows you to more accurately determine a specific disease of grain crops.
Based on the conducted research, recommendations are proposed for the application and dissemination of the results of research work on the project "Development of a mathematical apparatus for the use of hyperspectral images for phytosanitary inspection of grain crops in aerospace photography" for specialties: "Automation and energy efficiency of processes and productions, energy supply and automation of agriculture". The proposed recommendations on the application of the results and dissemination of the project will be of interest to specialists in the field of developing image compression algorithms, doctoral students, undergraduates and undergraduates.


THE MAIN PART
Based on the studies of hyperspectral images in the field of compression presented in the works of scientists from Russia, China, the USA, India, etc., suggest that the developed lossless compression methods and algorithms for hyperspectral images can be improved by reducing their computational efficiency and increasing the compression ratio due to significant stages of preprocessing. In addition, new compression preprocessing steps can be proposed that effectively increase the compression ratio and reduce the compression process time.
To solve this task, the following approaches and scientific research methods will be used [1-19]:
- accounting for spectral correlation, which gives certain advantages based on the calculated correlation matrix and regression analysis;
- discrete-cosine transformation with high quality and minimal loss of hyperspectral data;
- evaluation of quality criteria of restored PSNR, MSE, PMSE, etc. for lossless compression;
- adaptive arithmetic coding, the introduction of which will improve the results of compression, because it is one of the best among statistical methods;
- the use of parallel compression algorithms to reduce the cost of computer computing resources.
Consider the proposed sequence of processing steps and compression algorithm:
1) calculation of the correlation value between all pairs of hyperspectral image channels and determination of the channel encoding and decoding sequence;
2) regression transformation algorithm;
3) obtaining channel differences and their block-by-block conversion;
4) compression by statistical algorithm.
Description of the lossless compression algorithm.
1 step. Let's calculate the values of the correlation matrix between all pairs of AI channels, while identifying the most correlated groups of channel pairs. Based on the matrix, we will form and determine the sequence of transformation (encoding) and reverse transformation by constructing a strongly branching tree.
Step 2. Regression analysis based on step 1. We calculate the linear regression coefficients between the values of the generative (the main vertex of the tree, BI) and the regressed (RI) channels of hyperspectral AI by creating optimal values for the formation of arrays of differences between BI and RI.
Step 3. Block-by-block conversion. The idea of the transformation is to calculate the differences based on step 2 by the block-by-block separation of hyperspectral data. The effectiveness of this separation is that the differences obtained do not cover the entire range of the image, but only a certain block. Due to this, they are effectively compressed by an entropy algorithm.
Step 4. Compression by a well-known statistical algorithm.
Methods of writing and reading from a file. To implement these functions, the following modules were used in the program: BinaryFileRead, BinaryFileWrite, WHReader, WHWriter. "binaryfileread– - reading data from a file (Table. 1), "binaryfilewriter– - writing data to a file (Table 2). "Whreader" - reading data from a file, as part of the Walsh-Hadamard transformation (Table. 3), "whwriter" - writing data to a file, as part of the Walsh-Hadamard transformation (Table 4).
Table 1 – Модуль BinaryFileRead
	Класс TFileBinaryReader

	ReadBit
	The method reads one bit from the file.

	ReadBits
	The method reads the specified number of bits from the file.

	Create
	Constructor of the TFileFileBinaryReader class. Initializes fields and class variables, allocates memory for them.

	Destroy
	The destructor of the TFileFileBinaryReader class. Frees up memory occupied by class resources.

	ReadByte
	The method reads a byte from the specified file.

	ReadDouble
	The method reads a real number from the specified file.

	ReadWord
	The method reads a string from the specified file.




Table 2 – Module BinaryFileWrite
	Класс TFileFileBinaryWriter

	Create
	Constructor of the TFileFileBinaryWriter class. Initializes fields and class variables, allocates memory for them.

	WriteFullByte
	The method writes a byte to the specified file.

	Write
	The method writes data of various types to the specified file.

	WriteBytes
	The method writes bytes to the specified file.

	WriteDouble
	The method writes a real number to the specified file.

	WriteEnd
	The method writes the remaining data to a file.



Table 3 – Module WHReader
	Класс TWHReader

	LoadMatrixFromFile
	The method is necessary for downloading hyperspectral AI from a binary file. The full path to the file and the dimensions of the matrix are passed as arguments.

	LoadMatrixFromZipFile
	The method is necessary for loading a hyperspectral archive. The full path to the archived file and the dimensions of the matrix are taken as parameters.

	LoadMatrixWithoutColumnsFromFile
	The method is necessary for downloading hyperspectral A and from a binary file. Unlike other methods, this one returns a matrix without extra columns.The full path to the file and the dimensions of the matrix are taken as parameters.

	LoadStructureFromFile
	The method is necessary to load the structure of a hyperspectral and binary file. The full path to the file and the size of the structure are passed as arguments.

	LoadRDCInfo
	The method reads and returns basic information from the configuration file: the number of rows and columns, the minimum and maximum values of the structure.

	LoadColumnsRows
	The method is necessary to load the number of rows and columns of hyperspectral A and from a binary file.



Table 4 – Module WHWriter
	Класс TWHWriter

	WriteCopyRST
	The method copies the source matrix file from the directory to the folder of the current session.

	WriteLog
	The method writes the session log to the corresponding file.

	WriteMatrixToFile
	The method writes the matrix to a file. A folder, file name, matrix and its size are passed as arguments to the procedure.

	WriterRDC
	The method overwrites the configuration file from the source directory to the directory with the converted file.

	WriteSGridToFile
	The method overwrites the configuration file from the source directory to the directory with the converted file. Accepts a component of the TStringGrid type as parameters.



Matrices, RT and RC files, working with them. To implement these functions, the following modules were used in the program: Matrix, Matrix Compare, WHMatrixUtils, RST, WHStatistics, SatImage, SatImageDecode.
"Matrix" - surface processing of the matrix and storage of the basic properties of the matrix (Table.5), "Matrixcompare" - comparison of two matrices and analysis between them (Table. 6), "whmatrixutils" - performing various operations related to the matrix within the Walsh-Hadamard transformation (Table 7), "RST" - primary actions with RST files and extracting information from the RDC file (Table.8), "Whstatistics" - carrying out statistics between the initial and final matrices, within the framework of the Walsh-Hadamard transformation (Table.9), "Satimage" - working with multi-channel images and their encoding (Table 10), "Satimagedecode" - decoding multi-channel images (Table 11).
Table 5 – Matrix module
	ArrayToPlainString
	The method converts an array into a single string.

	DbgSaveMatrixToRSTFile
	A method for debugging the application. Saves the matrix to the specified RST file.

	DestroyArray
	The method frees up the memory occupied by the array.

	DestroyMatrix
	The method resets the values of the matrix.

	GetSizes
	The method returns the number of rows and columns in the specified matrix.

	IteratelnMatrix
	The method iterates for the matrix, depending on the overloaded procedure.

	PushToArray
	The method sets the length for the array and inserts the specified element at the end.

	MatrixBlockToPlainString
	The method converts a given section of the matrix into a single row.

	SameSizes
	The method calculates whether two matrices have the same dimensions.

	Класс TMatrixIntHolder

	Create
	Constructor of the Classtmatrixintholder. Initializes fields and class variables, allocates memory for them.

	Destroy
	The destructor of the TMatrixIntHolder class. Frees up memory occupied by class resources.

	DisplayContentsOnTable
	The method displays the current matrix in the specified table.

	Get
	The method returns an element, taking a row and a column as arguments.

	GetAmplitude
	The method calculates the amplitude using the maximum and minimum values of the matrix.

	GetAvgInFragment
	The method calculates the average value of the matrix in a particular fragment.

	GetFullName
	The method returns the full path to the original matrix.

	GetHeight
	The method returns the number of rows in the original matrix.

	GetMatrixInitialPtr
	The method returns a pointer to the original matrix.

	GetStringfieldData
	The method returns a string containing all statistics for the original matrix.

	GetWidth
	The method returns the number of columns in the original matrix.

	SaveToFile
	The method saves the matrix to a file.



Table 6 – Module  MatrixCompare
	GetCapacity
	The method returns the total number of elements in the matrix.

	CompareMatrices
	The method compares two matrices using all the methods of the class.

	Класс TmatrixCompare

	Create
	Constructor of the Classtmatrixcompare. Initializes fields and class variables, allocates memory for them.

	GetColsDelta
	The method calculates the difference in the number of columns of two matrices.

	GetRowsDelta
	The method calculates the difference in the number of rows of two matrices.

	GetStringFieldData
	The method returns a string with the full statistics that the class calculates.

	SameSizes
	The method calculates whether two matrices have the same dimensions.



Table 7. Module  WHMatrixUtils
	Класс TWHMatrixUtils

	ConvertMatrixToStructure
	The method converts the original matrix into a structure. Gets the matrix itself and its size as arguments.

	AddColumnsToMatrix
	The method adds columns from one matrix to another.

	RemoveColumnsFromMatrix
	The method removes extra columns from the matrix.

	FreeMatrix
	The method frees up the RAM occupied by the matrix.



Table 8 – Module RST
	BlockToInt
	The method converts an array of bytes into a structure number.

	ReadMatrixFromRSTFile
	The method reads the matrix from the PST file.

	ReadRDCData
	The method reads the parameters of the current matrix from the RC file.

	Класс TRSTHolder

	_EnsureMatrixHolder
	The method checks the source matrix for availability and performs initial initialization.

	Create
	Constructor of the TRSTHolder class. Initializes fields and class variables, allocates memory for them.

	Destroy
	The destructor of the TRSTHolder class. Frees up memory occupied by class resources.

	GetCols
	The method returns the number of columns in the current matrix.

	GetFileSize
	The method returns the file size of the current matrix.

	GetMatrixHolder
	The method returns the current matrix.

	GetName
	The method returns the file name of the current matrix.

	GetRows
	The method returns the number of rows in the current matrix.



Table 9 - Module WHStatistics
	Класс TWHStatistics

	CompareMatrixes
	The method compares two matrices with each other and returns the number of changed, saved elements, as well as their maximum difference.

	GetCompressInfo
	The method calculates the compression ratio of the source file and the archived converted one.

	GetMatrixPSNR
	The method calculates the MSD and PSNR of two matrices.




Table 10 – Module SatImage
	Класс TSatImage

	_BuildCorrelTree
	The method builds a tree of channels according to the correlation coefficients.

	_EncodeChannels
	The method encodes all available channels.

	_EncodeFirst
	The method encodes the channel first.

	_EncodeIndexFile
	The method encodes a channel with a specific index.

	EncodeCorrelTable
	The method returns the availability of the correlation table for calculations.

	Create
	Constructor of the TSatImage class. Initializes fields and class variables, allocates memory for them.

	Destroy
	The destructor of the TSatImage class. Frees up memory occupied by class resources.

	AddChannel
	The method adds a channel to the current group.

	CalculateCorrelTableAndTree
	The method performs calculations when creating a correlation table and a channel tree.

	Count
	The method returns the number of channels.

	DisplayCorrelCoeffsOnGri
	The method displays a table of correlation coefficients on the form.

	EncodeChannels
	The method encodes all available channels.

	EnsureTree
	The method returns the availability of the tree to build.

	EnsureGroupHelper
	The method returns the availability of the methods needed to build channel groups.

	GetFileName
	The method returns the file name of the current channel.

	GetOutFolder
	The method returns the path to the program results folder.

	GetStringFieldTree
	The method returns a tree of channels as a single line.

	GroupHelperBuild
	The method is an auxiliary procedure for grouping channels.

	IndexToFormattedName
	The method returns the file name by index without extension.

	IsCorrelCoeffsAvailable
	The method checks the number of elements in the coefficient matrix.

	IsTreeListAvailable
	The method checks the number of elements in the tree.

	Reset
	The method frees up the memory occupied by the array of coefficients and source channels.



Table 11 – Module SatImageDecode
	Pop
	The method returns the specified element and removes it from the list.

	PopHead
	The method returns the first element and removes it from the list.

	Класс TPair

	Create
	Constructor of the TPair class. Initializes fields and class variables, allocates memory for them.

	ToString
	The method returns the values of the collection "main", "auxiliary".

	DecodeHeadFile
	The method decodes the most important file.

	_DecodeIndexFile
	The method decodes the file specified in the index.

	Create
	Constructor of the TSatDecoder class. Initializes fields and class variables, allocates memory for them.

	Destroy
	The destructor of the TSatDecoder class. Frees up memory occupied by class resources

	Execute
	The method is the main function of the class. All calculations are performed in it.

	GetOutFolder
	The method returns a folder with the program results.


Software user interface. The software system "Compression of hyperspectral images" is designed to compress and transform hyperspectral images with and without loss. When the executable file is launched, the main window of the program opens (Figure 1).

[image: ]

Figure 1 – The main window of the program

Technology of practical application. At the first step, we select the required number of hyperspectral image channels, the storage location on the disk at the second step and at the third step, we calculate the correlation and determine the sequence of groups (Figure 2)
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Figure 2 – Compression sequence tree taking into account correlation
It is possible to configure during compression: saving the average values for the fragment to an external application, saving the differences between the original images and those transformed by calculating regression analysis, the possibility of choosing to save the difference in the format of raster files without compressing them, choosing the number of groups of hyperspectral image channels (Figure 3).
[image: ]

Figure 3 – Settings for hyperspectral image compression





CONCLUSION
Recommendations for the application and dissemination of the results of research work on the project "Development of a mathematical apparatus for the use of hyperspectral images for phytosanitary inspection of grain crops in aerospace photography" are devoted to the study of effective lossless and lossy image compression algorithms for determining diseases of grain crops phytosanitary control in agriculture.
As a mathematical tool, difference-discrete transformations are used, which are used in compression algorithms taking into account inter-band correlation and regression analysis in order to increase the compression ratio and calculation speed.
The conducted research is relevant because the existing compression algorithms for hyperspectral images are inferior to the compression ratio and processing speed at times to the algorithmic software developed in this work. In particular, the results of the study can be useful in the development of information theory and coding, wavelet analysis and other discrete transformations.
The paper uses an adequate mathematical apparatus in the problem being solved, the results are verified using statistical analysis methods, which guarantees its reliability. The conducted studies of the created lossless and lossless compression software for phytosanitary inspection of grain crops during aerospace survey show superiority over analogues and high performance.
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INTRODUCTION
As part of the grant financing of the AP09561922 AR project "Development of a mathematical apparatus for the use of hyperspectral images for phytosanitary inspection of grain crops during aerospace survey", mathematical and software compression was developed and applied on the basis of the GIS Center of the S. Seifullin NAO KATU, to some extent occupies a leading position in the degree of compression and quality of the restored images, depending on the selected preparatory processing, significantly demonstrates and surpasses analogues on all test sets.
Scope of application: monitoring of Remote sensing of the Earth
Purpose: compression of hyperspectral aerospace images for the purpose of rational use of data storage and transmission devices, with the possibility of data transformation and restoration of their initial state.
Functionality: Allows you to analyze the use of hyperspectral images to identify a specific disease of grain crops in the development of optimal mathematical solutions and software by effectively compressing the flow of information while maintaining a high archiving coefficient, without loss of image quality in order to reduce the volume of information flow.
Technical specifications: volume - 15 MB
Programming Language: Visual studio 2017
Computer type: personal computer with support for Windows 7, Windows 8, Windows 10 operating systems



THE MAIN PART
Software implementation of the hyperspectral aerospace image compression system
Modern requirements for software quality suggest that the software system being developed should have the following characteristics:
- correct solution of the problem of compression of hyperspectral AI by a software system;
- a clear reaction of the system to incorrect values of input parameters;
- high performance of the software application and the proposed algorithms;
- the program must have a modular architecture, and each of the modules must be used to solve a separate compression problem.
The developed hyperspectral AI compression software system must meet the following functional requirements:
1. The ability to perform preprocessing of the original image channels for their conversion and compression.
2. Performing the operation of reading and writing the transformed image channel without losing important structural elements based on algorithms with polynomial computational complexity.
3. Isolation of structural components on the channels of hypospectral AI and subsequent construction of modified data structures based on them.
4. Performing reconstruction of input images using intermediate structural models.
5. Providing the user with data on the results of solving the problem of compression of the input image.
Choosing a programming language and software tools for software development
Among programming languages, C# is one of the most common algorithmic languages currently used in programming on mini and micro computers. The C# programming language is a high-level programming language or algorithmic language specifically designed to write algorithms of calculations. The main advantages of the language: flexibility and versatility; simplicity and clarity of designs; ease of implementation on most modern computers; the possibility of sufficiently complete control of the correctness of the program both at the stage of translation and during the execution of the program; the ability to meet the requirements of structural programming; the presence of a set of structural data types: arrays, records, records with variants, sets, files, etc.
The freely distributed object-oriented programming environment Visual studio 2017 / Visual studio 2017 was chosen as the development environment. It is one of the most powerful systems (based on the C# language) that allows creating both separate Windows application programs and software complexes designed to work in various fields of activity at the most modern level. Tasks solved using the object-oriented programming environment Visual studio 2017
быстрое fast creation of a professional application of any complexity and any purpose;
создание creation of powerful systems for working with local and remote databases of all types and files;
создание creating databases of various types using a wide range of Visual studio 2017 tools.
Development of a software system.
When developing hyperspectral AI compression software, a choice was made in favor of a modular application architecture. This approach, using several modules, each of which solves its own task of transformation and compression, makes it possible to simplify the development and testing processes.
The developed software system has a modular architecture. Each of the modules contains its own specific functions that have a similar functional purpose for the compression task.
Based on the algorithms described in the previous sections, the author has developed software for compressing hyperspectral AI. Lossless encoding and decoding structure (Fig.1), lossy (Fig.2).
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Figure 1 – Structure of encoding and decoding of lossless hyperspectral AI
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[bookmark: _Toc66042148]Figure 2 – Structure of encoding and decoding of hyperspectral AI with losses
Modules of the developed software system. The relationship of the modules of the software system can be represented using the component diagram shown in Figure 3.
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Figure 3 – Diagram of the components of the developed software system

The software system "Compression of hyperspectral AI" is designed for compression and transformation of hyperspectral AI with and without losses. When the executable file is launched, the main window of the program opens (Fig. 4).
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Figure 4 – The main window of the program
At the first step, we select the required number of hyperspectral AI channels, the storage location on the disk at the second step and at the third step, we calculate the correlation and determine the sequence of groups (Fig. 5).
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Figure 5 – Compression sequence tree taking into account correlation

It is possible to configure during compression: saving the average values for the fragment to an external application, saving the differences between the original images and those transformed by calculating regression analysis, the possibility of choosing to save the difference in the format of raster files without compressing them, choosing the number of groups of hyperspectral AI channels, Fig.6.
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Figure 6 – Settings for hyperspectral AI compression
Figure 7 shows the organization of multithreaded compression processing in the compression process log, which shows the interaction of threads to improve compression performance and reduce its time.
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Figure 7 – Log of the compression process

Figure 8 shows the sequence of operation of the streams when decoding hyperspectral AI.
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Figure 8 – Log decoding process

It is also possible to view the contents of the matrices of the main and generating channels. In the test mode: the matrix of the first selected channel (Fig. 9) and the matrix of the second selected channel (Fig. 10).
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Figure 9 – Matrix of the generating channel
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Figure 10 – Marix of the regressed channel

In Fig .11 correlation and linear regression are calculated, on the basis of which the difference transformation of the matrices of the generating and regressed channel is calculated.
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Figure 11 – Difference transformation

Figure 12 shows the decoding matrix of the lossless compression channel being regressed.
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Figure 12 – Decoded matrix

Compression based on the DCT and the adapted (modified) Huffman algorithm, Fig.13, the possibility of choosing a quantization parameter.
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Figure 13 – Compression based on DCT

Matrix before and after compression based on DCT, fig. 14.
[image: ][image: ]

Figure 14 – Original and transformed matrix

Transformation of the one-dimensional Haar wavelet, Fig. 15

[image: ]

Figure 15 – Transformed Haar matrix

DCT recovery (Fig. 16) and Haar wavelets (Fig. 17): calculation of average and maximum errors, PSNR.
[image: ]

Figure 16 – Matrix after restoration of PREP
[image: ]
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Walsh-Hadamard transformation based on three levels, Fig. 18
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Figure 18 – Walsh-Hadamard transformation

Figure 19 shows the Walsh-Hadamard transformation of the second level.
[image: ]

Figure 19 – Direct transformation of the second Walsh-Hadamard level

Figure 20 shows the inverse Walsh-Hadamard transformation
[image: ]

Figure 20 – Inverse Walsh-Hadamard transformation

CONCLUSION
Methodological instructions for the use of the software package "Application and compression of hyperspectral images for phytosanitary inspection of grain crops in aerospace survey" under the grant financing project "Development of mathematical apparatus for the use of hyperspectral images for phytosanitary inspection of grain crops in aerospace survey" for specialties: Automation and energy efficiency of processes and production, Energy supply and automation of agriculture.
The proposed lossy approach is determined in adaptive transformations based on the Walsh-Hadamard transformation, discrete-cosine transformation and the generated quantization table and subsequent adaptive coding; the obtained results of comparing the transformed hyperspectral AI using the obtained coefficients suggest the effectiveness of using these studies with adaptive Huffman coding; comparison of quality criteria using standard quality metrics allows us to note that hypospectral AI was restored with high quality and minimal losses.
The conducted studies of the created lossless and lossless compression software for phytosanitary inspection of grain crops during aerospace survey show superiority over analogues and high performance.
Based on the above results of experimental studies of compression using difference-discrete hyperspectral images, it should be concluded that the developed mathematical and compression software occupies a leading position in terms of compression ratio and quality of the reconstructed images, depending on the chosen algorithm, since it significantly exceeds analogues on all test sets.
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Lossless compression algorithms for the number of channels
Algorithm based on regression analysis	50	100	150	200	4.1175261342611975	4.7775539771723379	5.3842554335380965	5.3023766569926982	Grouping-based algorithm	50	100	150	200	3.6903340270906591	3.7705329503304812	3.9814767096864441	4.0007693787266794	7Z(Deflate) 	50	100	150	200	2.5573125520163487	2.5606060606060606	2.7824941602609616	2.9724983441843067	АК, Хаффмана 	50	100	150	200	2.4322343004403026	2.4479338768156991	2.6671927401854489	2.8670946809243842	JPEG Lossless	50	100	150	200	2.7113749398363551	3.1409537859295993	3.1329777578662412	3.4498266474867871	RLE, PPM	50	100	150	200	2.3275531855371487	2.3937571097861627	2.5822881517794607	2.7930566100101744	K
D - compression ratio

Lossless compression algorithms for geometric size
Algorithm based on regression analysis	50*50	100*100	200*200	300*300	400*400	640*512	4.7775539771723379	4.9493349376663263	5.0804329578642555	4.9560280444637348	4.9149501890624085	4.8847930384613694	The algorithm takes into account the correlation	50*50	100*100	200*200	300*300	400*400	640*512	3.4135380109576592	3.7028970514035184	3.9035970659976669	4.0086379442374085	4.0715556258901797	4.10557186665653	Winrar	50*50	100*100	200*200	300*300	400*400	640*512	2.4448462929475592	2.8339378011631897	2.9298230474191742	2.9215048518291811	3.0174956424387478	3.0061520029402837	7Z	50*50	100*100	200*200	300*300	400*400	640*512	2.4479338768156991	3.5333124934514566	3.6396174262190537	3.2397174968917293	3.6211421592344575	3.6101668005975092	JPEG Lossless	50*50	100*100	200*200	300*300	400*400	640*512	3.1023138281852782	3.5526038555903621	3.6850592787313547	3.4301224844981233	3.8412723514436573	3.5951864313642177	Geometric size
D - compression ratio

Discrete-cosine transformation	50	100	150	200	224	40	78	110	145	165	Discrete wavelet transform	50	100	150	200	224	78	132	276	400	945	JPEG Lossy	50	100	150	200	224	41	56	115	165	195	Walsh-Hadamard	50	100	150	200	224	36	53	110	145	185	K
t, sec


Discrete-cosine  transform	0	1	3	5	7	9	11	3.9	5.56	6.2	7.8	9.4	13.5	22.4	JPEG Lossy	0	1	3	5	7	9	11	5.79	7.6	9.7000000000000011	12.8	15.6	18.5	22.4	 Walsh-Hadamard	0	1	3	5	7	9	11	3.3	3.8	4.0999999999999996	4.3	4.6199999999999966	4.8	5.0999999999999996	Discrete wavelet transform	0	1	3	5	7	9	11	4.45	4.9000000000000004	6.7	9.5	12.5	17.600000000000001	25	Уровень потерь, %	0	1	3	5	7	9	11	5	10	13	20	22	25	37	D 
P
Quantization coefficient
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MoTok #1, napa (#17 -> #16) daitn 17.rst okaT c 40000 Ao 8556 BaifT. KosdduumeHT okatus: 1/ 4,68
Mook #0, napa (#18 -> #17) daiin 18.rst okaT c 40000 a0 8556 6aiiT. KoshduuenT oxatus: 1/ 4,68
MoTok #3, napa (#16 -> #15) daitn 16.rst okaT c 40000 Ao 8520 BaifT. KosdduumeHT okatus: 1/ 4,69
MoTok #1, napa (#14 -> #13) daiin 14.rst okaT c 40000 a0 8671 6aiiT. KosduumenT oxatus: 1/ 4,61
NoTok #2, napa (#15 -> #14) daitn 15.rst okaT ¢ 40000 Ao 8629 HaitT. KosdduumeHT okatus: 1 /4,64
Mook #3, napa (#12 -> #11) daiitn 12.rst okaT c 40000 Ao 8855 baiiT. KosduuenT oxatus: 1/ 4,52
MoTok #2, napa (#33 -> #32) daitn 33.rst okaT c 40000 Ao 8829 BaifT. KosdduumeHT okatus: 1/4,53
Mook #0, napa (#13 -> #12) daitn 13.rst okat c 40000 a0 8709 6aiiT. KosdduumenT oxatus: 1/ 4,59
MoTok #1, napa (#30 -> #33) daitn 34.rst okaT c 40000 Ao 9337 BairT. KosdduumeHT okatus: 1/4,28
MoTok #2, napa (#34 -> #35) daiin 36.rst okaT c 40000 a0 8552 6aiiT. KosduuenT oxaus: 1/ 4,68
MoTok #3, napa (#33 -> #34) daitn 35.rst okaT c 40000 Ao 8706 BaifT. KosdduumeHT okatus: 1/4,59
Mook #1, napa (#36 -> #37) daiin 38.rst okaT c 40000 a0 8712 6aiiT. KosduuenT oxaus: 1/ 4,59
MoTok #0, napa (#35 -> #36) daitn 37.rst oxkaT ¢ 40000 o 8745 aiiT. KoshduumenT okatus: 1/4,57
Mook #2, napa (#37 -> #38) daiin 39.rst okaT c 40000 a0 8362 6aiiT. KosduuenT oxatus: 1/ 4,78
Notok #1, napa (#39 -> #40) daitn 41.rst okaT c 40000 Ao 8550 6aitT. KosdduumenT okaTus: 1 /4,68
Mook #3, napa (#38 -> #39) daiin 40.rst okaT c 40000 a0 8423 6aiiT. KosdduumenT oxatus: 1/ 4,75
Notok #0, napa (#40 -> #41) daitn 42.rst okaT c 40000 o 8433 6aitT. KosdduumeHT okatusa: 1 /4,74
Mook #0, napa (#45 -> #46) daiin 47.rst okaT c 40000 a0 8393 baiiT. KosdduumenT oxatus: 1/ 4,77
MoTok #3, napa (#44 -> #45) daitn 46.rst okaT c 40000 Ao 8307 BaitT. KosdduumeHT okatus: 1/ 4,82
MoTok #1, napa (#43 -> #44) daiin 45.rst okaT c 40000 a0 8422 6aiiT. KosduumenT oxaus: 1/ 4,75
MoTok #2, napa (#41 -> #43) daitn 44.rst okaT c 40000 a0 8241 BairT. KosdduumeHT okatus: 1/ 4,85
Mook #1, napa (#48 -> #49) daiin 50.rst okaT c 40000 a0 8090 baiT. KosdduumenT oxaTns: 1/ 4,94
MoTok #0, napa (#46 -> #47) daitn 48.rst okaT c 40000 Ao 8339 BaifT. KosdduumeHT okatus: 1/ 4,80
MoTok #2, napa (#41 -> #42) daiin 43.rst okaT c 40000 a0 8002 6aiiT. KosdduuenT oxaus: 1/ 5,00
MoTok #3, napa (#46 -> #48) daitn 49.rst okaT c 40000 Ao 8161 BaifT. KosdduumeHT okatus: 1/4,90
Mook #3, napa (#8 -> #7) baiin 8.rst okaT ¢ 40000 A0 9111 6aiiT. KosddumenT okaTms: 1/ 4,39
MoTok #1, napa (#11 -> #10) daitn 11.rst okaT c 40000 Ao 8895 BairT. KosdduumeHT okatus: 1/4,50
Mook #0, napa (#10 -> #9) daitn 10.rst oxaT c 40000 a0 9058 6aiiT. KospduumenT oxatus: 1/ 4,42
MoTok #2, napa (#9 -> #8) daitn 9.rst okaT c 40000 Ao 9123 6aitT. KosbdmumenT oxkatus: 1/4,38
Mook #3, napa (#7 -> #6) daiin 7.rst okaT ¢ 40000 a0 9147 6airT. KosddumenT okatms: 14,37
MoTok #1, napa (#7 -> #5) daitn 6.rst okaT c 40000 Ao 9343 6aitt. KosbduumenT oxkatus: 1/4,28
MoTok #2, napa (#4 -> #3) daitn 4.rst okaT ¢ 40000 A0 9961 6aiiT. KosddnmenT okatus: 1/ 4,02
MoTok #0, napa (#5 -> #4) daitn 5.rst okaT c 40000 Ao 9685 GaitT. KosbduuenT oxkatus: 1/4,13
MoToK #0 3aKpLIT Ha MTepaLM 13, OCTanoch PABOTAIOWIX NOTOKOB: 3

MoTok #3, napa (#3 -> #2) daitn 3.rst oxkaT ¢ 40000 Ao 10229 Baitt. KosbdmuenT okatus: 1/3,91
MoToK #3 3aKpLIT Ha MTepaLM #13, OCTanoCh PaBOTAIOWIX NOTOKOB: 2

MoTok #1, napa (#3 -> #1) daitn 2.rst okaT c 40000 Ao 10769 Baitt. KosbdmuenT okatus: 1/3,71
MoToK #1 3aKPLIT Ha MTePaLM #14, OCTanoCh PABOTAIOWMX NOTOKOB: 1

MoTok #2, napa (#3 -> #0) daitn L.rst okat c 40000 Ao 10419 6aitT. KosddwmumenT okatus: 1/ 3,84
MOTOK #2 3aKPLIT Ha MTepaLM #14, OCTanoCh PABOTAIOWMX NOTOKOB: 0

Koauposarue 3asepweHo. Kananos: 49. KosbduumenT okatus: 1/ 3,99 (2041771 6airr / 511588 Bairr)
Bpems BoinonHeHMs: 2661 MC
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MoTok #1Ha utepawm #12 Xa€T napy
MoTok #0 Ha UTEpaLym #10 KAET napy

MoTok #3 Ha uTepam #8 XAET napy

MoToK #1Ha UTepaLym #12KAET napy
Mook #2 Ha uTepalm #10 Gepet napy (10 -> 9)
MoTok #0 Ha uTepaLym #10 KAET napy

MoTok #3 Ha uTepam #8 XAET napy

MoToK #1Ha UTepaLym #12KaET napy
Mook #2 Ha uTepalm #11 6epét napy (9 -> 8)
MoTok #0 Ha UTEpaLym #10 KAET napy

MoTok #1Ha uTepawm #12 Xa€T napy
MoToK #3 Ha UTEPaLYM #8 KAET Napy
TMoTok #2 Ha uTepaLym #12 6epéT napy (8 -> 7)
MoToK #3 Ha UTEPaLYM #8 KAET Napy

MoTok #1Ha uTepawm #12 Xa€T napy
MoTok #0 Ha UTEpaLYm #10 KAET napy
MoTok #1 Ha uTepaLum #12 6epéT napy (7 -> 6)
MoTok #3 Ha uTepawwm =8 BepeT napy (7 -> 5)
MoTok #2 Ha uTepawm #13 XaéT napy
MoTok #0 Ha UTEpaLYm #10 KAET napy
MoTok #3 Ha uTepawm #9 BepeT napy (5 -> 4)
MoToK #2 Ha UTepaLym #13 AT napy

MoTok #2 Ha uTepawm #13 XaéT napy
MoTok #0 Ha UTepaLym #10 KAET napy

MoTok #1Ha utepawm #13 XaéT napy
MoTok #0 Ha UTEpaLym #10 KAET napy

MoTok #1Ha utepawm #13 XaéT napy
MoToK #2 Ha UTepaLym #13 AT napy

MoTok #2 Ha uTepawm #13 6epéT napy (4 -> 3)
MoTok #0 Ha UTepaLym #10 KAET napy

MoTok #1Ha utepawm #13 XaéT napy
MoTok #3 Ha uTepaLym #10 XKAET napy

MoTok #2 Ha uTepalm #14 6epéT napy (3 -> 2)
MoTok #1Ha uTepawm #13 6epéT napy (3 -> 1)
MoTok #0 Ha uTepawm #10 6epéT napy (3 -> 0)

MoTok #0 3aKpLIT Ha UTepawm #11. OcTanocs paboTatowmx NOTOKOB: 2
MoTok #1 3aKPHIT Ha UTEPaLYM #14, OCTanocs PabOTAIOLMX NOTOKOS: 1

MoToK #2 3aKPLIT Ha MTepaLwm #15. OcTanocs paboTatouwmx NoToxos: 0
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O Koppensuw v perpecam Mokasate nor
Tnasras cTparua | ONEPaLIM Haa MATDWLEMA | PaioTa C oM daiinom | cxoawoe conepimoe oTkpLIToro Gaiina | KosbduuenTsi | BoccTaHosnerHoe coaepxmMoe
BoibpaTe nepsyio Tabmuuy | C:\A\020217\100\1.rst
e Lunpwa: 100, BuicoTa: 100. Cpeanee snauerue: 952,00, MismansHoe sHaderme: 771, MakomansHoe sHauerme: 1165, Pasbpoc: 394.
BuibpaTs 5TOpyI0 Tabnuuy | @aiin He seifpan
MaTpuua 1 mzlmpmwmm-umddmllmm
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 v A

0 918 845 918 918 845 845 918 918 918 918 918 992 918 918 845 918 918
1 994 921 921 994 921 921 921 921 773 921 921 921 994 847 921 994 994 847
2 862 936 1009 936 936 936 936 862 936 862 936 1008 862 862 1009 1008 936 1008
3 1006 932 1006 932 932 785 1006 932 932 1006 1006 859 1006 1006 1006 932 932 932
4 1011 937 937 937 937 937 863 937 937 863 937 937 1011 937 1011 937 937 937
5 936 936 936 936 936 936 936 936 1009 862 936 1009 936 1009 936 936 936 862
6 925 999 925 925 925 999 925 925 925 925 852 925 999 999 999 999 999 925
7 944 944 1017 944 944 944 1017 944 944 870 87 944 944 944 944 1091 87 1017
8 859 932 932 1006 1006 859 932 932 932 1006 859 932 859 932 932 932 1006 859
9 1006 932 859 932 859 859 859 859 932 932 1006 859 932 1006 932 932 1006 1080
10 914 914 988 914 988 914 988 914 988 914 914 914 914 988 914 988 988 988
1 937 1011 937 863 863 1011 937 937 937 1011 1011 1011 937 937 937 1011 937 1011
12 993 920 920 920 920 993 846 920 920 920 920 920 846 846 993 920 920 920
13 932 1006 1006 859 932 859 859 932 932 932 1006 932 932 1006 932 1006 932 932
14 930 856 856 930 930 930 1004 930 1004 1004 1004 930 930 1004 1004 1004 930 930
15 930 930 930 1004 930 1004 1004 1004 1004 930 930 1004 930 930 930 930 1004 930
16 999 925 852 925 925 999 925 999 925 925 999 925 999 925 925 999 925 9
< >
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O Koppensiwm u perpecom [okasats nor
Tnasras cTparua | ONEPaLIM Haa MATDWLEMA | PaioTa C oM daiinom | cxoawoe conepimoe oTkpLIToro Gaiina | KosbduuenTsi | BoccTaHosnerHoe coaepxmMoe
BoibpaTe nepsyio Tabmmuy | C:\A\020217\100\1.rst
ILinpura: 100. BeicoTa: 100. Cpearee sHauenme: 952,00, MinuMansHoe sHaueHme: 771, MakaamansHoe sHaueHve: 1165, Pasbpoc: 394.
Boibpats BTOPYI0 Tabnuuy | C:\A\D20217\100\2.rst
LWmpura: 100. Beicota: 100. Cpearee sHauerme: 1260,00. MuHuManbHoe sHauerme: 1042, MakamansHoe sHaueHne: 1514, Pasbpoc: 472.
Matpuua 1| MaTpuua 2 | Moacuet koppenawm MUPCoHa 1 nnHeliHoii perpeccim l BoccTaHoBneHne
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 N

o E} 1225 1225 1312 1225 1138 1138 1225 1138 1138 1138 1138 1225 1225 1225 1225 1138 1312
1 1238 1325 1238 1238 1238 1152 1325 1238 1238 1152 1238 1238 1238 1238 1238 1238 1238 1065
2 1306 1219 1219 1133 1306 1306 1219 1306 1219 1219 1133 1306 1219 1219 1219 1219 1219 1306
3 1236 1322 1236 1236 1236 1236 1149 1236 1236 1149 1322 1236 1149 1236 1236 1149 1236 1149
4 1332 1158 1332 1245 1158 1245 1245 1158 1332 1245 1245 1332 1245 1245 1332 1158 1332 1332
5 1253 1167 1340 1167 1253 1340 1253 1253 1253 1340 1253 1340 1340 1253 1340 1340 1253 1340
6 1149 1236 1236 1236 1236 1236 1322 1236 1236 1149 1236 1236 1322 1236 1322 1236 1236 1322
7 1152 1238 1238 1238 1238 1238 1238 1238 1238 1238 1152 1238 1325 1152 1238 1152 1238 1238
8 1125 1211 1298 1211 1211 1211 1211 1211 1211 1211 1211 1211 1125 1298 1125 1125 1211 1125
9 1233 1233 1233 1233 1233 1146 1146 1233 1233 1320 1233 1146 1233 1233 1233 1233 1233 1320
10 1224 1224 1397 1224 1224 1137 1224 1310 1310 1137 1224 1224 1224 1137 1224 1224 1310 1224
11 1230 1317 1230 1230 1144 1230 1230 1230 1317 1230 1144 1230 1230 1230 1230 1317 1230 1230
12 1308 1221 1221 1221 1221 1308 1221 1221 1221 1308 1221 1221 1308 1308 1221 1221 1221 1394
13 1230 1230 1230 1230 1144 1230 1230 1144 1230 1230 1230 1230 1144 1317 1317 1317 1230 1317
14 1237 1324 1237 1324 1324 1324 1237 1411 1324 1324 1411 1237 1237 1411 1324 1324 1237 1324
15 1325 1152 1238 1238 1325 1325 1238 1238 1238 1238 1238 1238 1325 1238 1325 1238 1238 1238
16 1318 1318 1232 1232 1232 1232 1318 1318 1232 1318 1318 1232 1232 1318 1232 1232 1232 1405 v
< >





image43.png
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