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Abstract. In this paper, we consider the case of applying convolutional neural networks interpretation methods
to ResNet 18 model in order to identify and justify model errors. The model is used in the problem of classifying
the orientation of text documents images. First, using interpretation methods, an assumption was made as to
why the neural network shows low metrics on data that differs from training images. The alleged reason was
the presence of artifacts on the generated training images, caused by the use of an image rotation function.
Further, using the Vanilla Gradient, Guided Backpropagation, Integrated Gradients, GradCAM methods and
the invented metric, we managed to accurately confirm the hypothesis put forward. The obtained results helped
to significantly improve the accuracy of the model.
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AHHOTaIll(ISl. B Z[aHHOﬁ CTaTbC paCcCMaTpUBaACTCs cnyqaﬁ MPUMEHCEHUA METOJOB UHTEPIIPETALINU CBépTO‘IHI)IX
HellpoHHbIX cerell k Monenn ResNet 18 c¢ nernpio obHapyxeHus u oObsicHeHus e€ omubok. Cama Monenb
UCIHOJB3YETCA JId PEHICHUA 3aa4d OIPEACICHUSI OPUCHTALUU H306pa)l<6HMI>'l TEKCTOBBIX JNOKYMEHTOB.
N3HavansHO C MOMOUIBIO METOAOB MHTEPHNPETALIUN OBLIO BBIIBUHYTO NPEATIOIONKECHUE O NIPUINHE HU3KOI'O
KayecTBa MpeACKa3aHWi MOJeIM Ha JaHHBIX, OTJIMYHBIX OT NPHMEpOB U3 oOydaromero Hadopa.
HpennonaraeMoﬁ HpI/I‘II/IHOI\/‘I OKa3aJIoChb HaJIM4uc apTe(i)aKTOB Ha TPEHUPOBOYHBIX AAHHBIX, KOTOPLIC OBLIH
CTeHEPUPOBAHbI C UCIIOIb30BaHHEM (YHKIUH MOBOpPOTa n3obpaxkenuil. Janee, ¢ momompio MeronoB Vanilla
Gradient, Guided Backpropagation, Integrated Gradients, GradCAM u mpemioKeHHOH METPHUKH YAAIOCh
TOYHO 00OCHOBATH BBIIBUHYTOC IIPEATIOJIOKEHUE. HOHy‘IeHHBIe PE3YIBTATBI IOMOTJIX 3HAYUTECIIBHO YIYYIINTH
TOYHOCTb MOJCIIN.
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1. Introduction

Convolutional neural networks are known for high metrics demonstrated in classification [1],
segmentation [2], and object detection [3] tasks. This is due to the large number of improvements
proposed to the original architecture [4] and the growing computing power. At the same time, the
speed of neural networks due to the use of GPU also makes them an excellent replacement for the
classical methods. ResNet 18, as an example of a convolutional neural network, shows high metrics
in the classification task, while having a small number of parameters compared to other models,
which causes its high speed. Also, this model has a simple architecture compared to later models, so
its interpretation is quite simple. For these reasons, ResNet18 was chosen as the base solution.
Despite the advantages of convolutional neural networks, they still have one significant drawback -
the difficulty of explaining model predictions. In other words, often neural networks are considered
as a black box [5]. It can be critical when debugging a model.

At the moment, there are a large number of methods for interpreting neural networks, almost all of
them are aimed at connecting parts of the input data with the prediction of the model [6]. For
example, in image processing tasks, these methods help to highlight areas of the input image that
led to a particular prediction.

In this paper, it is proposed to consider an example of applying existing methods for interpreting
neural networks to identify the causes of systematic errors of a neural network in the problem of
classifying the orientation of images of text documents. The very definition of the orientation of a
text document is necessary for the correct recognition of text in the image. And often it is the image
orientation correction module that is one of the first in the pipeline for text recognition. That is, the
quality of text selection strongly depends on the work of this module. Therefore, fixing the errors of
this module is necessary, but it may not be a trivial task at all.

In general, this paper considers several interpretation methods that allowed us to identify artifacts in
the original training data. Also, the paper compares interpretation methods using several quality
assessment metrics, one of which is proposed in this paper.

2. Related work

Consider interpretation methods for neural networks designed for image processing. According to
work [7], existing methods for convolutional neural networks interpretation can be divided into two
groups:

e Techniques to understand the decision-making process of a neural network by correlating the
output of a neural network with areas of input data to see which parts of the input data most
determine the output. Such methods can also be called local;

e Methods that allow us to consider in more detail the contents of the neural network and interpret
how the internal layers’ process data (not necessarily data in our subject area, but in the general
case). Such methods could be called global.

The first group includes methods based on gradients as well as methods that allow you to build

areas importance map of the input image. The main representatives of gradient methods are Vanilla

Gradient [8], Guided Backpropagation [9], Integrated Gradients [10], GradCAM [11] and XRAI

[12].
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The second group includes methods for visualizing extracted features, the main of which is the
Convolutional Features Visualization [13] method. In next sections global and local methods are
described in more detail.

2.1 Vanilla Gradient

One of the first methods to explain neural networks is Vanilla Gradient [8]. For explaining the result
of the classifier's work on the image, the method visualizes a matrix, which represents partial
derivatives of the neural network output with respect to the input image. In the resulting matrix, the
intensity of each pixel reflects the derivative of the output with respect to the corresponding image
pixel. It is assumed that the greater the intensity of a pixel on a heat map, the more it affects the
prediction of the classifier, i.e. the more this pixel is responsible for assigning it to a particular class.

2.2 Guided Backpropagation

A maodification of the Vanilla Gradient method is the Guided Backpropagation method [9]. It differs
from Vanilla Gradient in that all negative gradients are set to zero to build a feature map. It is
assumed that positive gradients are positively correlated with the prediction of a particular class. In
practice this makes the selected feature map less noisy. This method, like Vanilla Gradient, allows
you to see which areas of the input image are most responsible for a particular neural network
prediction.

2.3 Integrated Gradients

Another modification of the Vanilla Gradients method is the Integrated Gradients method [10]. This
method differs from Vanilla Gradients and Guided Backpropagation in that it allows you to explore
the neural network, as a function, not only at the point corresponding to the input image, but at some
interval. It is assumed that the neural network, as some complex mathematical function, can fall into
a local extremum when a certain input image is supplied. In this case, when calculating partial
derivatives with respect to the input image, zero values can be obtained, which will not carry
information about the importance of image areas for predicting a certain class. To consider a neural
network on a certain interval, it is proposed to use the Integrated Gradients method on different
combinations of inputs x' + a(x — x"), where x is the original input image, x’ is an auxiliary
image that does not contain any information (e.g. white noise or a completely black image), and o
is a coefficient from 0 to 1, indicating in what proportion the auxiliary image is added. That is, the
neural network function is considered on the interval [x’, x] and integrated over a. The final
formula for the value map looks like this:

OF (x; + a X (x; — x{))

d
6x,- *

1
IntegratedGradinets;(x) = (x; — x{) X j
a=0

Here F(x) is a mathematical function representing a neural network.

This method allows to accumulate gradient values for different inputs, which gives a more stable
map of values and allows you to more accurately see the most important areas of the image for
prediction.

2.4 GradCAM

Method of interpreting neural networks most frequently encountered in modern literature is the

GradCAM [11]. It also produces a heat map showing which parts of an image contribute to specific

class prediction the most. The principle of operation of this method can be schematically represented

in the form of the following list:

e A convolutional layer is selected. Usually this is the last convolutional layer of the neural
network, since it highlights the most important information;

e  Matrix of the selected layer activation is saved during forward propagation;
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o Partial derivatives are taken from the resulting array relative to the input image and the matrix
of derivatives is stored on the selected layer;
e  Two saved matrices are multiplied to form a heat map.

3. Interpretation methods justification

Four methods were chosen for the experiments, namely Vanilla Gradient, Guided Backpropagation,
Integrated Gradients and GradCAM. These methods are suitable for the specifics of the task and are
suitable for working with images of text documents.

XRALI is not suitable for the specifics of the task, because it uses an image segmentation algorithm
that separates objects by color and shape. Since the images we work with consist mostly of white
backgrounds and black text, meaningful segmentation is not possible: there are not enough different
colors and different shaped areas in the image. This method is more suitable, for example, for images
of the ImageNet type, since there are objects of different shapes and colors on the images and the
background is not monotonous.

Convolutional Features Visualization is also not suitable for interpretation in our case, because the
feature images that this method renders themselves require interpretation and do not reveal any
human-understandable features in the input images. Examples are shown in the Fig. 1.

Fig. 1. Examples of visualized features for two convolutional filters of ResNet 18

4. Data set

To solve the problem of determining the document image orientation a data set was generated in
order to train and test the selected model. The following is a detailed description of the data set.
2370 images of documents were taken as initial data, initially having a strictly vertical orientation
(i.e. 0°). Among the documents have included in the data set, the following types can be
distinguished: articles, terms of reference, statements, regulations, laws.

Fig. 2. Examples of documents used in the data set. Left — one column text and a small image. Middle — two
column document. Right —table document
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Document are characterized by black text on a white background, Manhattan document page layout,
and can also contain tables and pictures. Text on different types of documents can consist of one of
two columns. Examples are shown in the Fig. 2.

From the images described above, a data set was further compiled for training the classifier using
the following augmentation method: each image was rotated by angles that are multiples of 90° and
saved as a separate copy. That is, a document that initially had a vertical orientation (i.e. 0°) was
presented in four possible orientations in the data set: 0°, 90°, 180° and 270°.

This image rotation was applied so that all document orientation directions occur the same number
of times in the data set. Thus, out of 2370 images, a set containing 9480 images was obtained. The
training set consisted of 7580 images, while the test set consisted of 1900. It is worth noting that the
data set was partitioned by source images, meaning rotated versions of the same image only occur
in one part of the data set.

In the process of forming the training data set, a rotation function based on affine transformations
was initially used. That is, for the corresponding rotation angle, a transformation matrix was formed,
which was multiplied by the image matrix.

5. Interpretation quality estimation

The main way to estimate the quality of interpretation heat maps was proposed in paper [14]. The
main idea of this method is to evaluate how accurately heat maps reflect the most important areas
of the image for prediction. Thus, leaving the 20% of the most intense pixels in the image, according
to the heat map, it is assumed that the class prediction score will change slightly if the heat map well
indicated the most important areas. If the class prediction score changes significantly, it can be
concluded that the heat map did not accurately reflect the most important areas. The exact formula
is given below.

max(0, Y — 0f)
ADS (%) = —Z— *100.

Here i is the index of picture in data set, ¢ is the index of class in the data set, Y© is the class prediction
score on the original image, Of is the class prediction score on the image, where, according to the
heat map, 20% of the most intense pixels are left, the remaining pixels are painted white, N is the
number of images in the data set. The example of heat map overlay is shown on Fig. 3.

Fig. 3. Left - original input image. Middle - heat map obtained with interpretation method overlaid on image.
Right - 20% most intense pixels left on original image according to heat map

6. Heat map result analysis

The first ResNet 18 interpretation experiment was aimed at identifying possible areas of images that
lead to mispredictions. GradCAM was chosen as the interpretation method for the first experiment,
and the last convolutional layer was chosen as the studied layer of the neural network, since it
contains information about the most accurate features of the image. As the images on which the
interpretation was carried out, images from the test part and images outside the data set were
selected. In the resulting heat maps, red indicates the areas “more important” for prediction, and
purple — “less important”.
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Fig. 4. Several examples of GradCAM heat maps obtained in the first interpretation experiment
Most of the received heat maps contained the same pattern — light stripes along the edges of the
images. This means that the neural network “pays attention” to these corner areas. This result does
not seem predictable, since, in theory, the neural network should highlight features from the entire
image. In the following sections, this effect is discussed in more detail.

6.1 Alleged problem

In connection with the obtained heat maps, which indicated stripes along the edges as important for
predicting image areas, an assumption arose about the presence of such artifacts in the images. At
the same time, these artifacts, according to the assumption, should be contained either only in the
training data set, or only outside it, since the pictures inside these groups are processed by the
network in a similar way.

Using a difference visualization program, it was found that the same image, taken from the data set,
and the same one rotated in a graphics editor, differ from each other by a shift of one pixel either
vertically or horizontally, forming a black stripe at the edge of the image. In this case, this stripe is
contained in the image from the data set.

By assumption, it was this artifact in the data set that influenced the fact that the neural network
“pays attention” to the areas where these stripes are contained. The very reason for the occurrence
of the artifact is discussed in more detail in the next part. Also, further experiments follow, allowing
to check the put forward assumption.

6.2 Image rotation function

The WarpAffine rotation function of the OpenCV library, originally used in data set generation, is
based on affine transformations. A rotation matrix is built from the rotation angle and applied to the
matrix of the original image. For each pixel in the original image, the coordinates in the rotated
image are calculated. But due to the rounding of floating-point numbers to integers, there is a shift
by one pixel, as a result of which an artifact appears in the image in the form of a black stripe at the
edge of the image. The location of the line also depends on the angle of rotation. Schematically, the
location of the stripes is shown in the Fig. 5.

0° 90° 180° 270°

Fig. 5. Visualization of artifacts that appear when using the WarpAffine function
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The rotation function, based on the transposition and reflection of the image matrix, does not create
artifacts in the form of stripes, since in fact it simply rearranges the elements of the matrix.

6.3 Interpretation metrics introduction

The following metric was proposed for assessing the quality of interpretation of the neural network
model to test the hypothesis put forward: the ratio of the average pixel intensity in the corner area
(indicated in red) and the average pixel intensity in the central area (indicated in blue). The
dimensions that define these regions vary in experiments. For A, these are 50 and 110 pixels; for B,
these are 1150 and 1090 pixels, respectively. Let's call this metric corner to main ratio (CMR).
Recall that it is in the corner area that black stripes are contained that appear when using the rotation
based on affine transformations. Thus, the metric clearly shows how much the pixels in the corner
area are “more important” for the classifier than in the central area, that is, how much these bands
are “more important” for the classifier than the rest of the image on a prediction step.

A px

A px B px

Fig. 6. Splitting the image into corner (marked in red) and central (marked in blue) areas

6.4 Fixed data set

After assuming the influence of artifacts of the rotation function on the work of the classifier, the
data set was obtained from the original images in the same way, but using a different rotation
function. Now, a combination of transpose and reflection of the image matrix was used as the
rotation function. These images do not contain artifacts, since this rotation function uniquely
rearranges the elements of the image matrix. The neural network was trained on a new data set for
further experiments. In next experiments we will refer to these neural network weights as «fixed
model» since this model does not have such unpredictable behavior. And we will refer to these
pictures as “Trans+Ref” since such rotation function was used to generate them. We will also call
the weights on which unexpected behavior of the neural network was detected an «error modely,
and pictures that were used to train it “Affine ” since this rotation function was used.

b
Fig. 7. The heat map obtained with Vanilla Gradients for Trans+Ref image. Left is a heat map for error
model, right is a heat map for fixed model

7. Results of interpretation experiments

For experiments, 1000 images were selected from the data set, of which 500 were the results of the
WarpAffine rotation function, and another 500 were the results of transposition and reflection. As a
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result, the corner to main ratio metric was averaged over the entire data set. The calculation of this
metric was carried out for two different values of A from Fig. 6: for 110 and 50 pixels. The higher
the corner to main ratio, the more important the corner area is compared to the main part of the
image.

Fig. 8. The heat map obtained with Guided Backpropagation for Trans+Ref image. Left is a heat map for
error model, right is a heat map for fixed model

Fig. 9. The heat map obtained with Integrated Gradients for Trans+Ref image. Left is a heat map for error
model, right is a heat map for fixed model
;i&’ﬁ»*d Sg%

B T

Fig. 10. The heat map obtained with GradCAM for the output layer of each of the four ResNet 18 blocks. Left
is the conv_4, right is the conv_1. Bottom row contains heat maps for error model, Top row contains heat
maps for fixed model. Trans+Ref image was used.

Itis visible on Fig. 7, 8, 9, and 10 that the error model definitely "pays more attention™ to the corner
region of an input image however it does not contain artifacts since it is Trans+Ref image.
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For the GradCAM method, CMR metric is calculated using heat maps obtained on the last
convolutional layers of each of the four main blocks. In the Fig. 11, these blocks are named conv_4,
conv_3, conv_2 and conv_1, respectively.

FC, Softmax

Average pooling

conv_4 3x3 conv, 512 (x4)
conv_3 3x3 conv, 256 (x4)

3x3 max pooling

Fig. 11. Schematic representation of the ResNet 18 architecture

7.1 Artifact influence revealed by experiments

As can be seen from the Tables 1, 2, 3, and 4, CMR values are always grater for the error model
regardless of rotation function used to generate an input image. The results of four chosen methods
reveal the same trends, which strengthens the evidence.

Table 1. Corner to main ratio values for Vanilla Gradients method

Corner region Affine image Trans+Ref image
width error model fixed model error model fixed model
110 px 3,3268 1,2885 2,9800 1,2986
50 px 6,0972 1,4316 5,5656 1,4549
Table 2. Corner to main ratio values for Guided Backpropagation method
Corner region Affine image Trans+Ref image
width error model fixed model error model fixed model
110 px 1,1163 0,8657 1,2541 0,8860
50 px 1,8716 0,8876 2,1454 0,9268
Table 3. Corner to main ratio values for Integrated Gradients method
Corner region Affine image Trans+Ref image
width error model fixed model error model fixed model
110 px 3,7876 1,2900 5,1387 1,3758
50 px 6,9799 1,4006 10,0370 1,5589

These results confirm our assumption about the effect of artifacts in the data set on the behavior of
the classifier. It turns out that it were these artifacts that became the most important feature for
classification, and when this feature did not appear on the image, this led to errors. The proof of this
is the accuracy of the error model when processing Affine images. For example, this is reflected in
Tables 5, 6 in the columns "Acc before heat map overlay”. Namely, when processing Trans+Ref
images, the accuracy is 0.5, while when processing Affine images, the accuracy is 1.0. At the same
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time, for the fixed model, when processing Trans+Ref images, the accuracy is 0.998, and when
processing Affine images, the accuracy is 1.0.

Table 4. Corner to main ratio values for GradCAM method

Corner region width Affine images Trans+Ref images
error model fixed model error model fixed model
conv_4 2,3177 0,8230 2,3445 0,8263
110 px conv_3 1,5510 1,0686 1,7669 1,0744
conv_2 1,0826 0,8793 1,0429 0,8916
conv_1 0,9085 0,7238 0,9157 0,7645
conv_4 2,1987 0,6608 2,2196 0,6625
50 px conv_3 2,2600 1,1567 2,4967 1,1735
conv_2 1,0512 0,8998 1,0259 0,9017
conv_1 0,9354 0,7511 0,9516 0,7855

Table 5. Results of the experiment for interpretation quality estimation for the methods Vanilla Gradient,
Guided Backpropagation, Integrated Gradients. Bold indicates ADS less than 10 percent

Trans+Ref image Affine image

Acc before | Acc after Acc before | Acc after

heat map heat map | Acc diff ';DS’ heat map heat map 'g‘?: ';DS‘

overlay overlay ° overlay overlay ' 0

Vanilla Gradient
error model 0,500 0,5020 0,002 19,32 | 1,000 0,9980 0,002 (0,58
fixed model 0,998 0,8880 0,110 13,24 11,000 0,8920 0,108 | 12,56
Guided Backpropagation
error model 0,500 0,5100 0,010 9,79 1,000 0,8240 0,176 | 19,88
fixed model 0,998 0,9960 0,002 0,34 1,000 1,0000 0,000 (0,15
Integrated Gradients

error model 0,500 0,4700 0,030 34,28 (1,000 0,8760 0,124 (14,69
fixed model 0,998 0,7500 0,248 27,91 | 1,000 0,7580 0,242 | 26,97

Table 6. Results of the experiment for interpretation quality estimation of GradCAM heat map for each of
four ResNet 18 blocks. Bold indicates ADS less than 10 percent

Trans+Ref image Affine image

et [hesimer oo [aos, [Reeiefore Theeeter Tace Taos

overlay overlay diff | % overlay overlay diff | %
conv_1{0,500 0,4580 0,042 (24,46 |1,000 0,6520 0,348 (36,39
error |conv_2 (0,500 0,3940 0,106 |34,71 |1,000 0,5820 0,418 |44,66
model | conv_3 | 0,500 0,3800 0,120 (39,18 |1,000 0,7740 0,226 | 24,12
conv_410,500 0,4220 0,078 (34,91 |1,000 0,7680 0,232 | 25,82
conv_1]0,998 0,7800 0,218 [26,65 |1,000 0,8100 0,190 (23,36
fixed |conv_2]0,998 0,8440 0,154 (19,77 {1,000 0,8200 0,180 |20,97
model [ conv_3{0,998 0,7960 0,202 (23,13 |1,000 0,8180 0,182 (21,66
conv_4 0,998 0,8840 0,114 (16,21 |1,000 0,8740 0,126 | 16,65

7.2 Quality estimation

In order to assess how accurately the interpretation heat maps were obtained, it is proposed to
evaluate the ADS metric described in section 5. This metric will also allow us to understand which
of the interpretation methods used turned out to be more accurate.
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From the results of the experiment in Tables 5 and 6 we can conclude that the most accurate heat
maps were obtained by the Guided Backpropagation method, since The ADS of this method turned
out to be the smallest. Moreover, difference in accuracy after heat map overlay is also smaller for
Guided Backpropagation. This means that the heat maps of this method most accurately highlight
important areas in the image, and therefore masking the image while leaving these most important
areas does not lead to a noticeable decrease in the quality of the model.

8. Conclusion

In this work, we have considered how interpretation methods can be applied to a neural network in
case of unexpected behavior. We have shown that interpretation can help identify the causes of
erroneous behavior and further help improve model accuracy. At the beginning, thanks to the
interpretation methods, an assumption was made about the influence of artifacts in the training data
set on the behavior of the model. It was found that these artifacts in the form of black stripes with a
width of one pixel occur at the edges of images due to the use of a rotation function based on affine
transformations. A metric was introduced to test the proposed assumption. With the help of four
interpretation methods and this metric, it was possible to accurately prove the hypothesis. All
methods showed similar results. Using the average drop in score metric, we managed to choose the
best of the four methods.
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AHHOTamMsi. 3ajaya aBTOMATHYECKOTO pACIIO3HABaHWs PYKOIHMCHOTO TEKCTa SBISIETCS — BaXKHOU
COCTaBIIAIIONLIEH B MpoLiecCe aHAIU3a NIEKTPOHHBIX JJOKYMEHTOB, OJHAKO €€ pelleHHe Bce elle JaleKo OT
uneana. OQHON M3 OCHOBHBIX NPHYMH CIOKHOCTH PACIO3HABAHUS PYKONHMCHOTO TEKCTa HA PYCCKOM SI3BIKE
SIBJIICTCS] HEOCTATOYHOE KOJIMYECTBO JaHHBIX, UCIIOIB3YEMBIX ISl 00ydeHHs1 Mojienel paciio3HaBanus. [Ipu
3TOM, JIJISI pYCCKOTO SI3bIKa MPo0IieMa BCTaéT OoJiee 0CTpo U yCyryosaseTcst O0IbIIUM pa3HOO0pa3ueM CI0KHBIX
nouepkoB. B nmaHHOW pabore wMccieqyercs BIMSHHE PA3IMYHBIX METOJOB TEHEPAIMH JONOJIHHTEIBHBIX
oOy4aronx HaOOpOB MaHHBIX Ha KayeCTBO MOJENCH paclo3HABaHMSA: METOJ Ha OCHOBE PYKOIHCHBIX
mpU(TOB, METO CKIISHKH CIIOB 13 CHMBOJIOB StaCkKMiX, MeTo1 Ha OCHOBE TeHEePAaTHBHO-COCTA3ATEIBHOM CETH.
B pamkax maHHOH paGoThI ObLT pa3paboTaH HOBBI METO]| CO3JaHMs M300paKEHUIl PYKOIIMCHOTO TEKCTa Ha
pycckoM si3plke Ha ocHoBe IwpudToB. Kpome Toro, mpemnaraercst anroput™ (OPMHPOBAHUS HOBOTO
KUPWUTMYECKOTO PYKOIMCHOTO HIpH()Ta Ha OCHOBE HMEIOLIMXCS HM300paKCHUH PYKONHCHBIX CHMBOJIOB.
D¢ hekTHBHOCTD pa3pabOTaHHOIO METO/a NPOBEPsUIach C MOMOIIBIO SKCIEPUMEHTOB, KOTOPBIE NMPOBOIHINCH
Ha JABYX OOIIEJOCTYMHBIX KHPHUIMYECKUX Ha0Opax MaHHBIX C TMOMOILIBIO JBYX DAa3IMYHBIX MOJENel
pacro3HaBaHus. Pe3yabTaThl SKCIIEPHMEHTOB ITOKA3aJI1, YTO Pa3paboTaHHbIH METO/ FeHEepalu H300paKeHUH
TIO3BOJIMII MOBBICHTh TOYHOCTH PACIIO3HABAHUS PYKOIHCHOTO TEKCTa B CpefHeM Ha 6%, 4TO CPaBHHMO C
pe3ynbTaTaMu APYTHX, 6oJiee CI0KHBIX METOOB. VICXOAHBIN KOJT 9KCIEPUMEHTOB, MPEI0KEHHOTO METO/IA, &
TaKOKe CTEHEPHPOBAHHBIE B IPOIECCE IKCIIEPUMEHTOB HAOOPHI JAHHBIX BBIIOKEHBI B OTKPBITBIH JOCTYN M
TOTOBBI JUIS1 CKAUMBAHMSI.

KiroueBbie cioBa: pacno3HaBaHME PYKOMNHWCHOI'O TEKCTa, ICHEpalus PYKOIMCHOTO TCEKCTa, T‘J'Iy60KO€
06y‘IeHHe; KOMITBIOTEPHOE 3PpEHUEC
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pykonmcHOro Tekcra Ha pycckoM s3bike. Tpymast CII PAH, tom 35, Bemn. 2, 2023 r., ctp. 19-34. DOI:
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Abstract. Automatic handwriting recognition is an important component in the process of electronic documents
analysis, but its solution is still far from ideal. One of the main reasons for the complexity of Russian
handwriting recognition is the insufficient amount of data used to train recognition models. Moreover, for the
Russian language the problem is more acute and is exacerbated by a large variety of complex handwriting. This
paper explores the impact of various methods of generating additional training datasets on the quality of
recognition models: the method based on handwritten fonts, the StackMix method of gluing words from
symbols, and the use of a generative adversarial network. A font-based method for creating images of
handwritten text in Russian has been developed and described in this work. In addition, an algorithm for the
formation of a new Cyrillic handwritten font based on the existing images of handwritten characters is proposed.
The effectiveness of the developed method was tested using experiments that were carried out on two publicly
available Cyrillic datasets using two different recognition models. The results of the experiments showed that
the developed method for generating images made it possible to increase the accuracy of handwriting
recognition by an average of 6%, which is comparable to the results of other more complex methods. The
source code of the experiments, the proposed method, as well as the datasets generated during the experiments
are posted in the public domain and are ready for download.
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1. BeedeHue

PykomucHbIe 3aMCH IIOBCEMECTHO HCIIONIb3YIOTCS B HAILICH TOBCEIHEBHOM KHU3HH, KaK IPAaBUIIO, B
3aMeTKax, CIIHCKax WM APYTUX KOPOTKHX TeKcTax. J[o n300peTeHuns ne4aTHOro cTaHka B XV Beke,
pyKonucH ObUIM €MHCTBEHHBIM CHOCOOOM Iepeiaud M COXpaHeHHs HUH(OpMaluu pa3iInyHOTOo
pona. IloaToMy OrpoMHOE KOJIMYECTBO HWH(OpMALMK COJNEPKUTCS B PYKOIIUCHOM BHUIE B
HCTOPHYECKHX JOKyMeHTax. Kpome TOoro, pyKONMCHBIM TEKCT CHCTEMAaTHYECKH HCIIONIb3YeTCsS B
JIPYTUX 00JaCTsIX, HAIPUMeEp, B HAITUCAHNH KOHCIIEKTOB Ha aKaJIeMUYEeCKUX 3aHSTHIX, Ha JIEJIOBBIX
BCTpEYaX HJIM IIPH 3aI0JTHEHUH PA3INYHBIX OJAHKOB M 3asBJICHHI.

HecMoTps Ha pacripoCTpaHeHHOCTh U YI00CTBO MCIOIB30BAHUS PYKOIUCHBIX 3aIHCei Pa3IuIHOTO
poZa, STOT CIoco0 B HACTOSIIEE BPEMs HE SIBISETCS MPEANouTHTeNIbHBIM. OCHOBHOI HEI0CTaTOK
pyKomucel CBS3aH C UCKIIOYUTEIBHON TPYAHOCTHIO UX MUGPOBU3AIMH C IIETBI0 OoJee YI0OHOTO
XpaHeHHs, CTPYKTYpH3alli U pacnpoctpaHeHus: uHpopmauu. B coBpeMeHHOM Mupe Oosblias
YacTh MPOIECCOB pabOTHI C JaHHBIMHU aBTOMATH3UPOBaHa, C HUMH paboTaloT KoMIbIoTephl. OHAKO
KOMITBIOTEp HE YMeeT paboTaTh C aHAIOTOBBIMHU JAHHBIMH, TAKMMH KaK N300pakeHHs pyKOTINCHOTO
TeKCTa, 3TH JaHHbIE JOJDKHBI OBITH MPEACTABICHBI B MOHATHOM Ul MallMHBI BHAe. B aTom
KOHTEKCTE CIIOCOOHOCTH pAaclo3HaBaTh M OLU(POBLIBATH COJEPKUMOE PYKOIHMCHOTO TEKCTa
Heo0XoauMa [T U3BJICUCHHS U3 HET0 He00X0IMMON HH(POPMAaLiH.

ABTOMaTnueckoe pacrozHaBaHue pykomnucHoro tekcra (handwritten text recognition, HTR) —
3aj1a4a, KOTOpast pelaeTcsi B TEYCHHE yKe JTOBOJIBHO MPOJOKUTEIBHOr0 BpeMeHH. OHa COCTOUT B
ABTOMATHUYECKOM IIePEBOAC H300paKCHUI, COJCPHKAIIMX PYKOMHUCHBIH TEKCT, B CHMBOIBHOE
NpeacTaBIeHue. DTy 3afady MOXHO C(POPMYIMPOBATH CIEAYIOMIHM O0pa3soM: MmycTh XM ™X¢ —
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BXOJHOE M300pakeHHe IIUPHHOMN M, BHICOTOM N U 9MCIIOM KaHanoB C, Y& = (y; ...y.),y; € A,i =
1, ...,t — BBIXOJHAS MOCJICIOBATEIBHOCTh CUMBOJIOB U3 andaButa A; X = {xmxnxc, m,n>0,cé€
{1,3}}, Y={y,,0<t<T} — MHOXECTBA BXOJHBIX M300p@XKEHHHA H  BBIXOJHBIX
TIOCJIEI0BATEILHOCTEH COOTBETCTBEHHO. 3a/1a4a PAacHoO3HABaHUS PYKOIHMCHOTO TEKCTa COCTOMT B
OTIpeIeTICHNH 0TOOpaXkeHHsA: X — Y, 3a1a10IIeTo I KayKA0To N300pakeHNsI pyKOIMCHOTO TEKCTa
ero nu¢poBoe MPEACTABICHUE B BU/IE MTOCIEAOBATEIILHOCTH CHMBOJIOB. B HacTosmee Bpems 3anaua
B 0011eM BH/E elIE HEe pelleHa U aKTHBHO UCCIIEIyeTCsl.

OtaenbHO CllemyeT CKa3aTh O pACHO3HABAHMM PYKONHCHOTO TEKCTa Ha PYCCKOM  SI3BIKE.
BonpmnHCTBO Hccae0BaHMH B 00JIaCTH pacIIO3HABAHUS BEJETCS U TEKCTA Ha aHTIIMHCKOM SI3BIKE,
100 Ha SA3bIKE, OCHOBOI KOTOPOTO SIBISIOTCA JATHHCKHE CHMBOJIBI. BcnencTBue 3T0ro HaMHOTO
npoiie HaiTH U HaOOPBI TaHHBIX, K METOJIbI PEILICHHUS 3aauH JUIsl TEKCTa Ha TAKHUX SI3bIKAX.

[Ipu >TOM CymIeCTBYeT JIHUIIB HECKOIBKO padoT [1, 2], MOCBAMIEHHBIX PacIiO3HABAHUIO TEKCTa HA
KHUPWIIHLE, PABHO KaK ¥ HEOOIIBIIIOE KOJIMYECTBO ITAJOHHBIX HAOOPOB ITaHHBIX, HCTIOJIB3YEMBIX IS
CpaBHEHUSI Pe3yJIbTATOB C IPYTUMH MeToAaMu. Bcé 3To 100aBisieT JONONHUTENbHBIC CI0KHOCTH
Ha MYTH PelIeHHs 33/1a41 K CYLIECTBYIOIINM MHOTOUHCIICHHBIM IIPOOIeMaMm.

Kak npaBuiio, 1u1st pemieHust 3aJadyl paclo3HaBaHHUsI PYKOIMCHOTO TEKCTa MPHUMEHSFOTCSI METOIBI
MAIIMHHOTO U TITyO0OKOro 00y4eHus, TpeOyromue 00pmoro oobsemMa pa3Ho00pa3HbIX 00yJaromnx
JaHHbIX. Tak, OJHOW K3 OCHOBHBIX IPUYUH OTCYTCTBUSI XOPOIIECH YHUBEPCAIbHOU MOJEIH
pacro3HaBaHus PYKOITMCHOTO TEKCTa SIBJISIETCS TO, YTO Pa3Mep OOYUaroNiX JaHHBIX HEJOCTaTOYHO
BeNIMK. B 3TOM cilyyae K CyIIeCTBYIOIIUM JaHHBIM MPUMEHSIIOT METOAbI ayTMEHTAIlUN JAHHBIX, B
paMKax paccMaTpHBaeMOM 3aJa4d MbI OCTAHOBHMCS Ha PacCMOTPEHUH IOJBHJA ayTMEHTAaIlUuH —
TeHEepaIuy OTIOTHUTEIbHBIX CHHTCTHIECKUX JTaHHBIX.

Kak mpaBuio, pacummpenue o0ydaromiero Habopa JaHHBIX OCYIIECTBILIETCS MyTEeM I'€Hepaluu
M300paKeHUH PYKOMMCHOTO TEKCTA C IIOMOIIBIO PYKOIMCHBIX MIPH(TOB. DTa METOIMKA XapaKTepHa
JUISL QHTJIOA3BIYHBIX TEKCTOB, IUISi KOTOPBIX CO3JaHO OOJbIIOE KOJIMYECTBO Pa3sHOOOPa3HBIX
mpupToB. HecMOTpst Ha OTHOCHUTENBHYIO TIPOCTOTY PeajM3alliK 3TOT0 METOJa, B JIUTEpaType He
YIIOMUHAETCSI €r0 HCIIOJIb30BaHHE B KOHTEKCTE PYCCKOTO SI3bIKA. DTO MOXKET OBITh CBSI3aHO C
MEHBIINM Pa3HOOOpa3ueM JOCTYIHBIX MPU(TOB, a TaKXKe cIa00i M3y4eHHOCTHIO JaHHOH TEMBI B
npuHnune. [TomuMo Merona TreHepauyy JaHHBIX C MOMOIIBIO IIPU(PTOB, MPUMEHSIIOT TaKXKe U
JIpyrue TeXHHUKH, 3a4acTyio TpeOyromue o0ydeHUs CIeHaIn3UpOBAHHBIX MOJENeH MAaIIMHHOTO
obOyuenus [2, 3]. U3yuerne >(pQPEKTHBHOCTH TAHHBIX METOAOB MOXKET ITO3BOJNHTH YIYUIIUThH
Ka4gecTBO 00y4JaeMbIX MoOJeNel paclo3HaBaHMSA PYKONMHCHOTO TEKCTa, B YACTHOCTH, HA PYCCKOM
A3BIKE.

Cratbst OpraHu30BaHa CJIEAYIONMM 00pa3oM: pasi. 2 COAEPKUT HHPOPMAIHIO 00 0OIIEeN3BECTHBIX
ATAJIOHHBIX HaboOpax MAHHBIX, WCIONB3YEMBIX B PaMKax 3a/Jayd pPAcIO3HABAaHUS PYKOIHCHOTO
TEKCTa Ha PYCCKOM fA3BIKE, a TakXe OIMCAHWE CTaHJIAPTHBIX METPHK OIIEHKH KauecTBa
pacro3HaBaHUs U CYIIECTBYIOIIME METOAbI T€HEepaluy JOMOIHHUTENBHBIX HAaOOPOB JAaHHBIX I
oOyuenuss mojeneil. B pa3n. 3 onmchiBaeTcsl mpeayiaraeMblii METOJl T€HEepaIlii CHHTETHIECKUX
n300paKeHUH PYKOMUCHOTO TEKCTa Ha OCHOBE HIPHU(TOB, a TaKXKe MOIyaBTOMATHYECKUI METOJ
co3maHust HoBoro mpudTa. Pasm. 4 comepuT [meTanm AKCIEPUMEHTAIBFHOW IPOBEPKH
NPE/I0KEHHOTO METO/a U er0 CPAaBHEHUS C CYIIECTBYIOIIMMH, a Pa3/l. 5 — ONMCaHHE ITOJTyYEHHBIX
pesynbraroB. Hakonen, B pa3a. 6 mpencTaBieHbl KpaTKHE BBIBOJBI O IPOJENAHHON pabore U
MpeIaraloTCcsl BO3MOYKHBIE BAPHAHTHI JANbHEHIIINX UCCIIETOBAaHHH.

2. 0630p cywecmeyrowux Memodoe

B aTOoM paznene omMCHIBAIOTCS CYIIECTBYIONIME OTKPHITbIE HAOOpHI JAAHHBIX, MCHOJIb3YEMbIC B
paMKax peleHMs 3a/]a4d paclo3HaBAHUS PYKOIHMCHOIO TEKCTa Ha PycCKoM s3bike. Kpome Toro,
HPUBOASTCS OOLIETIPUHSATHIE METPUKH OLIEHKH KayecTBa MOJIENIEH paclio3HaBaHMs, a TAKXKE METO/IBI,
MpUMEHsIeMbIE IS paCIIMPEeHNs 00yJaronix HabopoB JaHHBIX.
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2.1 Ha6opbl AaHHbIX HA PYCCKOM si3blKe

CymiecTByeT HECKOJBKO OOIIETOCTYIHEIX HAaOOpOB AAHHBIX HAa PYCCKOM SI3BIKE IS OOydYeHHS
MOJeJIeH U CpaBHEHUS pe3yJIbTaToB. B HacTosIee BpeMst H3BECTHEI 1Ba HA0Opa JaHHBIX CO CJIOBAMH

1 MPCAJIOKCHUAMUA HA KUPUJIJTULIC!
e  Cyrillic Handwriting Dataset [4];

e HKR[5].

OcHoBHas nHpopManus o HabOpax AaHHBIX MpeicTaBieHa B Tabm. 1.

Tabn. 1. Onucanue Habopos OanKbIX ¢ KUpULIUYel
Table. 1. Cyrillic datasets description

Cyrillic Handwriting Dataset HKR
Onucanue HaGop pycckmx TekcroB mimmHON He | HaGop u3 pycckux (95%) m Kazaxckux
6ospie 40 cuMBOJIOB, cOOpaHHBINH M3 | (5%) CIOB M NPeAIOKEHNUIl: KIIOYeBbIe
pasnuuHblx MHTEpHET-pecypcoB CJIOBA, TO3MBI U an(aBuT
Pasmep train=72286, test=1544 train=45470, val=9359, test1=5057,
test2=5057
YHHKaJIBHEIE 37519 2808
cloBa
VHUKaNbHbIC 880 -
TIOYEPKH
don PaznooOpasubiii  ¢on, BerpeuaroTes | OgHOOOpa3HBIHM CBETIHIH HOH
IISITHA, JINHUH, COCEIHHUN TEKCT U T.1.

Ha6op maunsix Cyrillic Handwriting Dataset 6501 ony6nukoBad B 2022 rofy, O3TOMY €Ilie HEeT
paboT, coaepKalMX Pe3yJbTaThl €ro 00pabOTKU. DTOT HAOOP OUCHb MHTEPECCH C TOUKH 3PCHHUS
pa3H006pa3H51 JaHHBIX: B HETO BXOAAT CTYACHYCCKUEC KOHCIICKTBI, 3alOJIHCHHBIC (bOpMI)I,
JJIEKTPOHHBIE PYKOMHUCHBIE IOKYMEHThI. M300paskeHus] COJEpKaT Pa3iuyHOro poja UIyMbI H
HEOJHOPOAHBINH (OH, B HEKOTOPBIX CIIydasXx Ha HM300pa)KeHHE OJHOrO CJOBa MONAJar0T YacTH
JPyroro win paziauHoBKa smcta. CoriaacHo Tadin. 1, Habop JaHHBIX cOCTOUT U3 Gosiee 70 ThICAY
00ydJaroux TPUMEPOB — H300paKEHHUH CJIOB W MPEMAJIOKEHH, YTO TaKKe SIBISIETCS €ro
CYIIECTBEHHBIM JOCTOMHCTBOM. Kpome TOro, OH SIBISIETCSI OTKPBITHIM KakK JUIs HAayYHBIX
UCCJIEIOBAaHMH, TaK MW JUIsi KOMMEPYECKOrO0 HCIOJIb30BaHUs. [lpumepsl n300pakeHHH,
BCTpeUarolrecs: B Habope JaHHbIX, PEICTABICHBI HA pUC. 1.

rv g

Yoot rpredobaris

Puc. 1. Ipumepur uzobpasicenuii nabopa Cyrillic Handwriting Dataset

Fig. 1. Examples of the Cyrillic Handwriting Dataset dataset images
HanbGonee nomynspHelM HaOOpOM IaHHBIX Ha PYCCKOM SI3bIKE, YIIOMHHaeMbIM B HAy4YHOW
JUTEpaType, SABISETCS HAOOp Ka3axCKHX M pycckux cioB u npemioxennii HKR. Beero B Hem
conepkutrcst 6ostee 60 ThICAY M300paKEHHUH CIIOB M MPEUIOKEHUH, HAaNMMCaHHBIX npuMepHO 200
pa3MuHBIMK oyepkaMu. OH CO31aBaJICS ITyTEM 3arl0JHEHUs OHOTHITHBIX ()OPM, TOATOMY HMEET
OJIHY OCOOEHHOCTh — B HEM COJIEPXKUTCSI OOJIBLIOE KOJMYECTBO KOIHUI OJJHOTO M TOTO XK€ TEKCTa,
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HAITMCAaHHOTO pa3HbIMU modepkamu. OTHeIpHO aBTOpamu [5] maercs pa3doueHne Habopa TaHHBIX Ha
TPEHUPOBOYHBIN, BaJHIAMOHHBINA M IBa TECTOBBHIX HaOopa. IIepBhIii TECTOBBIM HAOOp CONEPIKUT
CJIOBa, KOTOPBIX HET B TPEHUPOBOYHOM HAaOOpe, HO HAlMCAHHBIE TIOYEPKAMH, IPHCYTCTBYIOIIUMH B
TPEeHUPOBOYHOM Habope. HampoTus, BTOpoll TeCTOBBIH HabOp COIOEPIKUT CIIOBA, KOTOPHIE €CTh B
TPEHUPOBOYHOM Habope, HO HalKMCaHHBIE “HOBBIMH™ TOYEpKaMH. JTa OCOOCHHOCTH MO3BOJISET
MPOBECTH aHAJIM3 TOT0, Ha YTO B OOJIbILIEH cTeneHn 0OpalaeT BHUMaHue 00ydaeMasi MOJIENb: HOBbIC
CHOCOOBI HAMMCAaHUS CUMBOJIOB MIJIH HOBBIE COYECTAHHS.

HecmoTpst Ha 3HaUMTENBHBINH 00beM HaOOpa, H300paXKEHUsI B HEM JIOCTATOYHO XOPOILETr0 KauecTBa
Y OTHOCHUTEIILHO OHO00pa3HbL. TakuM 00pa3om, Mpor3BOIEHOE H300paKeHNE PYKOTIMCHOT'O TEKCTa
U3 “peajbHOr0 MHpa” COBEPLIEHHO HE IMOX0XKE Ha TO, YTO COJEPXKUTCS B ONMCAaHHOM Habope
JaHHBIX. B mobaBiieHHe K ATOMY, MCIOJNB30BaHUE AAHHOTO HaOOpa OrpaHWYMBAETCSI HAyYHBIMH
UCCIIEJIOBAaHUSIMH, JUIS €r0 UCIIOIBb30BAaHHSI B KOMMEPUECKHX LENSIX HE0OX0AUMO 00paTUTHCS K €ro
aBTopam. [Ipumepsl n3o0paxkeHni, BcTpeyaronyecs: B Habope JaHHbIX, PEACTAaBICHBI Ha PHC. 2.

AL ULotts Cm{ZMtOL

1L . o
Llen 0o B e e g//f/,/,/w//{/;

';////',;.5. .L/é{ (/C/L ' IAARA LY

Puc. 2. Ilpumepwr uzodpasicenuii nabopa HKR
Fig. 2. Examples of the HKR dataset images

Takum 00pa3oM, CyMMapHBIH pa3Mep BBINICONMCAHHBIX HaOOpoB He mpesbimaeT 140 TeicsAd
M300paKeHUH PYKOIMCHBIX CIIOB U MPEAJIOKEHHH, a YHUKAJIbHBIX TEKCTOB — He Ooiniee 40 ThICsY,
YTO CHTHAIM3UPYET O HEAOCTaTKe OOyJaromIMX JaHHbIX, KOTOpble HEOOXOJMMBI B OOJbIIEM
KOJIMYECTBE B CHIIy CIIOKHOCTH 3agadd. OcoOoe BHUMaHME CIeIyeT YISJIUTb PasHOO0Opasnio
TEKCTOB, KOTOPO€ MOYKHO YBEIWYHTh C TIOMOILIbI0 METOAOB TE€HEpAIlMH CHHTETHYECKHUX
M300paKeHNH PYKOIIMCHOTO TEKCTa.

2.2 MeTpuKM OLIEHKU KayecTBa

JByMsI OCHOBHBIMH METPHKaMH, OOBIYHO HCIOJIb3YEMBIMHU /ISl OLIEHKH MOJIENIeH pacro3HaBaHUs
PYKOIIMCHOTO TEKCTA Ha YPOBHE CJIOB M CTPOK, SIBISIFOTCS YacToTa ommnbox cumposios (Character
Error Rate, CER) u yacrora omnéox cioB (Word Error Rate, WER).

CER wu3mepsier paccrosHue JleBeHuiTeiiHa [6] MeXIy TMpeAcKa3aHHOM M pealbHON
MIOCJIEA0BATENBHOCTEIO CUMBOJIOB ciioBa. PaccrosiHue JleBeHUITeHA, TakKe MHOIAA Ha3bIBAEMOE
paccTosiHHEM peJaKTHPOBAHUS, MPEICTABISET CO00M METPHKY UL M3MEPEHHS PA3HUIBI MEXITY
IBYMs TIOCJIEOBAaTEILHOCTAMHU cuUMBOJIOB. HedopmansHo, paccrosHme JleBeHmTelHa MEXmy
JIBYMs cJIOBaMH (TIpeICKa3aHHE MOJIENM W peajbHOe CIOBO) — 3TO MHHHUMAIBHOE KOJIWYECTBO
BCTAaBOK, ynaneHHﬁ WJIN 3aMCH, HCO6X0)II/IMI)IX JJIsA npeo6pa303a1-mﬂ IpeaACKa3aHuA B IPABUJIIBHOC
CITOBO, JICTIEHHOE HA JUTHHY TIPABUIIBHOTO CJIOBA, KaK Moka3aHo B ¢popmye (1):

substitutions + insertions + deletions

CER(prediction,real) = €Y)

len(real)
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Yacrora ommbok B cimoBax (WER) ompenensercs anamornuno CER myrem BhrumcieHus
MHUHHAMAaJIBHOTO KOJIMYECTBA BCTABOK, 3aMEH M YIAJICHUH CIOB, HEOOXOIUMBIX AJISI TIEPEXoAa OT
TEKCTOBOH CTPOKH, MpeJCcKa3aHHOH MOJIETIbIO, K peajbHOW TEKCTOBOW CTPOKE.

B HekoToprix paboTax HapaBHE C YacTOTOH OMMOOK CHMBOJIOB W YAacTOTOH OIIHOOK CIIOB
UCTIONB3yeTCs TOYHOCTH (accuracy). JJaHHAs METPHKa UCTIONB3yeTCs IS TFOOBIX TEKCTOBBIX CTPOK,
COJIeprKaIlUX KaK CJIOBa, TaK U MPEAI0KEHHS.

TouHOCT omHUchIBacTcst hopmynoii (2), B KOTOpOH IO PaBEHCTBOM TIOIPa3yMEBAETCs MOJIHOE
COBITQJICHHE JIBYX CTPOK:

{"lere;i = real; @

JlaHHas METpHKa MO3BOJSET OLCHNUTH KaUeCTBO MoAenu Ooinee rpy0o, Tak Kak OmHOKa B OZHOM
CHUMBOJIE CHJIBHO MTOHMXKAET Pe3yIbTHPYIOIee 3HaUCHUE.

accuracy(prediction,real) =

2.3 MeToabl reHepauun obyvarowmx HaOpoB AAaHHbIX

Kak ormeuanocs B pa3a. 1, reHepanus TONOIHATEIHLHOTO HA0Opa NAHHBIX U 00YUIEHUS] MOJEIICH
pacrio3HaBaHUs SIBISIETCS ONHOM M3 TO/A3aJad, KOTOpble BO3HHMKAIOT B paMKax 3aiaqu
pacro3HaBaHUsl PYKONMCHOIO TEKCTa. MeToJ reHepaldd HOBBIX CJIOB M CTWIEH HamUCaHUs B
PYKOIIUCHBIX TEKCTAX BPA JIA MO3BOJIUT MNOJYUYUTH MO-HACTOAMICMY PCATUCTUYHBIC U COBEPIICHHO
HOBBIC M300pa)KCHHUs, OJTHAKO OH MOXET JaTh CYIICCTBCHHBIA MPUPOCT B KaYeCTBE PE3yJIbTATOB
00y9JaeMbIX MOAEIEH.

OI[I/IH 13 UHTCPCCHBIX Ccroco0oB TEeHCpalH HOBBIX CJIOB U Hpe)lﬂO)KeHI/Iﬁ B CTHJIC YK€ UMCIOIIUXCS
CJIOB B Habope JaHHbBIX, MPEJIOKWIM aBTOPBI CTaThH [2], KOTOpBIE TaKKe MPEIOKUIN METO.
ayrMEHTAIlNK ITyTEM PHUCOBAHUSA ISITEH C MOMOUIbIO KpUBBIX be3zpe. CBONM METOA OHM Ha3BajH
StackMix u COCTOUT OH B Pa30OMCHHUHU CJIOB HA CHMBOJIBI HJIH MOJICIIOBA, & 3aTEM COCTABJICHUH U3
9THX KYCOYKOB HOBBIX cJI0B. [Ipumep paboThl JaHHOTO METOa IpeACTaBIeH Ha puc. 3. Takoil MeTox
He penraeT nmpoOieMy COeTUHEHHS CHMBOJIOB M CO3/IaHUs HOBBIX CTHJIEH, 3aTO OH MOXKET ITOMOYb B
CO3JIaHWUH PYKOIHCHBIX CJIOB, KOTOPHIX HET B 00ydaromieM Habope NaHHBIX. TeM He MeHee, METOx
Stackmix 103BOJIMI MOBBICUTH TOYHOCTH PAcliO3HABAHMUS IpeIaraeMoii apropamMu mozaenu ¢ 71%
1o 80% na Habope HKR.

%M y “‘h‘ﬂ—ﬂ-——tw a/k{y/f:“wz,%( "MLP)

Puc. 3. IIpumep pabomot areopumma Stackmix

Fig. 3. The Stackmix algorithm work example
Cnenyromuii  Meron [7] COCTOMT B TeHepaluu W300paKEHWH PYKOMHCHOTO TEKCTa C
UCIOJIb30BaHHEM TUNOrpadCcKux MpHU(TOB. ABTOPbI 0TOOpasiu 90 ThHICSY YHUKAIbHBIX aHTJIHHCKUX
CJIOB U creHepupoBain 90 MIJUTMOHOB H300pakeHHH CIIOB C TOMOIIBI0 750 PyKOITMCHBIX MIPH(TOB.
[TonoOHbIiE HAOOpP CIOB MOXKHO HCIHOJB30BaTh IS NpepoOydeHus Mojeneld pacrio3HaBaHMs
PYKOIIMCHOTO TEKCTA, OJJHAKO B CHILY €r0 0JTHOO0Pa3HOCTH NMOTpedyeTcs 1000ydeHne Ha peanbHbIX
JIAaHHBIX, YTOOBI TIPEJOTBPaTHTh NepeoOydeHne cetu. llpuMep TreHepanuu H300paKEeHUs
PYKOITMCHOTO TEKCTa ¢ TOMOIIbIO MPU(TOB MPUBEJCH Ha pHC. 4.

Example & | text created with a computer lont

Puc. 4. IIpumep pykonucro2o mexkcma, noay4eHHo20 ¢ ROMOWbIO Upu@ma
Fig. 4. An example of the handwritten text made using a font
B HacTos111€e BpeMsi akTUBHO UCCIIEyeTCs LIEJIbli KJIacC METOJI0B F'eHEPallii PYKOIIMCHOTO TEKCTa,
OCHOBAHHBIX Ha UCIIOJIB30BaHUH I'eHEepaTUBHO-cocTs3aTeNbHBIX ceteit (GAN) [8]. Takue Monenu B
CBOEH OCHOBE COJIEp>KAT IBE HEHPOHHBIX CETH: OJJHA U3 HUX T'€HEPUPYET NpUMeEpHI (reHepaTUBHAs
MOJICJIB), & IPyTas MBITACTCS OTIMYUTH ITOJIMHHBIC 00pa3Ibl OT CTCHEPUPOBAHHBIX MEPBOM CETHIO
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(muckpuMuHaTUBHAs MoJeib). Haubonee CBEXMMH NMpUMEpaMu TeHEPATHBHO-COCTSI3ATEIbHBIX
ceTeil B o0JlacTH TeHepaluy H300paKEeHUH PYKOIHUCHOTO TeKcTa sSBISIOTCS ScrabbleGAN [3],
GANwriting [9] u TextStyleBrush [10]. Ilpumep pesynprara padotsr ScrabbleGAN npuBeneH Ha

puc. 5.
Cecabblebad  ScrabbleGAN  Serabble sty

Puc. 5. Ilpumep pyxonucnozo mexcma, noiyuennozo ¢ nomoujvio ScrabbleGAN
Fig. 5. An example of the handwritten text made using ScrabbleGAN
Omnwiem 6osee MoAPOOHO MEPEUHNCICHHBIE APXUTEKTYPEI TeHEPATUBHO-COCTA3ATEIFHBIX CETEH IS
TeHepaIuy H300paKCHUH PYKOITHUCHOTO TEKCTA.

e ScrabbleGAN [3] — ceTs, cocTosimas M3 reHeparopa, TUCKPUMUHATOpA W PACIIO3HABATES
cumBoyioB (OCR). B nanHo# apXuTeKType JUCKPUMIHATOP BIHSET Ha KA4eCTBO M300paKeHNUS,
a pacro3HaBaTeNb HA YATAEMOCTh TEKCTa Ha W300paxeHHHu. {11 00yd4eHHs ceTb MCHONb3yeT
KapTHHKH C TEKCTOM M CaM TEKCT, CTHJIM HAaIMCAHMS TEKCTa MEHSIOTCS C IIOMOLIBIO BEKTOpa
IIyMa, Ha KOTOPBIN JIOMHOXAETCsl BXOTHOM BEKTOP 3aKOJIUPOBAHHOTO TEKCTA.

e GANwriting [9] obmagaer Ooiee CIOXHOW apXUTEKTypoil, B KOTOPOH MPUCYTCTBYIOT
TeHEPaTOPHI TEKCTA U CTHIISL, COOTBETCTBEHHO HCIIOIB3YIOTCS JUCKPUMHUHATOP, KIaccu(ukaTop
CTWJIA W paclOo3HaBaTENb TEKCTa. BMeCTO OMHOM KapTHHKH C TEKCTOM, Ha BXOJ IOAAeTCs
Tpylna KapTHHOK C TEKCTOM, KoTopas (OpMHpyeT KOHKPETHbIH cTwib. IlosTomy cetb
MI03BOJISIET CTEHEPHPOBATH TEKCT B PA3HBIX CTHIISAX, KOTOPBIE MOXHO CMEIIUBATH APYT C IPYTOM.

e TextStyleBrush [10] — maumGosee cBexas MOJeNb, COCTOSIIAs W3 7 HEUPOHHBIX CETEd U
MPUHUMAOIIAs Ha BXOJ KapTHHKY CO CTHJIEM H TEKCT. 3/IeCh TaK)Ke eCTh TeHepaTophbl TEKCTa U
CTHIISI, TUCKpUMHUHATOp, Kiaccupukatop ctwit u OCR-moznens. JomomHsercs 3ToT Habop
CEeThI0, TIpeoOpasyromiell BBIX0 TeHepaTopa CTWIA B HA0Op BEKTOPOB, a TaKKe TeHEPaTOpPOM
CTHJIM30BAHHOTO TEKCTa, KOTOPBIA WCIONB3YeT H OOBEOWHSACT pe3yibTaThl pPabOTHI
MPeIBIAYIINX TeHepaTopoB. JJaHHAas MOJeNb OYEHB CIIOXHA TI0 CBOEH CTPYKTYpe M CIOCOOHA
TEeHEePHPOBATH M300paKEHHUS TOJNBKO T€X CTHIICH, Ha KOTOPBIX ObLIa 00y4eHa.

OmnmcaHHBIE HEWPOCETEBBIC MOAETH TeHEepaluu O0yJYalluCh W TECTHPOBAIHCH ISl aHTIIHHCKOTO

s361ka. COOTBETCTBEHHO, IMOMHMO HEIOCTaTKa, CBA3AHHOTO C HMCKYCCTBEHHOCTBIO IOTYYaeMBIX

U300paKeHHI, IMEETCS M APYTOU — TPYAOSMKOCTD 3a/Ia4d IIepeOOyIeHUS CETH IS JPYTOTO S3bIKA.

bonee TOTO, JAJIEKO HE BCEC aBTOPHI ACTATCA UCXOAHBIM KOJOM OIMMUCAHHBIX UMH Mo,u'eneﬁ.

Takxum 00pa3oM, B HAYIHO JIUTEpaType pacCMaTPHUBACTCS P METOIOB, TO3BOJIIOIINX YBEITHINTh

pasmep oOywaromero HaOopa MAaHHBIX IIyTEM TeHEpPAlMd CHHTETHYECKUX H300pakeHUH

pykomucHOro Tekcta. [Ipu 3ToM JuIs 0AUH U3 HUX [2] OBUT H3y4eH B KOHTEKCTE PYCCKOTO S3bIKA,

a HanboJlee MPOCTOH B pean3allii U PECYPCOEMKOCTH METOJT Ha OCHOBE MIPU(TOB, HACKOJIBKO HAM

WU3BECTHO, HE TPUMEHSJICSI C pyccKMMH Tekcramu. IlosToMy akTyanpHO Oojiee JeTanbHOE

HCCIICAOBAHUEC METOANOB TI'CHEpAallUh HJAHHBIX TMPHUMCHUTCIIBHO K 3aJladu€ paclio3HaBaHUA

PYKOIIMCHOTO TEKCTa Ha PYCCKOM SI3BIKE.

3. OnucaHue Memoda

CormacHo pa3a. 2, METOA TeHEepaluu H300pakKeHUIl PYKOMMCHOTO TEKCTa HAa OCHOBE MIPH(TOB
MOXeET OBbITh M0JI€3€H NPH 00YUEeHUH MOJIeJIeH Pacio3HaBaHUsl, OTHAKO OH He ObLI KCIIOJIb30BaH IS
PYCCKOTO SI3bIKa MO Pa3HBIM MPUYMHAM:. MPEANONIOKHUTEIBHO, U3-3a CIa00l M3YYEeHHOCTH TEMBI,
HEJIOCTaTKa OOILIEeOCTYIHBIX PYKOINHMCHBIX HIPU(TOB M 0JHOOOpPA3Ms MOJydaeMbIX Ha BBIXOJIC
JAHHBIX.

I'enepanus n3006pakeHuil TEKCTa ¢ TOMOIIBIO PYKOIICHBIX MIPH(TOB — HanOOJIee MPOCTON CIIOcO0
CO3JJaHUS JIOMOJIHUTEIBHOIO O0ydaromero Hadopa JaHHBIX. DTOT METoA He TpedyeT oOyueHus
JIOTIOJTHUTENNBHBIX MOJIENIEH, HE 3aBUCHT OT KaKoro-a1ubo (PMKCMPOBaHHOI'O HAOOpa JaHHBIX, IPOCT
B pealu3allii W TI03BOJSIET T'€HEpHpOBaTh JaHHbBIE C OONbIIONH CcKopocThio. HecmoTps Ha
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MHOTOYHCIICHHBIC JIOCTOMHCTBA, TCHEpalus TEKCTa C IOMOIIbI0 HIPHPTOB o0JagaeT psaoM
HemocTaTkoB. Twumorpadckue mpUEGTH, Jdake PYKOMUCHBIE, HE O0O0JNAZar0T JTOCTATOYHBIM
pa3sHoOOpa3reM M BBITJIIAT UCKYCCTBEHHO HE TOJBKO JUIsi HEHPOHHOM CETH, HO U JUIS YeJIOBEKa.
Kax npaBmio, B mpudTax COEPKUTCS OTPAaHUYCHHOE KOJIMYECTBO IOCTYNHBIX IS HAIHCAHUS
CHMBOJIOB, YTO BJICYET 32 cO0OI1 3aBHCHMOCTB METOia OT TOTO SI3bIKa, VISl KOTOPOTO TeHEPHPYIOTCS
JIOTIOJTHUTEJIbHBIC JJAHHBIC.

Emé omHMM CyHnIeCTBEHHBIM HEIOCTAaTKOM SBJISAETCS CIIOKHOCTh J00AaBICHHS HOBOTO CTHIIA
HAaIlMCaHUs, T. €. HeIOCPEICTBEHHO MPH(Ta, TaK KakK, KaK NPaBUIIO, IUIs 3TOr0 TpeOyeTcs MHOTO
BPEeMEHH M yMEHHE padOoTaTh CO CHEIHATN3WPOBAHHBEIM IIPOTPAMMHBIM OOECTIeYeHHEM. ITOT
HEJIOCTATOK CHJIbHO 3aMETEH 10 OTHOIICHHIO K KUPHIUIMYECKUM IIpU(PTaM — CYIIECTBYET HE TaK
MHOTO OTKPBITBIX PYKOIUCHBIX IPU(TOB, COAEPIKAIINX PYCCKUE CHMBOJIBL.

[TosTOMY MMEeT CMBICT KaKUM-TO 00pa3oM aBTOMAaTHU3MPOBATh MPOLECC CO3/IaHMsI HOBOTO MIpU(Ta.
B sTom mMoxet omous mipmitokenue calligraphr [11], mo3sossitoree u3 n300paskeHuii CHMBOJIOB
mony4yuts mpudt B popmate ttf. M300paskeHUs pyKONHUCHBIX CHMBOJIOB MOYKHO B3STh U3 0a3bl
PYKOIHCHBIX CHMBOJIOB [12], B KOTOpOW ISl KaXXIOTO PYKOIUCHOTO KUPHIUTMYECKOTO CHMBOJIA
cymectByet 6osee 1500 BapHaHTOB HAIIHCAHUSL.

[punoxenue calligraphr tpeOyer 3amonHenns mabnoHa ¢ 3apaHee BBIOpaHHBIM HAaOOPOM
cumBoioB. 1lla6noH mpencraBnser coboil m300pakeHUe, comepikallee TaONUIy, B KOTOPOH B
OHpe[[eJ'IéHHI)IX sTUyerKax JOJIKHBI ITIOMCIIAThCS 1/1306pa>1<eH1/151 KOHKPETHBIX CUMBOJIOB.

[Tpumeps! MycTOro M 3a0JIHEHHOTO [1a0JIOHA MTPEeCTaBIeHbI Ha pHC. 6.
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Puc. 6. IIpumepsi nycmozo u 3anoinenno2o wiabnonos oisi npunodicenus calligraphr
Fig. 6. Examples of the empty and filled templates for the calligraphr application

3amoyHeHHBI MAOIOH Jaliee aHATU3UPYETCs MPHIOKEHHUEM, KOTOPOE HW3BIEKaeT IiH(bI —
BEKTOpPHBIC HW300pa)XCHUS CHMBOJIOB. Y TONYYCHHBIX TDIIH(OB MOXXHO BpPYYHYIO TOMEHSTH
pAaCIIOJIOKEHHE W pa3Mep, J00aBisisi TaKUM 00pa3oM PeaMCTHYHOCTh K Pe3yibTaTy. 3ateM u3
riudoB Gpopmupyetcs mpudt HeodxoxuMoro popmara. Takum 00pa3om, cozganne IpUPTa MOKHO
OTIpe/IeICHHBIM 00pa30M aBTOMaTH3UPOBATE.

Jlis co3naHuss HOBOTO KUPWILTHYECKOTO mpudTa Mpeiaraercs CIeAyIoNas Moclie0BaTeIbHOCTb
JIEUCTBUI:
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1) samonuenue mwabnona ais calligraphr u3oOpaxeHUAMU KUPUILTHYECKUX CUMBOJIOB;

2) pydvHas KOPPEKLUs MOIY4YeHHBIX ¢ momouipto calligraphr riaudos npu He0OX0TUMOCTH;

3) wurorosas c6opka mpudTa.

[NocnenHue [Ba MyHKTAa alrOPUTMA BBIMONHSIIOTCS HEMOCPEACTBEHHO C MOMOIIBIO MPUIOKEHHUS.
[epBblii MyHKT TpeOyeT aHaNK3a IPAHUII IIA0IOHA IS TIOMCKA KOOPAMHAT BCTABKU M300pasKeHHI,
a TaKXKe HAXOXJCHHs 6a30BOil IMHUK CHUMBOJIA JJIS TOTO, YTOOBI BCTABUTH €r0 B COOTBETCTBHH C
Heil. I'paHuibl MOKHO HAaWTH BPYYHYIO OIMH pa3 M 3aQUKCHPOBATH Il KOHKPETHOTO IIabJoHa.
Haxoxaexue 6a30BOH JMHHM CHMBOJIA MOXKHO C HEKOTOPBHIMH OTOBOPKAMH PEaIn30BaTh
QHAJIOTHYHO HAXO)KACHUIO 0a30BOI JMHUM CJOBa, UL JTOTO CYIIECTBYET METOX HA OCHOBE
YCTOWYMBON pErpeccuu, OomMcaHHbii B padore [13]. B cuity Toro, 4to mist CHMBOJIOB Ga3oBYIO
JIMHUIO HAXOMWUTH CJIOXKHEE, TPeOyeTCsl JOMOIHUTEIbHAS KOPPEKIMSI HA BTOPOM LIAre ajiropuTMa.
Ilpumep opHOrO W3 MPU(TOB, MONTYYEHHBIX C IOMOLIBIO ONHMCAHHOTO BBILIE AITOPUTMA,
TIpeICTaBJICH Ha pHC. 7.

Ab BT DBW3UCH JUHOT PLTT Y22 ity porI0I
ag i ‘7/669 W Ui K HHONPCT (?%XL&TWM‘WIZ;WJ
0035 6789.7°%0 2.,

Puc. 7. Ipumep wpugpma, cecenepuposanrozo ¢ nomouvio npunodicenus calligraphr
Fig. 7. An example of the font made using the calligraphr application

[Tomumo CO3JaHHUs HOBBIX IJ_IpI/I(bTOB, MOXXHO HCIIOJIb30BaTb HEMHOT'OYUCJICHHLIC IOCTYIIHBIC
KUPHWJUINYECKHEe pyKomHcHbIe PH(TEL. Cpeau 00Ime0CTYTHBIX KHPHIUINIECKUX MIPUPTOB MOXKHO
BeIIICHTH creaytomue: Abram, Anselmo, Benvolio, Capuletty, Gogol, Lorenco, Pushkin, VVoronov
U npyrue, jgoctymHele Ha caitax https://localfonts.eu/freefonts/handwritten-cyrillic-free-fonts,
https://www.rufonts.ru/fonts/rukopisnyj, https://allbestfonts.com/category/russian-handwritten,
https://fontesk.com/font/handwritten/?tag=cyrillic, https://www.abstractfonts.com/language/9,
https://myskotom.ru/shriftoteka. Tlp# HamuuuK HECKOJNBKUX JAECSITKOB MIPUPTOB MOKHO
peann30BaTh TeHEPATOP PYKOMHUCHOTO TEKCTA C TIOMOIIBI0 MHOTOYUCIICHHBIX OMOINOTEK OTPUCOBKHI
TeKcTa Ha M300pakeHnu (Hanmpumep, oubnuoreka Pillow st si3pika mporpammuposanust Python),
W Jlajee Co3AaBaTh JOCTaTOYHO Ppa3HOOOpa3Hble CHHTETHYECKHE H300paKEeHUs PYKOIHCHOTO
TekcTa. bonee Toro, kK UMEIOIMMCS BO3MOXHOCTSIM MOKHO JJOOAaBUTH HEKOTOPYIO PaHJOMU3AIIHIO,
HaIOMHUHAIOIIYIO ayTMEeHTalNI0 n300pakeHuid. [Ipu cozganum n300paxeHui MOYKHO HCIIOJIb30BaTh
CJIe/TyIOIITE ayTMEHTAINN:

e U3MEHEHHe pa3Mepa WpH(Ta, CxKATHE N300PAKEHHUS;

e  1IyMbl pa3anaHbIX BuaoB (["ayccoBckuii, [SO, MynbTHIIIIMKAaTHBHBIN);

®  pa3MbITHE Pa3JINYHBIX BUIOB (ABMIKEHHS, MEAHAHHOE);

e Mop(osoTHIECKHE onepayy (IPO3ns, TMIATAINSA) [UTSI U3MEHEHHS TOJIINHBI CHMBOJIOB;
e  WU3MEHEHHE HAKJIOHA MPUQTa COTIacHO aropuTMy U3 paboTsl [sueiras2021continuous];

®  JCKaXEHHUE NEPCIEKTHBEI H300paKEHHS;

e HeOounblne 00pe3Ka ¥ MOBOPOTH H300paXKEeHUS;

e UMHTALUs PYKONMCHBIX 3a4epKHBaHuMil, onucaHHas B pabote [shonenkov2021stackmix];
e BCTaBKa 0OpE3aHHBIX CHMBOJIOB MO KpasiM N300pakeHHs (MMHTAIHS COCETHUX CTPOK);

e no0aBiieHHE CITy9aifHBIX (CBETIIBIX, TEMHBIX) IIITCH Ha H300pakeHue,;

L N3MEHCHUC APKOCTH, KOHTPACTHOCTHU, HACBIICHHOCTH I/I306pa)K€HI/I}I.
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Takum 00pazoM, pa3paboTaH METOJ TeHEpAITUN KUPIWILTHIECKUX MPpU(TOB, a TaKkkKe N300paKeHHH
PYKOITUCHOTO TekcTta Ha oOcHOoBe IpudToB. I[IpuMepbl pe3ysibTaroB pabOThl TeHepaTropa
PYKOITUCHOTO TEKCTA MPECTABICHEI HA puUC. 8.

/Yt SesAag pt AR 2 £ DAY LAt A
e bD BT ARG Ll REATTR & AL A cog AT

Puc. 8. Ilpumepor pe3ynomamos pabomot 2enepamopa pyKonucHo20 mekcma
Fig. 8. Examples of the handwriting generator’s results

4. OnucaHue 3KcrnepuMeHmMos

JIyist IpoBEAEHUs 3KCIEPHMEHTOB 3a(MKCHPYEM MOJEIH PAcllO3HABAHUS PYKOMHCHOTO TEKCTa,
UCTIOJNIb3yEMBIE JIJIsl TECTUPOBAHUSI METOIOB T€HEPALUH JOIOTHUTEIBHBIX 00YYaonuX HaOOpOB.

e AttentionHTR [14] — monens apxutekTypbl Seq2seq [15], cocrosiuas 13 CBEpTOYHOTO MOIYJIS
usBiedeHus npu3HakoB ResNet [16], pekyppeHTHOro MOIyIIsl pa3METKHU MMOCICIOBATEIBHOCTH
BIiLSTM [17] B kauecTBe 3HKO/Iepa, U MOyt BHMMaHus [18] B kauecTBe aekonepa. B padore
[14] monens Gputa 06yUeHa IUISI TEKCTOB HA aHTIIMHCKOM SI3BIKE W MOKa3aja OJHH M3 JIyUILIAX
pe3ynbpTaToB Ha Habope maHHbIX IAM [19].

e  Mogaens ¢ apxutekTypoit TpaHchopmep [20] — n3HavanpHO 00y4aaach Ha JaHHBIX aHJIMHCKOTO
U PYCCKOTO SI3bIKa, COCTOUT M3 CBEPTOYHOTO MOJIYJs M3BNedYeHus npusHakoB ConvNext [21],
Tpanchopmep-3HKOAepa U AByX nexonxepoB: CTC [22] u tpanchopmep [23]. ABTOPBI MoaeTH
He MyOJMKOBaIM TOAPOOHBIX pE3yIbTaTOB HAa KOHKPETHBIX HaOoOpax IaHHBIX, OJHAKO
apXUTEeKTypa MOJEJM WHTEpeCHa B CHIY TOro, 4TO TpaHchOpMephl  SBISIOTCS
MHOT000€IIAI0IUM CIIOCOOOM PEIIeHHS 3a/1a49u.

Tak Kak JuId BBIIICNIEPEUUCICHHBIX MOZeNIed ObUIM ONpeNeNieHbl CHEeNHalbHbIE METO/BI

CTaHJApTU3aIMM pa3Mepa HM300pakeHHH, a Taike MapaMeTpbl OO0y4YeHHs, HEOOXOAMMBIEC I

MOJIYUEHHUsI HaWydllIero pe3ynbTara, ObLJIO pelieHo padoTrath ¢ HUMU 0e3 u3MeHeHwid. [lpu

00y4eHNH UCIIOIb30BAINCH CIICAYIOIIIE TUIIEPIIapaMeTphl:

o s AttentionHTR: pa3smep Bxomnoro uszobpaxkenus 32 X 100; pasmep BBIXOJHOIO CIIOS
ResNet 512; pa3mep ckpbitoro cinost BiLSTM 256; konmuectBo smox 50; ontuMu3aTop
AdaDelta co ckopocTbio 00yuenust v = 1 u koHCTaHTO# 3aTyXanus p = 0.95; kpocc-3HTponus
B KauecTBe JIoCC-(DyHKIIUH;

e s TpanchopMepa: pasMep BXOAHOTO m300paxkeHus 96 X 384; pasmep BBIXOIHOTO CIIOS
ConvNext 768; konmnaectso 3mox 100; ontummuzarop MADGRAD co ckopocThio o0y4enus 1 -
107°, macrpamparomeiicst ¢ nomomipto CosineAnnealingLR; cymma kpocc-sutporuu u CTC-
jocca B Ka4ecTBE JI0CC-() yHKITHH.

BriOpanHbIe MOIeTH 00YJaINCh B TEUSHNE YKa3aHHOTO KOJIMYECTBA 310X, OHAKO 00yUeHHE MOTJIO

OCTaHOBHThCS paHee, ecyid B TedeHne 10 310X He yMeHbIIaeTcsl 3HaYeHHUE JIOCC-(QYHKIMU HIIH

merpuku CER Ha BanmupanmonHom Habope nanHbiX. Kpome Toro, mpouecc 00y4eHust opraHi30BaH

TakK, YTO Ha KaXKI0H nTepanuy Oepercs 0JJMHAKOBOE KOJIMYECTBO JAAHHBIX U3 KaXIOTro Habopa s

MIPEJOTBPALICHNS HeCOaTaHCUPOBAHHOCTH 00YYAIOMINX JTaHHBIX.

N3o00pakenus, ucnonb3yeMble sl 00ydeHus], 1MoJaBajuch Ha BXOJ MOJEISIM 0e3 NpoBeAeHUs

peoOpaboTKH, TaK KaK OHA MOXKET IOTEHIIMAIFHO PUBECTH K YXYy/IICHNIO UX KadecTBa. Takxke

ObuTa 3aMKCHPOBAaHA AyTMEHTANNS JaHHBIX (MCKaKEHHE CYIIECTBYIOIINX N300paKeHUH):

®  aJanTHBHOE BRIPAaBHUBAHHE TMCTOTPAMMEI ¢ orpaHnueHHBIM KoHTpacToM (CLAHE);

e  HeOOIBIINE TOBOPOTHI H300paKEeHNUS;

e  ynajeHue HeOOJBIIUX PEruoHOB M300pakenus (Cutout);
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e uckaxenue cetku (Grid Distortion);

®  pa3MbITHE U300paKCHHS,

e cxarue JPEG.

Taxoke 3apUKCUPYEM METO/Ibl TEHEPALINY CHHTETHUECKHUX TAHHBIX JUUIS UX CPABHEHHS MEKIY COOOIA.

e C momouIp0 pyKomUCHBIX mipu¢ToB (pasa. 3). B pesynbrare MOMCKOB TOTOBBIX MPU(PTOB U
CO3JJaHUSI HOBBIX C MOMOIIBIO 0a3bl CHMBOJIOB OBUIO MOJYYEHO 65 paziM4HBIX PYKOMHMCHBIX
mpudroB. Jlanusie, nononusronire Hadopsl HKR u Cyrillic, coznaBanuck moxoxum oopazoM
C OTJIMYMEM B KOJMYECTBE NPeoOpa3oBaHMi, TPUMEHSIEMBIX K OTPUCOBAHHBIM H300pa’KeHUSIM.
Jns naGopa, nononmstomero HKR, He wncmonmp3oBanuch npeoOpa3oBaHMs, CBSI3aHHBIE C
no0aBIleHHEM IIITEH Ha (OH, TaK Kak M300paxkeHHs Habopa oTinuaroTcs O6ensiM GoHOM Oe3
mrymoB. Jlns wHabopa, momommsromero Cyrillic Handwriting Dataset, mcmons3oBajmch
BCEBO3MOXKHBIE IPE0Opa3oBaHMs, OIMCaHHbIE B IJaBe 3, B CHIY OOJBIIOrO CTHJIEBOTO
pa3Ho00pa3us 300paXKeHuit, BXOIIIIUX B HA0OP.

e C nomoripio Metona Stackmix [2]. Jlist ucmonp30BaHust METo/1a Ha Kax oM u3 HabopoB HKR
u Cyrillic O6pmra oOyueHa HeHpoHHas ceTh, TPEIJIOKEHHAs aBTOPaMH aITOPHTMA, C
PEeKOMEHAyeMbIMH MU IapaMeTpaMu 00ydeHus B TedeHue 100 amox.

e C nmoMoIIp0 reHepaTHBHO-cOCTsA3aTeNnbHOM ceTr ScrabbleGAN [3]. Ha xakimom Habope Oblia
oOyuena ceTb ScrabbleGAN ¢ mapameTpaMu, peKOMEHAYEMBIMI aBTOPaMH UCXOIHOTO KO/Ia, B
teueHue 100 smox. [Tocne 3Toro 0Oy4eHHBIM MOJIEISAIM OBLT IepeqaHbl KOPITYCHl TEKCTOBBIX
CTPOK, U KOTOPHIX OBLTH CT€HEPHPOBAHBI CHHTETHUSCKUE MaHHBIC, PACIIAPSIONINEe HAOOPEI
HKR u Cyrillic Handwriting Dataset.

Kaxmp1it u3 TaHHBIX METOIOB IPUMEHIICS K (pukcupoBanHOMY Habopy u3 300,000 cioB 1 HabopoB

CJIOB, B3ATHIX U3 CITy4aiiHBIX cTareil Bukumenm [24]. BeiOpaHHBIE TEKCTHI CTaTeH OBLITH OYUIIICHBI

OT CHMBOJIOB, HE BCTPCUAIOIIMXCSI B UMCIOIIUXCSA HabOpax JaHHBIX, a TAKXKE OBUIM OCTaBJICHBI

TOJIBKO YHUKaJIbHBIC ieMeHThI. [ HabopoB nanHbix HKR u Cyrillic Handwriting Dataset ObLx

BBIOpaHbl pa3jMyHbIe KOPIYCHI TEKCTOB B CHIJIy TOrO, YTO HAOOpHI CHUMBOJIOB B HHX CHJIBHO

BapbHUPOBAIUCH.

Takum 00pazoM, BEIOpaHbI ABa KUPWLIMUECKUX HAOOpa JaHHBIX, TPU METOJIa PACIIUPEHHS TUX

HaOOpOB, a TaKXke JIBE MOJEIM PACIO3HABAHMs PYKONHMCHOTO TeKcTa. JlaHHBIE Monenw ObLIu

00y4eHbl Ha KaXJOM M3 HaOOpoB 0e3 j00aBiieHUs KaKMX-TUOO JaHHBIX, a TaKke Ha Habopax,

JIOTIOTHEHHBIX TPEeMsI IIEPEIHCICHHBIMU BBIIIE CIIOCOOaMH.

5. Pesynbmamsl

B 1abn. 2, 3, 4 u 5 npencTaBieHsl pe3yNbTaThl 3KCIIEPUMEHTOB, OITUCAHHBIX B ri1aBe 4. Tabn. 2 u 3
cojiepkar pe3yabTaThl 00yueHus moaenu AttentionHTR, a tabn. 4 u 5 — mozenu TpaHchopmep.
Taba. 3 u 5 orpaxkaroT OoJsiee AeTalbHBIC pe3yibTaThl mis Habopa manHbix HKR, B xoTopom
NPUCYTCTBYIOT JIBa TECTOBBIX HabOpa, ONMCAHHBIX B Pa3Nl. 2.

Tabn. 2. Pesynomamul 06yuenus Heiponnoil cemu AttentionHTR
Table. 2. The AttentionHTR results

HKR all Cyrillic Handwriting
Dataset

ACC CER WER ACC CER WER
Be3s reneparyn 63.67 22.55 37.64 37.95 18.53 60.63

pudrs 64.69 | 13.55 31.78 49.09 | 13.12 | 49.23
StackMix 68.96 8.45 25.04 49.9 12.44 | 46.03
GAN 64.69 | 12.09 30.28 37.69 | 16.68 59.1
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Tabn. 3. Pesynomamul 0b6yuenus netipounoti cemu AttentionHTR na nabope HKR
Table. 3. The AttentionHTR results on the HKR dataset
HKR testl HKR test2
ACC CER | WER | ACC | CER WER
bes renepanun 39.12 42.1 67.41 | 87.86 3.31 8.33
[pudyst 4232 | 2408 | 55.23 | 86.73 | 3.2 8.69
StackMix 53.08 13.64 | 40.13 | 84.61 | 3.34 10.2
GAN 43.11 | 21.08 | 51.65 | 85.96 | 3.24 9.24
Paccmorpum pesynpraTel oOydeHus mogmenu AttentionHTR. Mcexoms w3 3Ha4eHWE METpUHK,
MOKa3aHHBIX B Ta0J. 2 ¥ 3, MOXKHO CIENaTh BBIBOJ, UTO JIyUIIHE PE3YIbTATHI IT0 YACTH HOBBIIICHHS
KauecTBa o0yueHus momenu AttentionHTR mokassiBaer anroput™ StackMiX, mo3BoIsIs TOBBICUTH
TOYHOCTh pacro3HaBaHus (accuracy) Ha 5% u 12% nnsa nadopoB HKR n Cyrillic Handwriting
Dataset cootBercTBeHHO. [IpHn 3TOM, ecnu paccmarpuBath Habop Cyrillic Handwriting Dataset, To
MOXHO 3aMETUTh, UYTO pe3yibTaThl OOy4YeHUss Ha Habope, IONOJHEHHOM H300paKCHUIMH,

CreHEpPHPOBAaHHBIMH C ITOMOIIBIO MPHU(TOB, HE CHIIBHO XyX€ Pe3ylabTaToB Ui Stackmix — 31ech
TaKke HaOJIF0IaeTCs MPUPOCT TOYHOCTH pacro3HaBaHus Ha 12%.

B nmononnenue k stomy, aus HaGopa HKR pe3yiabTaThl paciuMpeHUs OaHHBIX C MOMOLIBIO
r€HEPATUBHO-COCTA3aTENbHOU ceTn  ScrabbleGAN  NpakTUYeCKM aHAJOTMYHBI PeE3yJbTaTaM
pacuMpeHus JaHHBIX C MOMOLIBIO IPU(PTOB, U COCOO HAa OCHOBE IIPU(TOB SBHO BHIUTPBIBACT Y
ScrabbleGAN na ma6ope Cyrillic Handwriting Dataset. CiietyeT 3aMeTHTb, YTO HCIIOJb30BAHHE
Ha0opa [aHHBIX, CO3[aHHOIO C IOMOLIbIO TEHEPATHBHO-COCTS3ATENILHON CETH, OYeHb CIabo
NOBJIUSAJIO Ha YJIydIICHHE KAdeCTBa PACHO3HABAHUA Ui O0OMX pPacCMAaTPUBAEMBLIX HAaGOPOB
JAHHBIX.

Tabn. 4. Pezynomamol 006yueHus: HepOHHOU cemu mpancghopmep
Table. 4. The transformer’s results

HKR all Cyrillic Handwriting
Dataset
ACC | CER | WER | ACC | CER | WER

bes remeparmu | 66.68 | 10.56 | 29.08 | 48,57 | 11.71 | 44.87

HIpudrer 73.94 6.29 2155 | 52.59 9.58 42.69
StackMix 76.12 4.91 18.32 | 59.00 8.35 37.27
GAN 72.18 7.49 2351 | 49.09 | 12.26 | 47.75

Tabn. 5. Pezynomamul 00yuenus Helipornou cemu mpancgopmep na nabope HKR
Table. 5. The transformer’s results on the HKR dataset

HKR testl HKR test2

ACC CER WER | ACC CER WER
Be3 reneparmn 45.08 19.24 53.33 87.96 2.02 5.22

Ipuder 56.18 | 10.85 | 37.85 | 91.43 1.8 55
StackMix 61.47 7.87 30.82 | 90.56 2.01 6.02
GAN 53.00 | 13.05 | 41.68 | 91.07 2.03 5.62

Paccmorpum pesynbraThl 0O0y4eHHs MOAENHM C apXUTEKTypod TpaHcdopmep. Pesymbrarsl,
NOKa3aHHbIe B Tabi. 4 u 5, cojeprkar OoJiee BHICOKHE TTOKa3aTelld, B HEKOTOPOM POJIE CXOXKHE C
pesynbratamu i AttentionHTR. 3nech Takke crabUiabpHO JUOUPYeT airoputm Stackmix, c
TIIOMOIIBIO KOTOPOT'O O0Ka3aJioChb BO3MOXHBIM IIOJHATH TOYHOCTH PACIIO3HABAHMSI (accuracy)
npumepHo Ha 10%. Kpome Toro, maHHble TaOJIMI] TO3BONSIOT CAETATH BBIBOJ O TOM, YTO METOJ
reHepalii CHHTETHUECKHX M300paKSHHUI ¢ MOMOUIBIO HIPH(TOB 3aHUMAET BTOPOE MECTO, TO3BOJISIS
MOTHATh TOYHOCTH pacmo3HaBaHUS Ha 4-7%. Xyxke Bcex ¢ 3ajadeil CIpaBHWIICS alNTOPUTM
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reHepaly N300paKEHHUIH C IIOMOLIBI0 I'eHepPaTHBHO-COCTA3aTEIbHOM ceTH; Uil Habopa IaHHBIX
Cyrillic Handwriting Dataset npakTrdyecku He HaOIIONAETCS KAKUX-IHOO YJIyUIIEHHH B Ka4eCTBE
pacrio3HaBaHUs MOJIEIH.

B npomiecce aranm3a TabuuIl ¢ pe3ynbTaTaMu 00ydeHus Mozenei (Tabi. 3 1 5) BCIUIBIBaET ere oHa
0co0eHHOCTb, cBsi3aHHas ¢ HabopoMm manHBIX HKR. Kak roBopuocs panee, TectoBsiit Habop HKR
JETHTCA Ha JIBE YacTH, OOJNAJAroNIMe ONpPEACNICHHBIMH OCOOCHHOCTSIMH, KOTOPBHIE OKa3bIBAIOT
CHJIbHOE BIJIMSIHUE Ha Pe3yJIbTaThbl, NpeJCTaBIeHHbIe B Tabuumnax. TecroBas yacth testl comepskur
HOBBIE CJIOBA U ITOYEPKH, Ha KOTOPBIX MOZIEIb 00ydanach, a 4acTh {eSt2 coep>KUT HOBBIE TOYEPKH,
HO CTapble CJI0Ba, BCTPEUAIOIIUECS] B TPEHUPOBOYHOW YacTH Habopa. [1o mojaydyeHHbIM 3HaYCHUSM
METPUK MOYKHO CJ/IeNIaTh BBIBOJ O TOM, YTO BBHIOPaHHBIE MOJENHM CHJIBHO IepeoOydaroTcs Ha
(uKCcHpOBaHHOM HaboOpe CIIOB, BXOJSIIEM B TPEeHUPOBOUHYIO dacTh Habopa HKR. Taxoii BbBOA
MOXHO C/IeNaTh OJlarojapsi CylecTBeHHOMY MOAbeMY KayecTBa paclo3HaBaHus Ha Habope testl, a
TaKKe HeOONBIIOMY CHIDKEHHIO ITOKa3aTesiel kadecTBa Ha Habope test2.

[lo sTuM pesynbraraM BHUIHO, YTO BIMSHHE HOBBIX IOYEPKOB Ha KauyecTBO PACIIO3HABAHMS
MHHUMAJIBHO, €CJIM €IlIe YYUTHIBATh TOT (DAKT, YTO BCE M300pa)keHHs HaOOpa MMEIOT MOXO0XKHH
ctwib. Ilpu 3TOM H00aBICHHE MOMOJIHUTCIBHBIX OOYYArONIMX JAHHBIX C HOBBIMH CJIOBAMH
HO3BOJIICT CHH3UTH 3G QekT nepeoOydeHns Ha (QUKCHPOBAHHOM KOPITyce M IOJHATH CPEIHUC
3HAYCHHUS METPHK KadecTBa OOYYEeHHOH Monmenn Ha O0OMX TeCcTOBEIX Habopax. Jddekr
nepeoOydeHnsT Ha CIIOBaX TaKKe MOXKET OBITh CBSI3aH ¢ TeM, 4To Habop maHHeIXx HKR comepxut
0onbIIOE KOMMYESCTBO H300PaXKCHUH ¢ OJJMHAKOBBIM TEKCTOM: IPU KOJIMYECTBE AJIEMEHTOB CBBIILIE
45 TeICAY, YHUKAJIBHBIX TEKCTOBBIX €AMHUI] Bcero jumb 2808 (cM. Tabm. 1), HEKOTOpBIE U3 HUX
HE3HAYMTEIbHO OTJIMYAIOTCS APYT OT Apyra. [Ipu ToM BanuganumoHHas yacTh Habopa COCTOUT
MPEUMYIIECTBEHHO U3 CJIOB, COepkKAIUXCsl B TpeHupoBouHOH yacTu (9133 cnosa u3 9375). Takum
00pa3oM, oOyueHHE TOJBKO Ha JaHHBIX M3 TPCHUPOBOUHOW uvacTu Habopa HKR Hemocratouno
OIpaBIaHHO, HEOOXOANMBI JOTIOJIHUTEIBHEIC TAaHHBIE C H300paKEHUSMH HOBBIX CJIOB.

[To wuroram aHanmu3a pe3yJbTaTOB MOXHO CHEJaTh BBIBOJA O TOM, YTO METOJ TeHepaluu
JIOTIOJTHUTENBHOTO CHHTETHYECKOT0 Habopa TaHHBIX C TIOMOIIBIO PYKOITHUCHBIX IPU(PTOB HE CHIIBHO
yCTymaer JpyriuM METO/IaM B IUIaHEe MOBBIIIECHUS KauecTBa 00y4deHus MoJieneil pacrno3HaBanus. B
CpeliHeM, OH MTO3BOJIIET MOBLICUTH TOYHOCTh paclo3HaBaHus (aCCUracy) ooyueHnou Mmoaenu Ha 6%,
IO CpaBHEHHIO C OOydeHHeM Monend Ha Habope Oe3 WCHOJIB30BaHUS JONOJHHTEIBHO
CTeHEPUPOBAHHBIX JAHHBIX. DTOT METOJ] MIMEET OJTHO HECOMHEHHOE PEHMYIIECTBO Nepel IPyrHMH
PAacCMOTPEHHBIMU METOAAMH — OH He TpeOyeT 00y4YeHHs TSDKEJIOBECHBIX MOJICINCH U 3aTaYuBaHUs
M0Ji KOHKPETHBII HA0Op aHHBIX.

Kon ¢ peanuzanmeil 3KCIIEpUMEHTOB, a TaKkKe pealn3alus IeHepaTtopa PYKOIHCHOTO TEKCTa
HaxomaTcst B obmem  gocryme:  https://github.com/NastyBoget/hrtr  (sxcrmiepumenTb),
https://github.com/NastyBoget/HandwritingGeneration (renepatop). Kpome Toro, B OTKpPBITBIN
JOCTYI BBIJIOXKEHBI HAOOPBI JaHHBIX, CTEHEPHPOBAHHBIC TPEMs CIIOCOOaMHM JUIsi HAaOOPOB JTaHHBIX
HKR u Cyrillic Handwriting Dataset:

e synthetic_hkr (https://huggingface.co/datasets/nastyboget/synthetic_hkr);

e stackmix_hkr (https://huggingface.co/datasets/nastyboget/stackmix_hkr);

e gan_hkr (https://huggingface.co/datasets/nastyboget/gan_hkr);

e synthetic_cyrillic (https://huggingface.co/datasets/nastyboget/synthetic_cyrillic);
e stackmix_cyrillic (https://huggingface.co/datasets/nastyboget/stackmix_cyrillic);
e gan_cyrillic (https://huggingface.co/datasets/nastyboget/gan_cyrillic).

6. 3aknro4yeHue

B nanHOW cTarhe ommchIBaeTCs pa3pabOTaHHBIH aBTOPAMHM METOJ CO3/IaHMS KHPHILIMYECKUX
PYKOIHCHBIX MPHU(TOB, a TaKKke METOJ TeHEepalny H300paKeHUH PYKOIMCHOTO TEKCTa Ha WX
ocHoBe. [IpoBeneHO cpaBHEHHE MPENTIOKEHHOTO METOJA C CYIIECTBYIOIIMMHU PEUICHUSAMH ITyTEM
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o0ydeHHsI IBYX MOZENEH pacro3HaBaHHs PYKOIMCHOTO TekcTa. Moxenu o0ydainuch Ha ABYX
pa3IMYHBIX ~ OOWIEAOCTYNHBIX  HabopaXx  JAHHBIX,  JONOJHEHHBIX  H300pakKeHUSAMHU,
CTCHEPUPOBaHHBIMU Pa3IMYHBIMH criocobamu. [lo pesynpTaTaM HCClIemOBaHMH MOXHO CHEJaTh
BBIBOJl O TOM, 4YTO pa3pabOTaHHBIA METOJ| CPaBHHM [0 pe3yjbTaTaM MOBBIIICHNUS KayecTBa
pacrio3HaBaHuUs MOAeJIeH ¢ ApyruMu MeToaamu. OH IO3BOJISIET MOBBICUTH TOYHOCTh PACIIO3HABAHUS
00y4eHHO# Moaenn B cpeiHeM Ha 6%, TIpH 3TOM He TpeOyeT 00ydeHUs JOTIOIHUTENILHBIX MOJIEIICH.

Kon paspaboraHHOro Meroia, a TakKe MPOBEIEHHBIX IKCIIEPUMEHTOB BBUIOKEH B OTKPBITHIHA
noctyn. CreHepupoBaHHbIE B paMKaX HMCCIIEIOBaHHS HAOOPHI TAaHHBIX TOCTYIHBI /ISl CKAYMBaHHS
Ha matdopme huggingface.co.

JlanbHeine ncciae0BaHus MOTYT OBITh HaIlpaBJIeHbl Ha TOBBIIICHHE KAauecTBa Paclo3HaBaHUS
BBIOpAHHBIX MOJIENEI: MOXKHO yOpaTh BEpXHHI MOPOT KOJIMYECTBA SMOX 00y4eHus: U 0ojiee TOHKO
CKOPPEKTHPOBATh TUIEPIAapaMeTPhl, CreHEPHPOBATh OOJIbIlIEe KOJHMYECTBO 00YYaIOINX AaHHbIX, a
TaKkKe OJHOBPEMEHHO UCIIOJIb30BATh JAOMOJHHUTEIbHbIE HA0OPHI JaHHBIX, CTEHEPHPOBAHHBIE TPEMS
BBIIIICONMCAHHBIMHA METOJAMHU.
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1. Introduction

In modern times, such concepts as “neural network™, “artificial intelligence” and other end-to-end
technologies are used in various fields, such technologies are tightly integrated into our lives and
are often used everywhere. Now nobody is surprised using search algorithms from various advanced
companies. Even the older generation now often uses voice assistants, without thinking that these
are yet another “brainchild” of a neural network. In fact, a neural network can now do quite a lot:
generate scientific reports, write poetry or a song, draw a picture that is not much different from the
real one, the main thing is to train it correctly.

But such a network can serve both good and evil, depending on the purpose of the developer. So,
for example, when recognizing images, an attacker can purposefully introduce errors into the
recognition process, trying to force the system to incorrectly recognize the image being processed
[1]. As a result, so-called spoofing attacks appear. Often, such attacks can be used in cases where an
attacker seeks to disguise himself as another person and thereby commit illegal actions.

2. State-of-the-art

At present, it is difficult to unambiguously define neural networks. After analyzing the study of
several authors, we can say that a neural network or Artificial Neural Networks (ANN) is a learning
system, which is a certain mathematical model built on the principle of human neurons, as well as
its software implementation [2, 3]. Ivanyuk V.A. claims that artificial neural networks can be used
to create intelligent decision-making systems, simulation modeling, expert systems [2].

A neural network is a mathematical model made up of interconnected nodes that work together to
solve a problem. The nodes are arranged in layers, and each node performs a simple mathematical
operation on the input to produce the output [4].

Kachagina K.S. in her research, gives a range of applications of a neural network in everyday life.
So, in this study, we can highlight that the ANN is already used in security organizations, law
enforcement agencies, at various factories and much more [3]. Therefore, it is very important to
organize the security of these systems, since further the scope of neural systems will only grow.

It should be noted that the main tasks of neural networks are reduced to:

o Classification, that is, the separation of a certain object with a certain attribute from others.
e Prediction, this task often serves the interests of the financial world.
¢ Recognition, which will help to simplify the work, for example, for law enforcement agencies.

e Solving problems without a teacher.

In recent years, there has been an introduction into information and telecommunication systems as
a means of identification, and often authentication of users [1]. According to experts, the
introduction of such technologies often brings with it massive discontent from the outside. The
reason for this was that the ANN is imperfect. Such a system has several vulnerabilities that will be
used to disable it [3].

Since each person is unique, by spoofing biometric data, attackers can describe such data
mathematically and use it as input to machine learning algorithms to automate the recognition
process, and then use such ANN to replace their identity.

There are many attacks on ANN that prevent the system from working properly. An attacker can
carry out large-scale attacks without being noticed. For example, in biometric systems, an attacker
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can intentionally introduce errors into the process of recognizing biometric data. Ensuring the
security of such systems is an important issue.

Article [5] describes how adversarial attacks work by exploiting vulnerabilities in neural networks
that can be easily fooled by small noises or modifications to the input data that are imperceptible to
humans but can cause the network to misclassify the input data.

Consider some types of attacks on biometric systems that disrupt the recognition process [1]:

e Fast Gradient Sign Method — an attack with noise overlay on the image with each new
iteration. This attack is quite effective when constantly analyzing the image. This type of
attack is practically unrealizable in the absence of direct access to data.

e Using Infrared LEDs to Change Human Facial Features.
e Overlaying black or white stickers on the image for incorrect recognition.
e The use of devices that allow you to identify a person for another.

o Hostile attacks are a growing concern in the field of artificial intelligence because they can be
used to trick neural networks into misclassifying inputs.
One of the first studies on Adversarial Attacks was carried out by Goodfellow et al. [6], who showed
that neural networks can be fooled by small noise inputs. Since then, a large amount of research has
been done on this topic, including the development of new attack methods and defense strategies.
One of the most common types of contention attacks is the Fast Gradient Sign Method (FGSM),
which was introduced in [6]. This method involves calculating the gradient of the loss function with
respect to the input data and then modifying the data in the direction of the gradient to maximize the
loss. Many subsequent studies have relied on this method, including the iterative FGSM (IFGSM)
attack presented by Kurakin et al [7].
Article [5] also explains various types of hostile attacks, such as targeted and non-targeted attacks,
and provides examples of real-life applications of hostile attacks, such as manipulating the systems
of unmanned vehicles.
Other types of attacks that have been developed include the Jacobian-based saliency map attack [8],
which uses the Jacobian matrix to determine the most sensitive input features, and the deep fool
attack [9], which generates small perturbations, which minimize the distance between the original
input and the misclassified output.
Various strategies have been proposed to protect against these attacks. Adversarial learning involves
augmenting the training data with adversarial examples to make the neural network more robust
[10], while defensive distillation involves training a separate network to detect adversarial examples
[11]. Other protection strategies include randomization, input transformation, and gradient masking
[12].
Despite these defense strategies, adversary attacks remain a major threat to machine learning
systems. As noted by Akhtar and Mian [13], attacks by the adversary can have serious consequences
in the real world, such as causing self-driving cars to misinterpret road signs or medical systems to
misdiagnose diseases.
In addition, article [5] discusses some of the techniques that have been developed to defend against
adversary attacks, including adversary training and defensive distillation.
In recent years, researchers have also studied the impact of adversarial attacks on object detection
systems [14], semantic segmentation [15], and generative models [16]. These studies have shown
that enemy attacks are effective against these systems and have proposed new defense methods to
improve their reliability.
Despite significant progress in the development of adversarial attacks and defenses, there are still
open issues that require further research. One of these tasks is the development of effective and
reliable methods of protection. Another challenge is understanding the vulnerabilities of deep
learning models to attack by malicious actors and finding ways to fix them.
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Several studies [6, 14, 15] have examined the effectiveness of adversarial attacks on various types
of Machines Learning (ML) models, including Convolutional Neural Networks (CNNSs), Recurrent
Neural Networks (RNNSs), and autoencoders. For example, Xu et al. [17] have shown that adversarial
attacks can be effective against RNN-based text classifiers even if the attacks are generated using a
different language model.

To protect against enemy attacks, researchers have proposed various defense strategies. One
common defense strategy is adversarial learning, which involves training a model on adversarial
examples in addition to regular training data [10]. Other security strategies include gradient masking,
which involves hiding gradients from an attacker [11], and feature compression, which involves
preprocessing input data to remove redundant features [18].

Several recent studies have also explored the use of generative models such as Generative
Adversarial Networks (GANSs) to generate adversarial examples [14]. These models can be used to
create more realistic examples of competitive actions that are harder to detect and more difficult to
defend against.

Biometric authentication systems, which use physiological or behavioral characteristics to verify
people's identities, have become increasingly popular in recent years. However, these systems are
not immune from attacks, and neural networks are used to carry out attacks on biometric data [18].
One common type of attack on biometrics is presentation attacks, also known as spoofing attacks,
where an attacker uses a fake or artificial biometric to impersonate a legitimate user. Neural
networks have been used to create attacks with a realistic representation of various biometric
modalities, including fingerprints, face recognition, and voice recognition.

For example, Wang et al. [19] used a convolutional neural network (CNN) to generate realistic
fingerprints that can be used to fake fingerprint recognition systems. Similarly, Nguyen et al. [20]
used a generative adversarial network (GAN) to generate synthetic facial images that can be used to
fake facial recognition systems.

Other research has focused on using neural networks to launch attacks on biometric data by
exploiting vulnerabilities in the biometric system. For example, Li et al. [21] proposed a method for
generating adversarial examples for fingerprint recognition systems by distorting the input
fingerprint image using a gradient-based optimization method. The resulting fingerprint of the
attacker can be used to avoid detection by the biometric system.

To protect against attacks on biometric data, researchers have proposed various defense strategies,
including the use of liveness detection techniques to detect attacks on presentations and the use of
deep neural networks to increase the resilience of biometric systems to attacks. For example, Tan et
al. [22] proposed a deep neural network liveliness detection method for detecting presentational
attacks in face recognition systems.

3. Materials and research methods

Using the MNIST dataset as an example, we can consider the principle of building a certain neural
network, and then explore its vulnerability. Based on the research of V.A. Ivanyuk, any neural
network is mathematically a superposition of regression functions that describe the relationship
between the values of the inputs and outputs of the network [2].

The input layer receives data in the form of features or input variables, which are then passed to the
first hidden layer. Each node in the hidden layer performs a linear transformation of the input using
weights and biases and then applies a non-linear activation function to produce a non-linear output.
This output is then fed as input to the next level, and the process is repeated until the final output is
obtained.

Starting the study, it is worth saying that the basic element of such systems is the so-called neuron.
It is necessary to create a programming model. A neuron in an ANN is an artificial analogue of a
real neuron, only represented as a simple mathematical function that determines the rules for
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generating an output signal based on input data [2]. In the work of K.S. Kachagina stated that a
neuron is an imaginary black object with several input and one output hole [3].
A neural network can be represented mathematically as a function f(x; 8), where X is the input, 6
are the network parameters (weights and biases), and f(x; 8) is the output of the network.
The weights and biases in the neural network are adjusted during training to optimize network
performance. This is done by minimizing the cost function, which measures the difference between
projected output and actual output. The backpropagation algorithm is used to update the weights and
biases in such a way as to reduce the loss function.
A neural network consists of layers of interconnected nodes, and the calculation of the output of
each node can be represented mathematically as (1):
z=w-x+b (D)
where z — weighted sum of input parameters x, w — scale vector, b — displacement vector.
The output of a node is calculated by applying a non-linear activation function to a weighted
sum, which can be represented mathematically according to (2):
a=g(2) 2
where g(x) is the activation function.
The node layer output is calculated as follows (3):
at =g(z") 3)
where a® — exit of the first layer, z1— weighted sum of first layer inputs, g is the activation function.
The output of the last layer is the output of the neural network, which can be used for prediction or
classification.
During training, the weights and biases of the neural network are adjusted to minimize the cost
function, which measures the difference between the predicted output and the actual output. This is
done using gradient descent, where the gradient of the cost function with respect to weights and
biases is computed, and the weights and biases are updated accordingly.
The backpropagation algorithm is used to efficiently compute the gradient of the cost function with
respect to the weights and biases of the network.
Thus, the mathematical logic of a neural network includes calculating the weighted sum of the input
data for each node, applying a non-linear activation function, and propagating the output through
the layers of the network to obtain the final output. The network weights and biases are optimized
during training to minimize the cost function using gradient descent and backpropagation.
It is worth deciding on the neural network training algorithm:

1) Import libraries
2) Data checking

a) Checking for Lost Values

b) Data normalization
3) Modeling
4) Getting a result
The neural network analyzes the biometric data by learning patterns and features from the input data
during the training process. It can then use these learned features to predict new biometrics. For
example, a facial recognition neural network can learn to recognize certain facial features and
patterns, such as eye position or mouth shape, and use that information to identify people in new
images. Similarly, a fingerprint recognition neural network can learn to recognize the unique ridges
and patterns on a fingerprint and use that information to verify a person's identity.
Let's analyze this algorithm on a specific example (Fig. 1).
It is necessary to create and train a neural network based on the MNIST database that will recognize
handwritten numbers.

39



Kotlyarov D.V., Dyudyun G.D., Rzhevskaya N.V., Lapina M.A., Babenko M.G. Investigation of Adversarial Attacks on Pattern Recognition
Neural Networks. Trudy ISP RAN/Proc. ISP RAS, vol. 35, issue 2, 2023. pp. 35-48

general plan of the.
experiment

Stage one: Stage two Stage three:
normal control “ defective”

Comection of learning raining o
Keraslibraries
Database
Mnist database Cmnfcum

Creating samples
ivid Saving neural netwark “Data_epach” Saving neural network . . “Data_epochs error”
(vidnghe detast d . T — prtirioe o
intoparts (Figures) data at each training direciory on data at each training e e et directory on Google:
tage (epoch) Google Drive stage (epoch). ¥ on Goodl pition : Drive.
worl eural network,

I ‘accuracy parameter

Neural network training on corrupted

data (Figure 15).

[ copyof e 1chepoch oftheneral etvrk, aresdy |
| rained on intact data, isinvolvediin training, The distortion |

aining
undistorted data | mechanism isdescribed in the diagram

Builder graphs of the
efficiency of the reural
network in termsof the

Plotting the efficiency of
theneural network by the|
accurancy parameter

Plotting the efficiency of
theneural network by the|
‘accurancy parameter.

accurancy parameter
}\ /;* J’\
[ Endor { Endot { Endat
\ sael | \ sage2 | \ wages |
\ / \ / \ J/

S S RN

training
Third stage:
defective
training
Comparison efficiency at
the 15t and 2nd sages of
training.

Endof experiment
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It is necessary to create and train a neural network based on the MNIST database that will distinguish
between handwritten numbers.

The following libraries and modules have been used:

Numpy is a library for working with multidimensional arrays and matrices [23].

Keras is a framework for building and training neural networks. It is part of the Tensorflow library
and allows you to create neural network models using a set of high-level abstractions.

Import the NumPy library and give it the alias “np". We import the MNIST dataset from the Keras
library. MNIST contains images of numbers from 0 to 9, which will be used to train the neural
network [25].

Sequential is a neural network model in which layers are added sequentially one after the other.
Dense and Flatten layers from the Keras library. Adam is an optimizer from the Keras library.
Optimizers are used to adjust the neural network weights during training. Sparse Categorical
Crossentropy is a loss function from the Keras library. The loss function is a metric that evaluates
how well a neural network performs on a classification task.

Matplotlib is used for data visualization. ModelCheckpoint is a class that allows you to save model
weights during training. The load_model function from the Keras library is used to load a saved
model from a file [25].

Next, we connect Google Drive to Google Colab. Google Drive is used to save the model and other
files.

The shuttle module in Python provides a high-level interface for working with files and directories.
It contains functions for copying, moving, renaming, and deleting files and directories.
import numpy as np

from tensorflow.keras.datasets import mnist

from tensorflow.keras.models import Sequential

from tensorflow.keras.layers import Dense, Flatten

from tensorflow.keras.optimizers import Adam

from tensorflow.keras.losses import SparseCategoricalCrossentropy
import matplotlib.pyplot as plt

from tensorflow.keras.callbacks import ModelCheckpoint

from keras.models import load model

from google.colab import drive

drive.mount ('/content/gdrive"')

import shutil
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We load the MNIST dataset (Fig. 2) and split it into training and test data,
where x_trainand x_test —numpy arrays containing images of handwritten digits (Fig. 3).
Each image is a 28x28 matrix of pixels. Each pixel corresponds to a value from 0 to 255 (various
shades of black, white and gray).

Demonstrated dataset On-screen output of
X norm|Y norm Image Tensor.

Demonstration
of Dataset
Content

\ 4

Convert the tenser On-screen output of
into an image. Image

p— —

Performed prior toth:l
first stage of the
experiment.

Fig 2. The structure of the algorithm of the module for demonstrating the contents of the Mnist dataset

y_trainandy test —numpy arrays containing labels for the corresponding images in the
training and test sets. The label is an integer from 0 to 9 that corresponds to the handwritten digit on
the corresponding image.

(x_train, y train), (x test, y test) = mnist.load data()

Structure of the
created set

X- picture slection
Y- label selection

samples

A 4

_
X norm|Y norm

Xtrue| Ytrue Xerror |Y error

!

(S
Xerror_train
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Xerror_test
Yerror_test

Fig 3. Scheme of splitting the dataset into samples
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Fig 4. Output of element 277
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For clarity, we derive one of the elements x_train and y_ train inthe form in which they
are stored in tuples. Take element number 277 (Fig. 5).

Display the image of the element x_train[277] in black and white (white is 0 and black is 255)
(Fig. 4).

Fig 5. Image of element 277
Let's normalize the pixel values to bring the values from 0 to 255 to the range from 0 to 1. This is
done by dividing each pixel value by 255. Pixel normalization improves the performance of the
model, as it facilitates training and reduces the time required for processing data.
At the next stage, we split the training and test datasets into two equal parts. The first part will be
used for the first training of the neural network, and the second part will be distorted and used in the
second training. Define the architecture of the model (See Fig. 6).
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Fig 6. The structure of the algorithm of the internal mechanism of the neural network
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Using the method of experiment, the optimal structure of the neural network and the parameters of
its training were selected.
The first layer — Flatten converts a two-dimensional array (28, 28) into a one-dimensional array
(dimension 784) so that it can be fed to the input of the neural network.
The second layer — Dense with 100 neurons and the ReLU (Rectified Linear Unit) activation function
uses a linear operation followed by a non-linear activation function. The ReLU activation function
returns O for negative values and the value itself for positive ones.
The third layer is Dense with 50 neurons and the ReLU activation function.
The first optimizer parameter defines the optimization method that will be used to train the model.
In this case, the optimizer Adam is used at the rate of learning (Learning rate) equal to 0.01.
Second parameter 1oss defines the loss function to be used during model training. Here we use
categorical cross entropy (SparseCategoricalCrossentropy).
The fourth layer is Dense with 10 neurons and softmax activation function. softmax converts neuron
values into probabilities summing up to 1.0 and is used for multi-class classification [29].
We compile the model with the necessary parameters.
Third parameter met rics defines the metrics that will be used to evaluate the model. In this case,
we will use only the accuracy metric (accuracy).
model.compile (optimizer=Adam(learning rate=0.01),
loss=SparseCategoricalCrossentropy (),
metrics=["'accuracy'])
Create a checkpoint object that is used to save the state of the model as a file in a
folder data epochs after each learning epoch.
checkpoint = ModelCheckpoint ('/content/gdrive/My Drive/neyro/data_epochs/
epoch {epoch:02d}.h5")
Train the model on training data Xt rue train with appropriate labels Ytrue train. Specify
the number of epochs 10. For one training iteration, we take the batch size 100 (Fig. 7).

G E

- loss: 8.8632 - aocuracy: ©.Joo

- loss: 8.8662 - accuracy: 8.9887

Fig 7. Data output after the first training
shuffle=True specifies that the training dataset will be shuffled before each epoch to avoid the
possibility that the model might remember the order of the training examples.
callbacks=[checkpoint] indicates thatthe object checkpoint will be used as a callback
to save the state of the model after each epoch.
Learning outcomes are saved to an object history. After training the model, history will contain
information about the change in the loss function and accuracy metrics during model training.
epochs = 10
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history = model.fit (Xtrue train, Ytrue train, epochs=epochs,
batch size=100, shuffle=True, callbacks=[checkpoint])

Let's evaluate the model on test data. After the first training, we got an accuracy of 0.9542 on test data.

test_leoss, test acc = model.evaluate(Xtrue test, Yirue test)
print('Test accuracy: ', test acc)

157/157 ] - @s 2ms/step - loss: B.2238 - accuracy: @.9542
lest accuracy: 0.954200829173169

Fig 8. Accuracy of training on test data
Derive the graphs of the first training.
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Fig 9. a) Graph of losses, b) Graph of accuracy
Thus, the neural network was trained to recognize handwritten numbers on the MNIST dataset.

The next stage of work consists in distorting the dataset, that is, simulating the intervention of an
attacker, and then analyzing the results after retraining the neural network.

The task is to find a way to calculate malicious interference in the operation of the neural network.

Let's put forward a hypothesis that one of the signs of interference in the neural network may be the
difference in performance and accuracy to the trained neural network from the original one.

Let us test this hypothesis on a practical problem.

Before training the model on a distorted dataset, we will make a copy of the 10th epoch file and train
the model loaded from it in the same way, but on the second half of the dataset (Xerror train
U Yerror train), but without changing anything in it.

source file = '/content/gdrive/My Drive/neyro/data_epochs/epoch 10.h5'’
destination file = '/content/gdrive/My Drive/neyro/data_epochs/
epoch 10 copyl.h5'
# Copying a file to a new path
shutil.copyfile (source file, destination file)
model = load model ('/content/gdrive/My Drive/neyro/data_epochs/
epoch 10 copyl.h5")
#Model compilation with Adam optimizer,
SparseCategoricalCrossentropy loss function and accuracy metric.
history = model.compile (optimizer=Adam(learning rate=0.01),
loss=SparseCategoricalCrossentropy (),
metrics=["'accuracy'])
# Creating a folder to save training data after each epoch
import os
if not os.path.exists('/content/gdrive/My Drive/neyro/
data epochs continue'):
os.makedirs ('/content/gdrive/My Drive/neyro/data_epochs continue')
# Saving the model after each epoch to folder data epochs error
checkpoint = ModelCheckpoint ('/content/gdrive/My Drive/
neyro/data_epochs continue/epoch {epoch:02d}.h5")
# Training the model on the second half (not yet distorted) of the
dataset
epochs = 10
history = model.fit (Xerror train, Yerror train, epochs=epochs,
batch size=100, shuffle=True, callbacks=[checkpoint])
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300/ 300 [==============================] - 25 Tms/step - loss: B.9622 - accuracy: ©.9829

Fig 10. Output of training results

Accuracy after retraining increased from 0.9542 to 0.9762 (Fig. 10).
Let's create a copy of the epoch 10 file so that it can be used in the second training of the neural
network and compare the received data.
Let's compile the model using the same parameters as the first time.
history = model.compile (optimizer=Adam(learning rate=0.01),
loss=SparseCategoricalCrossentropy (),
metrics=["'accuracy'])
Training and testing of the ANN is carried out on the second half of the MNIST dataset (with the
prefix error), which was created at the beginning of the code.

Distortion of
the dataset.

\ 4
\ 4

Distorted Find element Replacing the On-soreen output Received possible data set
dataset with label 0 label of this of Image + ILapbeI isused for the 3rd stage of
Xerror | Yerror (y==0) image with 9 29 neural net training

— o |
I-Performed prior tothe

third stage of the
experiment.
— —

Fig 11. The structure of the algorithm for direct distortion of the sample “Error”

Let's find an element from the data set whose value is 0 and display its image and its corresponding
label.plt . imshow (Xerror train[9], cmap='binary') (Fig.12).

Fig 12. Image of dataset element 0 and its label
Replace all label values in the training dataset Yerror train with values0to 9 (Fig. 11).
This stage is an imitation of an attacker's action. This example can be projected onto real face
recognition neural networks, that is, different dataset numbers are different faces of people.
One of the reasons for the emergence of the Adversarial attack is that machine learning methods
were originally developed for stationary and secure environments, where the training and test
samples were generated from the same statistical distribution. However, in practice, attackers can
covertly manipulate input data to exploit vulnerabilities in ML algorithms and compromise the
security of the entire machine learning system.
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The type of attack in which an attacker seeks to gain access to the data and the learning process of
an ML model to “poison” it (train it incorrectly) for subsequent inadequate work is called poisoning.
It can be seen as a malicious infection of the training data. Thus, the “white box” strategy is used
here, when the attacker has information about the victim — “malicious knowledge” (Adversarial
Knowledge, AK): how the data for training are prepared and from what sources and what they are,
what are the main functions of the attacked system, what algorithms it uses, what are the results, etc.
Poison attacks involve insider information about the ML system and a high level of attacker's
competence in Data Science [23].

Fig 13. Image of dataset element 0 and its label after replacement
As a result, all images 0 correspond to labels with a value of 9 (Fig. 13).
Retrained the neural network on data sets Xerror train and Yerror train, using the
same parameters as the first time.
epochs = 10
history = model.fit (Xerror train, Yerror train, epochs=epochs,
batch size=100, shuffle=True, callbacks=[checkpoint])

1s 4ms/step - loss: @.8531 - sccuracy: ©.9849

put after training
(a) (b)
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Fig 15. a) Graph of losses b) Graph of accuracy
We got an accuracy on the test data of 0.8758, which is much less than the result of 0.9762 obtained
after the model was trained on an undistorted dataset, and less than after the first training, where the
result on the test data was 0.9542 (Fig. 14, 15, Table 1).
Table. 1. Simulation results

ANN training
First Undistorted Distorted
dataset dataset
Accuracy 0,9542 0,9762 0,8758
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This confirms the hypothesis. Thus, when retraining a neural network on a distorted dataset, the
accuracy on test data drops, and when retraining on an undistorted dataset, it increases.

This is since the information received by the neural network about handwritten numbers from the
MNIST dataset during initial training comes into conflict with the information received during re-
training on the dataset with changed labels.

Therefore, a sharp decrease in the accuracy of the neural network during additional training is one
of the signs of an attacker's intervention.

The presented method is one of the simplest methods for detecting malicious interference, and in
further research it is planned to rely on the gradient descent method, which can be more accurate for
this task. This is exactly what scientists from Cornell University did for the article “Interpreting
Deep Neural Networks with SVCCA” [30].

4. Conclusion

In conclusion, adversarial attacks are of particular interest in the field of artificial intelligence, and
a large amount of research has been done in this direction. While defense strategies have been
proposed and the arms race between attackers and defenders continues, new methods of attack are
constantly being developed. Thus, it is important for researchers to study adversarial attacks and
develop new protection strategies to ensure the security of machine learning systems, the formation
of a secure model of trusted artificial intelligence.
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AnHoTanus. CTaThsl MOATOTOBIICHA B XO/€ Pa3pabOTKM CHCTEMBI KJIACCH(UKAINH TEKCTOB IOPUANYECKIX
JOKyMEHTOB, OCOOCHHO TeX, KOTOphIe M3Jal0TCs 3aKOHOJATeNbHBIM coOpanmeM IlepMckoro kpas.
PaccmarpuBaemass mpoOnmeMa 3akigrodaeTcss B OTCYTCTBHH PENICHHH, OTBEYAIONINX PETHOHAIBHBIM
TpeOOBaHMsIM, OCHOBHBIM M3 KOTODBIX SIBIISIETCS NPHUMEHsieMas B pernoHe kiaccudukanms. I[IpencrapieHo
MCCIIE/I0OBAaHNE, OLICHMBAIOIIEE IPUMEHEHHE Mojeleld o0pabOTKM ecTeCTBEHHOro s3blka. OCHOBHBIM
pe3yabTaTOM HCCIIEIOBaHMs SBIsIETCS (pakTHUecKass IPUMEHUMOCTh MaIllMHBI OMOPHBIX BeKTOpoB (SVM) k
IpeIBapuUTEIbHO 00pabOTaHHO!N KaTeropu3alyuu IOPUANUSCKUX JOKYMEHTOB. JIJIs BBIMOIHEHHS ATOH 3aqadn
o611 co3nman API Ha cTopoHe cepBepa, a Takke MOJEIH Ha CTOPOHE CepBepa, NMPeABapUTENHHO 00ydeHHbIE
ToMy, Kakoit SVM mpenmodruTensHee.
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1. Introduction

The number of normative legal acts in force only at the federal level in Russia is just below
10 000[1]. That quantity of documents is clearly impossible for any lawyer to memorize or access
swiftly, not taking into account other professions who also base their work on legislation (e.g.,
bookkeepers, accountants, engineers, etc.).

The changeability of Law in this situation only aggravates it. New Legal Acts enter into force every
month. The volume of the legislative text increases, hence may be a factor that hinders its perception
and, thus, execution. Suffice it to point that the rapid tracking of novel legal acts has become possible
only due to the development of the Internet.

A partial solution to the problem in question can be a construction of an IT system for classification
of legal acts by categories (i.e., classes) and its further implementation to Legal Knowledge Bases.
This approach will certainly not reduce the number of legal documents (this requires cultural
measures, not technological ones), but it will facilitate the work with legal information.

The system designed and this paper focuses mainly on solving the problem of classification of legal
acts. Thus, the process of classification of legal acts, now carried out by experts, is automated.

2. State of Art

Legal Tech systems might be divided in two categories: the ones which automate or facilitate routine
organizational business process within legal firm, departments and even courts (e.g., online dispute
resolution, chatbots, online consulting, etc.) and ones which work with legal data and automate
different legal processes (e.g., automated document analysis, document builders, legal libraries,
etc.).

This work will focus on the second type of systems. Several of them should be noted before future
exploration. There are Consultant Plus assistant system, Garant and the Ministry of Justice’
web portal. They allow user to search Legal Acts, Court Decisions. Consultant and Garant also
provide document builders and several other services such as calculators, online consultations, etc.
Each of those systems has its variety of the paid Professional Versions.

The only reason those solutions could not be used is the customer’s requirement to use regional
classification (see Appendix 1) for processing.

3. The Task

The main purpose of the system is its application for building catalogues of documents based on
their topic/topics. It will make search easier for legislators and lawyers.

Hence, the task in question is to build document classification system that could help to organize
files. The automized process could be described as mapping document (its text) to a class. Thus, the
system takes in a file and yields a string name of a class.

The mathematical definition of the task is finding an approximation of the function that maps the set
of documents to the set of categories. Each of the documents is a set of lexemes, thus the task could
be described as finding a function that maps sets of sets of lexemes to set of classes.

As the words may have different semantic weight, those that contain less meaning (so called stop-
words) might be omitted during the analysis enhancing the speed of processing.

4. Requirments

The vital part of information system development is gathering customer’s requirement. Thus, the
chances to meet their needs increases. During the interview with the customer the list of
requirements and their proper definitions of done were formulated. They are listed in Table 1.
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Table 1. Requirements

Requirement Definition of Done

The System’s accuracy metric is
The System is trustworthy | no less than 80% on both Orders and
Laws

The System takes in ‘docx” and
‘docx’ file and yields correct result.
On attempt to put another file the
System returns an error message and
continues the work.

The System accepts ‘docx’ and
‘docm’ files

On damaged document returns |  On damaged document a Server

respective message returns respective message
Client-Server Architecture Client and Server is separated
The System is easy to The System returns the code and the
understand name of the category

The system is easy to modify | There must a brief documentation

5. Technologies

As is known text classification is a supervised learning task. Hence, we need a test sample of already
classified texts, which was kindly provided by the customer.

Considering the most efficient stack of technologies, we should consider the predominant use of
Python programming language for solving that kind of tasks (first of all, due to the quantity of
libraries written for this language). The libraries often used are pandas, matplotlib (for data
analysis), word2vec and sklearn libraries (for machine learning models). Use of any other language
would lead to solving many already decided problems (from preprocessing to building the logic of
the classification model itself) from scratch.

Now that the choice of the main programming language is resolved, the Python Web framework
must be chosen. Using FastApi is in the context of this context proves as the most effective solution,
primarily because of its speed [2].

6. Exploring Data

As is known, Legal Documents have the structure which could be used to identify and parse them.
Documents usually contain a Title, an Issue Number, Dates of Registration and Adoption (that could
easily be confused while parsing), an Authority that signs the document. It should be noted that
several documents may have the very same Title or Number. Thus, it requires several parameters to
identify the document.

In our research, we focus on two types of Legal Acts: Laws and Orders. They severely differ in their
structure. Laws are usually voluminous documents which have much less references to another laws
(usually 1-2) per page than Orders, which are based on Laws and often are one-page long.
Classification system may malfunction on such a little amount of unique data as present in Orders.
It is worth to use references to already processed documents to classify them properly (especially, if
those Orders are 0.5-1 page long).

The other problem which is met is the data provided. The regional document collection, which is
3000 items long, is obviously unbalanced. The distribution of documents over the classes is shown
on Fig. 1.
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Fig. 1. Distribution of Documents
Classes 06. “Labor and Employment”, 10. “Interregional Economic Affairs”, 12. “Information and
Informatization”, 20. “International Affairs” are represented by less than twenty documents each
(they may also contain subclasses within them). To solve this issue, two solutions might be utilized:
1) Adding Legal Documents from other regions (or the ones accepted by the Federation);
2) Using models which sustain the imbalance.
This research focuses mainly on the second way, but it proves that the first is efficient as well.

7. Classification model

There were three classification models used [3]:

3) Naive Bayes Classifier,

4) Support vector machine,

5) Logistic regression.

Tokenization, stop-words removal, and lemmatization had been performed before passing the
training data to TF-IDF vectorizer. Then the data was passed to classifiers.

To select a model, each of them was built and trained on the very same sets. Thus, we might choose
the best one. The metrics shall be listed in Table 2.

Table 2. Models and Metrics

Naive Bayes SYM Clall_sgﬁ‘iiigfion
soottems | 017 048 023
gébsiigrfsl 0.18 0.50 0.25
Tsonems | 03 06 037
;:5108|feonr185 0.3 0.61 0.39
gggui{:rcn)g 0.34 0.7 0.6

! Macro-averaged.
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Naive Bayes SVM CIaLsgﬁ‘iiitaifion
saFolésifeor:\i 0.36 0.71 0.66
1500 tems : 076 :
1500 toms : 078 :

As is seen, Support Vector Machine proves to be more accurate than its counterparts (due to the
ability to describe even the smallest classes), therefore it is chosen to be used in production. The
metrics listed prove that quality might be improved via using the vaster dataset. The only drawback
is difficulty of interpretation (find more detailed works on this topic in [4-10]).

To increase F1-score there were 600 new documents introduced (achieving the total quantity of 1500
items). Those items were collected to represent the classes that contained less than 100 training
documents (Fig. 1).

F1 Scores

1
09

08
0.7
0,6
05
04
03
0.2
01
0
0 1 2 3 4 5 6 7 B

9 10 11 12 13 14 16 18 19 20

Fig. 2. F1 measures for each class (1500 items)

8. Ways to Improve

As is said the main problem is unbalanced data which worsens results (fig. 2) as the least represented
classes usually yield the worst result. Thus, focusing on less presented classes is the way to improve
the whole picture. Thus, by adding training documents of deficient classes helps to improve classifier
(see last two rows of Table 2).
The very first addition made is filtering non-Legal Documents. It could be done two ways: adding
a filtering model (Legal/Non-Legal Document Classifier), using the structure of the document that
is provided by the user.
Those two ways could be combined in different ways: structure-oriented and content-oriented. The
first approach mainly focuses on similarity between the document structures (i.e., document
provided by the user is compared with “typical” document which we use to measure incoming), the
second evaluates the content inside the document.
Let us compare the advantages and disadvantages of both these approaches. The structure-oriented
approach is easier to perform, there is little if any machine learning required. Its main flaw is a
subsequence of simplicity — the “typical” structures of Legal Acts allow little flexibility. Thus, it
would not pass Legal Documents that does not follow the structure but those Non-Legal Documents
that do.
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The second approach is a little more complex. It requires to gather different kinds of Non-Legal
Documents and build a binary classifier. Suffice it to say the classifier should be adjusted to detect
all the Legal Documents.

Thus, the model should bolster recall over precision due to false positives (i.e., Non-Legal
Documents passed) be not such a problem as inability to classify Legal Document. Nevertheless,
the “force-check™ option could be provided to user, allowing to check any documents they wish.

9. Web API

The Web API in question was made using FastAPI Python Framework. The system support client-
server architecture (fig. 3).

Web Server

Data Base Model
: |
Text
Document Data and Class
l References l
|

Web Interface

JSON Response POST-Request

! l

Client

Fig. 3. Scheme of Architecture

It follows the REST pattern by saving all the necessary information to Microsoft SQL Server
Database, which now contains four data tables.

The one called “Document” contains fields for its name and for date it is received.

The “Text” table encapsulates texts present in the incoming documents. Those texts could be used
to retrain the model.

W

id tage litem _id

contents

o iy

] i e depends on

Inem id

ii

category_id

Fig. 4. Data Base Scheme
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Along with those tables there are “Document Classifier” (which contains all the possible classes)
and “Classified” (that saves the result of processing) tables.

The database is in the Third Normal Form since tables contain only complete primary key and lack
non-trivial dependencies (fig. 4).
The API has three endpoints:

— [classify,
— /help;
— I

The first of them is used to perform classification. It utilizes POST-request method and requires a
“.docx” or “.docm” files. It returns JSON response (1):

(1) {“id”: <class id>, “name”: <class name>}
The other two endpoints use GET-request method and provide information about the system. Thus,

“/help” method returns the regional classifier and ““/” returns information about the maker and the
resources on which the API is tested.

10. Future Updates

As a result, the only requirement that is not fully fulfilled is the quality of prediction. Thus, future
development will involve application of the deep leaning method and use of N-Grams to the task in
question.

A table named “References” would be present in the next update, it will contain all the links to other
Legal Acts present in the document. It will be a “many-to-many” table linking two IDs. This table
will be a groundwork of a classification approach based on references to already classified
documents.

By enlarging the training base there were better results produced. Thus, there will be more
documents used for classification in next updates.
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Appendix 1. Classifier
1) Constitutional system;

2) Basics of governing;

3) Civil law;

4)  Family law;

5) Housing law;

6) Labor and employment;

7) Social welfare and insurance;

8) Finances;

9) Economic activities;

10) Interregional Economic Affairs;
11) Natural resources and environmental control;
12) Information and Informatization;
13) Education. Science. Culture;

14) Public health. Sports. Tourism;
15) —;

16) Public order and security;

17) —;

18) Justice;

19) Public prosecutor. Legal authorities. Advocacy;
20) International affairs;
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AnHoTanus. [IpencrasneHa opurnHansHas HHGOpPMaNHOHHAs cucteMa «hepma TaHHEIX». CerogHs ycHenrHoe
NpUMEHEHHE alTOPUTMOB HMCKYCCTBEHHOTO HWHTEIUICKTA, IPEXIE BCEro INTyOOKOro OOYydYeHWs Ha OCHOBE
HEWPOHHBIX CeTel, NMPaKTHYEeCKH IOJHOCTHIO 3aBHCHT OT HaIW4Ms JaHHBIX. [ 4em Ooiblie o0beM 3THX
JaHHBIX, TEM JIy4Ile pe3yJbTaThl paboThl alrOpUTMOB. XOPOLIO N3BECTHEI NPUMEPH! TAKUX aITOPUTMOB OT
Facebook, Google, Microsoft, Yandex u np. [laHHBIE TOJDKHBI COAEpkKaTh KaKk 0OYYarONIyI0 BEIOOPKY, TaK U
TectupyeMyto. [Ipudem, TaHHbBIE HODKHBI OBITH XOPOIIETro KauecTBa U 00J1aJaTh ONPEIeIeHHOH CTPYKTYPOH,
B ujaeane OBITh pa3sMEYCHHBIMH, YTOOBI aNTOPUTMBI OOy4deHHUs paboTaiy ajgeKBaTHO. DTO IMPEACTaBISET
Cepbe3Hyl0 MpoOieMy, TpeOyIOIIyl0 OTPOMHBIX BBIUHCIUTENBHBIX U YEIOBEYECKHX pecypcoB. MMeHHO
peLIeHuIo 3Toi mpobneMbl MoCBsIIeHa AaHHas cTaThs. Ha ceromus ¢epma maHHBIX mpencTaBiseT u3 cebs
JIOBOJIGHO CJIOXKHYI0 HMH(OPMAIMOHHYIO CHCTEMY, HOCTPOCHHYIO 10 MOJYJIBHOMY HPHUHIMITY, CXOXYIO C
M3BECTHBIM KOHCTPYKTOPOM «Jleroy». OTAensHBIMU MOTYJIIMH CHCTEMBI SIBJISIIOTCS Pa3iIMYHbIE COBPEMEHHBIE
ITOPUTMBI, TEXHOJIOTUH U IieJIble OMOINOTEKH MCKYCCTBEHHOTO MHTEJUICKTa, a BCE BMECTE€ OHU NPHU3BaHEI
ABTOMATHU3UPOBATH MPOLIECC MOJyYEHHS ¥ CTPYKTYPHPOBAHUS KaUeCTBEHHBIX OONBIINX JJAHHBIX B PA3JIHMIHBIX
npeaMeTHBIX obnactax. Cucrema Obiia mpoTecTupoBana Ha aaHHbIX Mo COVID-19 B pernonax Poccuu u
cTpanax mupa. Kpome toro, Obut pa3paboTaH ymoOHBIH MHTep(eiic BU3yallM3alliy JaHHBIX, COOPaHHBIX H
00paboTaHHBIX Ha ¢epMe. DTO IaeT BO3MOXHOCTH IMPOBOJHUTH HATJLIIHBIC YHCICHHBIE HKCIIEPHMEHTHI
KOMITBIOTEDHOTO MOJIETMPOBAHMUS M CPaBHMBATh HMX C pEaJbHBIMH IAaHHBIMH, NpeBpamas ¢epMy B
HMHTEIUIEKTYaIbHYI0 HHPOPMAIIHOHHYIO CHCTEMY HOANEPKKH IIPHHSATHS PEIISHHI.
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Abstract. The original information system «data farm» is presented. Today, the successful application of
artificial intelligence algorithms, primarily deep learning based on artificial neural networks, almost completely
depends on the availability of data. And the larger the amount of these data (big data), the better are the results
of the algorithms execution. There are well-known examples of such algorithms from Facebook, Google,
Microsoft, Yandex, etc. The data must contain both the training sample and the test one. Moreover, the data
must be of good quality and have a certain structure, ideally, be labeled in order for the learning algorithms to
work adequately. This is a serious problem requiring huge computational and human resources. This paper is
dedicated to solve this problem. Today data farm is a rather complex information system built on a modular
basis, similar to the well-known Lego constructor. Separate modules of the system are various modern
algorithms, technologies and entire libraries of artificial intelligence, and all together they are designed to
automate the process of obtaining and structuring high-quality big data in various subject domains. The system
has been tested on data of COVID-19 in regions of Russia and countries around the world. In addition, a user-
friendly interface for visualizing collected and processed on the farm data was developed. This makes it possible
to conduct visual numerical experiments of computer simulation and compare them with real data, turning the
farm into an intelligent decision support information system.
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1. BeedeHue

ABTOMaTH3UPOBAHHBIH COOp, XpaHEHHE M CTPYKTypHUPOBAaHHWE PAa3HOPOIHBIX MAHHBIX SBISAETCS
OJIHOH CaMbIX CJIOXXHBIX NHPOOJIEeM B TaKk HAa3bIBAEMOM «CJIa0OM HMCKYyCCTBEHHOM HHTEIUIEKTE»
(CM), TO ecTb WHTEIIEKTE, OCHOBAaHHOM Ha JaHHBIX. Ee pemieHue mnpeacraBisier u3 ceds
Cephe3HyI0 Mpo0ieMy, TpeOyIONIyI0 OIrPOMHBIX BBEIYHCIUTENLHBIX M YEJIOBEYECKHNX pecypcos. [lo
CHX TIOp AJISl CTPYKTYPHPOBAHUS U Pa3METKH JaHHBIX MPHUMEHSACTCS PYYHOU MIIM MHTEPAKTHBHBIHA
pexnM. Mexay TeM, yCHeIHOe NPUMEHEHHE aJTOPUTMOB MAIIMHHOTO OOy4YeHHs, KOTOpHIC
ABTSIFOTCS OCHOBHBIME B CUM, HeBO3MOKHO 63 mporiecca npeiBapuTeIbHON MOATOTOBKY JaHHBIX
[1]. DOroit 3amaveil 3aHUMAIOTCS CIENMATUCTHI B Hayke o naHHBIX (data scientists) [2]. Llens,
KOTOpYIO TIpeciiefyeT TpeAcTaBiIeHHass B JTOH cTaThe (epMa JaHHBIX, MaKCHMaJIbHO
aBTOMAaTH3UPOBATh JaHHBIN MpoOLECC.

Xopomo w3BecTHa KOHIENIMA «pepMepcTBO maHHBIX» (data farming) um ero pasnudHBIe
onpeznenenus. Hanpumep: @epmepcmao oannvix — 3mo npoyecc ucnonb308anus paspabomaHHbix
BbIUUCTUMENBHBIX IKCNEPUMEHMO8 Olisl «B8bIPAWUBAHUSLY OAHHLIX, KOMOpble 3amem MONICHO
AHATUBUPOBAMb C UCNOTB308AHUCM CIAMUCTIUYECKUX MEMO008 U MEMOO08 GU3YANUIAYUY, UMOOb
HOMYHUUMb NPEOCMABIEHUE O CIONCHBIX CUCEMAX. DMuU Memoobl MO2ym Obimb NPUMEHEHbL K 110001
sviuucaumensrou mooenu [3] wu @epmepcmeo OaGHHBLIX — MO Memoo, 8 KOMOPOM UCHOTIb3YemCsl
MENCOUCYUNTUHAPHBILE  NOOX00,  BKIIOUAIOWULL  BLICOKONPOU3EOOUMENbHBIE  BLIYUCIEHUS,
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Mooenupoganue U CUMYIAYUIO, d MaKdice CMAmMUCmuyeckull auau3, no36oauouull 2nyooKo

U3YHUMb MHOICECIBO BONPOCO8 C MHOOYUCTICHHLIMU AlbMepHAMmUeamu. Jmo UHHOBAYUOHHbLI

MemoO MWamenbHO20 U3YHeHUs HeONpeoeieHHbIX COOLIMuULL ¢ MHONCECEOM NOMEHYUANLHBIX

pe3ynvmamos. IIpo6ods mHozouucCeHHble IKCnepUMEHMbL, (epMepCcmeo OaHHbIX NO380JAem HAM

NOHAMb KAK OYeUOHble, MAK U HeACHble Ppe3VIbmamvl, meM CaMblM NpeooCHmAasIss

cooepoicamernbHble OMEEmbl IUYAM, NPUHUMAarowum peuterus [4].

Hamra koHnenust ¢pepMbl JaHHBIX 3aKIJIIOYAETCSl B TOM, YTOOBI Ha (epMe BBIpalMBaHUE JTaHHBIX,

UX XpaHeHHe, aHAJIM3 ¥ BU3yaJl3auus ObUTH CBEJCHBI B €IMHYI0 aBTOMAaTU3UPOBAHHYIO CHCTEMY,

MOCTPOCHHYIO MO0 MOJYJIBbHOMY NPHUHLMIY KOHCTpykTOpa «Jleroy. Ilpudem, cienyd nmpuHLIUIY

«Jlero», Mbl MOXEM Kak coOpaTh 3TH MOJYJIH, TaK ¥ pa3o0paTh, MepeienaB Ux, eClid Pe3yabTaThl

paboTHI cucTeMBbl He OyOyT yIOBIETBOPUTEIHHBIMHA. A UIMEHHO:

M1) moaynp BblpamuBanusi (GONBIINX) NAHHBIX 3aKJIOYacTCs B cOOpe JAHHBIX B KaKoif-TO
NIPEAMETHONW 00JIaCTH M3 TeTepPOTeHHBIX HCTOYHUKOB (B OCHOBHOM M3 ceTH HTepHeT) B
pexxnme peansHOTo BpeMeHu 24/7,

M2) momynb XpaHeHH s JaHHBIX — 3TO XpaHuuiie AaHHbX B NoSQL 6a3e MongoDB;

M3) Moaynp aHaHM3a JAaHHBIX — 3TO PEBAPUTEIbHAS 00pabOTKa JaHHBIX, HX Pa3MeTKa, arperarms
U BbIZIa4a B popmare yJ00HOM JJ1si IPUMEHEHUS MAIIMHHOTO 00YYEeHUS MITH MHBIX aJITOPUTMOB
HCKYCCTBEHHOT'O MHTEIUICKTA;

M4) moaynp BU3yanmu3alMi JaHHBIX, COOpaHHBIX W 00paboTaHHBIX Ha (epMe — 3TO AanIGoOp,
KOTOpBIII ~ aeT BO3MOXHOCTh IPOBOJUTH  HATJIIHBIE YHUCIEHHBIE 3KCIIEPUMEHTHI
KOMIIBIOTEPHOTO MOJEIMPOBAHUSA M CPAaBHUBATh MX C PEAbHBIMHU JAHHBIMH, YTO IO3BOJISIET
MaKCHUMAaJIbHO TOYHO BBIUMCIUTH WM OLEHUTh IapaMeTphl TOM WM MHOW MOJIeNTH KaKoi-m1bo
MIPEeAMETHON 00IacTH.

D¢ deKTUBHOCT AaHHOTO MOJX0Ja ObUIa MpoTecTHpoBaHa Ha HaHHBIX 0 COVID-19 u moneny,

pa3paboranHoii POALl — BHUUT® Pocatoma B Merampoexkre «MOAETHPOBAHUE SHHUIEMHH

BUPYCHBIX HH(peKIuit». CTOUT Tak)Ke OTMETUTb, YTO MPEAJIOKEHHAST apXUTEKTypa (pepMbl JaHHBIX

YHHBEpCaJlbHa 1 JIETKO MOXKET OBITh aJalTHPOBaHa K JII000H MpeaAMETHON 06IacTH.

IIponenanHplii aHanMW3 OTKPBITHIX HMCTOYHHMKOB HH(OPMAIMHM 1O METOAaM M IporpaMMaM He

MIO3BOJIMII BBISIBUTH MIPOTPAMMHOE CPEICTBO, YIOBIECTBOPSIOIIEE BCEM OCHOBHBIM TPeOOBAaHMIM K

pa3pabaTbiBaeMOMy B JaHHOM HAayYHOM HCCIEIOBAaHHM MPOEKTY «(pepMa TaHHBIX», B KOTOPOM

ocymiecTBisieTcs: c60p MH(GOPMALMKM M3 OTKPBITHIX HMCTOYHHKOB, a TAaKXE HPOTHO3MPOBAHHE
pa3BUTHSI COOBITHII HA OCHOBE COOpPaHHBIX JAAHHBIX ITPH TIOMOIIM MaTeMaTHIECKONH MOJICITH.

HaunGonpmmii mHTEpeC M3 PacCMOTPEHHBIX CHUCTEM IMPEACTAaBISIET INPOTPaMMHBIH  KOMIUIEKC

ABTOMAaTHYECKOI'0 MHTEJUIEKTYaIbHOrO cOOpa NaHHBIX U3 Pa3IMYHbIX HHTEPHET MCTOYHUKOB [5]

(OxcriepuMeHTaIbHBINA 00paser] NporpaMMHOTO KOMIUIEKCa «ABTOMAaTHYECKas HHTEIUICKTyalbHAsS

cucremMa cO6opa JaHHBIX M3 Pa3lM4HBIX HHTepHeT ucrtouHHKoB» (DO IIK)), paspaboTaHHBINA B

HammonaneHOM —1eHTpe KOTHHUTHBHBIX paspaborox (HIIKP) — 1meHTpe KoMIeTeHINH

Hammonansnoit TexHonormyeckord wuHummatuBsl (HTW) na Oaze YamBepcureta UTMO. On

obecrieunBaeT GYHKIMU CO3JaHNUS 3a1a4 cOOpa JaHHbBIX, TECTUPOBAHNUS 33144, CO3/IaHNUsI CIICHAPHEB

cOopa, 3aITyCK CIIEHapHEeB JIOKAIBHO U B paclpeelIcHHOM pexxume. OH MOXKET ObITh HCIIOJIB30BaH

JUI co3aHMs pa3nuuHbIX cucteM MoHutopuHra. 30 I1K npeanazHaueH 1715 pelIeHus CIeaAyINuX

3ajau:

—  c0Op AaHHBIX U3 PA3IMYHBIX HCTOYHHKOB;

— oOecrieueHre MOHUTOPHHTA B CETH MHTEPHET.

CwIbHOM 4YacThlO D3TOrO KOMIUIEKCA SBISETCS YAOOHBIM MHTepdeidc W MyJIbTHKaHAIbHOE

UCIIOJIb30BAaHUE CO BCTPOCHHBIMM MEXaHM3MaMH YIPaBIEHHS M KBOTHPOBaHMS (pas3iMvHbIC

uHTepdeiice nocryma). BianmoneiictBue omeparopa ¢ D0 IIK ocymiecTBisercs mocpeacTBOM

rpadu4ecKoro mojb30BaTEeIbCKOT0 MHTEp(deEiica, 3arpyxaemMoro B npuioxenue Telegram mytem

MaHMITYJSIIH 0TOOpakaeMbIMU TpaguyecKuMH ieMeHTaMH. C ITOMOIIBI0 3THUX MaHMITYJISIHA
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MOJIb30BATENb MOXKET OCYIECTBIATH pabOTy MO CO3[AHUIO M 3aIlyCKy CIIEHapHeB cOOpa JaHHBIX, B

pamKax KoTopbix obecnieunBaetcs pyHknroHanbHOCTH D0 T1K.

K HenocraTkaM paccCMOTPEHHOTO MaKeTa MPOTPaMM MOKHO OTHECTH:

—  CTPOTO MHTEPAaKTUBHBIA PEKUM pabOTBhI CUCTEMbI, KOTOPBIH MpeaIonaracT BHICOKUH ypOBEHb
py4HOU paboThI oneparopa u TpedyeT ero COOTBETCTBYIOIIEH KBaTH(UKALINY;

— BecbMa OIPaHMYCHHOE HCIOJIB30BAaHUE COBPEMEHHBIX HH(OPMALMOHHBIX TEXHOJIOTHH |
HCKYCCTBEHHOTO0 WHTEJUIEKTa: HEIMOCPEICTBEHHO MHTEP(ENC CHCTEMBI NIpENCTaBiIsIeT coOon
telegram-npunosxenue (mo cyTu 370 telegram-60T, BEAYIIHMI «IHATOD C OIIEPATOPOM);

—  OTCYTCTBHE KaKHX-JIHOO MPUMEPOB COOPAHHBIX CHCTEMOM JaHHBIX;

—  OTCYTCTBHE CpeICTB 00pabOTKH (arperarus, pa3MeTka) COOpaHHBIX TaHHBIX;

—  OTCYTCTBHE BO3MOXXHOCTH IPUMEHEHUS CPEICTB JUIA IIPOrHO3MPOBAHMSA HA OCHOBE COOpaHHBIX
JAHHBIX.

3ameTum, 9TO Bce 3TH HemocTaTkl oTcyTcTBYIOT B D0 IIK «hepma maHHBIXY.

Cpenn 3apy0exHBIX pa3paboTok crouT orMmeTuTh BrandWatch — sto mmardopma MoHHUTOpHHTA

COLMAJBHBIX CETei, KoTopas mnpocMarpuBaeT B MHTepHeTe OT3BIBBI, CTAaTbU U OOCY)KICHWUS.

Komrmanus 3a7eficTByeT aHa U3 HACTPOCHHH Ha OCHOBE mpaswui [6]. B o6iem, moaxox KoMIaHuu —

3TO cOOp M 00paboTKa MAHHBIX, MX (UILTpAIUs, 00paboTKa M BU3yaldH3alMs IS KOHCYHOTO

MOJIB30BATEI.

VYHoMsHYyThIE BBIIIE KOMIAHWM HE PACKpBIBAIOT HMH(OPMALMIO O TOM, Kakhe MpOrpaMMHbIE

KOMIUIEKCHI OHU MCIOJIB3YIOT, €CIIH PeYb UIET O NPUMEHEHNH MAIIMHHOTO O0YYeHUs [UIs aHaln3a

JTAaHHBIX. B cBOeM OOJBIIMHCTBE, HCIIOIB3YIOTCS ONIPOCHI KaK Yepe3 CrielHanbHble (GOopMBbl, Tak U C

MOMOIIBI0 TeNe()OHHBIX 3BOHKOB. Hambonee OnMM3KOH KOHUENIMEH B miaHe cOopa TaHHBIX

obmamaer oredecTBeHHBIH yHHBepcuteT UTMO, a mo cBoeil oOmielf KOHICTIIMK HAIlla CHCTeMa

umeeT Gosblire obiiero ¢ 3apybexxHoi BrandWatch.

Kpome Toro, HaMm HEM3BECTHBI H JPYTHE aHAJIOTH pa3paO0TaHHOM CHCTEMBI, YTO MOITBEPXKIAACTCS

MPOBEICHHBIM HAMHU TATCHTHBIM MIOMCKOM [7] ¥ 0T3pIBAMH 3KCIIEPTOB Ha HaIu myGuukaiuu [8-10].

Jlpyrue paszensl CTaTbH YCTPOEHBI CIEAYIOmMM oOpa3oMm. Pasx. 2 comepXHT TexHHYECKHE

TpebOBaHUS K pean3aliy POrpaMMHOTO KOMIUIeKca. B pa3xa. 3 ommcansl apxuTekTypa (GepMsl

JTaHHBIX, €¢ MoAynu WU (yHKumoHanbl. CTaThlo 3aBEpIIAIOT BBIBOJBI, CAEIAHHBIE HA OCHOBAHUH

HCCIIeJOBaHMsI, CIHCOK JIMTEpaTyphl U HHpoOpMalus 00 aBTopax.

2. TpebogaHus K peanusayuu nPo2paMMHO20 KOMIJIeKca «ghepma OaHHbLIX»

[pu peanmmzanuu mporpamMmmHoro komiviekca ¢epma maHHBIX ([IK®J]) B KauecTBe OCHOBHBIX
KIIFOUEBBIX YCJIOBUH ObLIN c(hOPMYIIUPOBAHBI CIETYIOIINE:

e paspabareBacMblii [IK®J[ momKeH TO3BONATH OCYMIECTBIATH IIOWCK, W3BICYCHHE W
oOHOBIIEHHE TpeOyromelicss WHQOpManmuy B 3aJaBacMbIX (opMaTax HW C 3aJaBaeMoi
MIEPUOIUIHOCTHIO;

e paspabareiBaemblii [IK®/] HeoOxomumo peayM30BaTh HA NPUHLUIAX MaKCHMAaJIBHOTO
HCTIOJIL30BAaHUS OTKPBITOTO MTPOTPAMMHOTO O0ECTICUSHUST;

e XpaHWIMIIE AaHHBIX co3xaBaeMoro [IK®JI nomkHO oOecrneYnBaThesl MPOTPaMMHON Cpemon
cuctembl ynpasneHus 6azoi ganabix (CYB/);

o JIK®DJ nomxeH OBITh MAacCIITAOMPYyEMBIM, HMETh MOIYIBHYIO CXEMY, MOXKET OBITh
MIPUMEHEHHBIM B JTIOOBIX MTPEIMETHBIX 00JIaCTsIX.

B cnepyromem pasnene cratbu npeacrasiiensl onvcanue [IKD/JI, ero KOMIOHEHTHI U IPUMEHSEMbIE

METO/IbI, TIO3BOJISIONINE COOMPATh, 00padaThIBATh U XPAHHUThH JAHHBIC U3 OTKPHITHIX HCTOYHUKOB B

aBTOMAaTHUYECKOM PEKUME. A TaKKe Pe3yJIbTUPYIOLIAsl BU3Yyalu3alus CpeCTBAMU HHTEPAKTUBHOM

AHAJUTHYECKOU TaHEIH.
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3. Apxumekmypa ¢hepmMbi OaHHbIX

Lenp pa3paboTKH NPOrpaMMHO-HHCTPYMEHTAIBHON CHCTEMBI «(pepMa NaHHBIX» HalpaBlIeHa Ha
CO3/IaHHe TeXHUYECKHUX PeIeHui (cM. pasmern 2) i popMupoBaHHS TUHAMUYECKHUX 0a3 TaHHBIX.
CucremMa OCYIIECTBISIET IIOMCK M M3BJECYEHHE HHGOPMAUUH H3 CTPYKTYPHPOBAHHBIX U
HECTPYKTYPHPOBAHHBIX HCTOYHUKOB, MCHOJIB3Ys TEXHOJNOTMH MCKYCCTBEHHOTO HHTEIUICKTa H
00paboTkn OONBIIMX MAHHBIX. JTO TO3BOJIAET IONYYUTHh JOCTATOYHBIA OOBEM peJeBaHTHOU
UHGOpPMAIUK Ul TMOAJECPKKH MOJeNel, CO3JaBaeMbIX B paMKax KOMIUICKCHOTO IIPOEKTa B
OTpeNIeNICHHOM MpeaAMeTHOH obmactu, Hampumep, B chepe COVID-19 [9]. OgHo U3 TiaBHBIX
NPEUMYILIECTB pa3pad0TaHHOH CUCTEMBI SIBJISIETCSI BOBMOXKHOCThH OBICTPOTO pa3BepTHIBaHUS cOOpa,
XpaHeHHs U 00pa0dOTKH AaHHBIX Ha ocHOBe Open-Source KOMIIOHEHTOB, PabdOTAIOIIUX B PEXUME
peanbHOTO BpeMenu 24/7. IloMumo 3TOro, cucTeMa Mo3BOJISeT MOJy4aTh ONOBEIIEHUsT 0 padore
yepe3 MecceHkepbl. OHa SBISETCS MOAYJIBHOM W TIO3BOJISET JIETKO 3aMEHSTh KOMITOHEHTEHI.
braronapst 3ToMy, CIIEKTp IPHUMEHEHHUS CUCTEMBI OYeHb IIUPOK, TaK KaK €€ MOXKHO aJalTHPOBATh
IUTS CTPYKTYPHUPOBAHIS OOIBIINX JaHHBIX B JIFO00 MpEeIMeTHON 00JIacTH.

1 2 3

[onyyerue NaHHEX XpaHeHue NaHHKLX Brinaya naxHbx
Retrieving data Data storage Data dalivary

CeA3b ¢ NCTOYHUKOM lNpoeepra UenocTHOCTH MakeTHas Belga4a

Connecting to the source Integrity check Batch delivery
AyTeHTrdbrKaums CoxpaHeHWe B DCHOEHDE ArpervposanHas Belgaua
XpaHNULLE _

Authentiction Aggregated delivery
| Saving to the main storage

Monyyexne QaHHEX ‘

o Pacnucanne paboTel

Retrieving data
I Work schedule

Mpoeepka LenocTHOCTH
LaHHELX

Data integrity check

Onpeaenedne Lenesorn
IHAUEHHA

Target value determination

CoxpaHeHue B
NpOMERYTOUHOE
XpaHUIMLE

Saving to intermediate
storage

Pacnucaqme pabotsl

Work schedule

Puc. 1: Ipunyunuanshas cxema pabomel npopammnozo komniexca pepma oannvix (IIKP)
Fig. 1: Operational scheme of the data farm software package (DFSP)
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B ocnoBy IIK®/] nernu cienyrolye NporpaMMHble KOMIIOHEHTHI:
e Ubuntu server 20.4.01 LTS;

e MongoDB 4.4.1;

e Conda 4.9.0;

e Jupyter-notebook 6.0.3;
e Python 3.9.5;

e PyTorch;

e TensorFlow;

e NLTK;

e u apyrue [8-10].
OTtMmeTnM HEKOTOphIe mpenmymiectBa MongoDB, xoTopsie 00YCIOBHIIM BBIOOP B TOJIB3Y 3TOTO
NoSQL xpanumnuia JaHHbIX:

e  Jlerkas MacIITaOUpyeMOCTb;

e ruOKas cxema 100aBJICHHUS TOKYMCHTA;

e XxpaHeHHe JaHHBIX B (hopmaTe JSON;

®  BO3MOXXHOCTb IJTyOOKHX 3aIIpOCOB.
I'maBHBIE polECCHI, IPECTaBICHHbIE Ha puc. 1:

e MOAKIIOYEHHE K pecypcy — obecneunBaeT (yHKIMOHANI ITOAKIIOUCHNS K PECypCy JaHHBIX MO
Pa3IMYHBIM MPOTOKOJIAM KaK B HHTEPHETE, TaK U MOJKIIOYCHUE K APYTUM 0a3aM JaHHBIX,

e ayTeHTH(HKAIKI — 00CCIeUYnBaCT MEXaHU3Mbl 0C30MaCHOCTH MPH MOAKIIOYCHUH, TAKUE KaK
XpaHEHUE U NIPENOCTaBICHUE NIapOJIeH U KIII0YeH;

® [OJyYeHHE [AHHBIX — MEXaHHM3M OIpPOCa JUII CHHXPOHHBIX M ACHHXPOHHBIX HCTOYHHKOB
JAHHBIX, TAKEeTHas 00pa0doTKa;

L4 IIPOBEPKa JaHHBIX HA EJIOCTHOCTb — o0ecreurBacT Ka4eCTBO IMOJYYCHHBIX JaHHBIX.
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Fig. 2: Directory structure of the data farm software package (DFSP)
Kpowme Toro, B padore ITKD/] yunTriBatoTcs:
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e pHpOpMaNKI B KOMMEHTAPHUIX O PECypce TaHHBIX;

e ummopt 6ubnmotek Python;

L4 CIICIIHAJIbHBIC npe06pa3013aHH;1 JaHHBIX (O‘-II/ICTKa, TIOHMKEHUE Pa3sMEPHOCTH, BOCCTAHOBJICHUE

U T.IL);

® COXpaHCHHE JaHHBIX B TUPEKTOPHIO BPEMEHHOTO Pa3MEICHNUS;

e  BBI30B (DYHKIMH M yKa3aHUE TapaMeTpoB Uil 00pabOTKU NaHHBIX MEpes TeM, Kak TOMECTUTh
UX B OCHOBHOE XpaHuiuuie MongoDB.

Crpyxkrypa qupexropuii IIK®/[ Ha ynaneHHOM cepBepe, IIpeACTaBIeHa Ha pUC. 2:

Ha puc. 3 moka3ana meransHast MonynbHas cTpykrypa [IK®/I. IIpuHIATE OpraHn3anui MOJeeH
U UX QYHKIMOHAIBHOE Ha3HAUEHHE ONKCHIBAIOTCS B CIEAYIOMINX TI0/Ipa3/ieax CTaThH.

OBwWwmit hain KOHUrypayumu
CHETEMEI

Mogynu ans nony4yeHWA AaHHBIX

Mogynu esanmogeicTenn ¢ CYEL

YrazaHue Gaz0BHX QUPSKTOPHI
YhazaHwe e-mail, WAeHTUOUKATopos
Telagram Ans 0TNPaBKM COODLLEHMI
aHanuauTcpa norae

YEazaHWe (palinoe ¢ token gnA pafoTwl C
CEpEMCAMH Hepe3 API

Moaynu ons arperauumu

Moy MPOBEPKA AOCTYMHOCTH OEHHEX
MOAYNE HOPMENKIELMKM THNOE NAHHBLIX
Monyne KoMOWHMPOEAHWA AaHHbIX

Mogyne NoKanu3awn

Mogyne OTCMEKWUBAHWA "CrNOMaHEX"
JA3HHBIX

Mogyns BcCCTaHoBNEHUA OPMaTos
fatsl

Mogynb BCCCTaHOBNEHUA
CTATMCTHHECKHMX AAHHDIX BPEMAHBIX
pRaos

Mogyne TOKeHesauun
MoZynb CTEMMUHIA

MOQYNE BONPOCHO-OTBETHOW CHCTEME
LNA MOMCKA JaHHEY B
HECTPYKTYPUPOBAHHEIX TEKCTAX

Moagynke CO303HAA WIEHTUDHKATOPOR

Momyns NpOEEPKA AOCTYMHOCTH pecypca
Mogyne NorMposaH4A

MOdyNs NPOBEPKA NONYYEHHEX P2AN0E
Monynb CO30AHMA AMPERTOPMIA

IMogynt ananusaTtopa @annos
norvposatna

MOOynk KOHESPTALLMM CHODMATOS
MOAYMs PE3EPEHON KONUPOBAHWA
Modyns DOOZENEHUR KMKDLSH JOCTYNA

Mogyns TexHonorun TOR

Mogynw BeIrpysku GaHHBLIX

Maonyne nogeniyesna k CYBI
Mogyrs CO3A3HUA U YOANEHMA HHASKCOE
MOAYTE HMIDPTHPOBAHNA ADKYMEHTOR

Magyre HMAOPTHPOBAHNA ADKYMEHTOB
W3 hannos (C3V, JSON. XLSX)

Mogyne MMNoPTHPOBAHNE TADNMYHBIX
AaHHsx Pandas

Mooyne 3kCNOpTa B AOKYMEHTBI
PAIMNHYHEI POPMATOR (CSV, JSON,
HLSH)

Maayne 0OHOBNEHHA OCKYMEHTDE U3
Pa3nNHYHLIX UCTOHHKKE (Pandas, CSV,
JSON, XL5X)

MQOyne 3aMeHbl A0KYMEHTOR KONNEKLMH
H3 paanuyHLX opmaToe (Pandas, CSV,
JSON, XL5X)

Mogyrk B03BpaTa AOKYMEHTOE B PasHsX
thopmaTax (DataFrame, List, Dict)

IMoOyne BEINpY3KA AaHHbIX M3 CYE[ Ha
ofnayHble cepeMct (Yandex, Google,
Wil

Mooyne BeIrpy3KKM AaHHbix M3 CYBO B
CSV 1 JSON (DOpMaTax B AMDEKTOPWED
cepaepa

Moaynu Busyanusaumm

LOononHUTeNeHEIe MOOYNU

Mogyne paCoTs! ¢ A3LIKOBLIMH MOSENAMK

MOLYNE MSCCOB0A PACCHNKW e-mail

IMOAYNE CO3AAHNA BEG-NPHNOHEHNA
Mogyne MHOrOCTaPHUYHOCTA
MOAYNE NOKANU3ALNN BEC-CTPAHML,

Mogynb PerHCTPaLHKU H 3ETOPHIALMH
nonb3osaTenei

IMoayne MHTeparTHEHEIX Tadnuy

IMoayne MHTEPAKTHEHEIX rpaduKkDe

Moayne padoTkl ¢ NtMI U CsSs

Puc. 3: Mooynu npozpammmnozo komniexca gpepma oannvix (ITKDL)
Fig. 3: Modules of the data farm software package (DFSP)

3.1 Moaynb cb6opa AaHHbIX

Msbl ucnonb3yeM eIUHBIH MmoaxoJ K cOopy naHHeIX. OH 3aKiIo4aeTcs B CTaHJIApTH3ALUH
HCTIONB3YEMBbIX (DYHKIHUH, KOTOpPbIE MOTYT ObITh NIPUMEHHMBI K Pa3iNYHBIM HCTOYHHKaM. Takoi
TI0JIX0/1 TIO3BOJISIET OBICTPO 0OABIATH CKPUITHI ISl paHEE HE pacCMaTpPUBAEMBbIX PECYPCOB, a TAKXKe
HE BBI3BIBAET 3aTPYAHEHHUH B pabOTe KOMaH/bI, TaK KaK B IPOIECCE MCIOIb3YIOTCS OJMHAKOBEIE
HaMMEHOBAHHUS M KOHCTPYKIMHU Koja. Kpome Toro, mpuMeHsIoTcs oOmme Ghailiisl HaCTpOHKH I
OTIpe/ieNeHus] TUPEKTOPHIA XPaHEHUS TaHHBIX, YTO TO3BOJISET YIPOCTUTH KO/ CKPHIITOB, a TaKXe
pU HEOOXOMMOCTH YCKOPHUTH POLIECC epeHoca CUCTeMBbl Ha npyrue miathopmsl (Puc. 4):
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1# Common path download data

Zmain_path = '/home/user/Project/

3download_path = main_path + 'Data_cache/'

4 download_path_fast_test = download_path + 'Fast_test/'

5logs_path = main_path + 'Logs/'

6 token_vh_download = main_path + 'Work/download _data/module_for_scripts/access_token.txt'
i

B# StepCorona¥irus - download separately

9 StopCorona¥irus = download_old_path + 'StopCoronaVirus/

10

11 # GOGOV.RU - download separately

12Vactinations = download_old_path + 'vactinations/'

13

i4# Covid-19 test data 5t. Petersburg - download separately
15Covid_test_RU_SPE = download_old_path + 'Covid_test_RU-SPE/'

16

17/# --- Actual data acquisition scripts (8s well as reworhed old versions of scripts) ---
18 # Statistical information (Stop corona virus / Gogov and some more)

19

20 Stop_corona_virus = download_path - 'Stop_corona_virus/'

21 Gogov = download_path + 'Gogow/'

22 yanstat = download_path = 'Yanstat/'

23 Stop_corona_vaccination = download_path + 'Stop_corona_vaccination/

24 Stop_corona_restrict = download_path + 'Stop_corona_restrict/
25 Stop_corona_russia = downlead_path + 'Stop_corons_russia/’

26

27 # --- YK operaticonal headquarters ---

28# --- Information in unstructured text form -
29

30# Camapckas ofnacte (MwrynBeck, HosokywBewesck, Camapa, Cwspanes, ToneATrW, 4anzesck)
31# Samars region (Zhigulevsk, MovoRuibyshevsk, Samara, Syzran, Toelyatti, Chapaevsk)
32 YK_RU_SAM = douwnload_path + 'VK_RU_SAM/

33
34 # Antaickun kpaW (Gapwayn, Buick, HosoanTainck, PybGuoeck, Benoropck)
35# altai Territory (Barnaul, Biysk, Novoaltaysh, Rubtsovsk, Belogorsh)

36¥YK_RU_ALT = download_path + 'VK RU_ALT/'

Puc. 4: ®paemenm ¢haiina kongueypayuu oupekmopuii
Fig. 4: Fragment of the directories configuration file

Ha puc. 5 mpencraBnenst pecypc nanueix Novel Coronavirus (COVID-19) Cases Data
yHuBepcureTa J[>xoHa XonkuHca 1 QR xox ccpliku Ha HCTOYHMK. Ha nmuctunre 1 mpuBeneH ckpunt
MOJy4YEHHUs JaHHBIX U3 ATOTO UCTOYHHKA.

Novel Coronavirus (COVID-19) Cases Data

This dataset Is parr of

v

HO w2 " fact the uths =

Puc. 5: Hemounux oannvix: Novel Coronavirus (COVID-19) Cases Data ynusepcumema Jjicona Xonxurnca
Fig. 5: Source data: Novel Coronavirus (COVID-19) Cases Data from John Hopkins University

from hdx.api.configuration import Configuration

from hdx.data.dataset import Dataset

from connect import connect

from makedir import makedir

from clogs import set log

from copyrate import cops

from check size import checking

from config import *

from rewriting import rewrite

from check import checks

W ~J o U W N

= = e
N = O

log = log conf

o
Sow

director = jhu

[y
(€]

directory = director + 'Data/'

(@]
SN
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16 directory backup = director + 'Backup/'

17

18 Configuration.create(hdx site='prod', user agent='A Quick Example',
hdx read only=True)

19

20 def save (source, direct):

21 dataset = Dataset.read from hdx (source)

22 resources = dataset.get resources()

23 for res in resources:

24 url, path = res.download(folder=direct)

25 print ('Resource URL %s downloaded to %s' % (url, path))

26

27 query dataset = 'https://data.humdata.org/dataset/'

28 query dataset url = 'novel-coronavirus-2019-ncov-cases'

29 name source = 'jhu'

30 set log(log)

31

32 if connect (query dataset+query dataset url, name source, log) == True:
33 makedir (directory)

34 makedir (directory backup)

35 before size = checking.size change before(directory backup)

36 rewrite (directory)

37 save (source=query dataset url, direct=directory)

38 after size = checking.size change after (directory)

39 if checking.final comparison(before size, after size, name source)
== True:

40 if cops(directory, directory backup, name source) == True:
41 checks (director, directory backup)

Jlucmune 1. Ckpunm nonyuenus oannvix ¢ Novel Coronavirus (COVID-19) Cases Data yrusepcumema
Jlorcona Xonkunca

Listing 1: The script for obtaining data from Novel Coronavirus (COVID-19) Cases Data of Johns Hopkins
University

Juist oTcitexxuBaHus OMMOOK B MOAyJe cOopa MaHHBIX 3aJeHCTBOBAHO JIOTHpOBaHHE. B mor daiin
MTOCTYTIaeT BCs KITFOUeBast MHPOpPMALHs 0 paboTe TOTO WIIM HHOTO CKpHIITa (puc. 6).

3847 2023-04-11 = 90:40:82 = WARNING = stop_corona_russia = source is working

3848 2023-84-11 => 00:40:02 => WARNING = stop_corona_russia =» successful download of updated data
3849 2023-84-11 = 80:40:02 => WARNING = stop_corona_russia => backup completed successfully

3830

3851 2023-84-11 = 00:50:02 => WARNING = stop_corona_vaccination =» source is worhing

3852 2823-84-11 => B8:50:82 = WARNING = stop_corona_vaccination = downloading data without updating
3853 2023-84-11 = 88:50:02 = WARNING = stop_corona_vaccination = bachup completed successfully
3854

38552023-€4-11 = 81:080:81 = WARNING = stop_corona_virus = source is working

3856 2023-84-11 = 81:03:50 = WARNING = stop_corona_virus = successful download of updated data
3857 2023-84-11 = 01:83:50 => WARNING = stop_corona_virus = backup completed successfully

3858

3859 2823-84-11 = 10:12:04 = WARNING = jhu => source is working

3860 2023-84-11 = 10:14:46 = WARNING = jhu = downloading data without updating

38612023-84-11 = 16:14:46 = WARNING = jhu = backup completed successfully

Puc. 6: Qpacmenm ¢haiina nocuposanus cKpunmog noiyueHuss OaHHbIX

Fig. 6: Fragment of the log file for data acquisition scripts
AHanuzarop (aiiioB JIOTHPOBaHMS OIOBEUIAET 00 OMIMOKax IpH 3arpy3ke JAaHHBIX, YTO BEChMa
aKTyaJIbHO IpH cOope MHTepHET-TaHHbIX. COOOIIEHHsT OTHPABIISIOTCS KAaK Ha MJICKTPOHHYIO TTOUTY
ammuHucTpatopa [IK®/JI, Tak u B ero Telegram kanan. ITockonmbKy cucTeMa NpeaycMaTpuBaeT
BO3MOKHOCTH pacUIMpeHUs U J00aBIeHNs HOBBIX pa3padOTYMKOB K NPOEKTY, B aHAIN3ATOP MOXKHO
JN00aBIATh HEOIPAaHWYEHHOE YHCIIO JIMI I MojydeHus uHpopmanmu o padoTOCHOCOOHOCTH
cucTeMbl cOopa nanHbix (Puc. 7).
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Message from the server log download data analyzer

All the download data scripts worked successfully

Puc. 7: Ilocmynnenue coobwenus om ananuzamopa Qaiiiog 102uposanus CUucmemvl
Fig. 7: Message from the system of log file analyzer

3.2 Moaynb xpaHeHUs1 AaHHbIX

s opranmsanuy xpaHunnia gaHHeX (data warehouse), ncnosip3yercst MongoDB — nokymeHTHO-
OpPHEHTHPOBAHHAs CHUCTEMa YIPaBICHUS Oa3aMH AHHBIX C OTKPBITBIM HCXOJHBIM KOZOM, HE
TpeOyromas ommcaHus cxeMbl Tabmum. 910 NoSQL 6a3a manHBIX, KoTOpas ucmonszyer JSON-
MOJIOOHBIE JIOKYMEHTBl W IIPENOCTABIsIET JApaliBepbl W WHCTPYMEHTHI Ul B3aUMOJCHCTBHS C
XpaHunuieM JaHHbIX MongoDB, ucnonb3ysi pa3nuyHble sI3bIKM NPOTrPaMMUPOBAHUS, TaKHE Kak
Python, JavaScript, Java, Go u C#. IIpumep H0KyMeHTa, KOTOPBIA MOXKeT coxpansiTh MongoDB,
nokasad Ha jucrunre 2. Taxke ucnonezyercs Pymongo — opunmanbaas 6udnuorexka Python mis
B3auMozeiicTBusa ¢ MongoDB, kotopas padoraet Ha Python 3.9.5.

Dashboard ver 3> db.russia lang eng.find() .sort({"Date": -1}).limit (1)

[

~id: '13719700186478753932",
Date: ISODate ("2023-03-27T00:00:00.000Z"),
'Confirmed WHO': O,

'Deaths WHO': O,

'Recovered JHU': 0,

'Daily confirmed WHO': O,

'Daily deaths WHO': O,

'Daily recovered JHU': 0,
'Confirmed': 22595199,

'Deaths': 397109,

'Mortality percent': 0.01,
'Recovered': 21946453,

'Infected on date': 251637,
'Daily confirmed': 8989,

'Daily deaths': 31,

'Daily recovered': 8160,

hash row: '14139009034644559760"'

]

Jucmune 2: Ipumep ooxymenma ¢ MongoDB

Listing 2: An example of a document stored in the MongoDB

Pabora ¢ 6a3zoii MongoDB mnpenycMaTpuBaeT HE TOJBKO HCIOJIB30BAHHUE BCTPOCHHOW KOHCOIHU
mongoshell, HO ¥ MOIYBEHBIE CKPUNTHI JUIS MMONyYCHHUS NaHHBIX C PA3IUYHBIX PECYpCcOB (TIpUMeEp
CKpHIITa IPUBEICH HA JINCTHHTE 3.

from config import *

from makedir import makedir

from tools mongo import *

from tools aggregation import *

from clogs import set log

g w N
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6 import logging

7

8 log = log conf agg

9 set log(log)

10 type agg = name db add world

11 database = dashboard database ver 3

12 address = dashboard address

13

14 list csv _path = find final csv(aggregated final + world path)

15 start quick save 2(type agg, list csv _path, database, address,
key for update='_id'")

Jucmune 3: I[Ipumep ckpunma 0is 0obasnenus oannvix 6 MongoDB

Listing 3: Example of a script for adding data to MongoDB

3.3 Moaynb 06paboTkun AaHHbIX

[pouecc arperanuu JaHHBIX pacCMaTPUBAETCs Kak IpenBapuTesbHas 00padorka. OH 3aKiIroyaeTcs
B CIICYIOIIEM:

L4 arperanyda JaHHBIX U3 NPE€ABAPUTCIbHOTO XpaHUIIUIIA, C60p OAVWHAKOBBIX JaHHBIX U3 Pa3HbIX
HNCTOYHHUKOB,

® TpPOBEpKa LIEJIOCTHOCTH JaHHBIX — MPOBEpPKa M 00pabOTKa HENOCTAIOMINX, NYOIHpYIOMuniics
JIAHHBIX, TIPOBEPKA OMKUOKK (popMaTa JaHHBIX,

e TMpHBEICHHE 3HAYCHHUI K OOIIMM HAMMCHOBAHUAM, JIOKAJHM3allWs 3HAYCHUH, T00aBICHHE
KOOpAMHAT;

e coxpanenue B MongoDB — pa3zmMerniieHrie B OCHOBHOM XpaHHWIIHUIIIE;
e pacnucaHue pabOThI — 3aMyCK CKPHUIITOB IS TOJYYCHHUS TaHHBIX;

Ha nuctunre 4 IpoIeMOHCTPUPOBAH MPUMEP MTOJOOHOTO CKPHIITA.

1 from config import *

2 from makedir import makedir

3 pd.options.mode.chained assignment = None
4 from tools aggregation import *

5 from tools mongo import *

6 from clogs import set log

7 import logging

8 1log = log _conf agg

9 set log(log)

10

11 covid city name = 'covid city.csv'

12 covid city = raw data + 'covid city/'
13 covid city final = raw_data + 'covid city/Final/'

15 os.chdir(covid city)

16 extension = 'csv'

17 filenames gogov _data = [i for 1 in

glob.glob ('*.{}'.format (extension)) ]

18 subset columns covid city = ['date', 'city name']

19

20 comb file(name combined file=covid city name,

directory rebuild=covid city, directory final=covid city final,

subset columns = subset columns covid city, key='date')

21

22 df0 = read from source(path file=covid city final + covid city name)
23
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24 df0 = df0.drop duplicates (subset=['date', 'city name'], keep='first')
25

26 ru_coordinate = raw data + 'city coordinate/koord russia.csv'

27 dfl = pd.read csv(ru coordinate, encoding='cpl251', sep=';"')

28

29 dfl = dfl.rename({'Topoxn': 'city ru name'}, axis=l)

30

31 st = df0.merge(dfl, left on='city ru name', right on='city ru name',
how="'left")

32

33 st = st.drop(columns=['region ru name', 'region name', 'city name'])
34 st = st.rename ({'Peruon': 'region',6 'denmepaiybHEN OKPYT':

'federal district', 'lat': 'latitude dd', 'lng': 'longitude dd',
'city ru name': 'city name'}, axis=l)

35 st[['area', 'latitude dd', 'longitude dd'l]]

= st[['area',
'latitude dd', 'longitude dd']].astype('string')
)

36 st['area'] = st['area'].str.replace(',', '.'

37 st['area'] = st['area'].str.replace(' ', '")

38 st['latitude dd'] = st['latitude dd'].str.replace(',', '.")
39 st['longitude dd'] = st['longitude dd'].str.replace(',', '.")
40

41 st[['city name', 'region code', 'region', 'federal district']] =
st[['city name', 'region code', 'region',

'federal district']].astype('string')

42 st[['area', 'latitude dd', 'longitude dd']] = st[['area',
'latitude dd', 'longitude dd']].astype('float"')

43 st[['mask', 'gloves']] = st[['mask', 'gloves']] .astype('bool')
44 st['date'] = pd.to datetime(st['date'], format='%Y-%m-%d')

45

46 hash rows = pd.util.hash pandas object(st, index=True) .values
47 hash rows = pd.DataFrame (hash rows, columns =['hash row'])

48 st = st.join(hash rows)

49 st['hash row'] = st['hash row'].astype('string')

Jlucmune 4: Ipumep ckpunma agpezayuu ons 06wvedunenuss CSV dannvix COVID-19 no copooam
Poccuiickou @edepayuu, dobasnenuem KOOpOUHam, HACMPOUKOU MUNOE OAHHBIX 8 CIMOAOYAX U 000aAsIeHUeM
UOEHMUPUKAMOPOs

Listing 4: An example of an aggregation script for combining COVID-19 CSV data for cities in the Russian
Federation, adding coordinates, setting up data types in columns, and adding identifiers

Kpome Toro, mpH 3amycke CKpUIITOB HCHOIB3yeTCs CHCTEMHBIH cepBuc Cron Juist KOHTPOIs
BpeMeHH ux paboTsl (puc. 8):

# Aggregation

0 3 /1 * * /home/user/anaconda3/bin/python3 /home/user/Project/Work/aggregation_data/RU_AMU.py
10 3 */1 * * /home/user/anaconda3/bin/python3 /home/user/Project/Work/aggregation_data/RU_ALT.py
20 3 x/1 * * [home/user/anaconda3/bin/python3 /home/user/Project/Work/aggregation_data/RU_KEM.py
30 3 */1 * * /home/user/anaconda3/bin/python3 /home/user/Project/Work/aggregation_data/RU_CHE.py

Puc. 8: 3anyck ckpunmos acpezayuu no exceOHe6HOMY pacnucanuio
Fig. 8: Running aggregation scripts on a daily schedule
Monynp 0O0pabOTKH €CTECTBEHHOTO SI3BIKA COOHMpAeT, COXpaHsAeT W 00padaThIBacT TEKCTOBEIC
JAaHHBIC W3 COIMANBHBIX ceTel, Takux kak VKontakte, Twitter, Telegram u ap. 3toT MOIynH
HACTPOEH TaKMM 00pa30M, YTOOBI BEIYMCIUTG I OIICHUTH ITapaMeTphl MOJCIH, Pa3pab0TaHHOW B
KOHKPETHOU MpeaMeTHOH oOyactu. B Hamiem citydae, mpeMeTHOH 001acThio OBUIM JAaHHBIC IO
COVID-19. ITpumep ucxoaHO# 3anucy 00pabaThIBaeMbIX AaHHBIX IIpejcTaBieH najiee (puc. 9):
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7 okTREpA B pErMoHe NOATEER#AEHO 644 cny4an HOBOR KOPOHABMPYCHON MHGekymn: - 248 B 1. camapa - 118 B r. ToNLATTH - 26 B ©. HOBoOKYAGHIWEBCK - 23 B . 0TpagHbl - 21 B 1
KMHEML - 16 B HEdTeropckom panaoHe - 16 B I chiapaHe - 12 B KMHENb-4EpKacCKOM paiote - 12 8 cepruesckom panoHe - 11 8 Borwckom paione - 10 8 . vanaesck- 9 B
KDacHOapMEecKoM paifoHe - 9 B CTaBPONONECKOM PaioHe - B B NPUBOMM¥CKOM Paif0HE - 7 B anNeKCceeBcKOM PaioHe - 7 B KWHENECKOM PaACHE - 7 B KNABNHHCKOM paioHe - 7 B
KOLUKMHCKOM PailOHe - 6 B NOXBWCTHEBCKOM PaioHe - 6 & GONBLIESMYWMUKOM paiiote - 6 B GOraTOBCKOM P3MHOHE - 6 B T NOXBUCTHEEO - 5 B UCAKNMHCKOM PAI0HE - 5 B NECTPABCKOM
palioHe - 5 B GopckomM pAioHe - 5 B [ ¥MMYNESCK - 5 B I OKTAGPLCE - 5 B XEOPOCTAHCKOM PAAOHE - 4 B GONBLUEYEPHUTOECKOM DAHOHE - 4 B UEMHO-BEPLUMHCKOM PafoHE - 3 B
KPECHOAPCKOM DANOHE - 3 B LWWIOHCKOM PaioHE - 3 B ENX0ECKOM PANOKE - 2 B KaMbILLUMMHCKOM DaioHe - 2 6 GeseHYYKCKOM PaoHe - 1 B LUEHTANWHCKOM DAROHE - 1 B ChiSDaHCKOM
paiione #6512 venosex o0CNEJOBAHO € AWATHOIOM BHEDONBHUYHER NHEEMOHNS M opew; # 32 YenoBeka BLIAENEHO NPH NPOMNAKTHHECKDM 0GCNEN0EAHAN NIHL, HE NMEHOLLMX
KnuHU4ecknx npoRenesni. [FlHapacTaiyma nTorom B pertoHe sadukcupoeano 109522 cnysaa KODOHABMPYC3. CKOHUANKCE 4048 yenoBek , B TOM WKCne keHlWuHe 60, 60, B0,
81, 87, 87, 84, 84 net, MYKUMHE] 73,78 TIeT, CTpanasLne 33f0NeEaHMEN CEpAEYHO-COCYANCTOR CUCTEMES HEHWMHE 58, B2, 84 neT, MyxukHa 81 roga, cTpagaswme

sabons O M 3H, HOI CUCTEM; WEHWMHE T2, 78, 78. 79, 79, 79, 81, 83 neT; My#unHel 55, 58 NeT; ®eHWWHE 67 NeT, cTpa43Ewan safonesaHuen
cemeﬂﬂo-{:ocmncmm CHCTEME], OHKOMOTMYECKIN 33T0NEEAHMEM; EHILMHEI T2, 85 MET, CTPANABIWME 3a00NEBaHMAMM CEPIEYHO-COCYAMCTOMN CHCTEME M OPFaHOB AEIX3HUS,
MyAHMHE 58 NET, CTpagaBwmit MHDERLMOHHEIM 3a00NeEaHNeN; MyxunHa 67 NET, cTpagaswni sadonesannen NMWEeEapHTENEHOA CHCTEMbI, NOKA3ATENE CMEPTHOCTW Ha 100 Toic.
HaceneHus B 0GnacTy - 126.78, no cTpake - 146.27. KO3MMMUMEHT NETANBHOCTH B 0ONACTH - 3,69, B CTPaHE - 2,78. # npoEeneHo NafopaToPHEIX NCCNENOEAHNA HA KEN 33 CYTKM
— 14432, HapacTaKLMM HToroM 3741445,

Puc. 9: Ilpumep nonyuennoil 3anucu uz epynnvl onepamugno2o wmaba BKowmaxme no Camapcrou obnacmu
Fig. 9: Example of a record received from the VKontakte operational headquarters group for the Samara

region

city infected_city pneumonia_ARVI death_rate_per_100_thousand_population_region death_rate_per_100_thousand_population_country without_clinical_manifestation
date
01-
01- camapa 127 258 19.35 39.42. 43
2021
01-
04- camapa 50 189 3487 6797 30
2021
01-
05- camapa 74 145 47.35 75.69. 15
2021
01-
06- camapa 18 64 61.35 83.47. &
2021
01-
07- camapa 41 32 175 6.53. 19
2020

Puc. 10: @paemenm nonyuenno2o Habopa OAHHBIX ¢ UCNOIb308AHUEM MEMO008 06PAbOMKU eCMeCmMEeHHO20
A3bIKA
Fig. 10: Fragment of the obtained dataset using natural language processing methods

Mogynu cBopa u o0padoTen "Cepmel
OEHHBIX"

Mogynu enayanuzauuu "depva
Data Collection and Processing JaHHb"

Modules for "Data Farm” >
Data Visualization Modules for "Data
Farm”
l h 4
— INokansHed cepeep eed-
—_—— MPUNOHEHMA BU3YaNUIaLmm
Local Web Application Visualization
Server
BHYTpEHHAR EHelWHAR A
Gaza fGaza
JaHHBIX JaHHBIX ¥
Internal External Bet-cepeep NGINX
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Puc. 11: Apxumexmypa eusyanuszayuu OGHHbIX
Fig. 11: Data visualization architecture
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3.4 Moaynb BU3yanu3auun AaHHbIX

Busyanusanus IaHHBIX IPEACTaBJICHA B BHAE Hambopia, MO3BOJAIOIIETO aHAIM3UPOBATH H
CpaBHHBATH cOOpaHHBIE B 00paboTaHHBIE AaHHBIE 0 Xoe 3aboneBanns COVID-19 B crpanax mupa
u pernoHax P®. YHUKaNbHOCTE BU3yalIHM3alliy COCTOUT B TOM, YTO IIPEACTABJICHHBIC Ha famobopae
pe3ynabTaThl HCCIEAOBAHMSA MO3BOJIOT TOYHYIO HACTPOHKY psAAa YIPAaBIIOLIMX IapaMeTpoB
MOJENCH paclpoCTpaHeHHss KOPOHABUPYCHOW smuaeMuu. Bee pasmelieHHble TaHHbIE NOCTYITHEI
g ckaunBaHus B popmate CSV. Ha Puc. 11 moka3ana apXxuTekTypa BU3yaJIn3allii JaHHBIX:

Ha Puc. 12 npecraBiieH CKpHHIIIOT CTPAHHIIBI 1AIIO0p/a, PacoNoKEHHOro Mo aapecy: https://lab-
ai.ru/dashboard

. Hay‘{HO-IICCIIEQOBGTQ‘HL}CKGQ naﬁopavopvm UCKYCCTBEHHOIO MHTE/IeKTa

OnepartueHsie gaHHble
2023-03-27 22,595,199 397.109 21.946.453

151.637 18 3 - ;i
251.637 8.989 31 2.160

295.244.836 2034.729 0.82 144.713.312

186.318.525 88.645.731 ;2 o

\
' ; \
79.588.057 20,323,531 v /!

-— L]

“s

Puc. 12: Cmpanuya dawbopoa suzyanuzayuu danusix no COVID-19
Fig. 12: COVID-19 data visualization dashboard page

4, 3aknro4vyeHue

B cratbe mpezncraBieHa OpHTHHANBHAS pa3pabOTKa aBTOMATH3WPOBAHHON CHCTeMBI cOopa,
XpaHeHHsT W OOpabOTKM JAaHHBIX W3 Pa3HOPOIHBIX HCTOYHHKOB («pepMa HaHHBIX»). JlaHHas
cucTeMa MpHU3BaHa BBIYHCIUTH WU OICHUTHh MapaMeTphl MOACTH B 000 MPEeIMETHOW 00IacTH.
IMomyepkHeM, YTO Hamia 3ajaada, Kak pa3pabOTYMKOB, ObLIa JOOWUTHCS MaKCHMAJbHOM
aBTOMATH3aIMX BCEX IIPOIIECCOB, MCIIONB3yEMBIX Ha (hepMe.

OmnmcaHa apxutekTypa (GepMbl, ee MOy U (PYHKIMOHANBI, a TAaKXKE MX peaju3alus Ha sI3BIKe
nporpammupoBanus Python. ®epma Oblia pa3BepHyTa U NPOTECTUPOBAHA HA yJaJCHHOM CepBepe.
B xadecTBe nmpeaMeTHOI 001acTH UCTIONIB30BATMCHh HCTOUYHUKH aHHBIX To COVID-19 B Poccun u
JIPYTUX CTpaHax MUpa. MoJeNbIo 3TOH MpeaIMeTHOI 00JIacTH CITyXKHJIa MOJIENb PacpOCTPaHEeHUsI
BHPYCHBIX HH(eKunH, pazpaborannas PO — BHUUT® Pocaroma. Ha BeIXOme cucteMbr —
(haiinbl BpeMeHHBIX psiioB B popmate CSV u JSON, T.e. Gosbive JaHHBIE TOTOBBIS VISl MAIIIMHHOTO
oOy4yeHust n aHanu3a. [laHHBIE 1O KOJMYECTBY MH(UIIMPOBAHHBIX, YMEPIINX, BBI3IOPOBEBIINX,
C/IeTaHHBIX TECTOB, IIOJIOKUTEIBHBIX TECTOB, BAKIIMHUPOBAHHBIX, CiTy4aeB mpumenenus UBJI u T.11.
TpeacTaBiIeHb! s TopooB Poccnu ¢ Hacenenunem cBbiire 50,000 yenoBek.

®epma paboTaeT B pe)xXxuMe peajbHOro BpeMeHu 24/7, codbupasi, coxpansisi u o0padaTsIBast O0IIbIIHE
o0beMbl NaHHBIX. [Ipu ee pa3paboTKe, MIMPOKO MPUMEHSIOTCS CaMble COBPEMEHHBIE METOPBI,
TEXHOJIOTHH, Cpeibl, ONOIMOTEKN U AITOPUTMBI HCKYCCTBEHHOTO MHTEIIJIEKTA U HAYKH O JAHHBIX.
Bor HekoTopbie u3 Hux: NoSQL 6a3a nanueix MongoDB; Anaconda; Jupyter; Pandas; Scikit-learn;
NLTK; naTemekTyaapHas ONTUMH3ANNS; 00pab0TKa €CTECTBEHHOTO S3bIKa U MHOTHE JIPYTHE.
OtMeTnM, 4TO (hepMa JaHHBIX HAXOAMTCS B CTAJAMH aKTUBHOM pa3paOOTKH: J0OaBISIOTCS HOBBIC
MOJIyJIM ¥ OHA aJIaliTUPYyeTCs K APYTMM MPEAMETHBIM 00acTsaM. B 3aBUCHMOCTH OT CI0XXHOCTH U
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oObeMa pemaeMbIX 3a71ad, a TakKe pazMepa JaHHBIX MPEeIMETHOW 00JIacTH, ¢epMa MOXKET OBITh
npeoOpa3oBaHa B (haOpUKy WK Jae KOHIICPH JaHHBIX.
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Annoramusi. CocTostHUE J1en 00JacTH yIpaBJICHUs] OTCYTCTBYIOIIEH MH(pOpManued B PesHOHHBIX 0a3zax
JaHHBIX OCTaBILIET JKenmaTh Jydmrero. B crammapre SQL st mpexacTaBiieHHSI OTCYTCTBYIOIIMX JAHHBIX
HCIONb3yeTcs yHUBepcanbHoe Null-3HaueHue, a yrmpapieHHe OCHOBAHO Ha TPEX3HAYHOW JIOTHKE, B KOTOPO
null-3HadeHne OTOXKAECTBIACTCS C TPETHUM JIOTHYECKHM 3HAYCHHEM. OJTO pEIICHHE KOHIENTYaJIbHO
MPOTHBOPEYMBO W YACTO IMPHUBOTUT K WHTYHTHBHO HeNOHATHOMY moBeneHuto CYBJ/l. AnbrepHaTWBHBII
MOJXOA C WCIOIb30BAHMEM THUIHM3UPOBAHHBIX CIEIHANBHBIX 3HAYCHHH MEepeKIafblBaeT BCIO 00pabOTKy
OTCYTCTBYIOIIMX [JaHHBIX Ha MONIb30BaTeneill. B 3Toi cTarhbe MBI aHAIM3UpPyeM MHOTOJETHIOIO HCTOPHIO
HCCIIeIOBaHMI U pa3paboTOK, KOTOpasi MpUBeJa K TAKOW CUTyaIiuu. MBI IPUXOIUM K BBIBOAY, YTO B CTAHIapTe
SQL u He MOIJIO MOSBUTHCS Jpyroe pelieHue H3-3a BbiOopa Oosxee 50 yieT ToMy HaszaJ MeXaHHM3Ma
yHUBepcanbHOro NUll-3HadYeHns, a anbTepHATHBHBINA MEXaHU3M HE MOXKET 00€CIIEUNUTh CUCTEMHYO MOAICPKKY
CIIEIMAIBHBIX 3HAYEHHWH WM3-32 UCIOJIb30BAaHMS NBYX3HAYHOW JIOTMKH. MBI mpeaiaraeM KOMOMHHPOBAHHBIH
TIOJIXO C MCTIOJIb30BaHUEM THUIN3HPOBAHHBIX CIICNUAIBHBIX 3HAYSHUH Ha OCHOBE TPEX3HAYHOM JTOTUKH. DTOT
TIOJXOA TIO3BOJISIET HCIIONB30BaTh CEMAHTHKY THIIOB MAHHBIX TPH 00pabOTKe 3ampocoB C YyCIIOBUSIMH,
BKITIOYAIOIIMMY HEW3BECTHBIE IaHHbIE. KpoMe TOro, Ham MOAXOJ MO3BOJNSAET ONPEAENUTH MOTHOLUECHHYIO
TPEX3HAYHYIO JIOTHKY, B KOTOPOH CIIeIHaIbHOE 3HaUeHHEe OYJIEBCKOTO THIIA SBIAETCS TPETHUM JOTHIECKHM
3HAUEHHEM.
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Abstract. The state of affairs in the area of missing information management in relational databases leaves
much to be desired. The SQL standard uses the universal null value to represent missing data, and the control
is based on three-valued logic, in which the null value is identified with a third boolean value. This solution is
conceptually inconsistent and often results in DBMS behavior that is not intuitive. An alternative approach
using typed special values leaves all handling of missing data to users. In this article, we analyze the long
history of research and development that led to this situation. We come to the conclusion that no other solution
could have appeared in the SQL standard due to the choice of the mechanism of the universal null value more
than 50 years ago, and the alternative mechanism cannot provide system support for special values due to the
use of two-valued logic. We propose a combined approach using typed special values based on three-valued
logic. This approach allows you to use the semantics of data types when processing queries with conditions
that include unknown data. In addition, our approach allows us to define a full-fledged three-valued logic in
which a special value of a Boolean type is the third boolean value.

Keywords: relational databases; missing information; null value; three-valued logic; typed special values
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1. BeedeHue

[TpoGmema otcyrcTByromeld MH(GOpMaIUK IMOSBUIACH OJHOBPEMEHHO C TEPBBIMH IONBITKAMH
peanu3oBath pesIUOHHY0 Mojeb Darapa Koana. B nepBbix cBoux cTaThsix [1, 2], onuchIBalOIIMX
PEISILIMOHHYIO MOJIeNb JaHHbIX, KoJJ BOBCe HE T'OBOPHJ O CYLIECTBOBAaHHU 3TOI IPOOIJIEMBI.
[Toxosxe, 4TO MepBbIi pa3 0 HOTPEOHOCTH COXPaHAThH B PEISILIMOHHBIX 0a3 NaHHBIX OTHOILEHHS, B
KOTOpPBIX HE BO BCEX aTpuOyTax KOpPTEXel colepikarcs peajibHble NaHHblE (IOTOMY 4YTO OHH
HenssectHsl) Komn wanmcan B [3]. Tlo-Buanmomy, He mpocTo Tak 3ameTtka [3] mosBHIACH B TOM Ke
Boinycke bromerens ACM-SIGMOD 3a 1975-i roji, 4To ¥ OTYET O MAaHEJIBHOW AUCKYCCHH, KOTOpast
ObLTa MpoBeZeHa B TOM e rogy Ha HauuoHnaneHO# KoMmbroTepHO# koHbepeHuunu [4]. [Toxoxe,
yro Ha Kojna cHIbHO TOAEHCTBOBaNM COOOpaKEHHWS YYAaCTHHKOB HPOEKTOB II0 peaH3alliy
PETALMOHHBIX cUCTeM 0a3 JaHHBIX, HA YTO, B YACTHOCTH YKa3bIBAIOT cJI0Ba OiaromapHocty B [3] B
azapec ydacTHUKOB npoekTa System R. Koopaunuposanuocts pabor Koana u npoekra System R
MIOATBEPKIAETCS U TeM (hakToM, 4To yxe B 1976-M roxy Oblia omyOJIMKoBaHa nepBast pa3BepHyTast
cTaThs mpo s3bIk 0a3 gaHHbx SEQUEL 2 [5], B koTOpoOii, mo cyTu, noBropsuiuch Mbiciau Koana,
3adukcupoBanusie B [3].

Eure yepe3 Tpu rona Komn omy6irkoBan CBOX 3HAMEHHTYIO CTaThio [6], B KOTOPOIi, B 4aCTHOCTH,
OTIpeIeTINI PEISILIMOHHYIO ajuredpy B pacuere Ha TOT CiIydaid, KOTJa B OTHOIIEHHUSIX 0a3bl JaHHBIX
MOTYT COZIEPXKAThCsI HEONIPEIeNIeHHbIE 3HaueHHsl. MOXXHO CYHMTATh, YTO C 3TOIO BPEMEHH B SI3bIKE
SQL 6butn 3aKkperuieHbl MEXaHW3M HEONpe/IeICHHbIX 3HAUeHUH U TpeX3HauHasl JIOTHKa, XOTsl, 10-
BU/IMMOMY, MHOTHUM aBTOPHTETHBIM CIELHAIMCTaM STOT MOJAXOJ HE HpPaBHJCS, MOTOMY YTO B
crangapre SQL oH ObLI B HEKOTOPOM BHAE 3a)UKCHPOBaH TOJIbKO B 1999 1. [7].
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IToxoxe, uro n cam Konm ObUT HE CIUIIKOM YIOBIETBOPEH CPEACTBAMH MOIACPKKHA PabOTHI C
OTCYTCTBYMOIICH nHpOpManuei, koTopsie Borwy B SQL mpu ero 6sarociosiennu. B konme 1980-
X OH OITyOJIMKOBAN KHUTY [8], IpenCcTaBISsIONIyIO0 HOBBIN BAPHAHT PENIAIIMOHHON MOJIENH JaHHBIX, B
KOTOPOM OBUIN HCIIPABJICHBI HEKOTOPBIE HEJIOCTATKHU IIEPBBIA BepCUH MojenH, nonasmue B SQL.
HcnpaBneHns: KOCHYIUCH M HEOTIPEeJICHHBIX 3HAUYCHNI: ObUIM BBEACHBI J1BA BUa MAPKEPOB, OJINH
U3 KOTOPBIX MCIOJB30BAJCS MJIsI NPEACTABICHUS HEU3BECTHBIX 3HAYCHWH, a Jpyrod — s
0003HaUEHHUsT TOTO, YTO JJIsi KOHKPETHOTO KOPTEkKa 3HaueHHE HEKOTOPOro aTpudyTa ONpeaeieHo
ObiTb He MoxeT. COOTBETCTBEHHO, JUIi KOPPEKTHOI'O WCIOJBb30BAaHHMS OSTOr0 MOAXOAA
noTpedoBaiach yxe 4eThipex3HadyHas Jioruka. B coobmectBe SQL 3TOT moaxosa BocTpeOOBaH HE
OBLIL
MHoruMm JIOASM He HpaBwics (M HE HPAaBUTCS) MEXaHW3M HEONpPEICNICHHBIX 3HAYCHUH U
TPEX3HA4YHOH JIOTHKH, MpeyioxkeHHbIiH Koanom Bo Bropoii nonosune 1970-x U mojiepKUBacMbli
B SQL. Ho mamnbomnee akTHBHBIM W IIOCIIEIOBATEIHHBIM MPOTUBHUKOM 3TOTO MEXaHHM3Ma BCET/Ia
ABIsUICS yaeHUK Komta, mociie1oBaTels HCXOMHBIX HACH PEAINOHHON MOICITH TaHHBIX, BCEMUPHO
W3BECTHHIN mmcatens U Jektop Kpuctodep [eitr. Hdewt kpurtukyer SQL BooOme um cpernctsa
TOJICPKKA HEONPEACNCHHBIX 3HAUCHHH, BKJIIOYAs TPEX3HAUYHYIO JIOTHKY B YACTHOCTH, BO
MHOXECTBE CTaTe M OOJBIIWHCTBE KHUT. B 3TON cTaThe MBI HE OyAeM OOCYXKIATh Ty KPUTHKY.
3aMeTuM JIHIIb, YTO OHA BCETIa OUeHb MOJApOoOHa U yOeauTenbHa.
OpnHako 37ech I Hac 6oJtee BaXHO TO, 9To ¢ cepenuHbl 1980-x JIeWT 1 ero MHOTOJIETHHIA COPATHUK
u coaBTop Xbi0 J[apBeH MBITaNNCh (M O HENABHETO BPEMEHH INPOJOJDKANH IBITATHCS) HANTH
peuieHre npoOJeMbl OTCYTCTBYIOLIEH HMH(pOpMalMu B 0a3ax JaHHBIX, HE HCIOJB3Ys IMOHSTHE
HETUITM3UPOBAHHOTO HEOIPECICHHOI0 3HaYCHUs M He TpuOeras K Tpex3HayHoii joruke. [lepBblii
nozaxon [9, 10], koToporo oHu B T€UEHHE TOJITOTO BPEMEHH MPHICPKUBAINCH, OCHOBBIBACTCS Ha
NOHATUY CIEUUAJIbHBIX 3HAYCHHWH, PACIIUPSIONUMX JIIOOOW THUN NaHHBIX M TPUBOASALIMX K
HOJy4eHHs1 OyJIEBCKOTO 3HaueHHs {rUe TOJNBKO NPU CPaBHEHHHM Ha PAaBEHCTBO CIELUAIBLHOTO
3HaYeHMs ¢ HeM ke camuM. O/IHaKO, KaK yKasblBaJM KPUTHKU 3TOTO MOJX0Ja, OH He paboTaeT B
Ba)XKHBIX Ha IMPAKTHKE CIydasX, KOrJa Ha MHOXECTBE 3HAYCHHU 0a30BOTO THIMA, PACIIUPIEMOTO
CHCIHANEHBIM 3HAYCHHUAM, UMEETCsl OTHOIIeHue mopsaka. WU xots et u dapBeH mpomoinKain
MPUACPKUBATHCS MOIX0/a CO CICIUATBHBIMU 3HAYCHUSAMHU IO CEPEAUHBI IEPBOTO IECATIIICTHS
2000-x, 1mo3»xe OHM OTKA3JIUCh OT CIEHAaIbHBIX 3HAYCHHU I U 3aHSUTHCH IIOMCKOM JIPYTHX PELICHHIH.
MeI kpaTKO 00CYIUM 3TH PEIICHUS B OCHOBHOM YaCTH CTaThH, HO Ceiiyac OTMETHM, YTO HECMOTPS
Ha OTCYTCTBHE B HHUX BUAMMBIX OIIMOOK, HU OIHO M3 HHUX HE TOAMUTCS IS MPAKTHIECKOTO
UCTIONB30BaHus. Hu omHO W3 HUX Nake HE BKIIIOYCHO B IOCICIHEe W3aHWe KHUTH [eiita u
JapBeHa, B KOTOPOW OHM H3JaraloT CBOE BHACHUE COBPEMEHHOH DPEJSIIIMOHHON MOAETH JaHHBIX
[11].
B pe3ynpTaTe MHOTOJIETHHUX Pa3sMBIIIJICHUH Y HAC CIIOKUIIOCH MHEHHE, YTO
a) HeompeJelicHHbIE 3HAYCHHs M TPEX3HA4YHas JIOTMKa, MpuHsAThie B cranmapre SQL:1999 [7],
HUKYyZAa He TojsTcst n3-3a Toro, yro NULL He Tunm3upoBaH, a 6e3 3TOro Tpex3HadHas JIOTHKa
CTaHOBHUTCS, MATKO TOBOPSI, HEIIOJIHOIICHHOM;
b) cneuuaneubie 3Hauenus [eiita u dapsena [9, 10] (moutH) HUKyIa HE TOAATCS, HOCKOJBKY HX
HEBO3MOYKHO HCTIONB30BATh 0€3 MOIEPKKH TPEX3HAYHOH JIOTHKHY;
C) 3HAYUT, CTOMT MOMPOOOBATH CKPECTHTH CIICIMABHBIC 3HAYCHHS C TPEX3HAYHON JIOTUKOM, UTO
d) e pemaer npobieMy B 11€JI0M, HO BBITVISANT MPUIIHYHEE, YeM Moaxo cranmapra SQL u moaxon
CHEUaTIbHBIX 3HAUCHUH.
Bo BTOpOM paznene ocraBIIeicsl 9acTH CTaThH CPaBHUTEIHHO MTOJIPOOHO ONMCHIBAIOTCS Hamboiee
BaXHbIE BEXM HCTOpPHH TpoOJIeMBI OTCYTCTByIomeH uHpopMmamun. B Tperbem paszmene
MOTHBHPYETCS M O00CYXKAaeTcs mpeaiaraeMoe pemieHre. HakoHell, 4eTBepThIid pas3en COASPKUT
3aKIIIOYEHUE C 00CYXKICHHEM OTPaHHYCHUH 1 HEJI0CTaTKOB OIIMCAHHOTO IT0/IX0/1a.
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2. Ucmopuyeckuli KOHMekem

3a pecsaTueTHs, MPOLIe/IINe TOCe BBeACHHS Darapom Koamom pensiuoHHOi MOaei qaHHbIX [1,
2], 6biTa OMYOIMKOBaHA Macca CTaTel, Tak WM WHaYe KacarolMuXcs MPOOIeMBI OTCYTCTBYIOIIHX
JaHHBIX B PEJSIIMOHHBIX 0a3aX NaHHBIX. B 9Toi cTaThe MBI He OyleM IBITaThCs IPHBECTH KaKOMW-
1160 0030p PE3yNbTAaTOB BO BCEX HANPABJIICHUAX HCCIICIOBAHHUI, KacaroIuxcs 3Toi mpobiemsl. Hac
3[IeCh HHTEPECYeT ONH aCIIeKT: IPEACTABICHNE B aTPHOYTaX KOPTEXKEH OTHOIIECHUH (M CTONIOaxX
CTPOK TaONHWI) OTCYTCTBYIOIIEH HH(POpPMALMM M MEXaHH3M MAaHHIYJIUPOBAaHUS TaKUMH
OTHOIIEHUAMH (Wi Tabnunamu). OJJHaKO U ATOMY acleKTy ObUIO MOCBSILEHO MHOTO IyOIMKaLUi
YHCTO TEOPETHIECKOTO XapaKkTepa, KOTophle (110 HallleMy MHEHHUIO ) HEe OKa3aJld 3aMETHOT'O BIIMSTHHS
HE TEXHOJIOTHIO PENSLHOHHBIX CHCTEM YIpaBieHHUs NaHHBIMH. COOTBETCTBYIOLIME PE3YJIbTATHI
TaKoKe He OyoyT paccMaTpUBAThCs B 3TOU CTaThe.

B nepBoMm mozpaznene 3Toro paszena OyayT oOCYXKIaTbCsi OCHOBHBIE BEXH, KOTOpPBIE NPHBEIH K
MeXaHH3MYy pabOoThI C OTCYTCTBYIOIIMMH TaHHBIMH, 3a(HKCHPOBAaHHOMY B cTanaapte SQL:1999 [7].
31ech, KOHEYHO, Ha IEpBOM MecTe ctosT pabotsl Konna. Bropoit moapasaen nocssieH nonbIrkam
000MTHCH B PENAIMOHHOMN MOIeNTH TaHHBIX 0e3 NUll-3HaYeHuUs 1 TpEX3HAYHOW JIOTHKH U OTIHPAeTCs,
TJIaBHBIM 00pa3oM, Ha padotsl [eiita n JapseHa. OcHOBHAs LeNb pa3feiia, KpOMe MpeICTaBICHUS
o030pa paboT, COCTOMT B TOM, YTOOBI MOKa3aTh HENOCTATKH HMMEIOLIUXCS IOIXOIO0B |
MOTHUBHUPOBATH MOIIBITKY aBTOpa ,Z[aHHOﬁ CTaTbH YJIYUIINUTH TCKYIIECC COCTOAHUC OCII.

2.1 Nytb k SQL:1999

2.1.1 PensunoHHas moaenb AaHHbIX: Bepcus 1

Kak otmeuanocs B Hagale CTaTbu, 3TOT IyTh Havajcs ¢ myonukanun Koxnom B 1975 r. HeOompImoi
3ametku [3]. OCHOBHBIE pe3ysbTaThl 3TOM 3aMETKU (OTHOCSLIMECS K paccMaTpHBAacMOM 371eCh
po0JIeMe) COCTOAT B CIICYIOIICM.

1) Ilpemmaraercs penieHHE TOJIBKO OJHOW YacTH MPOOIeMbl — padoTa ¢ OTCYTCTBYHOLIMMH
JAaHHBIMH 0€3 yTOYHEHMH CyTH Ipyrux udacteil. lis sToro BBomuTCs MOHATHE null-3nauenus
(null value)!, o603rauaemoro B [3] cuMBOIOM (@.

2) ApudmeTnueckue onepann CIOKeHUs, BBIMUTaHHs1, YMHOXXCHUS H JIeIeHHs BO3BpaIaroT null-
3Ha4YEHHe, €CNX XOTs OBl onepaH/ sBiseTcs null-3HaueHnEM.

3) TlockonbKy pe3ysbTaToM CpaBHEHHS X = Y, B KOTOPOM HEH3BECTHBI KaKOH-ITHO0 OUH WK 00a
apryMeHTa, He sIBJSIETCSl HU frue, HU false, BBOAUTCS HEU3BECTHOE JIOTMYECKOE 3HAYEHHE, YTO
JieJlaeT UCIIOJIb3YeMYIO JIOTHKY Tpex3HauHOM. Jlyisi 0003HaueHUs] HEM3BECTHOTO JIOTHUECKOTO
3HAUEHUs] WCIIONIB3YeTCs TOT K€ CHUMBON (@, MOTOMY YTO JIOTMYECKHE 3HAYEHUS MOTYT
COXpaHATBCS B 0ase [aHHBIX, W JKeJaTellbHO o0OpabaTeiBaTh BCE HEW3BECTHHIC WIIN

HCONPCACICHHBIC 3HAYCHUA eJZ[I/IHOO6pa3H02. HpeunaraeMaﬂ TpEeX3Ha4YHasA JIOTUKA
OTIpEICTISETCS CICAYIOMUMHU TaOIUIIAMH UCTUHHOCTH.

AND | false | @ true OR false | @ true

false | false | false | false false | false | @ true

@ false | @ @ @ @ @ true

true false | @ true true true true true

NOT (false) = true; NOT(@) = @; NOT (true) = false.

! Cnemys Tpamuuum, MBI HCIIONB3yeM B CBOEH CTaThe STOT TEPMMH, XOTS, BOOOILE FOBOPS, OH HEKOPPEKTEH.
Null-3Ha4uenue — 310 He 3Ha4eHHE, OTOMY YTO J000C 3HAYCHHUE JOJDKHO IPHHAIUICIKATH XOTS OBl OIHOMY
THITY IAHHBIX, a NUll-3HaYeHne HeTHITM3UPOBaHO. MBI peyIaraeM CYMTaTh TOT TEPMUH IIPOCTO COKPAIIEHHO
(bopMoii 0T 0bo3HAUEHUs OMCYMCMBUSL 3HAYEHUS.

2 3neck Kot roBOpUT 06 3TOM MHUMOXOIOM, HO Ha CAMOM JIeNe TPeI0KEeHHbIH T0AX0,] K HOHMMAHUIO CyTH
TPETHEro JOTUYECKOr0 3HAUCHHUS HMEIT JAJICKO HIYIHE TOCIEACTBHS, O KOTOPHIX MbI IOTOBOPUM MO3)KE B
9TOM pasjene.
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4) Jlns ompejeneHUs 3HAYECHHS JIOTHYECKOTO BBIPAKCHHUS TIPEIUIAraeTCs CIACAYIOMNN npunyun
3aMeHbl HeonpeoeneHHbIX 3HaueHyll. SHAYeHNEM JIOTHYECKOTO BEIPAKEHHS ABJIIETCS (@ TOTAa U
TOJIBKO TOT/IA, KOTZIa OTHOBPEMEHHO BEITIOIHSIOTCS [[Ba CIICTYIOIIE YCIOBHS:

a. MOXXHO 3aMCHHUTH KaXXJJ0€ BXOXKICHHE (@) HEKOTOPBIM JOMYCTUMBIM PEabHBIM 3HAYCHUEM
(BO3MOXKHO, pa3HBIMU 3HAYCHUSAMH I Pa3HBIX BXOXKICHHNA (@) TakuM 00pa3oM, 4TO
3HAYCHHEM TOJIYYCHHOTO BBIPAXKCHUS SBIICTCS frue;

b. MOXHO 3aMEHUTH KaX[0€ BXOXKIEHHE (@ HEKOTOPHIM JOMYCTHMBIM PEabHBIM 3HAYEHHEM
(BO3MOXKHO, pa3HBIMU 3HAYCHUSMH I Pa3HBIX BXOXKICHHHA (@) TakuM 00pa3oM, 4YTO
3HAYCHHEM TOJIYYCHHOTO BBIPAKCHUS SBISICTCH false.

5) B COOTBETCTBMM C MPHHIMMIIOM 3aMCHBI HEOTPEICICHHBIX 3HAYCHWH 3HadcHHEe (@)
BEIpabaThIBaeTcsa JTIOOBIM cpaBHEeHHEM X O y, tae O - <, <, >, >, eclu OOUH U3 apTyMEHTOB
i oba ABIAI0TCA (@.

6) Jlms KaXmoro HaTypaabHOTO YHCNA A JOIYCTHMBIM SIBISCTCS KOPTEK, COCTOSIIHM W3 7
HeOoIpeeNIeHHbIX 3HaueHIH. OJHaAKO HUKAKOE /1-apHOE OTHOIIIEHIE HE MOJKET COZlepKaTh Oojee
OJTHOTO TAKOTO KOpTeka. OOBIYHBIM MPABUIIOM SIBIICTCS TO, YTO HUKAKHE OTHOIICHUS HE MOTYT
COJICPKATh KOPTESIKU-TYOTHKAThI (B HEKOTOPBIX PEISIMOHHBIX CUCTEMaX 3TO MPABHIO CTPOTO
He COONIOMaeTCsl, ¥ I 3THX CHUCTEM OIHChIBAGMas CXeMa HyXJaaeTcs B Momudukamnuu). B
COOTBETCTBUH C MPABUJIOM HEIOMYIICHHS TyOIUKATOB, HEOMPEACICHHOEC 3HAYCHUE B OJHOM
KOpTeXke CUMTAaeTCsd TAKUM ke, KaK HeomlpejeleHHOe 3HaueHHe B ApPyroM KoprexkeS. DTo
OTOXK/ICCTBIICHUE OJHOTO HEOMPEACICHHOTO 3HAYCHUS C JAPYIMM MOXET Ka3aTbCs
MIPOTHBOpPEYAIIMM HAmleMy Ha3HAYCHHIO0 MCTHHHOCTHOTO 3HAYCHUS IS CPaBHCHHSA (@ IO
paBeHcTBY. OHAKO BBISABICHHE KOPTEKEH IS YOAICHUS AYyONUKAaTOB HE CIEAYET IyTaTh CO
CpaBHEHHUEM IO PABEHCTBY IPH BBEIYMCICHUH YCIOBHI TIOMCKA.

7) Kpome TOro, B crarbe MPUBOIAMTCS HAOPOCOK TOTO, KaK MODKHBI BBIMSIACTD PEISILUOHHAS
anrebpa U PeNAIUOHHOC UCUUCIICHHE TIPU HATHYUHU HEOTPEICIICHHBIX 3HAUCHHIA.

VYike Ha CHeIyIOIIMA rojl yyacTHHKaMu mpoekra System R Obiia omyGinkoBaHa cTaths [5], B

KOTOpOM, B YACTHOCTH, KpaTKo omuckiBaeTcs BHeapenue wuneit Komma [3] ¢ ouens

HE3HAYUTEIHHBIMU (HO BaKHBIMH ) U3MEHEHUSMHE B poTotull si3p1ka SQL — SEQUEL 2. OcHoBHEIC

YepTHI sI3bIKa (M €ro peaan3allii), CBSI3aHHBIC C MOICPIKKON HEONPEACICHHBIX 3HAYCHHU I, MOXKHO

OXapaKTepU30BaTh CICAYIOIINM 00pa3oM.

1) J[lomyckaercsi CylleCTBOBaHHE B 0Oa3e JAHHBIX HEM3BECTHbIX, wid null-3Hauenuit. Ha null-
3HauY€HHUE MOXKHO COCIIAThCS C MOMOIIBIO KiTtoueBoro cimoBa NULL.

2) Tlpu BBIYMCIIEHWH BCEX arperartHbix (yHKImiH (B System R OHM Ha3bIBaaMCh BCTPOCHHBIMHU,
built-in), xpome COUNT), null-3HaueHHUS UTHOPUPYIOTCS.

3) Ilpu ompeneneHWU TOrO, YAOBIETBOPSET JM JaHHBIM KOpTeK ycrnoBuio pasgena WHERE
3ampoca, npeanKaTaM, B KOTOPBIX YYacTBYIOT aTpUOYTHI, COACPKAIIHE B COOTBETCTBYIOIIEM
koprexe null-3HaueHue, MPUCBaNBAETCSl HEM3BECTHOE HCTHHHOCTHOE 3HaYeHue (0003HaYaeTcst
3HaKoM Bompoca ?)*.

4) ns Berumcienust Beero ycnosus pasnena WHERE ucnonbs3yeTcs HHTepIpeTarys JIOTHIeCKUX
onepanuii AND, OR u NOT B Tpex3Ha4HOI1 JIOTHKE HA OCHOBE TEX )K€ TAOJHIIe HCTHHHOCTH,
410 B [3].

5) Koprex, mis koToporo Berumcisiercs ycnosue pasaeina WHERE 3ampoca, ymomerBopsiet
STOMY YCJIOBHIO B TOM M TOJBKO B TOM CITydae, KOTJa OHO BBIYHCIISICTCS B frue.

6) VcioBwus, 3a7aBaeMble B OTpPaHUYEHHSX IEIOCTHOCTH (assertion B TepMuHonoruu System R),
TaK)KE BBIUUCIISIOTCS B TPEX3HAYHOM JIOTHKE W CYMTAIOTCS YAOBICTBOPEHHBIMH TOT/[A U TOJIHKO
TOTIIA, KOTJIa PE3yIIbTaTOM 3TOTO BBIYHCICHUS HE ABISICTCS false.

3 B oa1HOM 1 TOM e aTpuoyTe.

4 B 310M COCTOHT cymectBeHHoe otnnuue oT [3], rae Koan ucnone3yercst 01HO U TO e 0003HaueHHE KaK st
HEH3BECTHOTO 3HA4YeHHs BooOwle (HE MPUHAAJIEKAIIEr0 HUKAKOMY THIy MAHHBIX), TaK W Ul TPETHEro
JIOTHYECKOTO 3HAYEHHUsI, KOTOPOE JIOJKHO OBUIO OBl PUHAUIC)KATH OYIeBCKOMY (TPEX3HAYHOMY) TUITY.
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bonpnre B cTaThsAX, HOCBAIIGHHBIX System R, mpoOneMarnka OTCYTCTBYIOIIMX 3HAYCHUH U
TpeX3HaYHOMU JIOTHKHU He 3aTparuBanack. Kak Mbl yBHIUM fanbiie, B KoHTeKcTe SQL mHMnMaTnBa
(TocTaTOYHO Bsijas) Mepelnuia K CTaHAapTU3aTopaM 3TOTO SI3bIKa.

B 1979 r. Komn omy6iikoBai cratsio [6], koTopas, Kak MoadepKUBaeT ee Ha3BaHKe, ObIa IABHBIM
00pa3oM HarpaBlieHa Ha paclINpeHne PEIIHOHHON MOIENN JaHHBIX C IebI0 obecneueHus Ooee
BBICOKOTO CEMaHTHYECKOTO YPOBHS JaHHBIX, XpaHUMBIX B PEJIILIMOHHBIX 0a3ax maHHBIX. OIHAKO B
[6] Konn 3aTparuBaet u mpobieMy OTCYTCTBYIOLICH HHOOPMAIIUWH, HO TPU 3TOM JIHIIIb JOCIOBHO
TIOBTOPSIET TO, O €M TOBOPHIIOCH B [3].

2.1.2 PenaunoHHas moaenb AaHHbIX: Bepcus 2

Crnenyrommuii pa3 Duarap Koan obpatmics k npobieMe oTcyTcTBytomeld napopmarmu B 1986 1. B

[12]. Kpatko roBops, B 3TOH cTaTbe OH BIIEPBHIC MPEUIaraeT pacIIupeHIe PEISIHOHHON MOISITH

JTAHHBIX, TIO3BOJISIONIEE PAOOTATh B ABYMs BUIAMH OTCYTCTBYIOIIHUX JaHHBIX — HEM3BECTHBIMHU, HO

Bo3moxHbIME (Missing and applicable, A) u wenomyctumbiMu (Missing and inapplicable, 1)

JTAaHHBIMH. BOT CyTh HOBBIX IIPEUIOKECHUI.

1) Orcyrcrytomue A- u [-nannabie 0603Haua0TCs A- u [-mapkepamu (mark) COOTBETCTBEHHO.

2) CemanTuka TOro (akTa, 4TO HEKOTOPOE 3HAUYCHHE B 0a3e JAHHBIX OTCYTCTBYET, OTIMYHA OT
CEMAaHTUKU 3HAUCHHS, XPAaHMMOTO B Oa3e AaHHBIX. [lepBBI (hakT MPUMEHUM K JTHOOOMY
3HAYEHHUI0, HE3aBUCUMO OT ero Tuna. CeMaHTHKa pealbHOTr0 3HaueHUs! CHIIBHO 3aBUCHT OT €T0
JOMCHa (I/IJ'II/I THUIIA }laHHLIX), H3 KOTOpOTro anI/I6yT OTHOIICHUS MMOJIy4a€T CBOM 3HAYCHUA.

3) Ecmu x 0603Ha9aeT HEKOTOPOE peabHOE 3HAUCHUE, XPAHUMOE B 0a3e JaHHBIX, A — A-Mapkep
u I — I-mapkep, To

X+x = 2X x+A=A A+ x=A
A+A=A A+I1=1 I +A=1
[+1=1 x+ 1 =1 [ +x =1

AHanoru4Hele TaOJIMLBI CIPABEMIMBBL M ISl apU(PMETHYECKHX OIlepalii BbIYUTAHMUS,
YMHOXEHHS U JIEJIEHHs], @ TAKKe [T OTIePallii KOHKATeHALMH CUMBOJIBHBIX CTPOK.>

4) BeejeHre BTOPOTO HEM3BECTHOTO 3HAYCHHUSI HABOMUT HA MBICIH 00 YMECTHOCTH MPUMEHCHHSI
YeThIPEX3HAYHON JIOTUKH, OofHAaKo Komm cumrTaeT 3TO HecpouHwviM Oenom, KOmopoe MOMCHO
OMIOJICUMb, NOKA Y NPAKMUKOG He NOAGUMCs coomeemcmeyiowas nompedornocms. Ilostomy B
[12] coxpansieTcs Tpex3Ha4yHas JIOTHKAa. OTO OOOCHOBBIBAETCS CIEAYIOUIMM 00pa3om.
Cpagnenue no pageHcmgy 08YX MAPKepO8 HEOONYCMUMbBIX 3HAYEHUN UMeem CMbICI
obpabamvleams mak ice, KAk U cpagHeHue 08yx (axmuyeckux sHauenuil. OOHako n0boe
exoxcoenue  I-mapkepa  mooicem  Ovimb  0OHOBNEHO — CHEYUATLHO — YHOTHOMOYEHHBIM
nonv3oeamenem, npeobpasysacs 8 A-mapkep, a 3amem, 603MOIICHO, & paxmuyeckoe 3HaueHue.
[To3TOMY MOXHO CUHTATh, YTO B ONEPALH PEISIIMOHHOTO S3bIKa BCSKMH pas, korna A- wim I-
MapKep MPUPABHUBAETCS B YCIOBHU K (haKTHUECKOMY 3HAYCHHIO WIH K A-Mapkepy, win K I-
MapKepy MCTHHHOCTHBIM 3HAa4€HHEM Takoro ycioBus Bcerma cuutaerci MAYBE (tak B [12]
Ha3bIBACTCSI TPEThE MCTUHHOCTHOE 3HAYCHHE). AHAJOTHYHO, MOJAraeTcs, 4TO pPe3ylIbTaToM
JF000T0 CpaBHEHHS, B KOTOPOM A- mnn [-Mapkep cpaBHHBaeTcs ¢ PaKTHISCKUM 3HAYCHUEM HITH
A-mapkepom, mwin K [-mapkepowm, sBisercs MAYBE.
IIpaBuna moCTpOEHUs CIIOKHBIX YCIOBUM Ha OCHOBE IIPOCTBIX CPAaBHEHMH ONpEAEISIOTCA
TaKUMH K€ TabIWLaMHM WCTUHHOCTH OYJIEBCKHX OINEpanyii JN3BbIOHKINH, KOHBIOHKIMU H
OoTpHLIaHus, Kak U B [3, 6], HO Temepp oONEpaHAAMU JIOTHYECKHX OIEpalui SBIAIOTCA

5 V IMBHTENBHO, YTO TaKKMeE TAaGIUIBI TOABUIKCH Y KOI1a TOJIBKO CITyCTS IECATh HET MOCIIE BBEACHUS UM
HEOIIpe/IeJICHHBIX 3HAaUEeHUH.
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BbICKa3bIBaHUs P 11 Q, KaXk0e 13 KOTOPHIX MOXKET UMETh 3HaueHue true (f), maybe (m) vnu false

("°.

P | notP PorQ Q P&Q Q

t |m| f t m f
t f P t t t t P t t m f
m m m|t|mj|m m | m m f
f t flf|lmj|f f|f f f

B 1987 r. Komn omybGmmkoBan cratbio [13], B KOTOpO#t comepkarcs pas3bsICHEHHS HICH,
BBICKa3aHHBIX B [12], a Takke HECKOJBPKO W3MEHEHHH, KoTopeie cam Komn cuutaer
HE3HAYMTEIBHBIMH, OJTHAKO HaM OHH NPEICTaBIIIOTCS OYEHb CYIIECTBEHHBIMH.

1

2)

3)

4)

Konn Bce-Taku BBOIUT YeThIpeX3HaUHyt0 Joruky. Kak u B [12], otcyTcTByrone A- u I-nanHsle
obo3Havarotcsi A- u [-mapkepamu coorBeTcTBeHHO. [lycTh mMmeercst ckaysipHas QYHKIHMH C
OIHUM WM HECKOJIEKHMHU apryMeHTamu. Cumraercs, uto I-mapkep cwibHee A-mapkepa. B
o0Imem cirydae, eciii CaMbIM CHIIBHBIM MapKepOM apryMEHTOB BbI30Ba sBIsieTcs [-mapkep, To
pe3yabTaT BbI30Ba CKAISIpHOI GyHKInH — [-Mapkep. Ecnm, ¢ Apyroit cTOpoHBI, CaMbIM CHIIBHBIM
MapKepoM SBIeTcs A-MapKep, TO pe3ynbTar — A-MapKkep.
Hanpumep, apudmernyeckre BhIPaKEHHUS BBIYUCIIIOTCS 10 CJICTYIOMINM MIPpaBMiIaM (CHMBOI
% obo03HauaeT M00yI0 apu(YMETHIECKYIO OIIepalnio, Z — 0ObIYHOE 3HAaYCHNUE, a — A-MapKkep, i -
- [-mapxep):

z%a = a z%i=1i a%z=a i%z=i

a%a = a a%i=1i i%a =1 i%i =1
ByneBckuii THI (OMEH) paCIIMPSICTCS ABYMsI TOTMOIHUTEIbHbIMY 3HaueHUus MU a-MAYBE u i-
MAYBE. Ko 0603Ha4aeT ux Tak ke, kKak 1 A-mapkep u [-mapkep, -- IpoCcTo CUMBOJIaMU a U
i cooTBeTCTBEHHO, HO MoAYepKuBaet, uto t (true), f (false), a u i — 310 peanpHble 3HAUCHHMS
OyJIEeBCKOTO THIA, @ HE MapKepbl OTCYTCTBYIOIIMX NaHHbIX. Hu B [13], Hu B [8] siBHO He
TOBOPHUTCSI, KAK BBIYUCIISIFOTCSI CPAaBHEHUSI CKAJISIPHBIX 3HAYEHHUH, HO €CJIM CJIe/IoBaTh 00LeMy
NpaBmiy, CHOPMYITUPOBAHHOMY B IPEIbIAYIIEM pasjeiie, TO JOJDKHA ObITh CIpaBeisIiBa
CKOHCTpyHpoBaHHass Hamu Tabmuia (Komn HudYero momoOHOTO He NMPHBOJUT M BOOOIIE HE
TOBOPUT O CPaBHEHHSX B YETHIPEX3HAUHOH JoTuke). B 310l Tabmuue 1mo HeoOXOIMMOCTH MBI
UCTIONBb3YeM pa3Hble 0003HaueHMs Ui MapKepoB OTCYTCTBYIOIIMX JAHHBIX (a W 1) W Aus
COOTBETCTBYIOIIMX OyneBCKuX 3Ha4eHU#l (ag M ig). CumBoa ® 0003HauaeT NMPOU3BOJIBHYIO
OTIepaIMIO CPaBHEHHS CKAJISIPHBIX 3HaYEeHUH (=, #, <, <, >, =), Z — 00bIYHOE 3HaYCHHE.

z®a = ag z0Oi=ig a®z=ag i0z =iy

a®a = ap afi = ig ifa = ig ifi = ig
B cooTBeTcTBHM C TEM K€ NPAaBHJIOM CTPOSTCA TAOJIHIBI UCTHUHHOCTH B YETHIPEX3HAUHOU
noruke i onepanuit NOT, OR u AND. Hmke npuBozgstcsa Tabmuis! u3 [13], B KOTOPBIX I
0003HaYeHNSI ICTHHHOCTHBIX 3HAYEHUH NUCTIONB3YIOTCS CUMBOIHI t, f, a 1 i.

P | notP PorQ Q P&Q Q

t a |i| f t|lal|l]|f
t f P t t t t| t P t t a|i f
a a a |t a |al| a alajalilf
i i i|t a |i| f 10 i [i]| f
f t flt a | f| f f | f|f|f]f

B [13] Koga cunTaet, 4To JOMOIHUTENbHAS CIOXKHOCTD YETHIPEX3HAUHOM JIOTUKU B HACTOSIIIEE
BpeMsl HE OIpaBJaHa, TeM 0ojiee YTO MPOCKTUPOBINMKaM U monb3oBareisiv CYBJ] He oyeHb
MIPOCTO JKUTh M C TPEX3HAUHOU Jorukor. [103TOMy TIOKa yMECTHO MPOAOJDKATh BCTPAUBATh B

6 To ecth 34€Chb YCTpaHC€Ha IyTaHUa MEXKAY TpEeTbUM JIOTUYECKUM 3HA4YCHHUEM U 0003HaYEHUEM
OTCYTCTBYIOIIUX NaHHBIX.
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CYB/]l tpex3Haunyto noruky. OmHako BHenrHue crenudukanmuu CYBJl MOMKHBI MO3BOJIATH
MEPEX0/I ¢ TPEX3HAUHON Ha YETHIPEX3HAUHYIO JIOTHKY Oe3 ymiepOa s mojb3oBareneit ~ 6e3
TICPENIChIBAHNS TIPWIOKECHAH (WM ¢ MHHUMalbHBIM mnepennchiBanneM). Ecimm B CYB/]
BCTPaMBAETCsl YSThIpEX3HauHasl JIOTHKA, TO JIMOO OHA JIOJDKEH COIVIACOBBIBATHCS ITOAXOJIOM,
OIUCAHHBIM BhIILE, TMOO OTKIOHEHHS OT 3TOTO IMOAXO0A JOIAKHbI ObITh XOPOLIO 060CHOBAHBL. '
B mauane 1990-ro r. Komn omy6nukoBan kHUry [8], B KOTOpOM CHCTEMATHYECKH M TIOAPOGHO
omucal BTOPYIO BEPCHIO pesiuOHHOW Mojenn aanubix (RM/V2), cuutas mepBoii Bepcueit
(RM/V1) 1y, koTopast Obl1a BBeAeHa B Havane 1970-x [1, 2]. Pacuupenus pensiuoHHOH Moaenu
(RM/T), BBenennsie B [6], B RM/V2 e Bouutn, Ho Ko miiaHupoBan 106aBUTh UX B CIIEAYIOLIMX
BEPCHUSIX PEISLHUOHHOM Mosienu naHHbIX. K coxaneHuto, ciieiyoniye BepCuy peisiiMOHHON MOJIEIH
TaKk M HE MOSBWIKCH, U MOXoxe, uyTo paborsl Koxna, mpusenmme k Hamucanuto [8], ocramuch
HE/TOOIICHEHHBIMU COOOIIECTBOM 0a3 TaHHBIX.
Yro Kacaercs CpeicTB YIpaBiIeHHs OTCYTCTBYIOLIeH WH(OpMaluei, onucbiBaeMbIX B [8], oHH B
TOYHOCTH COBIANIAIOT C TEMH, KOTOPbIC ObLIH BBeJCHHI B [12, 13]. ETUHCTBEHHBIM CYIIIECTBCHHBIM
JIOTIONTHEHHEM SBISIETCS TO, uTo B RM/V2 ctporo Tpebyercs moaepkka 4eThIpeX3HaAYHON JTOTHKH.
Bompme Komn k 3T0it TeMe He oOparmascs, 1a 1 BooOmIe He MyOIrKoBall padoT Mpo peIsIHOHHYIO
MO/JIeJb JAHHBIX.

2.1.3 MepBble cTaHaapThl A3bika SQL

Tem Bpemenem, B 1986 r. AMepUKaHCKUM HAIlMOHAIbHBIM UHCTUTYTOM cTaHaapToB (ANSI) 6but

MPUHAT MEPBBIA HAMOHANBHBIN cTaHgapT s3bika SQL (SQL-86) [14], xotopslit uepe3 roa Gbut

onoOpeH MexayHapogHo# oprarn3anuei mo crangaptuzanud (ISO) B kadecTBe MEXITyHAPOIHOTO

craggapra [15]. Ilo moBoay OTCYTCTBYIOIIMX NaHHBIX B CTaHAAPTE NPAKTHYCCKH IOJHOCTHIO

MOBTOPSIIOTCSL  cooOpaxkeHust paspaborunkoB System R, mpusenennsie B [5] (B emie OGornee

pactuibiB4aToM BHJe). OCHOBHBIE COOTBETCTBYIONINE CHIEIM(UKAINY BBITJISIAT TaK.

1) Tun gaHHBIX — 3TO MHOXXECTBO IPEICTABUMBIX 3HaueHWH. JIOTHYECKUM NpeACTaBICHHEM
3Ha4YeHUs sBisieTcs Jurepan. (Pusmueckoe INPeACTABICHHE 3HAYCHHS OIpEIeIsieTcsl B
peanuzanuy. 3Ha4eHHE SBISICTCS NPUMUTHBHBIM B TOM CMBICIE, YTO B paMKax IaHHOTO
CTaHAapTa OHO He IojpasjelsieTcss Ha Ooiee MeNKHe 4acTH. 3HaueHHe siBisieTcs aubo null-
3HaueHWeM, JOo He-null-3HadeHnmem. Null-3HaueHme — 3TO ompenmenseMoe B pealU3alld
3aBHUCSIIIEE OT TUIA CIIeUabHOE 3HaYEeHHE, OTIIMYHOE OT BceX He-null-3HavyeHuii 3Toro tuma.
He-null-3nHauenue MoxeT ObITh JTMOO CTPOKOW CUMBOJIOB, JINOO YHCIIOM.

2) Ecmu B apuMeTHIECKOM BBIPAKSHUH BCTPEUIACTCS XOTs ObI 01HO null-3HadeHue, T0 3HaYeHHEM
BCero BbIpaxkeHHs sBisieTcss null-3nayenue. Kpome apudmerndeckux BbIpaKeHUIl Haj
JIAHHBIMU KaKOTO-JIN0O uuciaoBoro Ttuma, B SQL-86 mojaepKUBAarOTCS BBIpaXESHHS] HaJ
CTPOKaMH CHMBOJIOB, HO B HHMX HE MOXET OBITh ONEpalyii, TaK YTO 3TO BBIPOXKICHHBIC
BBIPAXXEHUSI, BCETO JIMIIb CIEIU(PHUIMPYIOIINE CUMBOJIBHBIE CTPOKH.

3) Ecnu B nmpeaukare cpaBHEHHs X comp-op y (comp-op = | <> | < | > | <= | >=, x—
BBIP@XKEHUE, Y — BBIPAKEHNE WM TTO3AIPOC, BHIJAONINN He 0ojee OIHOro 3Ha4YeHUs) X U Y
SIBJISIOTCS BHIPQKEHUSIMH, 3HaYEHHEM XOTs ObI OJJHOTO M3 KOTOPHIX sBiseTcs null-3HaueHwue,
WM €CM y — TOI3alpoc, BBIJAIOUIMN IMyCTOE MHOXKECTBO PE3yJIbTaTOB, TO 3HAYECHHEM
CpaBHEHUsI X COMP-0p y sIBISeTCs unknown.

" Ha camom jiene, moaxox Kosia ¢ 9eThIpeX3HauHON IOTHKOM HEHAMHOTO JTyHIlle TOTO, KOTOPBIH B HACTOSIIIEE
Bpemst IpuHAT B SQL (00 3TOM cM. HIDKe B JaHHOM Tofipa3jiene). byneBckuil THIT BBITTISAUT HETIOJMHOICHHBIM,
IOTOMY YTO JHOO HY>KHO NPHOErHYTh B TEM JKE€ YXMIIPEHUAM, 4To ¥ B SQL (3ampeTuth XpaHuTh B 0a3ax
JIAHHBIX OYJIeBCKHE 3HAYEHMs, 3alPETHTb NPAMO MCIIONL30BATh B JIOTHYECKUX BBIPAXKEHMSIX JIUTEPAIIbI
OyJIeBCKOrO THIIA M T.J.), IUOO MbI CTOJIKHEMCS, HallpuMep, ¢ MOTPEOHOCTHIO MPEJCTABIATh B 0a3e JaHHBIX
OTCYTCTBYIOLINE 3HAYEHHUs OYJICBCKOTO THIIA U, COOTBETCTBEHHO, KAKMUM-TO 00pa30M BBIYHCIIATE JIOTHYECKHUE
BBIPQKEHHUSI, B KOTOPBIX IPHCYTCTBYIOT MapKephbl OTCYTCTBHS JaHHBIX.
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4) Jlns npoBEPKH TOTO, YTO B YKa3aHHOM CTOJIOLIE TEKYILEH CTPOKU Haxoautcs null-3HaueHue, B
cranaapte onpenenex npenukar IS NULL, Beimaroniuil 3HaYeHUS trie Ui false.

5) VYcnosue BHIGOPKH (search condition) — 3T0, TIO CYTH, JIOTHIECKOE BRIPAKEHHE, CTPOSIIIIEECS Ha
OCHOBE IIpeIUKaTOB ¢ Hcnosub3oBaHueM Jormueckux omepauuit NOT, AND u OR ¢
€CTECTBEHHBIMH NPUOPUTETaMH OINEpaluidi ¥ BO3MOXKHOCTBIO PACCTaHOBKH CKOOOK.
PesynbraroM ycnoBusi BEIOOPKH ISl TEKYIIEH CTPOKH MOXeT OBITh true, false v unknown Ha
OCHOBE HHTEPIPETAllMH JIOTHYECKOTO BBIPAKEHUS B TPEX3HAYHOM JIOTHKE C TEMH e
TabNIMIaMH UCTUHHOCTH, 4TO U B [5], ¢ 3aMeHOl 0003HaYeHUsI HEN3BECTHOTO HCTUHHOCTHOTO
3HauYeHus ? Ha unknown.

6) Pesymsrarom BhIMONHEHUS pasmena WHERE sBisercs Tabnwia, BKIOYAIONIAS TE CTPOKH
TaOIHIBI, TOTYIeHHON Tociie o0paboTku pasnena FROM, s KOTOphIX 3HAYEHUEM YCIOBHS
BBIOOPKH SIBIISICTCS {rue.

Brorouky k SQL-86, B 1989 1. GbUT IPUHAT CIICAYIONIHIA MEKIyHAPOAHBIH cTaHmapt SQL-89 [16].

Kak crmemyer u3 ero mHONHOTO Ha3BaHWSA, OCHOBHBIC PACIIMPEHUS S3bIKa KAacallCh CPEICTB

TIOJICPKKA IIETTOCTHOCTH 0a3 maHHBIX. B cranmapre SQL-86 obecneumBanuch Bcero aBa Buaa

ompenenenuii orpanndenuii nenoctHoctd: NOT NULL Ha ypoBHe ompeneneHus cTon0Ia TabIuIbl

(3amper HaIM4Hs B 3TOM CTOJOIE 000N CTPOKH COOTBETCTBYMOMIeH Tabnuipl Null-3navenus) u

UNIQUE Ha ypoBHe ompeneneHHs CTONONA WM BHE TAaKUX OIPEICNICHHA C BO3MOXXHOCTHIO

OIPEICTINTh BO3MOXKHBIN KJIIOY, COCTOSIIMHA M3 HECKOJBKHX CTOJNOLIOB (HM B OJHOM CTOJIOLE

JT000T0 BO3MOXHOTO KIFOYa He jomyckaercs Hamudwe NUll-3Hauenwms). DTH BO3MOXKHOCTH

coxpanuiuch B SQL-89, Ho nosBIIIICH BO3MOKHOCTH onpesieneHus B onepannu CREATE TABLE

OTpaHMYEHUH BHEIIHEro KII0Ya, IPOBEPOYHBIX OrPAaHWYEHHH M, KPOME TOrO, OIpEIesICHUS

HEPBUYHOTO KIFOYa TaOJIHIIBI.

1) CchutoyHOE OTpaHHUYCHHE BHEIIHETrO KIF0Ya MOXXHO ONPEICIHTh Ha YPOBHE OIpEneICHHS

cronbua (REFERENCES), eciiii BHELIHUM KITIOUOM SIBJISIETCSI COOTBETCTBYOLIMHI CTONOCL, HIIH
B Buje otaensHoro tabmuuHoro orpanuueHus (FOREGN KEY), momyckaromiero BHEUIHHE
KJIFOYM M3 HECKOJBbKHX SBHO YKa3bIBA€MBIX CTONONIOB. B 000MX citydyasx yKa3bIBae€TCS MM
TaONNIBI, HA CTPOKM KOTOPBIX OyIyT YKa3bIBaTh 3HA4YCHHsI BHEUIHETO KIIOYa, a TaKke,
BO3MOYKHO, CITMCOK CTOJIOIIOB 3TOW TaOJIHMIIBI, COCTABILIONIMX KaKOH-THOO ee BO3MOMKHBIH
KJII04. B ompeneneHny BHENIHEro KIIOYa JOMYCKACTCS OTCYTCTBHE SIBHOTO YKa3aHMS STOTO
CIHCKa, U TOT/a [0 YMOIYaHUIO CYNTAETCSI, YTO BHELIHEMY KJIIOUY COOTBETCTBYET IIEPBUIHBIN
KJIFOY COOTBETCTBYIOIIEH TAaOMMIBI, KOTOPHIH B 3TOM Cilydae JOJDKEH OBITh B HEW SBHO
0OBsIBIICH.
OT0 eqUMHCTBEHHbINM MoBOA A BBeAeHUs SQL-89 BO3ZMOXXHOCTH yKa3aHMs B ONpPENEICHUU
BO3MOKHOTO Kitoda Hapsny co crerudukanuiit UNIQUE Bo3mokHOCTH yKa3anus PRIMARY
KEY (ue Gonee yem A1 OHOTO BO3MOXKHOTO KITtoua). Bo BceM ocTajibHOM MEPBUYHBIN KITFOY
00aaeT pOBHO TEMH K€ CBONCTBAMH, YTO M JIF0O0O0M BO3MOKHBIN KITFOY.

2) KonuenryajapHo J11000€ CCHUIOYHOE OTpaHHYeHHE TAaOIHIbl (Kak W JIF000€ MPOBEPOUHOE
OTpaHUYCHHUE, CM. HI)KE) MTPOBEPSETCS TIPH BBIMOJHEHUH 000 omnepaniii 0OHOBIEHHs 0a3bl
JIAHHBIX U CUUTAETCS YIOBIETBOPEHHBIM, €CIIU KOXKI0€ 3HAYCHHE BHEIIHETO KIIF04a (BO3MOXKHO,
COCTaBHOTO), COJepiKalleecs B CTPOKAaX CChUIAIOUIEHCS TaOIMIBI, HM OJMH KOMIIOHEHT
KOTOpOoro He sBisiercsi null-3HauyeHuWeM, cOBMAJaeT €O 3HAYEHHEM COOTBETCTBYIOIIETO
BO3MOYKHOTO KJTFOYa B KAKOH-TMOO0 CTPOKE TaOJIUIIbI, HA KOTOPYIO YKa3bIBaeT CCBUIKA, JINOO XOTS
ObI OZIMH KOMITOHEHT 3HaY€HHsI BHEIIHETO KJTtoya siByisieTcst null-3HaueHneM (3To COOTBETCTBYET
Bapuanty MATCH SIMPLE omnpeneneHuss BHEIIHEro KJIHOYa B COBPEMEHHBIX BapHUaHTaX
crangapta SQL).

3) Hakoren, nposepounoe orpannuenne CHECK, koTopoe Takke MOXXHO ONpeNeuTh KaK Ha
YpOBHE OTIpe/IeIeH s CTONOIa, TAK U B BUJE OTACIHHOTO TAOJMYHOTO OTPAaHIMYCHHS, COIEPKUT
yCIOBUE BBIOOPKH, KOTOPOE [OJDKHO BBIUUCISITECS JUIS KaXKIOW OTIENBHOM CTPOKH
COOTBETCTBYIOILEH TAOJUIIBI U CYUTACTCS YAOBIETBOPEHHBIM, €CIIM HU Ul KaKOW CTPOKU HE
NIPUHUMAET UCTHHHOCTHOTO 3Ha4YeHUs false.
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B 1992 r. Obur npunsaT craeayromuii crangapt SQL-92. Ilo cpaBHEHHIO C OBYMs IMEPBBIMH

cragaptamu SQL-92 ObuT 0OYeHb 3HAYUTEIBHO PACIIMPEH, O Y€M MOYKHO CYIUTh JaXe IMPOCTO I10

ero oowvemy B 6osee ueM 600 ctp. mpotus 120 ctp. B SQL-89. K coxanenuro, cpeacTpa moaaepxKKu

OTCYTCTBYIOIUMX JaHHBIX OCTINCh Ha OYEHb IOCPEACTBEHHOM YypoBHe. IlepeuncinuM dactu

CTaHJapTa, 3aTParuBalOIINe HHTEPECYIONIYIO HAC TEMY.

1) Omnpenenenne: null-3uavenue (null) — 370 crienMaNbHOE 3HAYCHUE, WITH MapKep, UCIIOIb3yEeMBIi
JUIst 0003HAUEHHSI OTCYTCTBHS KAKOTO-JIMOO THITM3UPOBAHHOTO 3HAYCHHUSI.

2) B pasgene «Tumbl JaHHBIX»: THI JAHHBIX — 3TO MHOXECTBO MPEACTABUMBIX 3HAYCHHU.

JlornueckuM TpeNCTaBIEHHEM 3HA4€HHs SBISCTCS JIUTEpal. ... 3HaueHue sBisercs null-
3Ha4YeHUEeM Win He-null-3HaueHuEM.
Null-3HaueHHe — 3TO 3aBHCsIIEE OT peau3alny ClelnalbHOe 3HaUeHUE, OTIIMYHOE OT JII000T0
He-null-3HayeHust THna JAaHHBIX, OTCYTCTBHE 3HAYeHHWH KOTOpOro OHO oOo3HauaeT. B
JEHCTBUTETFHOCTH IMEETCSI TOJIBKO OTHO null-3HadeHwe, 1 OHO SBIIETCS SJIEMEHTOM Ka)I0TO
tuna maHaelXx SQL. [Ima null-3HaueHWs OTCYTCTBYeT IWTEpal, XOTS B HEKOTOPHIX MeECTax
ucnonp3yercs Kouesoe cnoso NULL ai1s 0603Hauenus norpebuoctu B null-3sHauennu.’

3) B SQL-92 nomyckaercsi HCMOIb30BAHUE 3HAYUTEIBHO OOJNBIIIErO YUCIIA TUIIOB JaHHBIX, YEM B
SQL-89: CHARACTER, CHARACTER VARYING, BIT, BIT VARYING, NUMERIC,
DECIMAL, INTEGER, SMALLINT, FLOAT, REAL, DOUBLE PRECISION, DATE, TIME,
TIMESTAMP, INTERVAL. CoOTBETCTBEHHO, YBEIUYIIOCh U YUCIO BO3MOXHBIX OINEpaIni,
BUJIOB BBIpaXEHUH U mpenukaroB. Ho 3xeck g Hac HauOOJNBLINM MHTEpeC MPEeACTaBIAIOT
npeaukatsl cpaBHeHus U IS NULL. Tenepb cpaBHUBAThCS MOTYT HE TOJBKO THIH3UPOBAHHBIC
3HAUeHWsl, HO TaKKe€ M TaK Ha3blBaeMble CTpPOYHBbIE 3HaueHus (row value), KOTOpBIE
MPECTABIISAIOT COO0H YIOPSI0UCHHBIC TTOCIC0BATEIbHOCTH 3HAYCHUHN JOMyCTUMBIX B SQL-92
TUTIOB JAaHHBIX, 3aJaBacMbIe C TIOMOINBI0 KOHCTPYKTOpa CTPOYHOTO 3Ha4deHus (row value
constructor)®.

ITockonpky Ha MHOXECTBax 3HAYEHUU BceX TUIOB JaHHBIX SQL-92 mmeeTcss OTHOLIEHUE
MOPSI/IKA, M JIEMEHTHI CTPOYHOTO 3HAUCHHS YIIOPAJOYCHBI, ONpEeliCHHE Pe3yIbTaTOB MOYTH
BCEX OIepanuii CpaBHEHHS HE BBI3BIBACT 3aTPYOHCHUIl: J1Ba CTPOYHBIX 3HAYCHUS, KOTOpBIC
JIOJDKHBI OBITh OJTHOW WM TOM K€ CTEINCHU, CPAaBHHBAIOTCS B JICKCHKOTPahUIeCKOM TOPSIIKE, U
3Ha4YeHue unknown BBIpaOATHIBAETCS B TOM M TOJBKO B TOM CiIydae, KOTAa IPH OYEPETHOM
CpPaBHEHUM DJIEMEHTOB CTPOYHBIX 3HAauUe€HMH ONMH WM 00a sJeMeHrta sBistoTcs null-
3HAYECHUSIMH.

He ouenn kpacuBas cuTyarusi umeeT MecTo B ciydae mpenukara IS NULL. [Inst ctpouHoro
3HadyeHus R ycrnosue R IS NULL nmpuHuMaeT 3HaueHHe true TOra M TOJIBKO TOTJa, KOT/a Bce
aneMeHTHI R siBisitoTest null-3navenusimu. Yenosue xe R IS NOT NULL npuHuMaet 3HaueHue
true Torga M TOJNBKO TOTIA, KOTJa HUA OMUH 31eMeHT R He sBisttorcs null-3aadenuem. [oatomy

8 OueHp HEKOPpEKTHO HAmMHMCaHO. ECIH TUM JAaHHBIX — 3TO MHOJKECTBO TMPEICTABUMBIX 3HAYEHHH, IS
NPEACTABICHUS KOTOPBIX HCIIOJB3YIOTCS JINTEPBI, TO €AMHCTBEHHBIM BO3MOXKHBIM TOJIKOBaHHEM 00OpOTa
«3JIEMEHT THIa JAAaHHBIX» ABISIETCS «AJIEMEHT MHOXKECTBAa 3HaYCHUH Tuma NaHHbBIX». Ho 3T0 3HauyeHue, mis
KOTOPOTO JIOJDKEH MMeThes juTepai. A y null-3HadeHus juTepana HET, 3HAYUT OHO HE MOXKET SBISTHCS
3JIEMEHTOM MHOJKECTBA 3HAUCHUIT THIIa JaHHBIX. Kpome Toro, HUKaKoit «3JeMeHT» He MOXKET ObITh DIIEMEHTOM
MHO’KECTBa 3Ha4eHHH 6oee 0THOTO THIA JAHHBIX.

° Boo0Ime-T0, BBEJEHHE OTEPAIUN CPABHEHMS HaJ CPOYHBIMH 3HAYECHHSAMH €3 BBEJEHHS THIA CTPOYHBIX
3HaUeHUH caMo 1o cebe HeKOppekTHOo. OXHMM U3 TOCIEACTBUI OTCYTCTBUSI THIIA CTPOYHBIX 3HAYEHHMIT
SIBJISIETCS HEBO3MOXKHOCTh HCIIOJIb30BaHUs Null-3HadeHust st 0003HAYECHHs HEW3BECTHOTO CTPOYHOTO
3HAYeHHsI, KOTOPOE B 3TOM ClIydae MPEACTABILIETCs MOCaenoBaTensHoCTh0 NUll-3HadenHuit Toi xe creneHy,
4TO U CaMO CTPOYHOE 3HaueHHe. B COOTBETCTBHMH C 3THM, €CIM CTPOYHOE 3HAYEHHE KOHCTPYHpYyeTcs C
HCTIONB30BaHUEM TI0/3aIPOCa, BO3BPAIAIOIIET0 He 0oJiee OJHOM CTPOKH, TO Cilydail MyCTOro pe3ynbTaTa
MHTEPIPETHPYSTCS KaK HAIMYHE CTPOKH COOTBETCTBYIOLICH CTENCHH, COCTOAIIEH TonbKo u3 Null-3Hadenuii.
OueBHHO, YTO MOA3AIPOC MOT OBI SIBHO BBIAATH OJHY CTpOKY NUll-3HayeHwit, u 3TH JBa Cirydast Hepa3IUIHUMBI.
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4)

Bonpeku uHTYynnnu 11 R crenenun 6onpire 1 NOT (R IS NULL) < R IS NOT NULL. Bot
BCE BO3MOXKHBIC KOMOUHALIUH.

RIS R ISNOT NOTR IS NOT R IS NOT
NULL NULL NULL NULL

degree 1: null true false false true

degree 1: not null | false true true false

degree >1: all null | true false false true

degree >1: some false false true true

null

degree >1: non false true true false

null

VYenoBust moucka B SQL-92 crposites Tak ke, kak B SQL-89, HO B ocHOBe MOCTpOeHHSA
JIOTHYECKUX BBIPAKCHUN MOXHO WCIIONB30BATh HE NPEAWKATHl, HO W SBHBIC MNPOBEPKH
OyneBckux 3HaueHu (boolean test) Buma B IS [NOT] {TRUE | FALSE | UNKNOWN}, rne B
— 3TO MPEIUKAT WIN YCIOBHE IMOWCKA B KPYIIIBIX CKOOKaX. DTH OIEpaIluyl BCerna MPUHUMAIOT
3HAUCHU frue WIN false B 3aBUCHIMOCTH OT 3Ha4eHUSA B. DTO MO3BOMISIET KOHCTPYHPOBATh
YCIIOBHS MTOKCKA, BEIYUCIIAEMBIC B IBYX3HAUHOM Joruke. KpoMe Toro, BBeneHHe 0003HAYCHUIN
JIOTHYCCKUX 3HAYCHUH MOXKHO CUNUTATH [IIATOM Ha IyTH K MPUHATHIO TOJHOIIEHHOTO OYJIE€BCKOTO
TUTIA TAHHBIX CO CBOMMH JHTepanamu, XoTs B SQL-92 takoii Tum Tak u He OBLT BBEICH.

2.1.4 SQL:1999 n SQL:200n

Ko BpeMeHM HammcaHust 3TOH cTaThi B 21-M Beke OBUIM MPUHATHI IIATH BAPHAHTOB cTaHmapta SQL
[18-23]. OGbem craHgapra BCe BpeMs YBEJIMYMBACTCA. €CIM OCHOBHas wacth (Foundation)
crangapra SQL:1999 [19] 3anumana 1150 ctp., To B cranmapte SQL:2016 [23] ananoruunas 4acTh
HacuuThiBaeT yxe Oonee 1700 crp. OnHako Bce, YTO KacaeTcsl pabOThl C HEH3BECTHBIMU
3HAYCHUSAMHU M TPEX3HAYHOH JIOTHKOW, mosBmiock B SQL:1999 u mepeHOCHIOCH B CICIyIONIUE
BEPCHH CTaHJapTa paKkTuiecky 0e3 n3MeHeHuit. CyTb COOTBETCTBYIOIINX ClielM(UKALNI COCTOUT
B CJIE/IYIOIIEM.

1

2)

Haumnas ¢ SQL:1999, Bo Bcex Bepcusix crangapta SQL comepKUTCS OJHO W TO XKe
onpenenenue null-3HaueHust, KOTOPOE COACPKUTCS B MEpBOi yactu ctanmapra (Framework)
[18] u mMasio oTiMuarcs OT omnpeeneHus, puBeaeHHoro B ctanaapre SQL-92; null-3HaueHue:
crennagbHOE 3HAUYCHHE, HCIOIb3yeMOe Ui 0003HAUSHHS OTCYTCTBHS KaKOTO OBI TO HU OBLIO
TUITU3UPOBAHHOTO 3HaueHMs. bompie B cranmapre SQL Hudero He roBoputcs o mpupoae null-
3HAYCHUH (HE CUUTAsl CIIeHU(pUKAINN OYISBCKOTO THIIA, CM. HIDKE), HO M3 3TOTO ONpEICICHUS
CIIEyeT, YTO, BO-IIEPBHIX, null-3HaueHne MOXKET ITOMeUaTh OTCYTCTBUE 3HAYCHUS JIFOOOTO THIIA
JAHHBIX ¥, BO-BTOPBIX, caMo null-3HaueHHe He sSBISIETCS 3HAUYCHUEM HHKAaKOTO THIIA TAaHHBIX.
[NosiBUIICS KOHCTPYKTOP THIIOB CTPOYHBIX 3HaYeHNH. Kak 1 cie1oBaio 0XuiaTh, CTPOYHBIA THIT
oTpenenseTcss Kak IMOCIeAOBaTeIbHOCTh Map (<HMsS HOIT> <TUM JAaHHBIX>). BO3MOXHOCTB
OTIpeNieNIeHUs] CTPOYHOTO THIIA BJIEYET BO3MOXXHOCTH OIpEeNieHHs B Tabnmile 0a3sl JaHHBIX
cTONOIa TAaKOro THIA W, COOTBETCTBEHHO, BO3MO)KHOCTH HCIONB30BaHMA null-3HaueHus B
ClIydae OTCYTCTBHS COOTBETCTBYIONIETO CTPOYHOTO 3HAYEHHS B ATOM CTOJIOIE B HEKOTOPBIX
CTpoKax TabmuIlpl (ecau 310 He 3ampemieHo orpanndeHrneM NOT NULL manHoro crosOa).
[MosTomy B crienudmkanny npenukara cpasHeHus B SQL:1999 npexxae Bcero roBoputcs, 4to
Pe3yabTaToOM CpaBHEHHMS ABYX CTPOUYHBIX 3HAYECHUH SIBISETCS unknown, eciiv XoTs Obl OIMH U3
orepaHoB siBisieTcs null-3HaveHwe.

Opnako, kak B SQL-92, Bo Bcex clenylolMX BEpPCHUAX CTaHIApTa MOJaraercs, 4To €ciu
CTPOUHOE 3HAYEHHE KOHCTPYUPYETCS C HUCIOJIB30BaHMEM MOA3apoca, U ATOT MOJA3aIpocC
BBIJJA€T IYCTOH pEe3yJibTaT, TO 00pa3yeTcsi CTPOYHOE 3HAYEHHE, BCE 3JIEMEHTHI KOTOPOTO
sBisitoTcsl null-3HaueHnssMu. 3aMeTrM, 9To Tereph (CM. CHOcKy 9 B m. 2.1.3) ato (mycrtoe)
3HAUCHHUE SABISICTCA THUIHM3HPOBAHHBIM, €TO CTPOYHBIH THIT BBIBOIUTCS W3 CICIUPUKAINN
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nozazanpoca. JIerko mpoBepuTh, YTO MPERUKaT CPAaBHEHHUS BBIAACT OJUH M TOT K€ PE3YIbTaT
unknown B 06oux ciy4dasx. bonee toro, pesynbrarom npumenenus IS NULL Oyner B o6oux
ciydasx true. Boobie, BOSMOXXHOCTh HaJIMYHSI THIM3UPOBAHHOTO COCTaBHOTO 3HAYCHUS, BCE
KOMITOHEHTBI KOTOPOTO HE TUIM3UPOBAHBI, KAXKETCSI OYEHb MOJJO3PUTEIILHON UIeeH.
3) B SQL:1999 mnosiBuics O4YeHb CTpaHHBIA OyneBckuit Tur. OnpeeseHHe 3aciyXHBaeT
JIOCJIOBHOTO TI€PEBOAA.
Tun Ooannsix boolean cocmoum uz 08yx paznuuumvlx UCMUHHOCMHbIX 3Hayenull true u false.
Ecau smo wue sanpeweno oepanuuenuem NOT NULL, ¢ mune Oanuvix boolean maxoice
noodepoicueaemcs UCMUHHOCMHOe 3HaueHue unknown kax null-snauenue. B smoi
cneyugbuxkayuu He Oenaemcs pasuyus mexcoy null-smauenuem muna oaunwvix boolean u
UCTNUHHOCMHBIM  3HAYeHueM UNnknown, Komopoe A67Aemcs pe3yIbmamom NnpUMeHeHUs
npeouxama, yCio8us NoUCKa Ui bl4UCIeHUSs 8bIPANCEHUS C 0VIeBCKUM 3HAYEHUEM, OHU MO2YM
UCNONB308ANBCA PABHONPABHO, O3HAYAS 8 MOYHOCHU OOHO U MO Jice.
Bce snauenus muna oanmvix boolean u ucmunnocmuvie 3snauenuss SQL aensiomes 83aumHo
cosmecmumblMu U npuceausaemvimu. 3nauvenue true donvue, uem false; noboe cpasnenue, 6
KOmopom yyacmeyrom null-3nauenue uiu ucCmunHOCmHOe 3HA4eHue unknown, npueooum K
pesynomamy unknown. 3nauenus true u false mocym 6vimv pasmewenvt 6 n0bom mecme,
umerougem mun oaunvlx boolean,; 8ozmodcnocms pazmewjenusi unknown, wau null-snauenus
3asucum om mozo, OOnycKaemcs au Hanudue null-3navenus 6 yenregom obvexme.
IToyemy Ham He HpaBHUTCS OYJNEBCKMH THUI COBpPEMEHHBIX cTanaaproB SQL? Bo-mepsbix,
a0COJIFOTHO HETOHSATHO, KaK MOXHO OTOXICCTBIISITH B OYJIEBCKOM THIE peajbHOE 3HauCHHE
unknown u crieriansHoe Null-3nauenue (ncesnosnadenue). Null-3HaueHne 0603HaYaET OTCYTCTBHE
TUTTU3UPOBAHHOTO 3HAYCHUS M HE MOYKET II03TOMY SIBIITHCS TUITH3UPOBAHHBIM 3HAUCHUCM.
Bo-BTOpBIX, CIIEICTBHEM 3TOTO HETIPABOMEPHOTO OTOKAECTBIICHUS SIBJISIETCS OTCYTCTBHE pealbHOM
YIOPSIIOYCHHOCTH 3HA4YeHUI OyJNeBCKOro Tuma. B Tpex3HayHOW JIOTMKE TPEThe JIOTHYECKOE
3HAYCHHE UMEET ECTECTBEHHYIO CEMaHTHKy Maybe, B COOTBETCTBHHU ¢ KOTOpO# true > unknown >
false. Kasanoce Obl, uTO KO0 Ha MHOXECTBE 3HAYCHUH THUIA JAHHBIX €CTh OTHOILICHUE MOPSIKA,
6o ero HeT. CTpaHHO, KOTa 1B U3 TPEX 3HAYCHHS OYIIEBCKOTO TUITA YIIOPSI0YCHBI, 8 Y TPETHEro
CBOET0 MecTa HeT.
Hakonen, HauMHAas ¢ MEepBBIX MOMBITOK KoIma paciiupuTh pPEISIHOHHYIO MOJAETHh CPEICTBAMH
MPEJCTaBICHAS OTCYTCTBYIONIEH WH(MOpPMAIMH, CUUTAJIOCh, YTO €CIH B JIOOOM BBIpAKCHUH
BcTpeuaercst Null-3HaueHue, TO pe3ysibTATOM BBIYHCICHHS ITOTO BbIpaXkeHHs sBisiercss hull-
3HadYeHne. Kak MBI TOKakeM B CIISAYIOIIEM pa3Jielie CTaThH, YaCTO 3TO COTIIAIICHHE SIBIISCTCS MSTKO
TOBOpSI COMHHUTENBHBIM, HO craHmapt SQL ero mpumepxwBaercs Ui BCeX Pa3HOBHIHOCTEH
BBIpaKeHUi, kpome OyneBckux. [louemy apudmerndeckoe Boipaxkenue 0 X NULL = NULL, a
normdgeckoe BeipakeHue false AND NULL = false?

2.2 MpeactaBneHue oTcyTcTByOWeEn uHopmauum 6e3 null-saHavyeHun

DTOT mojpa3zies MPaKTHUECKH IEJIMKOM omupaeTcst Ha pabotel Jledita m Jlapsena. Jlns Hayama
3ameTuM, YTO, HaumHas ¢ 1984 r. (mo BBIXOma mepBoro cranmapra SQL) [24], Heiir
CHUCTEMAaTHYECKH, MOYTH BO BCEX CBOMX IMyONMKAIIUSAX KPHUTHKOBAJI PA3IUYHBIC ACIEKTHI S3BIKA
SQL. Tlo HaniemMy MHEHHIO, 3Ta KPUTHKa OYEHb MOJIE3HA JJIsi MHOTOYHCICHHBIX Pa3paboTYMKOB
NpuIoKeHnit 0a3 AaHHbIX, ucnonb3yommx SQL Ha mpaktuke. OHa ke B OOJIBIIOW CTENeHH
MOTHBHpOBaJIa U CTUMYJIMpOBaIa pa3padorky Jleiitom 1 JlapeHOM HX COOCTBEHHON COBPEMEHHOM
BEPCHH PEIBILMOHHOM Monenu AaHHbIX [11]. OnHako B 3T0it cTaThe HaC MHTEpeCyIOT uaeH Jeiita u
JlapBeHa 110 oBOJy Cpe/ICTBa PabOThI C OTCYTCTBYIOIIEH HHOpMaLneH.

2.2.1 3Ha4YeHnA No yMOJT4aHuUIo

BrepBele kK Teme HeomlpelneneHHbIX 3HaueHuid JledT oOpaTwics B YETBEPTOM H3IaHUU CBOEH
3HAMEHHUTOM KHUTH «BBeleHue B cucteMbl 6a3 manubix» [25, 5.5 “Null Values]. Uepes tpu roga
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3TOT MaTepuan B HEMHOTO TiepepaboTaHHON (opMe OBUT OMyOJUKOBAH B BHJIE OTICILHON CTaThU

[26]. HaubGonee BayKHBIMU MOMEHTAMH SIBIISIFOTCSI CIICIYIOLLHE.

1) B [25] roBopuTtesi, uto mpobieMa null-3Ha4eHNsT HEAOCTATOTHO XOPOIIO HU3yUeHA, M3-32 YEro
BKITIOUEGHUE TOANEpXKKM null-3HadueHWiI B pabOTaroOmIyl0 CHCTEMY CIIeQyeT CYHTaTh
mpexaeBpeMeHHBIM. B [26] JIe#T y)ke cTporo 3asBisieT, YTO HCIOoIb30BaHue null-3HaueHus s
MIPE/ICTABICHUS OTCYTCTBYIOLIEH NH(pOPMALINK HE SBISETCS YAOBICTBOPUTEIBHBIM PEIICHUEM
9TOM pobnemsl. Konnenust null-3Hauenns co3naer ropaszno 0osblie NpodieM, 4eM pelaeT.

2) Tewm He MeHee, Jajiee IPUBOAUTCS cxeMa paboTsl ¢ null-3HaueHUIME TOTHOCTHIO B Ayxe Koama
[3] ¢ Toi1 ke myTanunei Mexxay null-3HaueHueM U TpeThUM 3HaueHHeM OyneBckoro tuna. [Tocie
9TOTO ClIeNyeT KpPUTHUKA C JAEMOHCTpalMel pPa3IM4YHbIX aHOMAJUi, K KOTOPBIM IPHBOJHUT
Hanuuue null-3Hauenns B sa3bike SQL (et ceputaeTcs Ha Bapuant SQL, Mcnoiap30BaBIIMHCS
B IBM u nociyxuBmuii ocHOBOI mepBbeIx cranaaproB SQL). U, nakonern, mpennaraercs
IBTEPHATUBHBIM IIOAXOX K pEHICHHIO NPOONEeMBI TNpEACTaBIeHHS B 0a3aXx JaHHbBIX
OTCYTCTBYIOIIEH HWH(pOPMALMK Ha OCHOBE 3HAYCHWI aTprOYyTOB OTHONICHWH, Ha3HAYAEMBIX
9THUM aTpUOyTaM 10 YMOTYAHHIO.

3) B onpexneneHny Kaxaoro arpubyTa JIro00ro HIMEHOBAHHOIO OTHOLICHHS IIPHCYTCTBYET paszell
DEFAULT, B KOTOpOM OTIpeNesieTcs 3HaYSHHE 110 yMOJIaHUIO 3TOTO aTpuOyTa, IN00 3a1aeTcs
cnerndukaruss NODEFAILT, o3Hagaromas OTCyTCTBHE Y aTprOyTa 3HAYCHUS 110 YMOTIAHHIO.
Jnst Bcex arpuOyToB, BXOISIIMX B COCTaB NEPBHUYHOTO KIIOYA, OOS3aTENIbHO OTCYTCTBHE
3HauYeHUH 1o ymom4aHuio. [lng Bcex mpouux arpuOyToB npu oTcyTcTBHM pasnena DEFAULT
IIPEIIIoJIaraeTCcsl Halu4IKe MpeoNpeIeIeHHOTO (3aBUCSIIEro OT TUIa aTpulyTa) 3HaYeHHUS 110
YMOJYAHHUIO (HAarpuMep, Mpo0esoB sk CAMBOJIBHBIX CTPOK WJIM HYJIEH JUIsl YUCIIOBBIX THIIOB).

4) Tlpu BCTaBKe B OTHOIICHHE HOBOM CTPOKH TOJIb30BATENb TOMKEH O0CCIICUNTh SBHBIC 3HAYCHUSI
BCeX aTpHOYTOB, y KOTOPBIX HET 3Ha4eHUH 1Mo ymomdaHuio. s apyrux arpuOyToB npu
OTCYTCTBUH SIBHBIX 3HAYEHUH CHCTEMa HUCIIOIb3YeT 3HAYCHUS [0 YMOIIAHHIO.

5) Hwmeercs Bcrpoennas ¢ynkuust DEFAULT (R.A), Bo3Bpamiaroiias 3Ha4eHUe M0 YMOIUAHHIO
arpubyra A ©0asoBoro orHomenuss R. Ecim y arpulOyra A HeT 3HaueHMS N0 YMOYaHHIO,
¢dukcupyercs ommoOka. C UCIOIb30BaHUEM 3TOH (DYHKIIMN MOXXHO KOPPEKTHO MUCATh 3aIPOCHI,
BKJIFOYAIONINE BBIYUCIICHUS arperarHbiX QyHKIHUI.

Kak BusHo, B [25, 26] mpuBoautcst Muib HAOPOCOK MPEAIAraeMoro Mmojaxoja, H 3TOT HabpPOCOK

MOBTOPSIETCSL CITyCTs ele Heckonbko JieT B [27]. Tloatomy [27] He cnocoOCTBYET MOHUMAHHIO

noaxoxna Jleira, HO B 3TOH CTaThbe MPUBOISITCS OYEHb 3]PaBble COOOPaKEHUSI O HEBO3MOXKHOCTH

OTpeIeNICHNsI TPEX3HAYHOTO OYJIEBCKOTO THITA MPU HaJIWYUK yHUBepcambHoro Null-sHauenus. Dtu

co0o0pakeHHs CO3BYYHBI TE€M, KOTOpBIE NPHUBOIMINCH B KOHIE MPEABIIYLIETr0o IMOJpa3jena Mo

MOBOAY YIIEPOHOCTH OYJIEBCKOTO THIA B COBPEMEHHBIX cTaHmaprax SQL, ¥ MbI KOPOTKO HX

HepeCcKaXeM.

1) Ecmu o6o3naunts 4yepes UNK null-3sHauenue, 0003Hauaroliee HEU3BECTHOCTh IAaHHBIX, TO
pe3yabTaToM BBIYMCICHHsS JIOOOr0 JIOMYCTHMOTO CKAISIPHOTO BhIpaXeHHs X alphay, rme
alpha — GuHapHas omnepanus, a X U y — CKalsIpHbIe 3HaueHus, sBisieTcss UNK, eciu xotst ObI
onHUM omnepanaoM sasisercas UNK.

2) PesymbraToMm JI000r0 JOIYCTHMOTO BEIpaXKEHUs X theta y, rae theta — onepanust CKaasipHOTO
CpaBHEHUS, a X U Y — CKAJISIPHBIC 3HAYEHUs], SIBISIETCSI TPEThE JIOTHUYECKOe 3HaYeHue unknown
(unk), ecrut x0Ts1 ObI oHMM orepaHoM siBisieTcss UNK.

3) UNK u unk — 3TO HE OIHO U TO e, T.6. HCTHHHOCTHOE 3HAUCHHE unknown 03HauaeT He TO JKe
camoe, YTO «MCTHHHOCTHOE 3HaueHHWE HeM3BecTHO». Eciam v — 3To mepemeHHas OyaeBCKOTO
TUTIA, UMEoIIas 3Ha4eHue unk, TO M3BECTHO, YTO OHA MMEET 3TO 3HAUeHHWE. DTO O3HAdaeT
COBCEM He TO )€ CaMOe, YTO «3HaueHHEe ¥ HEM3BECTHOM.

4) Tlycte s sormueckux onepauuit NOT, AND u OR nAedCTBYIOT TpajMIIMOHHBIE IS
TPEX3HAYHOHM JIOTMKM TaOMMIBl MCTUHHOCTH. [IpearonokumM, dYTO 3HAa4eHHE JIOTHYECKOH
TIepeMEHHOM HeN3BECTHO, T.¢. 0003Ha4deHo uyepe3 UNK. MoXHO cOrnacuThes, 4To pe3ysibTaToM
Belpaxkenust frue OR UNK moxer ObITh true, a pesynsraroM false AND UNK — false. Ho
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pesynapratoM omeparmi NOT UNK moxker Obith Tombko UNK. 3HauuT 5 3TO, 9TO B
JIEWCTBUTEIILHOCTH JIOTHKA JIOJDKHA OBITH YeThIPEX3HaYHOW?

B 3akoHYEHHOM BHIE ONKMCaHHWE IOAXOJAa K IMPEACTABICHUIO OTCYTCTBYIOWIEH HWH(pOpMAIHu C

[OMOIIBIO 3HAYCHHUI aTPHOYTOB [0 YMOIYAHHUIO IOSIBIUIIOCH CIycTs eiue aBa roza [9]. B onmcannu

BBIJEIISIFOTCSI CTPYKTYPHBIE aCIEKTHI MPEUIaracMoi CXEMBI, acleKThl, CBSI3aHHBIC C ITOMICPIKKON

LENOCTHOCTH ©0a3 JaHHBIX, W MAaHUIYJSIUOHHBIE AacleKThl. B ommdme OT mpensiayImux

ny6Onukauuii, B [9] ucnons3yercst TepmuHonorus cranaapta SQL (mabauyer BMecto omHowenutl,

cmonbybl BMECTO ampudymos, cmpoku BMecTo kopmeoiceti), a BMecto DEFAULT wncnons3yercs
6osee ymectroe B 3toM KouTekcte UNK (UNKNOWN).

1) Cmpyxmypnvie acnexmoi. B onpeneneHun J000ro cTondia KakaoH TaOnuIbl 100 TOKeH
npucytcTBoBaTh pasaen UNK, B kotopom 3amaercs npeacrasienue UNK s atoro cronbia,
6o nomkHa mpucytcTBoBath crieruduranuss UNKS NOT ALLOWED. UNK-3nauenue s
JTAHHOTO CTOJIONA (€CIIM OHO CYIIECTBYET) JOIKHO SIBJISITHCS 3HAYEHHEM JIOMEHa 9TOTO CTOJIONA.
Jy1si HEKOTOPBIX CTOJNOIIOB MOXKET OKa3aThCsl, YTO JII00ast AOMycTUMas KOHQUTrypanus OMTOB
SIBJISICTCS. BO3MOYKHBIM peasibHbIM 3HadeHueM 3Toro ctonbna (ae UNK). ITo mHenuto [eiita, Ha
MpakTHKe Takas CHTyanusi OyJeT BO3HMKATh JOCTATOYHO PEIKO, W IOATOMY KOHKDPETHBIE
cpenctsa i onpenencans UNK He npemaratores. B Taknx ciaydasx mpuaeTcs SBHO BBOAUTD
OT/ENbHBIE, KOHTPOJINPYEMBIE MOIB30BATEISIMU CTOIOIBI-NHANKATOPEI.

IIpu BcTaBke CTPOKH B 6230BYI0 TAOIHIy TTOJIB30BATEINb JOIDKEH YKa3aTh 3HAYECHHE IS TF000TO0
crombora ¢ UNKS NOT ALLOWED. [lng ocTalbHBIX CTOJOIOB, €CIU ITOJB30BATEeNIb HE
yKa3bIBaeT 3Ha4YEHUE, CHcTeMa BeTaBnsaeT coorBeTcTByoniee UNK-3HadeHue.

[Tpu mobarneHuu cTo01A K 0a30BOM TAOIMIIE OTIPEICICHUE ITOTO CTOJOIA TOTHKHO COEPIKATh
paznen UNK, u Bo BcexX CyIIECTBYIOLIMX CTPOKax TaOJMHIBI B HOBBIH CTOJOEI] 3aHOCHUTCS
cootBetcTBytomee UNK-3HaueHue.

2) Acnexmul, ceszannvie ¢ nodoepickol yerocmuocmu. OT TPaBUIA YeIOCMHOCHU CYUHOCMEl

(3HaueHMs1 TIEPBUYHBIX KIFOYel 0a30BBIX OTHOLICHUH HE JOJDKHBI copepkarh null-3HaueHwmit)
MOKHO ITOJTHOCTBIO OTKa3aTbhCsl, MOCKOJIbKY HeT null-3Hauenns. M3 3Toro ciemyer Takxke, 4To
ucYe3aeT pa3liiuue MEXIY IEPBUYHBIM KIIIOYOM OTHOIICHUS M JIIOOBIM €ro BO3MOXKHBIM
KITFOYOM.
[IpaBmiI0 CCHIIOYHOM LEMOCTHOCTH CIIETKa YIPOIIAETCs: ISl KaKJOr0 3HAYECHUsS] BHELTHETO
KJII0Ya JIOJDKHO CYIIECTBOBATh 3HAYEHHWE COOTBETCTBYIOIIETO IEJIEBOTO IEPBHYHOTO KIIOUA.
OnHako M3 3TOTO YNPOIIEHHOTO TpaBWia CJEYET, YTO €CIIM 3HAaYeHHE BHEUIHEro KIrova
spisercs UNK-3HaueHueM, TO B LiesieBOil Tabiulle JOJDKHA CYLECTBOBATh CTPOKA, B KOTOPOi
3HAYEHUEM NIEPBUYHOrO Kiroua Takxke spisercss UNK-3HaueHue.

3) Manunynsyuonnsie acnexkmoi. Ecim R — 3T0 mepeMeHHas [uama3oHa, mpoberarorasi 1o
CTpOKaM HeKOTOpoil 0a3oBoil Tabmuupl, a C — HEKOTOpBIA cTONOEI] ATOW TabIMIBI, TO
BerpoenHas ¢ynkius UNK (R.C) Bo3spamaer UNK-3HadeHHe 3TOro cTonodua, eciid OHO JUIs
Hero onpexaeneno. Eciu cronbenn C ompenenen ¢ ykasanuem UNKS NOT ALLOWED,
(ukcupyercs ommoKa.

Berpoennas gynkmus IS UNK (R.C) skBuBaneHTHa HCTHHHOCTHOMY BhIpaxkeHHI0 R.C = UNK
(R.C), T.e. oHa BO3BpaIaeT frue JUIA TeX M TOJIBKO TEX CTPOK TaOIHMIIBI, C KOTOPOH cBsi3aHa
nepeMeHHas R, juist kotopbix 3HaueHneM cronbua C asisercst UNK-3HaueHme.

Berpoennas ¢ynknust IF UNK (R.C, exp) siBisiercst cokpamieHHoi ¢gopmoit Boipaxenns [F
IS UNK (R.C) THEN exp ELSE R.C.

C 0JHOI CTOPOHBI, ONMCAHHBIM MOJXO0] JEHCTBUTENHFHO MO3BOJSIET COXPAaHATH B 0a3e JaHHBIX

nH}opMannIo 0 HEM3BECTHBIX JAHHBIX M OOECIeYMBAET IOJH30BATESIM BO3MOXKHOCTbH IHCATh

KOPPEKTHBIE 3aIpoCHl 3a cueT sBHOTO BhIABieHUs Hamnuust UNK-3nauenuii. C apyroit cTOpoHSI,

UNK-3HaueHust — 93TO JOMyCTHMBIE 3HA4YE€HHS JOMEHOB COOTBETCTBYIOIIMX CTOJIOIIOB.

[Tonmp30BaTenn MOTYT BKJIIOYaTh B 3ampPOCHl apH(METHUECKHEe BBIPAKECHHS M CPAaBHEHUS,

conepxane UNK-3HaueHns pasHbIX CTOJNIONOB. Pe3ymbTaTel TakWX BBIPAXECHHH, OYEBHIHO,

OECCMBICIIEHHBI, KaK W PE3YJIbTaThl COOTBETCTBYIOLIMX 3alpocoB. J[pyruMu ciioBamH, cCHUCTEMa
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MOJTHOCTBIO TIEPEKIaAbIBACT HA MONb30BAaTENEll OTBETCTBEHHOCTh 33 KOPPEKTHOCTH PabOTHI C
OTCYTCTBYIOLIEH HHpOPMALIHEH.

2.2.2 CneumnanbHbie 3Ha4YeHusA

He#ir  o6buHO cchutaetcst Ha [10], kKak Ha OCHOBHYIO paboOTy, OITMCHIBAIONIYIO €r0

YCOBEPIICHCTBOBAHHBIH IMOAXOJ K TPEICTABICHHIO OTCYTCTBYIOIIMX JaHHBIX Ha OCHOBE

nByx3HauHO# sorukd. Onnako B [28], tae et u JlapBeH B COOTBETCTBYIOMIMX MECTaX TaKKe

cceumarorest Ha [10], B O€CTBUTEIBHOCTH COAEPIKATCS HEKOTOPBIC Ba)KHBIC HCIPABICHUS U

yrounenus. IloaToMy mpu paccCMOTPEHHMH CYTH 3TOTO TOAXOABI MBI OylIeM OIHOBPEMEHHO

ucnons3osats u [10], u [28]%.

1) Tlpu onpepenenuu 106010 (CKAISPHOIo) TUIIA AAHHBIX T MOMKHO TOMOJIHUTENILHO K MHOKECTBY
€ro OCHOBHBIX 3HAYEHHil CTENMPUIUPOBATh JFOOOE YHCIO CIENMATBHBIX 3HAYEHUH?,
MIOBEICHUE KOTOPBIX OTAMYAETCS OT TIOBEACHUS OCHOBHBIX 3HaueHWil. g Kakmoro
cneuuanbHoro 3HaueHust tTuna T 3amatorcst ero unentudukarop (Hanpumep, UNK (unknown)
win NA (non-applicable)), a Taxke nuTepalbHble TIPEICTABICHHUS TUX 3HaYCHUH (Harpumep,
2 mist UNK mwm ) st NA). 23
CucremMa He 3HAET CMBbICIIA CIielIMaJIbHbIX 3Haqu14171, X HHTEpIpCTAllid U3BECTHA TOJIBKO
nonb3oBaresiM. OIHAKO CUCTEMa 3HAET, YTO 3TH 3HAYCHUS SIBIIFOTCS HE OOBIYHBIMH, a
CIieliMaJIbHbIMH 3HAYCHUSIMU THUIIA T, 1 JJI KaXXKI0T0 CI€UaIbHOTO 3HAYCHU S TPEAONPEACTIACT
onepanun UNK_T () u NA_T (), BozBpamarommue 3Ha49eHus T (‘?”) u T (!”) COOTBETCTBEHHO.
Jnst KaXI0To CIENHANbHOTO 3HaueHMs THha T Takke MPEeJopeNessoTcsl onepanud BHIA
IS_UNK (scalar_exp), tme scalar_exp — BelpaxkeHHe Tmma 1. Omepamus BO3BpaIiacT
UCTHHHOCTHOEC 3HAYCHUE frue, eciii 3HadeHueM 3toro Beipakenus seisiercss UNK_T (), u false
B IIPOTHBHOM CIIy4ae.

Hakownen, npeanaratorcst ABe omnepainuu BHemnHero coequHeHust otHomeHuid (LEFT JOIN u
RIGHT JOIN), kotopsie moxoxu Ha coorBeTcTBytouue onepanun NATURAL OUTER JOIN
SQL, Ho BMecTO null-3HaueHH HCHIONB3YIOTCS SIBHO YKa3bIBaEMbI€ CIICIMAJIbHBIE 3HAUCHHSI.

10 XoTst pu 3TOM BO3HMKAIOT TPYJHOCTH, CBS3aHHBIE C PA3HBIM KOHTEKCTOM: B [10] HCTIONB3yeTcsl KOHTEKCT
crangapta SQL, a B [28] — KOHTEKCT OmpenesieMoro BapHaHTa PEILUOHHON MOJENH AaHHBIX. B cBOeM
W3JI0KEHHH MBI OyJIeM CTapaThCs CTIIAUTh PA3JIMUUs STHX KOHTEKCTOB.

11 B [28] nox cxkaasprvim munom danmbix TOHUMAETCS HHKAICYTMPOBAHHBIN THIL, peaibible npedcmaesienus
3HAYEHUIT KOTOPOTO CKPBIBAIOTCS OT MOJIL30BATENEH 32 OTHUM MM HECKOJIBKUX B03MONCHBIX NPEOCmasieHull,
KQXI0€ M3 KOTOPBIX SIBISIETCS HEKOTOPOH CTPYKTYpoO#l (3alMChi0) C THUNMU3UPOBAHHBIMK TOJSAMHU (paHee
OIPE/ICNICHHBIX WJIM TPEIONpPECICHHBIX THIIOB), B3aHMMHO OJHO3HAYHO OTOOpakaeMOW Ha pealbHOe
TIPe/ICTaBICHNE THIA ero peamusaropoM, Omepanuy Haj 3HAUYCHUSIMU CKAISIPHOTO THIIA ONPENEIAIOTCS B
TEepMHHAX OJHOTO M3 €TO BO3MOXKHBIX IPECTABICHUH U aBTOMATHUECKH OTOOPAKAIOTCS B OTIEPAIMU HAJ €T0
peaNbHBIM TIPECTaBICHHEM.

12 imenno stum o6bsicusier Jleit B [ 10] mepexo 1 OT TEPMUHA 3HaueHUe N0 YMOAUAHUIO K TEDMUHY CHeYUATbHOe
3HAueHue: CTICUUAIBLHOE 3HAUCHHUE HEe MOJXKET CIY)KHTh B KaueCTBE 3HAYCHHS 110 yMOIYAaHHIO, IOTOMY YTO B
OJTHOM THIIE MOXET OBITh MHOTO CIIEIIMANIbHBIX 3HaueHui. OiHaKo, 10 HallleMy MHEHHIO, He MEHee, a CKopee
Ooree BaXKHBIM OTIMYHEM CIIELHUAIbHBIX 3HAYCHUH OT 3HAYEHUH MO YMOIYAHUIO SBISETCA TO, YyTO B [9]
3HAUEHHEM CTOJIOIA 110 YMOJYAHHUIO CIY)KUT BBIOMpaeMoe MoJIb30BaTeieM 00bIYHOE 3HAUCHHE JI0OMeHa (THUra
JaHHBIX), a B [10, 28] crienmanbHble 3HAUCHNS SIBISIIOTCS IBHO BBOAUMBIMH JIOMOJHATEILHEIMH 3HAUCHUSIMU,
PO KOTOPHIE CHCTEME U3BECTHO, UTO KaXK10€ U3 HUX OTIMYAIOTCS KaK OT JIF000T0 0OBIYHOTO 3HAUCHUS, TaK U
JF000T0 IPYTOTo CIeNNaIbHOTO 3HAUSHHUSI TOTO XK€ TUTIA.

13 CpaBHHUTENBHO TIOAPOGHO CXEMa CTIENMATBHBIX 3HAYEHHN OOCYXIAETCA TONBKO JUISl CKAIAPHBIX THIIOB
JIAaHHBIX, XOTs B [28] BBOAATCS elle ABe Pa3HOBUIHOCTH THUIIOB — KOPTEKHBIC THUIIBI (TIOX0XKHE HA CTPOUYHBIE
tunbel SQL) ¥ THOBI OTHOIICHNMIT, OCHOBaHHBIE HA KOPTEXKHBIX TUNAX. TUIBI JaHHBIX 3TUX Pa3HOBHIHOCTEH
SABJIIAIOTCSA 663]>IM${HH]>IMI/I, TaK 4YTO HaIpsIMYIO MOAXOM, l'lpI/IMeHﬂeMblﬁ JUI1 UMCHOBAHHBIX CKAJISIPHBIX THUIIOB,
Ui HUX He paboTaer. B omHON M3 cHOCOK B [28] MHMOXOZOM TOBOPHUTCS, YTO HYKHO OBUIO OBI YTO-TO
MIpUAYMaTh 110 ATOMY ITOBOJY, HO JI0 3TOTO JIeJI0 HE JOILIO.
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2) Jlnst mro0BIX ABYX 3HAYEHMM a U b (OOBIYHBIX U CIIEMHAIBHBIX) THIIA T ONpeaeeHbl ONepaliu

CpaBHEHU 110 PaBEHCTBY M HepaBeHCTBY. CpaBHEeHHE a = b BO3BpallaeT 3Ha4YeHHUE frue B TOM
Y TOJIBKO B TOM CJIy4ae, KOIjia a U b SBISIOTCS OHUM M TeM ke 3HaueHueM. CpaBHeHue a # b
BO3BpalllaeT 3HaYeHUE frue B TOM M TOJBKO B TOM Cilydyae, KOraa @ U b He SIBISIFOTCS. OAHUM H
TeM jxe 3HadeHueM. OIHAaKO TpPH TONBITKE ONpPEAEIUTh Ha OCHOBE IBYX3HAYHOW JIOTHKH,
HanpuMmep, onepanuu cpasHeHns a > UNK_T () ma < UNK_T () kak BosBpamaromue false
Jutst moboro 3nadenus a, ommanoro ot UNK_T (), Bo3Hukaet npotuBopeune. JleiicTBUTENbHO,
npenmoioxum, uto (a > UNK.T () = false. Torma (a <UNKT())= NOT (a>
UNK_T ()) = NOT (false) = true.
B pesyabrare B [10] JledT npuXoAMT K BBIBOAY, YTO MpPU HCIOJB30BAHUM THUIOB CO
CIeLaJbHBIMU 3HAUCHUSMH CPaBHEHUE 3HA4YCHUH a U b Ha >, <, >, < JIONYCKaeTcs B TeX U
TOJIBKO TEX CIIydasiX, Korna a u b sBISIOTCS OOBIYHBIMU 3HaYeHUsIMH. Ecii XoTs Obl O1MH 13
OINEpaHJIOB TAaKOW ONEpalud CPaBHEHUs SIBISETCS CIICHHAJIbHBIM 3HAYC€HHEM, BO3HUKAET
UCKJIIOYHTENbHAS CUTyaIus. 3aMeTuM, 910 B [28] omepammm cpaBHeHHS Ha >, <, >, < Ui
THIIOB CO CIICIHATIbHBIMHU 3HAUCHUSIMH YK€ HE YIOMHHAIOTCS.

3) BeprunciuTeNnbHBIC BEIPAKEHUS CO 3HAYCHUSMHE TUIIOB CO CIEHATbHBIMU 3HAYSHUAMU HUKOTA
HE NPHUBOAAT K pE3ynbTaTaM, SBISIIONIMMCS CHENUalbHBIMH 3Ha4eHHSIMH. B dactHOCTH,
OTCYTCTBYeT mnpennucanue, B coorBercTBuM ¢ koTopbiM a + UNK.T () = UNK.T () nns
nroboro 3HaueHus a Thna T. DTo MOTHBUpYETCs CIeAyILMMHU coobpaxenusmu. Ecnu a +
UNK.T() =UNK.T(), To u3 cooOpaxkeHHH COINIACOBAHHOCTH JIOJDKHO OBITh U a4 —
UNK.T() =UNK.T(). Ho Ttorma nomxuo BbmonHatecs u UNK T () —UNK.T() =
UNK_T (), uro, mo muHeHuto Jlefita, MOXET MPUBECTH K aHOMAJIHSIM, IIOXOKAM Ha aHOMAIIUH
null-3nauennii B SQL.

Cyns no Bcemy, JledT n JlapBeH ObUTH HE CIHIIKOM yIOBICTBOPEHBI CBOW CXEMOH CIEIIHAThHBIX

3HaUeHMH (MBI BEpHEMCS K HEHl B CIEIYIOIIEM pa3/ielie CTaThH), IOTOMY YTO B OCJICIHEM H3IaHUH

UX KHHTH O COBPEMEHHOM IIPEICTABICHHH PENSUUOHHOW Monenu naHHbIX [11] BooOme

OTCYTCTBYIOT TIPEJIOKEHNUS 110 ITOBOJLY CPEICTB PA0OTHI C OTCYTCTBYIOIIEH HHpOpMaLneii.

2.2.3 CoxpaHeHue B 6a3e AaHHbIX OTCYTCTByloLWen uHdopmauum 6e3 noanepxku
null- nnu cneunanbHbIX 3HA4YeHUN

Opnnako crmyctsi 4eTsipe roja mnocie myonukaruu [11] deiit u dapsen Boimyctuid kaury [29], B

KOTOPO# OTHENbHAs 4acTh W3 YETHIPEX IVIaB MOCBAIICHA PAa3JIMYHBIM ITOJXO0IaM, MO3BOJIIOIINM

COXPaHATh M UCIIOJB30BaTh B 0a3aX JaHHBIX OTCYTCTBYIOLIYIO HHOOPMANHMIO 0€3 HCIOJIB30BaHHUS

KaKUX-JIH00 CPEJCTB SBHOTO MPEICTABICHNUS TaKOH HHGOPMAIWK. DTa YacTh KHUT'M HanucaHa Xbio

JlapBeHOM, KOTOPBIN BO BBE/ICHUH OTMEUAET, YTO HE CTPEMHTCS OTCTAUBaTh JOCTOWHCTBA HU OJTHOM

U3 ONKCBIBAEMBIX CXEM, a IyOJIUKYIOTCSI OHH B LIENSX UX 00CYKACHHS.

Ilepas u3 omuceiBaeMbIX B [29] cXeM OCHOBBIBaeTCS Ha Oexomnosuyuu omuowenui. Vnes

NpuHaIeKUT JlapBeHy u Oblla H3HaYalbHO npezctasiena B [30].

1) TlIpeamonoxum, 9To UMEETCS NIepeMeHHas otHoutenus r {key,al, a2, ...,an,b1,b2,...,bm}, B
J000M JOIyCTUMOM 3HAaU€HMH KOTOpOH WH(OpMAaIMs MOXKET OTCYTCTBOBaTh TOJNBKO B
arpubyrtax b1, b2, ..., bn. Torma Ha MEPBOM IIare I BEPTUKAIBLHO JACKOMIIO3HUPYeTCs Ha m + 1
nepeMeHHbIx ortHoweHuit ra {key,al,a2,..,an}, rbl{key,bl},..,vbm {key,bm}, B
JIONYCTUMBIX 3HaYEHHUAX KOTOPBIX MH(OpPMAIMS MOXET OTCYTCTBOBATH TOJNBKO B arpuOyTax
bi(i = 1,..,m).

2) Ha Bropom mmare kaxmas IepeMeHHass orHomieHus rbi {key,bi} TOpHU3OHTAIBHO
JCKOMIIO3UpYyeTcsi Ha mepeMeHHble otHowenui 1bi{key, bi}, rbil {key}, ..., rbik {key}
TaKue, YTO0 B JOMYCTUMBIX 3HaueHUsx rbi atpubyt bi comepKUT OObIYHBIC 3HAYCHUS, a B
JONYCTUMBIX 3Ha4eHWsX 71hil conmepkarcs KOpPTEXH, B KOTOPBIX 3HAUCHUIO KIIOYa
COOTBETCTBYET OTCyTCTBHE HMH(popMaruu B atpulyre biBunma 1 (Hampumep, 3HadeHue bi
HEU3BECTHO), ..., B HOIYCTUMBIX 3HAYEHUAX rbik comepkarcs KOPTEXH, B KOTOPHIX 3HAYCHUIO
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KJIFO4a COOTBETCTBYET OTCYTCTBHE MH(OpMarmu B arpudyte bi Buma k (Hanmpumep, 3HAYCHHE
bi HEIPUMEHHUMO).

3) Urobsr MOXHO ObL10 «CKIJICUTBH» 3HAYCHHUS TIePEMEHHBIX OTHOIIECHU
ra,rbi,rbil, .., rbik (i = 1,..,m), HyXHO, 4YTOOBl MOIJNCPKUBAIOCH CICIHAIHLHOE
OTpaHUYEHUE [IEJIOCTHOCTH: AJIS KaXK10T0 3HAYeHHUs KJII04a 7'a AOJKHO HAalTUCh COBMAIatoIee
¢ HUM 3Ha4YeHHE KJIF04Ya B 3HAUEHUH POBHO OJHOI rmepeMeHHo# rbi, rbil, ..., rbik.

4) 3ampochl Haa TaKWUMH [ICKOMIIO3MPOBAHHBIMHM 0a3aMH [aHHBIX C HESIBHO COZIEPKaIleHCs
OTCYTCTBYIOIIECH HWH(POpPMAIMH MOKHO BBINIOJNHATH C HCIIOJIB30BAaHHUEM MEPEUMEHOBAHUS
arpuOyTOB, HO00aBICHHS CTONOIOB, 3aIlONHEHUS WX OMNPEHCIIEMBIMH ITOJIB30BATEIIMHU
0003HAaYCHUSAMH OTCYTCTBYIOIIMX JIAaHHBIX W BBIIOJNHEHHUS OIlEpaluil eCTECTBCHHOTO
COETUHEHUS.

Ha manenskoM mpumepe, MpuUBEICHHOM JlapBEeHOM, BCE 3TO BBINIIOUT HECTPAIIHO, HO [UIA

OTHOIICHHH ¢ OONBIINM YHCIOM aTPHOYTOB, B KOTOPBIX MOTYT OTCYTCTBOBAaTh JaHHBIC, II0 HAIIEMY

MHEHUIO, TPAKTUYECKH HEMPUMEHUMO.

Bropoit moaxon ocHOBaH Ha MOHSATHH MYIbMUOMHOWeEHUs. B HEKOTOPOM CMBICIE 3TOT IOIXOX

MOX0X Ha IMOJIXOJ Ha OCHOBE JCKOMIIO3UIIUH, TIOCKOJIBKY B XPAaHUMBIX KOPTEXKaX OTCYTCTBYIOT

aTpuOyTBl C OTCYTCTBYIOIIUMH JaHHBIMH, HO TIO3BOJIIET OOOUTHCH 0€3 IMOpOKICHUS

MHOTOYMCJICHHBIX TEPEMEHHBIX OTHOLICHWH u 0e3 MOTPeOHOCTH B WX COCOUHEHHH MpPHU

BBITIOJIHEHHUH 3arpoca. [IpuBoauTCs TOJIBKO HAOPOCOK ITOI CXEMBbI, HO U OH CIIMIIKOM OOBEMEH,

4T0OBl MOXHO OBUIO ONHCaTh €ro MoApoOHO B 3TOiM crarbe. OrpaHUYMMCsS OYEHb KpPATKUM

W3JI0)KEHHUEM OCHOBHBIX UICH.

1) Kak 1y OOBIYHBIX OTHOIICHHH, Y K&XIO0TO MYJIBTHOTHOIICHHS M7 €CTh 3ar0ioBoK MRH u Teno
MRB. OpHako B TelNO mr MOTYT BXOJUTh BCE KOPTEXKH, COOTBETCTBYIOIIHE IOOOMY
MoAMHOXKeCTBY MRH (BKJIO4as IycTOoe€ IOAMHOXECTBO), T.€. KOPTEXKU m7r MOTYT HUMETh
crenenu ot 0 10 n, re N — CTeNeHb 3arojoBKa.

2) Y4aCTHHKOM MYIBTHOTHOIICHUS M7 HA3bIBAETCS OTHOIICHHE P C 3aT0JI0OBKOM PH, SIBISIOIIAMCS
HEKOTOPBIM NOAMHOXKETBOM MRH, u TenoM PB, BKIIIOUaloOuM Bce KOpTexHU U3 MRB, xoTopbie
cootBeTcTBYI0T PH. Tem cambiM, y J000TO MYIBTHOTHOIICHHS CTENEHH n umeercs 2"
YY9aCTHHKOB, HEKOTOPBIE U3 KOTOPBIX MOTYT OBITH ITYCTBIMH.

3) Jnst mepeMeHHOW MYIBTHOTHOIICHUS MR MOXHO OINpPEAENIATh OIPAHUYEHHS [EIOCTHOCTH.
O0s13aTeIbHBIM OTPaHUYCHUEM JIF000# MR SBISICTCS OrPaHHMUYCHHE KITF0Ya, B KOTOPOM 33aeTCs
takoe noaMmuoxkectso MRH {al,a2,...,an}, uto Bce arpubyTbl i y4acTBYIOT B KaKIOM
KOpTEXe JIF000ro JOMyCTUMOTo B MR 3HaYeHUS mr U BO BCEX KOPTEKaxX COCTaBHbIC 3HAYCHUS
{al, a2, ..., an} pasnuynbl.

4) Onpenensiercss HA0Op anreOpanvecKUx ONepanuii HaJ MYJBTHOTHONIEHUSIMH, YaCTh KOTOPBIX
SIBIISICTCA TPSAMBIM TICPEIOKCHHEM OMpPEACICHUN PEeNANAOHHBIX OIepaluid B TEpPMHUHAX
MYJIBTHOTHOIIEHUH. OTHAKO OmpeIeieHne HeKOTOPBIX OIEpaliii HaCTONBKO JK€ HEOYECBHUIHO,
KaK U B CXEMe CIeNHaJIbHBIX 3HaueHUH (cM. 1. 2.2.2). K umeny Takux omeparuii OTHOCHTCS
COBEPIICHHO HEoOXOoAWMas OIlepanus OTrpaHuveHus ((QUIBTpaIyu) MYJIBTHOTHOIICHUI. B
YCIIOBHE OTPAaHHYCHUS mr MOTYT BXOJAWUTh MMEHA aTpHOyTOB, HE BXOMISNIMX B HEKOTOPHIC
KOPTEeXH mr, W 4TOOBI PEUINTh NMPOOJIEMY BBIYMCICHHUS YCIOBHA UL 3THX KOpTexed 0e3
MOTPeOHOCTH B TPEX3HAYHOMN JIOTHKE, MpeJIaraeTcsi B 00s3aTEeNbHOM MOPSAKE HCIIONIB30BATh
npeaukatsl PRESENT u ABSENT, semstromuecs: npssmeiMu aHastoramu IS [NOT] NULL B
SQL.

JlapBeH monaraet, 4To Ha OCHOBE CXEMbI MYJIBTHOTHOIIEHUI MOKHO OBLTO OBI pa3paboTaTh HOBBIH

s3bIK  0a3 MAHHBIX, KOTOPBIA MO3BOJSLT OBl  oOOpamarbcs ¢ Tabmumamu  SQL  kak ¢

MYJIBTHOTHOIIEHISIMH, TI0JIarasi 4TO B CTPOKE TAOJHUIIBI, B KOTOPOH HEKOTOPHIN CTOJIOEI COIEPIKHUT

null-3aauenmne, 3TOT CTOIOEI MOKHO CUHTATH OTCYTCTBYIOIIMM. OHAKO, 110 HAIIEMY MHEHHUIO, 3TO

HE MPHUHECET 0COOBIX IPEUMYIIECTB, MOCKOJbKY CyiiecTByronmi SQL 1 Tak mo3BoJsieT n30exaTh

TPEX3HAYHOH JIOTHKH, €CITH B KAXKJIOM ycsoBuH ucnonb3oBats [S [NOT] NULL.
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Crenyrommii moaxox, obcyxmaembiii B [29], ommpaercss Ha HCIOJB30BaHUE MeXAHUIMA

nacnedosanus. Vines storo moaxona npuHamiexxut Ipsuny Cmayrty [31]. B meramu Mbl 31€Ch

BIABAaTbCA HE OyJeM, IMOCKOJBKY IS 3TOTO MOTPeOOBalOCh OBl OMMCATh CYTh HEOOBIYHOTO H

HETPUBUAIBHOTO (XOT4 O4YEHb JIOTMYHOTO) MEXaHM3Ma HacJeJOBAaHUS THUIIOB [aHHBIX,

ompeneneuHoro B [11].

1) CyTb uen COCTOHT B TOM, 4TO B KOPHEBOM CYTIEPTHIIE JIOOO0I HEpApXUU HACTIENOBAHHUS TUTTOB
MOYKHO OIPEIENTh, KpOME MHOKECTBA OOBIUHBIX 3HAUCHUH 3TOTO THIIA, 3HaueHne MISSING.
[Tocie 3TOro MOXKHO ONpPENENHTh JIF000H oATHII B 1BYX Bapuantax — T u PM_T, B nepBom u3
KOTOPBIX COZIEPKATCS TOJBKO OOBIYHBIE 3HAYEHUs, a BO BTOPOM — emie u 3HaueHue MISSING.
Bot npumep rpada noarunuzanuu, B kotopom onpeaensitores tiunsl PMINTEGER (Bce nenbie
gucia mmoc MISSING), INTEGER (Bce nensie uncna), PM_EVEN (uetHble nensle mmoc
MISSING), EVEN, PM_ODD (neuetnsle 1ensie mitoc MISSING), ODD, a takxke tun M,
BKJTFOYAIOIINH eIMHCTBEHHOE 3Hadenne MISSING™®.

PM_INTEGER
PM_EVEN INTEGER PM_ODD
EVEN M ODD

2) 3uauenue MISSING He MOXET YyYacTBOBATH B BBIPAKEHHSX JHO0Or0 THIA, KOTOPOMY
npuHaiexxut MISSING. JlomyckaeTcss CpaBHEHHME IO PaBEHCTBY M HEPaBEHCTBY BCEX
3HaYCHUH I000ro Tuma, BKIouaromero MISSING, ¢ O4eBHIHON CEMaHTHKOM Ha OCHOBE
unTepnpetanuu MISSING kak Hen3BeCTHOTO 3HaueHus. CpaBHEHUS Ha >, <, =, < C y4acTHEM
3HaueHust MISSING 3amnpeniarorcs (MCKIFOUUTEIbHAS CUTYanus?).

Bce 310 maer ocHOBaHMA moJaraTh, YTO CXeMa Ha OCHOBE HACJEIOBAHMS HE JaeT HUYEro Takoro,

yero Obl He oOecrieynBaia cCxeMa CIEeIHaIbHBIX 3HadYeHuil (B [29] k 3TOMY BBIBOY NPUXOANUT CaM

Japsen).

Hakoner, mocnenHuil IMOIXOJ OCHOBaH Ha MWCHOJB30BAHUU ampudymos co 3HAYEHUAMU-

omuowenuamy. OCHOBHas HAed COCTOMT B TOM, YTOOBI HCIOJIB30BaTh IIyCTOE MHOXECTBO B

Ka4yecTBE 3HAUEHHs aTpuOyTa, peajbHOE 3HAYEHHE KOTOPOro OTCYTCTBYeT. boyiee KOHKpeETHO,

IpeasaraeTcs clietyromniee.

1) Ecim  Tpebyercs  ompenenuth B 0aze  MAHHBIX  MEPEMEHHYIO  OTHOIICHHS
R{al:T1,a2:T2,..,an: Tn} Takyw, 4TO0 B JONYCTHMbIX 3HAUEHHSX T NEPEMEHHONH R y
HEKOTOpOro arpulyTa ai B HEKOTOPBIX KOPTEXaxX I MOTYT OTCYTCTBOBaTh 3HAuYeHHsS, TO B
JI€HCTBUTENLHOCTU OIpeeNsaeTcs nepeMeHHas OTHOIIEHHUS
ZR {al:T1,a2:T2,...,zai: RELATION {ai: T}, ...,an: Tn}. Jpyrumu cnosamu, RH
ommnyaercss oT ZRH TeM, 4To THNOM (IEPEHMEHOBAHHOTO) i-r0 aTpUOyTa CTaHOBHUTCS THII
YHapHOTO OTHOmIeHHs ¢ arpubyrom ai Ttuma 7. Ilpm 3ToM B moGoM KopTexke JIr000ro
JIOITyCTUMOTO 3HA4YCHUS ZT TIepeMeHHON ZR 3HaYeHHe-OTHOIIECHHE aTpulyTa zai He TOIDKHO
uMeTh MOIIHOCTh Oosbiie 16, Takue oTHomeHus crenenu 1 U MomHOCTH He Gonbluei 1
Japsen HaszpiBaeT ZOO-otHOmeHusMU (cardinality Zero or One, degree One).

14 Ha camoMm gerne, 3T0 He COBCeM Mepapxus, MOCKOIbKY B [11] momiepxuBaeTcs MHOMKECTBEHHOE
HAaCJIeIOBaHHE: TEM HE MEHee, y JII0001 TaKkoH «HepapXum» UMEEeTCs] KOPHEBOU CYNEepTHIL.

15 Tun M mosBnsieTcst B rpade HACIENOBAHHUS, TIOCKOJILKY B MPUMEHIAEMONH MOJIENM HACIENOBAHMS KaXIO0E
3HA4YEHHE CYNEPTHUIIA JOJDKHO SABIATHCS 3HAYEHUEM XOTs Obl OJJHOTO €r0 HEHOCPEICTBEHHOTO MOATHIIA.

16 310 orpanndenue nepeMenHoit oTHOEHMs ZR.
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2) Ecmu B yCJIOBHMH W/HIH Pe3yabTaTe 3apoca K z7 y9acTBOBAN 3Ha4YeHHs aTtpudyTa ai, To (1) u3
Zr YHOAISFOTCS BCE KOPTEXH, C MyCTHIMH 3HadeHWsMHU arpubyra zail’; (2) B mobammsercs
arpuOyT ai: T, ¥ B K&KIOM KOPTEKE MOTyIaeMOr0 OTHOIICHUs Zzr'l 3HAYCHUEM ai CTaHOBHTCS
3HaYCHHE aTpuOyTa ai B CMIUHCTBEHHOM KOPTEKE 3HAYCHUSA-OTHOIICHUS aTpudyTa Zai TOro ke
xoptexa zrl; (3) u3 zrl ynansercs atpuOyT zai, ¥ HaJ MOTYyYaeMbIM OTHOIIICHHEM OOBIYHBIM
00pa3oM BRIMONHSAETCS PUIBTpanus 1 GOPMUPOBAHNE PE3YIETHPYIOMIETO OTHOIICHHUS.

IloxBoxs MTOr 3TOrO MYHKTA, SIBHO 3aMETHM, YTO TOJIKO IMEPBBIA M3 YETHIPEX PACCMOTPCHHBIX

TIOJIXOJIOB MPEeJyIaraeT PelieHue, pealbHO BRIXOASIICE 3a MPEICIbI CXEMBI CIICIIUATBHBIX 3HAYCHHH,

HO MPHUBOJSIICE B OOINEM ClTydae K HEPEATUCTHYHO OOJBIIOMY YHCITY IEPEMCHHBIX OTHOIICHUN B

0a3e JaHHbIX, YCIIOKHEHHIO U MOTCHI[HAIBHOMY 3aME/IICHUIO BBIMOIHEHUS 3anpocoB. Kaxpiii u3

TpeX MOCIEIHUX MOIXOMO0B JIOTHYCH U KPACUB, HO TI0 CYTH 3TO MEPEIOKCHUE HJICH CIEHaTbHBIX

3HAYCHUH.

3. Tunu3upoeaHHble Heu38eCMmHble 3Ha4YeHUs1 U mpex3Ha4dHas JiocUKa

Kak moxkassiBaeT pasa. 2, B HACTOSIIEE BPEMsl OTCYTCTBYET YAOBIECTBOPHTEIBHOE pPEILICHHUE
poOJIeMbI TIOANEPKKHY B 6a3ax TaHHBIX OTCyTCTBYIoMIeH nHpopmarn. HecMoTpst Ha MHOTOIETHHE
MOTIBITKA PEIIUTh 3Ty MpobiieMy monxon, mpuMmenseMbrii B SQL-opuentupoBanasix CYB]] Ha
ocHoBe craHmapra SQL, m cxemsl, nmpeanarasmmecs: [Jlelitom u JlapBeHOM, 00s1afaioT, Ha HaIl
B3IJISIL, CYHIECTBEHHBIMH HEJOCTaTKaMHt, B 3TOM pa3zzese Mbl IpeAIPUHIMAEM €IlIe OJHY MOIBITKY
MPEIOKUTh TOAX0 K PELISHHI0 poOieMbl 0TCYTCTBYoLIeH nHdopmanuu. Ho cHavana obcyanm
NPUYUHBI HEYAa4 MPEAbIAYIINX MMOIXO0J0B, YTO TpeOyeTcs Uil MOTUBALMYU HAIIUX COOCTBEHHBIX
unei.

3.1 Noyemy nmerowMeca noaxoabl HeygavHbl?

[Moaxoxel, unymue ot Konia 1 npuBenime kK cxeme, KOTopasi HCIOJIb3yeTcs B coBpeMeHHoM SQL,
un npexanarasmuecs Jleiitom u JlapBeHOM, HeyladHbl [I0-pa3HOMY, M INPUYMHBI ATHX Heydady
HYXJAI0TCs B Pa3JieIbHOM O00CYKICHHUH.

3.1.1 Tynuk Ha nyTu Kopna

KopeHb 31ma kpoercs, KOHEYHO, B TIOHATUH YHHBepcaipHoro Null-3HaueHusi, KOTOpoe He SBIACTCS
3HA4YE€HHEM HH OJIHOTO THUIIA JJAHHBIX, HO MOXKET MCII0JIb30BaThCsl BMECTO JIFOOOT0 3HAYCHUSI JII000T0
THUIIa JIAHHBIX B JIIOOOM MeCTe, IJie MOIVIO Obl MOSIBUTHCS 3TO 3HaueHue. KOHEUHO, MpH Takom
ompenencHun NUll-3HaYeHUsS] €CTECTBEHHO IMMONAraTth, YTO PE3YJIHTATOM BBIYHCICHHS JIFOGOTO
BEIpAKEHUS, B KOTOPOM BMeCTO peanbHoro 3HadeHus Bcrpedaetes NULL, sBisercs NULL.
OnHako, He TOBOPS yXKe 0 0oJiee Cepbe3HBIX MOCIEACTBHAX ITOT0 MOJIX0/12, KOTOPBIE MBI 00CYANM
HEMHOT0 103Ke, caM (aKkT pa3pelIeHHs UCIIOIb30BaTh B BRIPAKEHHUSX Yero-Obl TO HU OBLJIO, KpOME
3HAQUYEHUH THIA JAHHBIX 3TOTO BBIPAXKEHUS, SIBISAETCS MapaJOKCAIbHBIM M HEINPUEMIIEMbIM.
KoneuHo, 3Ty cHTyalli0 HUKaK He ucrpasiseT otka3z Koaaa B ero mo3aHux paborax OT TepMUHA
null-snauenue ¢ ero 3aMeHoit Ha TEPMHUH MapKep.

Ho maxxe eciivt 3aKphITh I1a3a Ha TEOPETUUECKYIO HEMOMYCTUMOCTh HCTOb30Banus NUll-3Hauerms
B TUITU3UPOBAaHHBIX BBIPAXKECHUSIX, IPABUIIA BEIYUCIICHHS BEIPOKEHUI, COIEpIKAIINX YHUBEPCATIbHOE
null-3HaueHmne, HAPYIIAIOT MPUHITKIT 3aMEHBI HEOTIPEICIICHHBIX 3HaYeHuii camoro Komna [3]. Dtor
NPUHLHUIT 0YeMY-TO (OPMYJIHPYETCSl TOJIBKO IJISl OTNEpaluid CpaBHEHUs (oliepaunusi cpaBHEHHs
BBIIACT TPEThe JIOTHYECKOe 3Ha4eHHe UNKNOWN B TOM M TOJBKO B TOM Ciydae, KOrja MpH 3aMeHe
Bcex BxoxkaeHui NuUll-3HaueHus: ogHMM HAOOPOM peanbHBIX 3HAYCHHUI OHO BBIJACT true, a mpH ux
3aMeHe JPyruM HabopoM peasibHBIX 3HaueHui — false).

17 Koneuno ke, Ha ocHoBe penukata IS_EMPTY.
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OueBHAHO, YTO AHAJOTMYHBII NPHHLMUII JOJDKEH HCIIOJIb30BaThCA IPU BBHIYMCICHHN BCEX BHOB
omnepanuii: oneparust Beigaet NUll-3HaueHue B TOM 1 TOJIBKO B TOM Cilydae, KOr/a IpH 3aMeHe BCEX
BxoxzaeHuit NUll-3HageHns pasHpIME HAOOpaMHU peabHBIX 3HAYCHUIT OHAa MOXKET BBIIABATh Pa3HbIC
3HaueHHs. TpHBHAIBHBIM IpUMEpOM siBisieTcss apudmernyeckoe Bblpakenne 0 X NULL,
3HAYEHHEM KOTOpOro, KoHeuHo, nomkeH ObiTh 0, a He NULL. Ho mis storo tpebyercs, 4ToObI B
KOHTEKCTE BBIUHCIICHHS apH(YMETHUECKOTO BhIpaxkeHus NUll-3HadeHe HHTepIpeTHPOBAIOCH HE KaKk
YHUBEpCAJbHBIH MapKep OTCYTCTBYIOLIETO 3HAUEHMs, a KaK 3HAYCHHUE COOTBETCTBYIOLIETO
YUCIIOBOTO THIIA (XOTS U HEU3BECTHOE).
3aTo MpUHINT 3aMEHBI HEOTIPEIeTICHHBIX 3HaUeHUH IPEKPacHO paboTaeT 11t OyJIEBCKUX OTEpaliid:
omeparus true OR NULL, oueBuano, nomxua BeigaBath true, false OR NULL = NULL, NOT
NULL = NULL u t.1. Ipyrumu ciioBamMH, MY CII€AOBAaHUU ATOMY HPUHIUITY JJIs1 OyJIEBCKOTO THIIA
IaHHBIX yHUBepcaabHOe NUll-3Hauenune Benet cebst TOYHO Tak ke, KakK TPEThE JJOTHICCKOS 3HAYCHHE
unknown. IIpu 3TOM K caMOMy MPHHIIMITY 3aMEHBI IPETCH3MI HET, OH MONHOCTHIO JIOTHYCH.
TakuM 00pa3om, MBI BHIHMM, YTO MOSIBIECHHE B COBPEMEHHBIX cTaHAapTax SQL HemnoJHOIeHHOTo
TPeX3HaYHOro OYJIEBCKOTO THIA IaHHBIX (CM. KoHen M. 2.1.4) BIOJHE 3aKOHOMEPHO, H
CIMHCTBCHHOW NPUYMHONH HTOW HEMOJHOLCHHOCTH SIBISACTCS MHOAACPKKA CIMHCTBEHHOTO U
yauBepcanbroro null-saagenust. Paspaborunku crangapra SQL:1999 [19] u Oonee mo3mHHX
CTaHOAPTOB CIPABEIJIMBO XOTEIH OCHACTUTH CTAHAAPT COBPEMEHHOI CHCTEMOW THIIOB NaHHBIX.
Oo6oiTHCh Oe3 OyJIeBCKOro THIA, 3HAYCHHS KOTOPOT0 MOXKHO COXpaHATh B 0a3ax JaHHBIX, OBUIO
HEeBO3MOXHO. Ho Torna u3-3a yHuBepcanbHOCTH NUll-3HaUeHUS MPUXOAUTCS TOIMYCTUTH HATMYHE B
0a3e MaHHBIX HEM3BECTHBIX OYJICBCKUX 3HAa4YCHHM, 0003HauaeMbix NUll-3HaueHHEM, YTO, B CBOIO
o4epe/ib, MPUBOINUT K HEAOMYCTHMOMY OTOXICCTBICHHUIO 3HAUCHHUS OylIeBCcKOro tuma Unknown u
null-3Hauenusi, KOTOpPOE SBIACTCS JHIL 0003HAUCHHEM OTCYTCTBHUS peanbHOTo 3HaudeHus. Ilo-
JOPYroMy IPOCTO HE IOTy4aeTCs.
Eme onuaum cnencteueM yiepOHOCTH OyneBckoro tTuna SQL sBisieTcs moTepst YIopsA0ueHHOCTH
OyNeBCKMX 3HauYe€HHH B Tpex3HauyHO#l Jjoruke. beuio OBl JlormyHO moyarath, 4to false <
unknown < true. Eciau CONOCTaBUTH JIOTHUECKUM 3HAUeHUsAM false, unknown,true umcna
0,0.5,1 B TOM K€ MOPSIKE, TO JOTHYECKUE ONEPAIUH BBIPAXKAIOTCS Yepe3 YHCICHHBIC ONePalni:
NOTx = 1—x; x ANDy = min (x,y),x ORy = max (x,y). Uz-3a OTOXK/ICCTBIICHHS
unknown u null-3HaueHwst HEM3BECTHOE JIOTHUECKOE 3HAUCHHE TEPSET CBOIO TO3UIIUIO.
MoxHo ckazaTb, 4TO OyneBckuMil THH B cTaHmapre SQL — 3To He TOJNBKO He HACTOSILIUI
TpeX3Ha4YHBIN OYJIEBCKUIl THII, HO U HE THH JaHHBIX BooOe. C Haleld TOYKH 3pEHHs, ITO MOIHBIH
TYNHK B MHOTOJISTHEH HCTOPHH HONBITOK PELIATH NMPOOIEMY OTCYTCTBYIOIICH MH(pOpMamuu Ha
OCHOBe yHHBepcanbHoro null-sHayenus.
B 3akiroyeHue 3TOro MyHKTa cliefiaeM HeCKOJIbKO 3aMevaHuil o moBoy nocienseit cxembel Koana
¢ aByMsi Mapkepamu (A-Mapkep a Ul HeW3BECTHBIX 3HaUCHMH U |-Mapkep | 1Uisl HENPHUMEHUMBIX
3HA4YCHUI) U YeTBIPEX3HAYHON JIOTUKOH (cM. 1. 2.1.2).
Bo-nepBbIX, COBEpILICHHO HETIOHSATHBI MPABUIIa BEIYUCICHUS apu(METHUECKUX BBIPAKEHU I

z%a = a z%i=1i a%z=a i%z=i

a%a = a a%i =i i%a =i i%i =1 ,
B KOTOPBIX MapKep HEHM3BECTHBIX 3HAUCHHMH BeZET ceOs COBEpIICHHO TaK K€, KaKk M MapKep
HENpPUMEHNMBIX 3Ha4eHUH. Ecii, HanpuMep, MO>KHO COTJIaCHTBCS € TEM, UTO Z + a = a, TO HUKaK
HeIb3sl MPHHATh, 4TO Z+ i =1 (M3 MOCIENHEero CleayeT, HalpUMep, YTO Heb3sl MMOCYUTATh
MECSYHBIN JI0XOJI CIIy>Kalero, KOTOPOMY He MOoJaraeTcs IpeMus).
Bo-BTOpBIX, aHAIOTMYHBIE COMHEHMsS IIPUMEHHUMBI M K NpaBHJIaM OIpEACNIEHHs Pe3yJbTaToB
onepanuii cpapHeHus e

z®a = ag zOi=1ig a®z=ag iz =ig

18 Jlnist cripaBeIMBOCTH €l1lE pa3 IOBTOPUM, 4To Kol B SBHOM BHJIE 3TH NpaBuia He onpesensut. OHu
MIOCTPOCHBI aBTOPOM JIAaHHOH CTAaThH «II0 00pa3y 1 Moxo0HIo» Apyrux KoHCTpykimit Komna.
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a®a = ap ali = ip i®a = ip i0i = ip ,

B COOTBETCTBUH C KOTOPBIM YETBEPTOE JIOTHYECKOE 3HaYEeHHE ig (POPMHUPYETCS TOUHO TAK JKE, KaK U
TpeThe JoTHueckoe 3HadeHue ag (Unknown). Ho eciti MB1 GymeM TIpoobKaTh IOHHMaTh UNKNown
B cMbIciie maybe, To ip momkHO o3HadaTh NOt-maybe. MoKHO COTAacUThCS € TeM, YTO Z > a = ag,
HO HHUKaK HeNb3s MPUHATh, 4TO Z > i = ip (HaBepHOe, 3TO CJIEAyeT MOHMMATh TaK: HE MOXET
CYIIECTBOBATH CITyXaIMH C pa3MepOM 3apIuiaThl, 0OJIBLIMM pa3Mepa IPEMUH, €CIIU 3TOT CITyKalui
BOOOIIE HE TTOTyJaeT npemuto). Jla i To, uto, i @ i = ip, BEI3BIBaeT OONBIINE COMHEHHS.

Hanee, euie B 1990-m r. Ixun [eccept [32] o6patun BHUMaHKE Ha TO, 4To onpenenenie Kognom
orepanuu orpulanus, B cootercTBuu ¢ kotopsiM NOT (ag) = ag u NOT (ig) = i, npuBoauT K
TOMY, YTO B €ro 4YeTHIPEX3HA4YHOW JIOTHKE IEepecTaroT JCeWCTBOBAaTh 3aKOHBI ae MopraHa. B
yactHocty, ig = NOT (ag AND ig) = NOT (ag) ORNOT (ig) = ag ORig = ap.

B [33] JeiiT ananmu3upyeT BCIO HCTOPHUIO YeThIpe3XHauHOro noaxoaa Koana u otMeyaer, 4to B Hei
UMestoch Tpu utepanuu. [ocne my6mukamuu B [8, 13] mepBoro BapuaHTa 3T0# CXeMBI, B KOTOPOit
false OR ig = ig OR false = false, Bo Bropom Tupaxe [13] tabnuia nctuanoctu aist OR Gbuia
n3MeHeHa Tak, uto false OR ig = ig OR false = ig (xak 3ameuaer, JIeiT, 3TO IO CyTH HUYETO HE
m3MeHmno). Hakonen, mo ciosam /[leiita [33], Bnocnencreun Koan eme pas mepecMoTpen CBOM
tabmuupl  uctuHHOcTH, onpeaenuB NOT (ag) =ig um NOT (ig) = ag  (cooTBeTcTBYIOIIAs
myOJMKaLus, cKkopee Bcero, ciaenaHa He Obuia). [locie sToro 3akoHsl ge Moprana 3apaboTai.

. 1 2
Kpowme Toro, eciim 0003HaUUTH JIOTHIECKUE 3HAUEHUS false, ig, ag, true uncmamu 0, 33 1 B ToM

JKe TOpsKe, TO JIOTHYECKHE OIepaluy, Kak M B TPEX3HAyHOH JIOTHKE, BBIpAXAIOTCA uepes
gucnennsie onepannu: NOT x = 1 —x; x ANDy = min (x,y),x ORy = max (x,y).
OpHako, Jake €CIM CMHUPUTHCS CO BCEMM HESICHOCTSIMH M CTPaHHOCTSAMH IIOAXOJa C JBYMS
MapKepaMH U YeThIPEX3HaYHOIl JJOTMKOH, BOBHUKAET Ta jke MpodJieMa, YTO U NPU HAITMYUU OJJHOTO
null-3nauennst  (Tonmbko eme Gosee HEMPHATHAs), BbI3bIBAEMas YHUBEPCAJIBHOCTHIO U
obmeynoTpedumMocteio  A-mapkepa u |-mapkepa. Ecmu paspemuTh COXpaHITh JOTHYCCKHE
3Ha4YeHUs B 6a3ax JaHHBIX (T.€. Pa3pelInTh BKIIOYCHHE B OTHOMIeHHs atpubyTa Tuiia BOOLEAN),
TO €CTECTBEHHO JOMYCTHTB, YTO B HEKOTOPHIX KOPTEXaxX 3HAYCHHS ITOTO aTpudyTa MOXKET OBITh
HEHM3BECTHBIM, a B HEKOTOPBIX — HEIPHMEHUMBIM.

OTO TPHBOAWUT K HEOOXOOMMOCTH ompenerneHus pesynbratoB omeparuii NOT (a), NOT (b),
true AND a,true ANDb u T1.n. Hampsras BooOpa)keHHE, MOXKHO COTJIACHUTBCS C TEM, YTO
JIByMECTHBIC JIOTHIECKHE OTIEPAIINH C OTICpaHIaMy a M b BeAyT ceOs Tak ke, KaK COOTBETCTBYIOIINE
OTIepalnyy C OllepaHAaMu ag H i, T.€., HarpuMmep, true AND a = a, true AND b = b, HO HuKakoe
BOOOpaXkeHHe He MOXeT aomyctuth, uTo NOT (a) = b. JIpyrumu cioBaMu, 9TOOB MOKHO OBLIO
OTOX/IECTBUTh B KOHTEKCTE OYJIEBCKOTO THIIA JIOTHYECKUE 3HAYEHHs ag U ig ¢ Mapkepamu a u b
COOTBETCTBEHHO, HYKHO BEPHYThCA K MCXOJHOMY ompeneneHuio KoamoM omepamuu OTpUIlaHUA
(NOT (ag) = ag u NOT (ig) = ig), KOTOpOE MPUBOJAT K TOMY, YTO 3aKOHBI Jie¢ MopraHa He
paboTarorT.

BeiBoa coctout B TOM, uTO cxema Konana ¢ 1ByMst MapkepaMH M YETHIPEX3HAYHOW JIOTUKOW He
MI03BOJISIET ONPE/IENINTD AaXKe yIepOHbIid OysieBckuid THH B gyxe ctanaapra SQL.

3.1.2 Pbiuapu ABYX3HA4YHOW JTOTMKM

Hauunas ¢ 1984-ro rona, B GecuncieHHbIX MyOnukanusax JledT cHadana B OJMHOYKY, a MOTOM
Bmecte ¢ Jlapenom kputukoBan Komma u s3eik SQL 3a wcnone3oanue Null-3nauenust u
TpeX3HauyHOW JIoTWKH. [IpakTHUUecku Bcerja dTa KpUTHKa OblIa 00OCHOBAaHHOW C MpPHBEIACHUEM
MIPUMEPOB 3aMPOCOB, KOTOPHIE BHIIAIOT MPOTHBOPEYAINEe HHTYUIINN pe3ybTaThl. OTHOBPEMEHHO
Jeiir u JlapBeH MBITAIHCh NPUAYMATh PEHICHHE MPOOJIEMBI OTCYTCTBYIOIICH WH(POpPMAIUU C
WCIOJIb30BaHUEM TPAAULIMOHHON ABYX3HAUHOH Jloruku. OIHAKO, 110 HallleMy MHEHHIO, UM TaK U He
YIaJOCh H300PECTH CXeMY, KOTOPast MOTJIa ObI KOHKYPHPOBATH C TUIOXO 00OCHOBAHHOM, IOTHYCSCKU
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MIPOTUBOPEYUBOM, HO TPUTOAHOH MJIsi TPAKTHUECKOTO WCIIONB30BAHMUS CXeMOW pPaboThl C
oTCyTCTBYMOLIeH nH(popMarel cranaapTa sizsika SQL.

B nmeficTBHTENNEHOCTH, HATHMYHE TPEX3HATHON JIOTHKH HE CIIUIITKOM OECIIOKOUT mmojik3oBatenent SQL-
opueaTHpoBaHHbEIX CYBJI, MOCKONBKY BO3MOKHOCTH BKIIOYAaTh B BEIpakeHWs Null-3HaueHne u
HHTEPIIPETAIs pe3ysbTaTa UNKNOWN, BO3HWKAIOMIETO MPH BBIYHUCICHHH YCIOBHBIX BBIPaKCHHUC
pasnenoB WHERE u HAVING 3amnpocos, kak 3ampemaromiero, T.e. SkBuBaieHtHoro false mo
CBOEMY JICHCTBUIO, MTO3BOJISICT B OOJBIIMHCTBE CIy4aeB (OPMYJIHPOBATh MHTYUTHBHO MOHSTHBIC
3aIpOCHl, BBIJIAIOIIUE PE3YIbTaThl, TAKXKE COOTBETCTBYIOINE HHTYHIIUU. B COMHUTENBHBIX ClTyUasix
IpU TIOCTPOCHUM YCIOBUHM BBIOOPKM MOXXHO wHcnonb3oBate mnpeaukar IS [NOT] NULL,
no3BOJISAIOIINKA H30exkarh NUll-3HaueHHs B BBIpOKCHHSIX M, TEM CaMbIM, OCTAaThCAd B paMKax
JIBYX3Ha4HOH JIOTUKH.

Kparko monmplTOXKMM IUIIOCBI W MHHYCHl mojaxonoB Jleiita u [lapBeHa, oOcCyKaaBIIUXCS B
noapazaene 2.2. O4eBUAHBIM MHUHYCOM BCEX MOIXOJOB (C Halledl TOYKM 3pEHHs) SIBISETCS
NepeKiafblBaHue Ha TOJb30BaTeNell yuera Hanu4us OTCYTCTBYIOIIMX JAHHBIX B OTHOIICHUSX, K
KOTOPBIM JIpECYIOTCS 3anpochl. [1OCKONIBKY MoOJb30BaTeIH, (OPMYIHPYIOIINE 3anpochl, He
00s13aHBI 3HATH, COMCPKAT JIM BCE aTPUOYTHI BO BCEX KOPTEXKaX OTHOIICHHWH TOJBKO peabHEIC
AHHBIC WA K€ B HEKOTOPBIX KOPTEKaxX 3HAYCHHS HEKOTOPBIX aTPHOYTOB OTCYTCTBYIOT, BCE
3anpockl JOKHBI cojepkarh ycmoBusi tuma IS [NOT] UNK u siBHO OmMEChIBaeMbIe OIepalinu,
KOTOPBIE HY>KHO BBIIIOJIHUTB, €CJIA TAKOE YCJIIOBUE IIPUHUMAET 3Ha4YeHue true.

He Oynem 31ech MOBTOPSATH, YeM HAC HE YCTPAWBACT IMOAXO 3HAYCHUN IO YMOTIaHUIO (CM. KOHEIl
m. 2.1.1). Ho BOT y crexmyiomero mnoaxoja, OCHOBAaHHOTO Ha pACHIMPCHUW THIIOB aHHBIX
CHeNHaTbHEIMA 3HAYCHHUSIMH, WMEETCS OYCHb CEPbE3HBI IOTCHIHAN, HE HCIOJB3YyEeMBIH €ro
co3marersaMu. [ TaBHBIME YepTaMH ATOTO MOAX0Ma ABJSIETCS TO, YTO (@) CIieIHaIbHBIC 3HAUCHUS HE
YHUBEPCAJIBbHBI 1 (0) U KaXKA0T0 THIIA IAHHBIX MOYHO OIPEAEIUTh CBOU CHELUaIbHbIC 3HAYCHUSL.
B npuHnune MoXHO OBUIO TO3BONUTH CHCTEME HJIM MOJB30BATENAM OIPEACIATH IOBEACHUE
CIeHATbHBIX 3HAUCHUH B OTIEPALIUSIX COOTBETCTBYIOIIECTO TUIIA JAHHBIX.

Ho maxe eciii OrpaHUYUTHCSI TOIBKO onHuM crenuanbabiM 3HadeHneM UNK T () (em. m. 2.2.2), B
JIBYX3HauHOM JIOTMKE, KOTOPO! IPUHLUINUANBHO IpuiaepxuBarorca JedT u JlapeeH, onpenenuTsb
9TH OIEPAIliK OKa3bIBaeTCs HEBO3MOXKHO. B coorBercTBHM ¢ cemantukoir UNK_T () (maybe), a —
UNK.T() = UNK_ () — a = UNK.T() — UNK.T( = UNK.T(), a aOUNKT( =
UNK_T() 6 a=UNK_T () 6 UNK_T () = UNK_BOOLEAN ()° mns kaxxoro HeclenuarbHOro
3HayeHus a tuma 1. Kak Bumgao, 31ece UNK BOOLEAN () — 3T0 cnenuanbHOe 3HAYCHHE,
nobaBeHHOE K JBYX3HAYHOMY OyneBcKkOMy THITy. OUYEBHIHO, YTO TMOMBITKH OMPEICIUTH
moBeneHne 3toro crnenuanbHoro 3HaueHus B omepanusx NOT, AND u OR npuBomat Hac k
TpPaAMLUMOHHOW Tpex3HauHOW Joruke, B koTopoi UNK_BOOLEAN () urpaer posip TpeTbero
JIOTHYECKOTO 3HAUYCHUS.

Ho mockoipKy Tpex3HauHasl JIOTHKa 3ampernieHa, [IedT MoTHOCThIO 3amlpemiacT H UCTIONb30BaHue
CHeNHaTbHBIX 3HAYEHUH B BRIPAXKEHIUSX U OTIEPALINAX CPABHEHHUS JJIS BCEX BUIOB CPABHEHUS, KPOME
= u #. Ho maxe npu Takux OrpaHHYCHUIX KakeTcs comuutensHbiM, uto UNK T () = UNK_(), a
a # UNK_T (), UNK_() # a mis kaxaoro HeCleluaabHOTO 3Ha4eHus a tuna 1. B pesynprare
€IMHCTBEHHBIM CIIOCO00M (QOpMYIHpOBaTh 3ampochl K 0a3e MaHHBIX, aTpUOYTHl OTHOIIEHHWI
KOTOpOW MOTYT COJiepKaTh CIELUaJIbHbIE 3HAYEHUsS THMa 1, SBISETCS SBHOE HCIOJIB30BaHUE
npenukara IS_UNK.

Kak mpl oTMewanm B koHIle 1. 2.2.3, U3 4eThIpeX MOIXOJ0B, MPEIIOKEeHHBIX JapBeHOM mocie
CXEMBI CIENUAIbHBIX 3HAYCHUH, TOJBKO B IEPBOM (IOAXOJ C JIEKOMIO3WIMEH OTHOIICHHH)
crieluaIbHbIe 3HAUCHHUS SIBHO WJIM HESIBHO HE MCIOJIB3YIOTCS. BooO1ie, 3TOT 0AX0/1 KaXKeTcst HaM
MIEPCIICKTUBHEBIM, €CITH HE 3aMaXHBaThCsI HA TIOICPKKY MTPOU3BOJIBHOTO YHCIIA IPUIHH OTCYTCTBHS

19 MBI yMBIIIIEHHO HCIOJB3yeM 0003HaudeHus JleiiTa, 4ToObI OKA3aTh X0/ PACCYKACHHH, KOTOPBIHA MOYKHO
OBUIO IPUMEHUTH HA €r0 MECTE.
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JaHHBIX B aTpuOyTax OTHOImeHHWi. B obmem Buze, mpencraBieHHoM B [29], oH He Kaxercs
MPaKTUYECKU TPUMCHHAMBIM.

3.2 Ecnu Obl ry6bl HukaHopa MBaHoBM4Ya pa npuctaButb K Hocy MBaHa
Kysbmunua

CoOCTBEHHO, 3TO MBI W IBITAEMCS CJAENATh B 3TOM IMOApa3jieie, a UMECHHO, MBI CKpEIIUBaCM

crienuanbHbie 3HaueHus [leiita ¢ Tpex3nauHol orukoit Komna u, otuactu, C moaxojom JlapeeHa ¢

JeKoMIIo3unuei otHomeHnd. KoHewHo, Ui 3TOro Hy)XHO MHOTOE MNEepecMOTpeTb B 000MX

MOJX0/IaX, HO U TMOJy4YaeMbIe MPCHMYIIECTBA BBIXOAAT 3a MPEACTBl MPOCTOr0 OO0BCIUHCHHUS

MOJIOXKHUTEIBHBIX YePT KaXKI0TO U3 ITUX MOIXOI0B.

B mpennaraemoit cxeme MbI OrpaHHYMBACMCS TOJBKO OJHON PAa3HOBHIHOCTHIO CIICIHATBHBIX

3HAYCHUI ¢ cCeMaHTHKON Maybe. IToMy ecTh HECKOIBKO OOBACHCHHIA:

e  yame BCEro TOYHBIC JaHHBIE HEBO3MOXKHO 3aHECTH B 0a3y JaHHBIX UMEHHO ITIOTOMY, YTO OHHU
HEM3BECTHEI,

® CCMaHTHKAa HCH3BECTHBIX MAHHBIX Ka)XCTCsA HAM 3HAYUTEIBHO MOHATHEE, YeM CEMaHTHKa
HETMPUMEHUMBIX MaHHBIX (non-available, wiu not-maybe);,

e MBI HE XOTHM BBIXOIUTH 32 MPEeITbl TPEX3HATHON JIOTUKH;

e B JIONOJHEHHE K OCHOBHOW CXeMe MBI Ipe/ilaraeM MCIIoib30BaTh uiaen JlapBeHa, 4To B ciydae
MOTPEOHOCTH CIIPABUTHCS C HEMPHUMEHUMBIMU JTaHHBIMHU 0€3 MOTPEOHOCTH B YSTHIPEX3HAUHON
JIOTHIKE;

e  HaKOHeIl, MPOYHE Pa3HOBUAHOCTH MPHYNH OTCYTCTBHUS JaHHBIX KAXYTCSA HAM HaTyMaHHBIMH
W/WITH PEIKO BCTPEYAIOLIUMHUCH.

[Tpu 5TOM MBI XOTUM JIOOUTHCS CIEIYIOIINX LEIeH:

e chcnarh CHCHUANBHBIC 3HAUCHHWS IMOJHOICHHBIMH U  TOJHOINPABHBIMH  3HAYCHUSIMH
COOTBETCTBYIOIIMX THIIOB JaHHBIX C BO3MOXXHOCTHIO NMPUMEHEHHS K HHM BCEX OIEpaIlHid C
MOICPXKKON MHTYHTUBHON CEMaHTHKH, BOOOIIIE TOBOPS, HHANBHIYATBHON U KaXKIOTO THIIA
JTAaHHBIX;

e  c/enarh TPEX3HAYHBII OyIIEBCKHIA TUII TOJHOICHHBIM M MIOJTHOPABHBIM THUIIOM JaHHBIX 33 CYCT
MHTEPIPETANNN CHEIHATBHOTO 3HAYCHUS, PACIIUPSIONIETO AByX3HAYHBIN OyIeBCKHAN THII, KaK
TPETHETO JIOTHYESCKOTO 3HAYCHUS TPEX3HAYHOTO OYJICBCKOTO THIIA.

OO6cynnuMm, KakuM 00pa3oM MOXKHO JOCTHYh JITHX Ieneil. [lockoimpKy, B KOHEYHOM CYETe, MBI

cTpeMuMcst «o0maropoauTh» Mexanu3Mbl NUll-3Hauennit u Tpex3HauHoi noruku crangaapra SQL,

OyzleM HCHOML30BaTh TepMuHoIoruo SQLZ,

1) MmuoxecTBo 3HadeHuit {t} kaxmoro momyctumoro B craHmapre SQL Ttuna panseix T
pacimupsieTcss CHeNHANbHBIM  3HadeHweM t_ukn, ommuHBIM oT moboro t. Jlus
MPEJIONPEACTICHHBIX W KOHCTPYUPYEMBIX THIIOB TaKOe pACHIMPEHHE C ONpeAeiICHHEM
CEMAHTUKHU OIEPaluii, BKIIOYAIONINX OIEPaHAbI-CIICIIUATbHbIC 3HAYCHHS, MOXKHO OBLIO OBI
MpeIONpPeAeTUTh. s TUIIOB NaHHBIX, ONpPEACIACMbIX IOJIb30BaTEIISIMU, 3TO JOJDKHBI JeTaTh
Pa3paboTYNKK COOTBETCTBYIOIINX HOBBIX THIIOB TAaHHBIX.

2) Omepanyy HaJ 3HAYEHHSIMH PACIHIMPEHHBIX THIIOB JOJDKHBI OBITH YTOYHEHBI C YUYETOM
CEMAHTHUKHA OCHOBHBIX 3HAYCHHH W BO3MOYKHOCTH HCITOJIb30BAHUS CIICI[HAILHOIO 3HAYCHHS B

20 10 He 03HAYAET, YTO ONHUCHIBAEMBIE MPEIIOKEHHS MOYKHO HAMPAMYIO HCIIONB30BaTh I HEpPENeIKH
crangaptra SQL. Cranmapr SQL mpu Bcex ero HeIOCTaTKax — 3TO TMTAHTCKAas, TIIATEIBHO MPOJAyMaHHAs U
cOanaHcupoBaHHas crenuduKkanys, B KOTOPOi U3MEHEHHUs B OJTHOI YacTH HEMHHYEMO BIIEKYT M3MEHEHHS B
JIPYTUX 4acTsAX (CKopee BCero, BO MHOTHMX JAPYTHX MecTax). [, KOHEYHO, 3TO B MOJHON Mepe OTHOCHTCS K
crapeillieMy yHaclemoBaHHOMY MexaHusMy null-3nauyenwmit. ITostomy Mbl fgaxe He OyaeM MBITATHCS
(dbopMyIHpOBaTh BCE TEXHUYECKHE MPOOJIEMBI, C KOTOPHIMU IPHILUIOCH OBl CTONKHYTHCS IPH 3aMEHE TOro
MeXaHM3Ma Ha HEYTO, OCHOBAHHOE HA HAIIINX HJICIX.
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3)

4)

5)

6)
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KadecTBe onepanna. Hampumep, U1 BceX YHMCIIOBBIX TUIIOB JAHHBIX, 04eBHIHO, 0 X t_ukn
t.ukn x 0 =0, a mia tunos muoxkects {@} INTERSECT t_ukn = t_ukn INTERSECT {@}
{0}
Jnst TUOOB CHMBOJBHBIX U OHTOBBIX CTPOK, a TaKke Uil TUIOB MAaCCHBOB PE3YJIbTaTOM
KOHKaTCHAIMH OOBIYHOTO 3HAYCHHUS CO CIICIMATBHBIM 3HAYCHUEM B ICHCTBUTENLHOCTH HOIKCH
SIBIIATHCSI ICPBBIA OIIEpaHI, 32 KOTOPOH ClleqyeT criennaibHOe 3HaueHHE. [{JIs TAKOH «CTPOKH»
MOXXHO OBUTO OBl BBIMONHATH OIEPAMH B3ATHS WM IMOWCKA MO3MIHMU IOJCTPOKH, HE
00s3aTeNIbHO NOJTyYasi B pe3yabTare t_ukn COOTBETCTBYIOIIETO TUIIA.
JIByx3Ha4HBII1 OyJIeBCKUI THI TAKXKE PacCIIUPSETCS CIICLMAIbHBIM 3HAYeHHEM, KOTOPOE B CHITY
€ro TMOBBIIIEHHONH BaKHOCTH MBI OyaeM Has3bBaTh OCOOBIM obOpa3zoM — unknown. Ilo
OIIPEeNIeTICHHIO CIICLHAIbHOE 3HAYCHHE unknown SBISCTCS Pe3yIbTaTOM BBIIOJIHCHHUS JH000M
ollepaliii CPABHEHUSL, €CITH 9Ta ONlepaLlis He BEIPa0aThIBacT 0OBIYHOE OylIeBCKOE 3HAUCHUE e
W false. ]I MHOXECTBa 3HaYEHHH pacHIMPEHHOTO OYyJIEBCKOTO THIA BBOJUTCS OTHOLICHHE
nopsaka false < unknown < true.
EcrecTBeHHBIM 06pa30M C Y4€TOM CCMAaHTUKH ABYX3HAYHOI'O 6yHeBCKOFO TUIIa U CIICLIUAJIBHOT'O
3HAYCHUS unknown nOonpeaesieTcs Habop onepaIii pacIMPEeHHOTO OYIIEBCKOTO THIIA!

NOT unknown = uknown,

(uknown AND uknown) = (true AND uknown) = (uknown AND true) = unknown,
(false AND uknown) = (uknown AND false) = false,
(true OR uknown) = (uknown OR true) = true,

(uknown OR uknown) = (false OR uknown) = (uknown OR false) = unknown.

Hpyrumu cnoBamu, {false,unknown,true} — 3T0 MHOXECTBO 3HAYCHUH MOIHOICHHOTO
TPEX3HAYHOTO OYJIEBCKOTO THMA W IMPHU 3TOM UNKknown ocCTaeTcs CIEHUaTbHBIM 3HAaYeHHEM
ATOTO THIIA C CEMAaHTHKOUN maybe.

Xors, BOOOIIIE TOBODSI, pe3yabratoM mo00i oneparuu CpaBHEHHS
tukn Ot ukn, t0t ukn,t uknot, rme 6 — =%#,>,>,<,<, a t — 00bIYHOE 3HAYECHHE
HekoToporo tuma T, sBIsIeTCss unknown, B ONepanysx CPaBHEHHS JOJDKHBI YUYHUTHIBATHCS
TaOJIMYHBIC OTPAaHWYCHHS TEX TAOIHIl, U3 CTOJIOIOB CTPOK KOTOPHIX BHIOMPAIOTCS OTEPAH[IBL.
Hanpumep, ecmu ans cronOma IENOro THIA yCTAHOBICHO orpaHmueHue value >0, u B
HEKOTOPBIX CTPOKaX COOTBETCTBYIOMICH TaONHIBI 3HAYCHUEM 3TOTO CTOJNOIA SBIsIeTCS t_ukn,
TO JIJIS 3TUX CTPOK PE3yNIETaTOM CpaBHEHUS t_ukn > 0, TOIDKHO SIBISATHCS frie. AHAIOTHIHO,
MycTh B Tabmmie umerorca naBa croadua C1 u C2 omHOTO M TOTO K€ THIA, U YCTaBJICHO
tabmruHoe orpanudenue CHECK C1 > C2, Torna, eciii B HEKOTOPBIX CTPOKAX 3TON TaOIHUIIBI
3HaueHueM cronbna C2 sBisercs t_ukn, TO Ul 3TUX CTPOK pe3yinbTaTtoM cpaBHeHus C1 >
t_ukn, NOMKHO SIBISATHCSA frue.

VYenoBue BHIOOPKH 3ampoca K 0a3e JaHHBIX, BBIYMCIIEMOE Ul OYEPEAHON CTPOKU (TPyIIIBI
CTPOK) TaONHUIBI, SBISIETCS Pa3pPEIIAlOIAM B TOM M TOJIEKO B TOM CIIydae, KOTAa pe3yIbTaToM
BBIYUCIICHUS SIBISIETCS frie. YTOOBI MOXKHO OBLTO (hOPMYITUPOBATH 3AIIPOCHI, HAPABICHHEBIC HA
BEIOOPKY CTPOK, KOTOpPBIE COMCPKAT CHCIHATbHBIC 3HAYCHUS, I KaXXIOTO TUMA JAHHBIX T
omnpenesiercs: onepauust IS t_ukn (T_exp), rne T_exp — Beipaxkerue tuma T, pe3ynbTraroMm
KOTOPOW sIBIIsieTCs true, ecnu pesynbratoM T_exp siBnsiercs t_ukn, v false B IpOTUBHOM cly4ae.
B SQL umerorcst aBe none3nbie KOHCTPYKIUU SCALAR SUBQUERY n ROW SUBQUERY ¢
HEOUYEBUHOU CEMaHTUKOM.

SCALAR SUBQUERY — 3T0 BIOXEHHBIH 1O[3aIIPOC, PE3YIBTATOM KOTOPOTO JOJDKHA SBISATHCS
tabmuna SS crenmeHu 1, cozmepxkamas poBHO oAHy cTpoky. Ilo mpaBumam SQL pesynsrar
CKAIIPHOTO TOA3ampoca HESIBHO IpeoOpa3yeTcs B 3HAYCHUE EIMHCTBCHHOTO CTOJONA
€IMHCTBEHHOW CTpOoKH Tabmuubl SS. [Ipu 3TOM, ecii MOIIHOCTh SS OKa3bIBacTcs Oobiie 1,
BO3HUKAET UCKJIIOUUTENbHAS CUTYyallus, a €CiiM MOIIHOCTh SS paBHa 0, To Beimaercss NULL.
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7)

Touno Tak e Beaer cebs onepanus ELEMENT, w3Bnekaronias poBHO OJHO 3HAau€HUE W3
3aJJaHHOTO MYJIBTUMHOECTBA, MOIIHOCTh KOTOPOTO J0JKHA OBITh paBHA 1.
MOJKHO MOHSATH HPUYUHEL, 1O KOTOPHIM B cTaHmapre SQL ObUIM NPHHATH Takue MpaBHia,
MIOCKOJIBKY CKaJIIPHBIE TIOA3aIIPOCHl MOTYT y4acTBOBATh B BRIPAXKEHUAX B pa3HbIX MecTax SQL-
3anpoca. Jlaxe HeoueBunHoe HazHaueHue NULL B kauecTBe 3HaYCHMs IOA3AIPOCA C IIYCThIM
Pe3yNIbTaTOM MOKHO OmpaBaaTh, mockoibky B SQL NULL — 3to yHHBepcanbHOE 0003HAUCHHE
0oTcyTCTBUSA AaHHBIX. Ho B mpearaeMoil HaMu cxeMe COBEPILICHHO HEIOMyCTUMO CHYUTATh, UTO
PE3yABTaTOM ITYCTOTO CKaISIPHOTO MOJ3aIpoca SBIISETCs CIIeMalbHOE 3HaUSHHE THIIA CTOJIONA
Tabnuupsl SS.
[oxoxkum obpa3om Bemer cebs ROW SUBQUERY — BIOXEHHBIH TOA3AIIPOC, PE3yIbTaTOM
KOTOPOTO JIOJDKHA SBIATHCA Tabnuia RS, comeprkamas posao onHy ctpoky. [To mpaBumam SQL
pe3yabTaT CTPOYHOTO MOA3AINPOCca HEIBHO Mpeo0pasyeTcs B CTPOYHOE 3HAUCHNE CTUHCTBEHHON
ctpoxn Tabmumpl RS. Tunm 3TOr0 3Ha4YeHWS W THIBI €r0 3JIEMEHTOB ONPEICIISIFOTCS CIIMCKOM
BEIOOPKH CTpOYHOTO Toxa3ampoca. Ilpu 3tom, ecau MomHOCTE RS okaspiBaercs Oombmie 1,
BO3HHUKAET UCKIIOYUTENbHAS CUTyallHs, a €CIH MOIIHOCTh RS paBHa 0, To BBIIAa€TCS CTPOKA TOM
e CTETIeHH, UTO U cTeneHb RS, kaxpiM a3nemenToM KoTopoit aeisiercs NULL. ITo-Buaumomy;,
Tak xe BeAeT ceds onepauust ELEMENT, u3Biekaromias pOBHO OJHO CTPOYHOE 3HAYCHHE U3
3aJaHHOTO MYJIBTUMHOXECTBA MOIIHOCTH | ¢ 3JIeMEHTaMH CTPOYHOTO THIIA.
Omate xe, 3T mpaBwia SQL MOXHO TOHSATH, HMOCKOJIBKY CTPOYHBIE IOJ3aMPOCHl MOTYT
y4acTBOBaTh B omepanusx cpaBHeHus. Jlaxe HesiBHoe otoxaectBienue NULL u crpoxku,
cocrapnerHoi w3 NULL, MOXHO (XOTS M C TpyHIOM) OOBSICHUTH YHHBEpCaIbHOCTHIO null-
3HayeHust B SQL. Ho B mpennaraeMoil HaMu cXeéMe COBEPIIEHHO HEJOMYCTHUMO CUHUTATh, YTO
pe3ylbTaToM IYCTOr0 CTPOYHOIO MOA3ampoca sBISETCA CTPOKa, COCTAaBICHHAs U3
CHelMaabHbIX 3HAYEHUI TUIIOB 3JIEMEHTOB CTPOYHOrO THUIA. Bo-NepBhIX, Takas CTpOKa MOIIA
Obl TOABUTHCA W B TOM Cly4ae, Korma MommHocTh RS paBHa 1. Bo-BTopblX, cTpoKa,
COCTaBJICHHAs M3 CIELHANBHBIX 3HAYEHUI TUIOB 3JIEMEHTOB CTPOYHOrO THIIA, SIBISIETCS
OOBIYHBIM 3HAYEHHEM 3TOTO CTPOYHOTO THIIA, Y KOTOPOTO UMEETCsl COOCTBEHHOE CIIEIMAIbHOE
3Ha4YeHHE.
M5! BUAMM [1Ba BO3MOXKHBIX BBIXO/Ia M3 3TOTO MOJIoKeHHSA. CaMbIM IMPOCTBIM peIIeHHEM
SIBIISICTCA TeHepalus HCKIIOYUTENBHOW CHUTyalluHd B CiIydasxX, roga MomHocTh SS, RS wmmmn
MYJIBTHUMHOXECTBA, K KOTOPOMY IpuMeHsieTcs onepauuss ELEMENT, oka3blBacTCsl HE paBHOU
1. dpyrum BapuantoM sBisiercsi BBenenue npenukara IS [NOT] EMPTY, npumensemoro k
BBIPOKCHUIO eXp THIA MYJIBTHMHOXXECTBA (KOTOPOE, BO3MOXKHO, BKJIIOYAET ITOJ3AIPOCH) M
BBIJJAIONIETO #rue (false) B TOM U TOJIIBKO B TOM CIIy4ae, KOIZia pe3ysbTaT BEIUUCICHUS exp IyCcT
(menyct). KoHeuHO, Takyio oOIlepalyio MOXKHO OBLIO ObI HCIIOJIB30BaTh HPH ITOCTPOSHHUH
BBIPOKEHUH C TepeKioyaresieM, a TakkKe MOXXHO ObUIO OBl BBECTH COKpAIECHHYIO (hopMmy,
ananornunyio COALESCE B SQL:
COALESCE_ON_EMPTY (exp,v)

= CASE WHEN exp IS NOT EMPTY THEN ELEMENT (exp) ELSE v END.
Uro KacaeTcsl TaHHBIX, OTCYTCTBYIOIINX IO MPUYMHE WX HEIPHUMEHUMOCTH, MBI IIpeIaraeM
UCIIOJIb30BATh /IS PadOTHI C HUMHU YIPOIIEHHYIO CXEMY JIEKOMIIO3UIIMU OTHOLIEHUH [lapBeHa.
VYopoueHuss NOpOUCXOAAT H3-3a TOTO, YTO MBI MMEEM JEJI0 TOJBKO C OAHOW NIpPUYMHOU
OTCYTCTBUSI JaHHBIX, U TPYIHO MIPEACTaBHUTh, YTO B OHOI TaOIMIIe BO MHOTHX CTOJIONAX MOTJIH
Obl OTCYTCTBOBAaTb JIaHHBIE 110 IIPUYMHE MX HEIPHUMEHHMOCTH B HEKOTOPBIX CTPOKax (ckopee
BCETO, 3TO CBUIETENLCTEOBAIIO OBl O HAJIMYMH O4EHD TIJIOXOM CXEMBI 0a3bl TaHHBIX 1),
B atom cityyae MbI iprberaeM K cxeme JIKOMIO3UIINH, a He BBOIMM €IlIe OJTHY Pa3HOBHHOCTb
CHeNHMaIbHBIX 3HAUEHHH 110 HECKOJIBKMM IpHYMHAM. Bo-mepBbIX, cxeMa IeKOMITO3HIINU

21 Jlns1 Gonblieit aKKypaTHOCTH CTOUT YTOYHMTH, YTO HAM HEU3BECTHBI CHTYAIlHH, B KOTOPBIX HENb3s OBLIO ObI
n30exaTh Ha CTaJAUM MPOECKTUPOBAHUS 0a3bl NAaHHBIX MOSBIECHUS TaOnMIl ¢ OOJBIIUM YHUCIOM CTOJIOLOB C
OTCYTCTBYIOIIUMH JaHHBIMH TI0 IPUYUHE UX HENPUMECHUMOCTH.

97



Kuznetsov S.D. Typed unknown values: a step towards solving the problem of representing missing information in relational databases.
Trudy ISP RAN/Proc. ISP RAS, vol. 35, issue 2, 2023. pp. 73-100

MO3BOJISIET HE COXPAHSTh SBHO HH(POPMAIIHIO 00 OTCYTCTBUU 3Ha4YeHHsI. BO-BTOPBIX, CEeMaHTHKA
BBIYHUCITUTENHLHBIX OTepaliii 1 B OCOOCHHOCTH OIEpalMii CpaBHEHUS IO MEHbBIICH Mepe
HeoueBHIHA. HakoHell, y 4eTBEPTOTO JOrHYECKOT0 3HAYCHHUS, KOTOPOE HEN30EKHO MOSBUIIOCH
OBl 1IpH BBE/ICHUU BTOPOM Pa3HOBUIHOCTH CIELUAIbHBIX 3HAYCHUH, OTCYTCTBYET HHTYUTHBHO
MOHSTHBIN CMBICII, HE TOBOPSI YKe O HAJIMYMH OTpHIaTeNIbHOTO onbita Koyia ¢ ncnonb3oBaHueM
YeThIpex3HauyHoM Joruku (cm. m. 3.1.1).

[Ipennaraemas ynpomieHHas cXeMa JEKOMIIO3UIIMK BBHIIIIIUT clieqyromuM obpazom. ITycts
umeercs ucxonnas tabmuua r{key,al,..,an,bl,..bk}, tne key — mnepBuuUHBIA WK
BO3MOXHBIU KJIFOY, B CTONOIAX al,...,an He MOTYT OTCYTCTBOBATh JAHHBIC MO MPUYUHE UX
HETIPUMEHUMOCTH, B cToJ0ax b1, ... bk maHHBIE MOTYT OTCYTCTBOBaTh. Toraa, ecim k = 1, T0
T JekoMnosupyercs Ha ase Tabmuusl rab{ key,al,..,an,b1} u raf{key,al,..,an}, B
KOTOPBIX 7ab COIEPKUT BCe IOMYCTUMBIE CTPOKH C TIPUCYTCTBYIOLIMM 3HaUeHHEM cToj0na b1,
a1a — Te CTPOKH, B KOTOPBIX 3HaueHue cTonoua b1l orcyTcTByer.

Ecmm k = 2, To r nekommosupyercst Ha 4etwipe Tabmuis rablb2{ key,al,...,an, b1, b2},
rab1{ key,al,..,an, b1}, rab2{key,al,..,an, b2} ura{key,al,..,an}, tne rablb2
COZIEPXKHUT BCE IOMYCTUMBIC CTPOKH C MPHUCYTCTBYIOUIMMH 3HaUYCHUSMH CTONONOB b1l U b2,
rabl — Bce CTPOKH, B KOTOPBIX 3HaUeHHs b1 MPUCYTCTBYIOT, a 3Ha4eHus b2 0TCyTCTBYIOT, rab2
— BCE CTPOKH, B KOTOPBIX 3HAYCHHsI b2 MPUCYTCTBYIOT, a 3HaueHuss b1 OTCYTCTBYIOT U ra — Bce
CTPOKH, B KOTOPBIX OTCYTCTBYET 3Ha4eHUs U cToioua b1, u crondua b2. [ npou3BoibHOTO Kk
nosBarcst Co+CL+...+Ck~1+Ck = 2K ta6mmn, uro, KoHeuHO, HeOMyCTHMO 1St GONMBIIHNX K.
Ecnu none3oBatessiM Hy)XHO (HOPMYIHPOBATh 3alpOChl K TaONuUIle, KOTOpas BKIHOYAET BCE
3HAYCHUS KITI0YA UCXOTHOM TaOIHIBI 7', MOXKHO ONpeIeNuTh pescTasienue (VIEW), B koTopoM
(mns k = 2, manpumep) ob6bemuustorcss (UNION) tabmuusl rablb2,rabl ¢ nobaBieHHBIM
CTOJIONIOM b2, 3alOJHEHHBIM BO BCEX CTPOKAX KaKUM-JITHOO peasbHBIM 3HAUCHHEM, KOTOPOE
YMECTHO B JJAHHOM TpHIOXKEHHH, rab2 ¢ nobasneHneM M 3amojHeHueM croibua bl u ra c
J00aBIeHHBIMU cTonOuamMu bl n b2 3amoJHEHHBIMH BO BCEX CTPOKAX TEMH Ke 3HAYCHHSIMHU,
4yT0 B rab2 u rabl coOTBETCTBEHHO.

4. 3aknroyeHue

CoBpeMeHHOe COCTOSIHHSI CPENICTB TOJACPKKH OTCYTCTBYIOIIEH WH(GOPMALMU B PENSIIMOHHBIX
0azax NaHHBIX OCTaBJIAET JKenarh Jyumiero. Ciemys MpearmucaHusM OCHOBATENs PESIUOHHOMN
Moenu naHHbIX Jarapa Komn, paspaboTanku cranmapra si3eika SQL 3aTBepaniy B HeM MEXaHH3M
yHHBepcabHOTo NUll-3HavYeHust, MPUBOASIIMN K MHOTOYHCICHHBIM MPOTHBOPEUYAIMM HHTYHIHH
CUTyallsIM TIpA (OPMYJIMPOBKE W BBITIOJHEHWH 3alpPOCOB, M BBIHYXIAIOMIMN HCIIOIB30BATh
CTPaHHBINA TPEX3HAYHBIA OYJIEBCKUI THI IAHHBIX, B KOTOPOM HeTunu3upoBanHoe Null-3madenue
OTOXIECTBIISIETCS C TPETHUM 3HAUCHUEM OYJIEBCKOTO THIIA.

B TeueHme MHOTHX JIET aJbTepPHATUBHBIC MOIXOABI K YIIPABICHUIO OTCYTCTBYIOIICH HH(DOpMAIH
pa3pabatbeiBanuch U npeanaranuck Kpucropepom Jeiirom u Xpro Jlapeerom. B aTux moaxomax st
[peCTaBIeHUs OTCYTCTBYIOIIMX JaHHBIX UCTIOJIB30BAINCh CHAYalla BbIIECJICHHbIE TOJIb30BATEIISIMU
3HAYEHUS TUTIOB JJAHHBIX, & 3aT€M PACLIMPSIOLIUE TUIIbI JaHHBIX CliellhalbHble 3HAaU€HUsI HA OCHOBE
TPaJAUIIMOHHON IBYX3HAYHOH JOTHKH. DaKTUYECKH, TIPU CIIEAOBAHNUN dTUM ITOIX0JIaM BCsI HATpy3Ka
10 YIPABJIEHUIO OTCYTCTBYIOIIMMU JAHHBIMU MEPEKIIAIbIBAETCS Ha TIOJIb30BaTENEH.

TmartensHO MPOAHATU3UPOBAB BCIO HUCTOPHUIO (POPMUPOBAHHS M PA3BUTHS 3TUX IMOAXOIOB, MBI
MIPHIIUTH K BBIBOAY, YTO CUTYaIIUs, CIIOKHUBIIAsiCs B cTanaapte SQL, SBIsIeTCS MPsSIMBIM CIIEACTBUEM
yauBepcanbHocTh NUll-3nauenns. OrpaHMYeHHOCTD Ke 1moaxoa0B Jleiita u JlapeeHa HensOexHa
IIPU MCIIOJIb30BAaHUM JIBYX3HA4YHOW Joruku. IIpu stom u momxon, maymuii ot Komnma, u cxema
cnenuanbHEIX 3HaueHWH Jleiita m JlapBeHa 00magaroT M OYEBUAHBIMH JOCTOMHCTBAMH: IEPBEIHA
moaxoJ obserdaetT GopMyIUPOBKY 3alIPOCOB, BTOPOH MO3BOJISIET N30aBUTHCS OT YHUBEPCAIHLHOTO
null-3nauenus.
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B npemnoxkeHHOM HaMU MOAX0/1€ MEXaHU3M CIEIHATbHBIX 3HAYCHHUI UCTIONB3YEeTCS B KOMOMHAIIUN
C Tpex3HauyHO# normkoil. Ha ocHOBe crienuaibHBIX 3HAYECHWH MBI OOecledrBacM YIpaBlicHUE
OTCYTCTBYIOIIUMH JaHHBIMH TOJIBKO OIHOW KaTETOPHH — JaHHBIC HEW3BECTHHI. 3a CUET BBEICHUS
CICIHUATBEHOTO 3HAUCHUSI B OYJIEBCKHUU THII, MBI TIOJIYYacM MOJHOIICHHYIO TPEX3HAYHYIO JIOTHKY, B
KOTOPO# CHEIHMATbHOEC 3HAYCHUE WUIPAeT POJIb TPETHEr0 JIOTMYCCKOTO 3HAYCHHS. T HIH3aIus
CIEIHUATbHBIX 3HAUEHHUH (OTKa3 OT yHHBepcaJbHOTro NUll-3HadeHust) MO3BOJSIET YUUTHIBATH MPH
BBIYUCIICHUH BBIPAKCHUHA OCOOCHHOCTUA CEMAHTHKH THIIOB JTAHHBIX M M30€rath OIMIMOOK, KOTOPHIC
MOTYT BO3HUKATh B SQL-3ampocax. JIJis moaaep KK OTCYTCTBYIONIMX TAHHBIX KATETOPHH «IaHHBIC
HETMPUMEHUMBI» MBI MPejIaracM UCIOb30BaTh YIPOIECHHBIN BApHAHT cXeMbl J[apBeHa HA OCHOBE
JIEKOMITO3UIIMN TAOIHII.

I[lo Hamemy MHEHUIO, TPUMCHCHHC THUIM3HUPOBAHHBIX CICIHMAJBHBIX 3HAYCHUHA BMECTO
yuuBepcanbHoro null-3Hauenuns no3sonmwio 661 yaydmutsh ctanaapt SQL. OgHako Mbl oTaaem cebe
OTYeT B TOM, YTO 3TO OYEHB OoubIIas pabora, TpeOyromas mepecMoTpa MHOTHX CIerr(pHUKannii.
Nmeetcs n TexHudeckas mpodieMa, CBI3aHHAS C TE€M, YTO OOJBIIMHCTBO THIIOB JaHHBIX B SQL
SBIISTIOTCSI O€3BIMSAHHBIMU, TaK YTO HE OYCHB MOHATHO, Kak 0003HAYaTh JUTEPAIBI CIICIIHATbHBIX
3HaYeHUH. BO3MOXHO, 3Ty mpoOiieMy MOKHO OBLITO OBI PEIIUTh IMYTEM IIEPEOCMBICIICHUSI TIOHATHS
momeHa SQL takuMm oOpa3oM, 4TOOBI ¢ TIOMOIIBIO STOTO MEXaHHM3Ma MOXHO OBUIO OMpPEICISAThH
UMCHOBAHHBIC TUIIBI JAHHBIX CO CIICIIHUAJIbBHBIM 3HAYCHUCM.
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AHHOTanms1. Pemenye 3a1a4 4YuCIeHHOT0 MOJICITUPOBAHMS PA3INIHBIX (H3UYECKHX IIPOLECCOB MIPEANONaracTt
UCIIOBb30BaHUE BBIYMCIHMTEIBHBIX PECYPCOB Ha Pa3HBIX CTaIUsIX ITOATOTOBKH, NPOBEICHHS PAacueTOB U
00paboTki ux pe3ynbrartoB. IIpu 3TOM cCyliecTByeT mpobiema nepenadd AaHHBIX MEXIY pPa3InuHbIMU
NPUKIaAHBIME  [POTPAMMHBIMHM ~ KOMIUICKCAMH, HCIOJIb3YEMBIMH B TOM 4YHCJIE HA TIEeTEPOTCHHBIX
BBIYMCIIUTENIBHBIX Pecypcax ¢ pasHON apXMTEKTYypoil. B cTaThe paccMaTpHBArOTCS OCHOBHBIC MOAXOBI IO
pa3paboTKe U UCHOJIb30BAHUIO IPOrPAMMHOT0 00eCIIeueH s s paboThl CO CTPYKTYPUPOBAHHBIMH JaHHBIMU
HPUKIIaJHBIX IPOrpaMMHEIX KoMIulekcoB Ha npumepe HDF u SIO.

KiroueBbie c10Ba: BBIUHCIHTENBHAS CHCTEMA, CTPYKTYPHUPOBAHHBIC JaHHBIC; BBICOKOTPOU3BOJUTEIBHBIC
BBIYKCJICHUS; MaTeMaTHYECKOEe MoJieupoBanue; ¢hopmatsl ganubix; HDF; SIO

Jasn nutupoBanus: UrnateeB A.O., Mokmmua C.1O. IIporpammusii kommiekc SIO must pabotsl co
cTpykrypupoBaHHeIMH gaHHBIMHA. Tpyaer MCIT PAH, tom 35, Bem. 2, 2023 r., crp. 101-110. DOI:
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Abstract. Numerical modeling of various physical processes involves the use of computing resources at
different stages of preparation, calculations and processing of their results. At the same time, there is a problem
of data transfer between various application software used on heterogeneous computing resources with different
architectures. The main approaches to the development and use of software for working with structured data of
application software on the example of HDF and SIO discussed in this article.

Keywords: computing system; structured data; high-performance computing simulation; mathematical
simulation subsystem; data format; HDF; SIO
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1.BeedeHue

CoBpeMeHHbIE MOAXOBI 110 OpraHu3alMd paboThl C TEHEPUPYEMbIMH Ha BBIYHCIHMTEIBHBIX
crcTeMax M IePCOHANIbHBIX KOMITBIOTEpax HabOpaMH CTPYKTYPHUPOBAHHBIX JaHHBIX MPEIOJararoT
WCIIOJIb30BAaHNE HEKOTOPHIX, CTAaHIAPTU30BAaHHBIX B MHPOBOM COOOIIECTBE pPa3pabOTUMKOB
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MIPUKJIATHOTO TPOTpaMMHOTO oOecrieueHusi, OMOIMOTEeK BBOAA-BbIBOJMA. Ha maHHBIH MOMEHT
OCHOBHBIMH TPeOOBaHUSAMH K (OpPMATy XpaHCHUS TaHHBIX MOXKHO Ha3BaTh CICAYIOIIHE:

° BO3MOXXHOCTb XpaHCHUSA UMCHOBAHHBIX JAHHBIX Pa3HOr'o THIla U pa3Mepa,

e BO3MOXHOCTH HCIONB30BAaHWS JAaHHBIX 0O€3 JOIOJHHUTENBHOTO MpeoOpa3oBaHMs HA
BBIUHMCIIUTENBHBIX CHCTEMaX C TETEPOreHHOHM ammapaTHOW IUIATGOpMONH W pasTHIHBIMU
ONEpalOHHBIMU CHCTEMaMH.

PaccMoTpHM NOAXOABI K XPaHCHUIO JAHHBIX C TOUYKH 3PEHNUS YAOBIECTBOPEHHS JAHHBIX TPEOOBaHNUIA.

2. ®opmam HDF

Be3ycoBHBIM TMAEPOM CPEAr OTKPBITHIX MPOEKTOB B 00JIaCTH pa3pabOTKH CTaHAAPTU30BAHHOTO
¢opMaTa XpaHEHHUs MNAHHBIX, YIOBJIECTBOPSIOINETO BBIIICHA3BAHHBIM TPEOOBAHMSIM, SBISACTCS
npoekt HDF [1].

HDF — 5T0 MHOT0OOBEKTHBIH (hailoBbIi hopMaT ¢ caMOONTMCaHHEM, UCTIONb3YEMBbIH JUIS XpaHEHUS

U pacmpocTpaHeHns HayyHbIX pgaHHBIX. HDF  Obur  co3man  HanmoHanmbHBIM — HEHTPOM

CyMepKOMIbIOTepHBIX TpminokeHUH (NCSA) s ymZoBIeTBOpEHHsS HOTPEOHOCTEH pa3IMIHBIX

TPYII YYCHBIX B PAa3IMYHBIX HWH)XXEHEpHbIX mpoekTtax. ®opmar HDF obnamaer ciemyrommmu

CBOWMCTBaMH:

e CcaMOONWCaHME: U1 Kaxaoro oObekTa naHHBIX B (Qaine HDF ectp ucuepnbiBaromias
nHpopmanus (MeTalaHHbIE) O JAHHBIX;

®  YHUBEPCAIHHOCTh: MHOTHE TUIBI JAHHBIX MOTYT OBITh BcTpoeHH!I B (aitn HDF;

e ruOkocts: HDF mozBonsier monb3oBatensiM TIpYIIHPOBATh CBSI3aHHBIE OOBEKTHI AaHHBIX
BMECTE, IIOMEIIATh UX B HEPAPXUIECCKYIO CTPYKTYPY U JOOABJIATH ONMMCAHKS U TETH K 00bEKTaM
JIaHHBIX, IO3BOJIAET M0JIb30BATENSIM IOMEIIATh HAY4HbIE JAHHBIE B HECKOJIBKO (haiisioB;

e pacmupsiemocts: HDF MoxeT Jerko npucrocoOMThCS K HOBBIM J00aBJICHHBIM pPeXHMaM
JaHHBIX B OYIyIIEM U JIETKO COBMECTHM C JPYT'MMH CTaHIAPTHBIMH (hopMaTaMu;

e kpoccmiarpopmernnocts: HDF - 310 HesaBucumbiii oT miatdopmel dopmar daitna (haiiisr
HDF MoxHO wuCHonb30BaTh Ha pa3HBIX I[POrpaMMHO-anIaparHeiX Iardpopmax 0Oe3
npeoOpa3oBaHus).

M

JIAHHBIX

Puc. 1. Cmpyxmypa HDF-xonmeiinepa
Fig.1. HDF container structure

Ha nanuelii MomeHT paspaborunkamu ¢opmata noxanepkusaercs Bepcus HDFS. [ mywmero
MOHMMaHUs JIoruku ucnonbzoBanust HDF pacemorpum crpykrypy ¢aiina HDFS. ®opmansHo daiin
HDF5 — 310 KOHTElfHep I XpaHEHUS Pa3IMYHBIX HAYYHBIX JaHHBIX C IIOMOIIBIO IBYX OCHOBHBIX
00BEKTOB aHHBIX — IPYII ¥ HAOOPOB JTaHHBIX, KaK II0OKa3aHo Ha puc. 1.

ITpu sTom Habop nanHbix HDFS npencrasnser co00it MHOroMepHBI MaCCHB JIEMEHTOB JaHHBIX U
HEKOTOPBIX BCTIOMOTAaTENbHBIX METaJaHHBIX, KaK TOKa3aHO HA PUCYHKE 2.
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JlanHble

Hepenne 1 =4
Hamepenne 2= §
Hamepenne 3=6

Puc. 2. Cmpyxmypa nexkomopozo nabopa dannvix HDF
Fig.2. HDF dataset structure

B nmpumepe, npuBeAeHHOM Ha pHC. 2, JaHHBIE COXPAHSIOTCS, KaK TPEXMEPHBIH LEJIOYHCICHHBIN
MacCHB Pa3MepHOCTHIO 4x5x6. OH coIep>KUT HEKOTOPHIH HAOOp aTpHOYTOB — MapaMeTpoB. JlaHHBIE
B MacCHUBE pa3JIelIeHbI Ha OJIOKU U CXKAaTBL.

[Ipn Bcex mpenMymiecTBax, TAaKOH MOAX0/ 00IaJaeT ONpeeICHHBIMHI HEOCTATKAMHU:

e 3HayajbHAs OpPHEHTAIMs] Ha MAaKCHUMAJIbHYIO YHHBEPCAIM3ALMUIO (XpaHEHHE MPOU3BOJIBHBIX
TUIIOB JaHHBIX, JOIMYCTHUMOCTh CJIOKHOW HepapXH4YecKoW CTPYKTYphl AAaHHBIX) IpHUBENa K
M3JIMIIHEMY YCIIOKHEHHMIO Kak (popmara TaHHBIX, TaK U HHTEepdelica paboThl ¢ TaHHBIMH,

e  CTpeMJIeHHE K YHHBEpCAIM3alluK IPUBEJIO K MHOTOKPaTHOMY nepecMoTpy crienndukann HDF
(3a mocnenuue 20 ner 6putn BoinylueHsl cnermpukaunn HDF3, HDF4, HDFS), npusenime x
TOMY, YTO JIJaHHBIE, 3aIICAaHHbIE B CTApOM (opMmare, He YUTAIOTCS TIPH UCIIOIb30BAaHUH HOBOTO
dhopmara,

® TOAJCp)KKAa HOBBIX (hOpMAaTOB MAHHBIX MPEABSABISECT Crelu(UUecKrne TpeOOBaHHUS K
CHCTEMHOMY OKpYXKE€HHIO, B KoTopoM paboraer HDF, uro, 3auactyio npuBOoguT XK
HEBO3MOXXKHOCTH YCTaHOBKHM cTapbIX Bepcuii 6nbmmorex HDF Ha coBpeMeHHbIe onepaliioHHbIe
CHUCTEMBI.

Kpome Toro, muoronetrHuit omsit skcruryaraimun HDF B Poccuiickom ®enepanprom SnepHOM

Lentpe — BeepoccuiickoM HayqHO-HCCIIEIOBATEILCKOM HHCTUTYTE TEXHUYECKOH (U3MKH MMEHH

axagemuka E.W. 3a6abaxuna (POAL-BHUNT®) moka3an mocTossHHOE HATMYHE OMIAOOK B JAHHOM

MIPOTPaMMHOM OOECIICUCHNH, B TOM YHCIE BIMSIOMNX KaK HA WHQOPMAIMOHHYIO 0€30MacHOCTS,

TaKk, MHOTJAa M Ha TOYHOCTH BBIYMCICHMI IIPHM BaXXHBIX HAYYHBIX pacdyerax. OTH OIIUOKH,

0e3yCIIOBHO, ONIEPATHBHO BBIBIIOTCS M UCTIPABIISIOTCS OTKPHITHIM COOOIECTBOM pa3pabOTIHKOB,

HO, B TO )K€ BpEMsl, IIOCTOSIHHO TIOSIBIISIIOTCSI HOBBIE.

3. lpoepamMmHbIl komnnekc S0

B T0 xe Bpems, B POSI-BHUUT® B 1998 roxy Obu1 pa3paboTaH u BHEIPEH B AKCILTyaTaIUIO
nporpammusbiit  komruieke SIO  [2], TOMHOCTBIO yIOBJIETBOPSIOIINA MPHUBEIACHHBIM paHee
TpeOoBaHUAM K (OpMaTy COXpaHEHHS NaHHBIX. [laHHBIM TPOTrpaMMHBIN KOMIUIEKC YCIICIITHO
MIPUMEHSIICS JIJIsl XpaHEHUs TaHHBIX, COBMECTHO HMCIIOJIb3yeMbIX Ha OBM «2nb0pyc-2» U apyrom
BBIYUCITUTENIFHOM 000pyJOBaHMM BBMHCIUTEIbHOTO IeHTpa POAI-BHUUT®, a Taxxe
(daxrrdecku Ha Bcex IBM c apxutektypoii x86-64. Ha naHHBI MOMEHT NPOrpaMMHBINH KOMILIEKC
SIO ycnemHo pa3BHBaeTCs W HMHTETPUPYETCSl B NPHUKIAJAHOE MPOrpaMMHOE olecredeHue
paspabotku POSI-BHUUTO.
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SIO npenHa3HaueH Uil XpaHEHUS] HIMEHOBAHHBIX OOBEKTOB CJIEYIOIIEr0 BUIA:

e UMEHOBaHHBIE 3amMcH (OJHOMEPHBIE MacCUBBI) THIA integer*2, integer*4, integer*8, real*4,
real*8 u char npou3BOIBHOM IITHHEL,

e MHOTOMEpHBIE MacCHBHI THIIA integer*2, integer*4, integer*8, real*4, real*8;

®  HOMEPOBaHHBIE CTPYKTYPHI (MMSI CTPYKTYPBI U HOMEDP SK3EMILISIPA), T/ 3JIEMEHTOM CTPYKTYPBI
(TIo7IeM) SIBIISTFOTCS TE YK€ TUITBI JTaHHBIX.

IMporpammuslit komiuieke SIO cOCTOUT U3 OGUOIMOTEKH Si0 U TPOTPAMMBI AT MPOCMOTpa (aiiios
dopmara SIO — sioview. bubnnorteka sio comepkuT (GyHKUHH st paboTel ¢ daitmamu u
XpaHUMBIMH 00BeKTaMu. MHTepdelic Si0 COCTOUT U3 CIEAYIONIX OCHOBHBIX (DYHKIINIA:

e pabota c daiTamMu (OTKPHITHE H 3aKPBITHE, BEIBOJ AIIEMEHTOB KaTajora);

e paboTa c IMEHOBAaHHBIMH 3aIUCAMH (ITEHHUE, 3aITUCH);

e paboTa co CTPYKTypaMH (ONMCaHUe MOJEH, YTeHHE/3aHCh MOJIsl AK3EMILIIpa IPYIIIbI);

e paboTa c MHOTOMEPHBIMH MaccuBaMu (OIpe/ieJICHUEe MacCUBa, YTCHUE/3aIMCh MacCHBa).
PaccMoTpuM OCHOBHBIE OCOOEHHOCTH PabOThI C ITUMH THIIAMH JIAHHBIX.

3.1 XpaHeHue AaHHbIX

[porpammusni  kommiekc SIO  mpenHasHaden Uil XpaHeHHs — OonbpIIoro  oObeMa
CTPYKTYPHPOBAHHBIX JaHHBIX U HE UMEET OTPaHHYCHHI KaK 110 pa3Mepy XpaHUMBIX JaHHBIX, TaK U
0 UX KOJIMYECTBY. XpaHeHUE CTPYKTYPUPOBAHHBIX JaHHBIX TpeOyeT BeCHHUE KaTaiora, B KOTOPOM
IUISL K&KIOTO OOBEKTa IPHUCYTCTBYET UMs 00BEKTa, ero aTpuOyThl (THI, GopMaT M KOJUYECTBO
anmeMeHTOB) U azapec B (aiine. Karanor B SIO mMmeer cerMeHTHO-CIHCOYHYIO CTPYKTYpY, T.€.
COCTOUT U3 CErMEHTOB (DMKCHPOBAHHOW JUIMHBI, OOBEAMHEHHBIX CHHCKOM. Kakmplii cermMeHT
COCTOUT M3 ONHUCAHUS OJIOKOB NAHHBIX W, NP HEOOXOJIMMOCTH, BKJIIOYAET B ce0sl ONMCAaHUE
CIIEYIOIIET0 CerMEHTa KaTaliora, Kak Moka3aHo Ha puc. 3.

3aronosok daitna

[lepsbiir cermenT karanora

| CTpoka Katanora c onucaHmem obbekTa

O6bexT

O6berT

CermeHt katanora Ne 1 le—

i CTpoka KaTtanora c onucatvem obberTa

:.. ____ Cipoka katanora c onucahnem obvekta

| Cipoka karanora c onucasmem cermenta No
O6bekT

06bexT

CermeHt xkaranora Ne 2

1

| CTpoua Katanora c onucaHuem obbenTa h
CTpm(a katanora c onucaHnem obnekta

D6vexT

D6berT
Puc. 3. Cmpyxmypa ¢haiina SI0
Fig. 3. SIO file structure
Ilpu cozmanmu daiina B Gpopmare SIO cosmaercs mepBblii cerMeHT Kataiora. Ilpu mo0aBieHHH
HOBOT0 00BbeKTa B (hailyl CHaYasa mpoBEPSIETCs, €CTh JIM MECTO B TEKYIIEM cerMeHTe. Eciu cermeHt
3aII0JTHEH, TO BBIICISIETCS HOBBIM CerMEHT (CChUTKA HA KOTOPBIHA BKIIFOUACTCS B TEKYIIHHA CETMEHT)
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1 HOBBIM CETMEHT OOBSBISETCS TEKYIIMM. [locie 3TOro HOBBIM OOBEKT BKIIIOYAETCS B TEKYIIUH
CerMeHT Kartajora.

Ha6op ¢bynkumii 1t paboThI ¢ KaTaJOrOM BKJIFOYAET B CeOs:

®  [OTYYUTH KOJINIECTBO OOBEKTOB B KaTajore (haiina,

®  [IOJYYUTH ONUCaHHE 0OBEKTA U3 KaTaJIora II0 €ro IOPsIKOBOMY HOMEDY,

®  [IOJYYHUTh ONUCAaHHE OOBEKTA IO HMEHH.

Taxum o6pazom, SIO, kak u HDF, siBnsieTcs camoonuchiBaeMbIM ()OPMATOM XpaHEHHUS TaHHBIX.

3.2 AMeHOBaHHbIE 3anucu

MMeHOBaHHAs 3aITUCh MPECTABIET COOOH OTHOMEPHBIN MAaCCHB, UMEIOIINI UMS, KOJHYECTBO H
(hopMart 3JIeMEHTOB.

Ha6op dbyHkumii anst paboThl ¢ UMCHOBAaHHBIMH 3aITUCSIMH BKITFOYACT B CEO:

®  3aIHCh,

®  YTCHUE.

B mapameTpax 3Tux (QyHKIUI yka3biBaeTcs MMs, GOpMAT 3IEMEHTOB, KOJHUYSCTBO 3JICMCHTOB H,
BO3MOJXKHO, CMELICHHE OTHOCHTEIIbHO Hauyala MMEHOBaHHOW 3amucu B (aiiyie, 4TO MO3BOJISIET
paboTaTh c UMCHOBaHHOM 3aIHCHIO0, KaK C TOJMACCHBOM.

3.3 CTpyKTYpHbI

CTpyKTyphl NpeHa3HAYECHBI JJIsI XPAHEHUSI MHOKECTBA SK3EMIUISIPOB HEOTHOPOIHBIX 3JIEMEHTOB.
Kaxnas cTpykTypa uMeet Habop Moseil, HISHTUYHBIX 110 CMBICITY HMCHOBaHHBIM 3aITUCSM.

Habop ¢yaxumii gt paboThI ¢ CTPYKTypaMu BKIIFOYAET B ceOs:

e  OmpeleNeHHe CTPYKTYPHI,

®  OIKCAHUE NOJEH CTPYKTYPHI,

®  3aIKCh FK3EMILLIPA OJIsSI CTPYKTYPBI,

®  YTEHHE DK3EMILISIPA OIS CTPYKTYPBI.

IIpu ompeneneHun CTPYKTYphl yKasblBaeTcsl €€ MM W 4HcIo noneil B Hell. Jlanee, M Kakaon
CTPYKTYpPbI YKa3bIBacTCsl MMs MO, OpPMAT U KOJIMYECTBO IEMEHTOB. [ moctyma Kk 00beKTy
CTPYKTYPBI B OIlepalMsiX YTCHHUS/3aIUCH YKa3bIBAETCS HOMED DK3EMIUIIPa CTPYKTYPBI U UMSI MOJI.

3.4 MHoromepHble MaccuBbI

B mocnennnx Bepcwsx SIO mosBmilach mojiepXKKa MHOTOMEPHBIX MaccHBOB. [Ipu 3TOM
pasmepHocTh MaccuBa B SIO He orpaHWdyeHa HHYeM, KpoMe oObeMa JOCTyNMHOH mamstu. B
nporpaMMmHOM KoMmIuiekce SIO peanuzoBanbl GYHKIMH, TO3BOJISIOLINE!

®  OIpPEAEIUTh MHOTOMEPHBIN MaCCHB,

®  TOJYYUTh MHGOPMAIHMIO O PA3MEPHOCTH MACCHBa M JUTMHAX €T0 M0 U3MEPEHHSIM,

®  3aIMCHIBATH/YUTATh MACCHB KakK IIEITMKOM, TaK U YacTsAMH (II0JJMacCHBAMH).

Heob6xonuMocTh paboThI ¢ IOJMACCHBAMU CBsI3aHA C TPAJAUIIMOHHON HEOOXOAMMOCTHI0 00paboTKH
JIAHHBIX 3HAYUTEJIBHOTO0 00bEMa Ha BBICOKONPOU3BOIUTEIBHBIX BBIUHUCIUTEIBHBIX CHUCTEMAX, B
3TOM CJIy4ae 4acTO BOSHUKAET HEOOXOIMMOCTh JOCTYIA TOJNBKO K YacTH 00padaThIBaeMbIX TaHHBIX.
OT0 MOXET OBITH CBA3aHO KaK C HEJOCTATOYHOCTHIO PECYPCOB JJIsi 00pabOTKM JaHHBIX LEIHKOM,
TaK M C pacnapaulelIiBaHneM 00pabOTKU TaHHBIX JUISl COKPAILCHNsI BpEMEHH 3TOH 00paboTKy.
3ayacTyro BMECTO MOHATHS «IT0OIMACCHB» HCIOJB3YETCs] TEPMHH «BBIpe3ka» (slice). ITox BeIpe3koit
13 MHOTOMEPHOTO MacCHBa B OOIIEM CIy4ae MOHNMAETCs MMOTyYeHHe HOBOTO MacCHBa Pa3MEPHOCTH
TOMW e WM MEHbIIEH, JJIEMEHThI KOTOPOro OepyTcsl U3 4acTH MCXOJHOTO MAaccHBa C OTCEKaHHUEM
«HEHYXHbIX» yacTell. [I[pumep BbIpE3KH 13 AByMEPHOTO MAacCHBa IOKa3aH Ha puc. 4.
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A1l [ A12 | A13 | A1a | A1s | Als

A21 | A2z | A23 | A24 | A2s | Aze Az2 | Az3 | A4

A31 | A3z | A33 | A3a | A3s | A3s A32 | A3z | A3s

Puc. 4. Bvipeska uz 08ymepHo2o maccuga
Fig.4. Slice from two-dimensional array

B SIO maccuBbl B ¢aiine XpaHSATCS B BHUAE OJHOMEPHOH ITOCIECIOBATEIBHOCTH JJIEMEHTOB C
MIOCTPOYHON pa3BepTKOil B cTmiie si3bika C (Ha pUCYHKE S MMOKa3aH MOPAIOK XpaHEHHS JIEMEHTOB
JUISL MAcCHBA, IPUBEACHHOTO Ha puc. 4).

Ar!»‘-x‘ nnlz\x.';:.:. A|<l/\,l AL | A [ ASS | A2 | A2 | Ady [ASE LARE | AR | Ads | A | As ;'u“iull,'«:tlfu lr‘:.‘lrw As: | As
L 1 1 1 1 1 1 ! 1 1 ! !

Puc. 5. Ilopsiook xparerust sneMeHmos 08YMePHO20 MACCUBA
Fig.5. The order of storing elements of a two-dimensional array

BriOpaHHas BbIpe3Ka OnpeAessieTcst TpeMs IapaMeTpaMu, MEPBBIN 13 KOTOPBIX ONPeJIEIIsIeT HaYallbHBIIH
HHJIEKC BBIPE3KH B MAacCHBE, BTOPOH ONMUCHIBACT Pa3MEPHOCTh BBIPE3KH, a TPETHH — KOJIUYECTBO
3JIEMEHTOB T10 KOKIOMY M3MEPEHHIO MACCHBA, COCTABIIIONINX BBIPE3KY.

B o0miem cityuae, Juist BHITIOJIHEHUS! BRIPE3KH U3 MaccuBa TpeOyeTcs Iu00 MpoYnTaTh BECh MAaCCUB B
OTEPaTUBHYIO NMaMATh C MOCIEIYIONIeH MepechUIKON 3IeMeHTa U3 MCXOIHOTO MacCHBa B MacCHB
JUIS BBIPE3KH B INpPOrpamMme, JHOO HECKOJIBKO pa3 MPOM3BOAMTH NPOLENypy 4TeHHs u3 Gaiiia
TpeOyeMBIX JacTel MaccuBa M, OIIATH )K€, ePEChlIaTh MOTYYEeHHbIE 3JIEMEHTHI B PE3YJIbTHPYIOIINH
MacCHB, yBEIMYHMBAs HAKJIAJHbIE PAacX0/bl Ha BHIITOJIHEHHE ornepanuy. [1o3ToMy mpeArnoYTuTeasHO
HCTIONB30BaTh B KAUYECTBE BBIPE30K IIOCTPOYHBIE CEUCHUS.

CeueHre OTIMYAETCS OT BBIPE3KH TEM, UTO HadaJbHbIE M KOHEUHBIC 3HAYEHHS UH/EKCOB B CCUCHUH
COBIIAJIaCT C TEMH K€ 3HAYEHHSIM B HCXOAHOM MaccuBe. IIpm 3TOM pa3MepHOCTH CedeHHS
CTaHOBUTCS MEHBIIE, HYeM Yy HCXOAHOTO MaccuBa. [locTpoyHOe CeueHHe OmpeersieTcs
(DMKCHPOBaHHBIM TIEPBBIM MHJIEKCOM MaccuBa. TakuMm o0pa3oM, MH(OpPMaLus COCTOUT U3 OIHOU
CTPOKH MJIM HaOOpa CMEXHBIX IO TIAMSITH CTPOK MacCHBa.

| = |

Puc. 6. Oonomepnoe ceuenue 08ymMepHo2o Maccusa
Fig.6. One-dimensional cross section of a two-dimensional array
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Puc. 7. Oono- u 08ymepnoe ceuenuss mpexmepHo2o mMaccusad
Fig.7. One- and two-dimensional sections of a three-dimensional array

Ha puc. 6 nokazaHo ofHOMEPHOE CEUEHUE ABYMEPHOTO MaccuBa. Ha puc. 7 moka3zaHbl OTHOMEPHOE
1 IByMEPHOE CEUYEHHS TPEXMEPHBIX MAaCCUBOB. BHIOOPOM MOIXOIAIIETO CEUCHUS MOKHO TOOUTHCS
COKpAIIEHNs YKCiIa YTCHUH U3 (ailyia 10 OJHOTO M HCKIIOYEHHS HEOOXOANMOCTH IEepEMEINEHUS
nMH(OpMAaLUH 110 ONIEPaTUBHOM MaMSTH.

Jn1st AByMEpHBIX MacCHBOB Ajj TAKUM CEYECHHEM SBIACTCS CTPOKa MPH (PUKCHPOBAHHOM 3HAYCHUH
i. JIyst TpeXMepHBIX MACCHBOB Aijjk TAKUX CCUCHUIA 1BA THIIA:

e cTpoKa npu GUKCHPOBAHHBIX 3HAYCHHSX | U | (OZTHOMEPHOE CCUCHHE);
®  IUIOCKOCTB IIPH (PUKCHPOBAHHOM 3HAYCHHH | (IBYMEPHOE CCUCHHE).

Ha puc. 8 MPUBCACHBI MPUMEPLI XpaHCHUA TPEXMEPHOT'O MAaCCHBa C JJIMHAMH 110 U3MCPCHUAM,
PpaBHbBIMHU IBYM, U BLI6I/IpaCMBI€ AT ABYX CCUCHHUI JICMECHTHI MAaCCHBA.

A1l | A1z AR | A122 | A211 | A212 | A1 | A2z OpHomepHoe cevenme i=1,j=2

A1l | A1z | A1z Al)x_ AsymepHoe cevexne i=2

Puc. 8. Ilopsook xpareHus s1eMeHmo8 mpexmepHo20 MACCU8a U 8b10UPAEMO20 CedeHUs!
Fig.8. The elements order of a three-dimensional array and its selected slice

3.5 Mpumep paboTbl c GUONMOTEKON Si0

PaCCMOTpI/IlVI HpHBe,E[eHHBIﬁ Ha jguctunre 1 NpUMEP UCXOJAHBIX TEKCTOB MPOIrpaMMBbl, KOTOpas CHavdaj1a
3aIlOJIHACT MAaCCHUB 10 KOJIOHKAaM, a IMIOTOM YUTACT I10 CTPOKaM.

1 #define SIO REAL16 18 // dopmMaT 3JEMEHTOB

2 const int lcat = 8;

3 int ko, 1, 3

4 char* aname="d2 2"; // wuMma Maccusa

5 int 1idx2[2]: // MaccuB 1Ji9 MHIOEKCOB BHPE3KU

6 1int lens2([2]; // MaccuB OJid IJIMH [0 M3MEPEHMSM BHPE3KU

7 double column[L1l]; // Maccup IJIA KOJIOHKMU

8 double line[L2]; // MaccuB OJjigd CTPOKM

9

10 ko = siofop(fname,0,STNEW, lcat,0,&hf); // cosmauve HOBOTO Odalinia

11 ko = sioadef(hf, aname, 2, dims2, SIO REAL16);// cosmanue 2D mMaccusa
12

13 for (j = 0; j < L2; j++) { // LUMKJ O KOJIOHKaM

14 for (i = 0; i < Ll1; i++) { // dbopuMmpoBaHME DJIEMEHTOB KOJIOHKMU

15 column([i] = - (double) (i * LM + 3J);

16 }

17 1idx2[0] = 0; idx2[1] = j;// HadaJbHBEM MHOEKC IJIS KOJIOHKM

18 lens2[0] = L1; lens2[1l] = 1;// IOIMHE 1O M3MEPEHUEM KOJIOHKMU

19 ko = sioawrs2(hf, aname, 1, idx2, lens2, column);// 3anmMch KOJIOHKMI
20 }
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21

22 ko = siofcl(hf,0);

23

24 ko = siofop(fname,0,STOLD,lcat,0,&hf); // oTkpeiTue oaiina
25

26 for (i = 0; 1 < L1; i++) {

27 idx2[0] = 1i; i1dx2[1] = 0; // wuHOEKC CTPOKM

28 lens2[0] = 1; lens2[1l] = L2;// OJUHH [O M3MEPEHMIM CTPOKU

29 ko = sioards2(hf, aname, 1, idx2, lens2, line); // uTeHue CTPOKM
30 printf("I=%2d: %7.2f %7.2f .. %7.2f %7.2f\n", i, line[O0],
line([1],1line[L2-2], line[L2-1]); // mpoBepka COIEPXMMOTO CTPOKM

31 }

32

33 ko = siofcl(hf,0);

Jlucmune 1. Ilpumep ucxoonozo mexcma npozpammol

Listing 1. Program source code example

B crpokax 1-8 nmpuBonutcst onucanue TpeOyeMbIX it pabOThl KOHCTaHT U nepeMeHHbIX. CTpoka
10 conmepkut oOpamieHre K PYHKIIUU co3manus HoBoro daiina. Ctpoka 11 comepkut oOpaieHue K
(GYHKIMM ONMCaHMs ABYMEPHOTro MaccuBa. B crpokax 13-20 nmpou3BoAUTCS MOKOJIOHOYHAS 3aITHCh
B MaccuB cpopmupoBaHHOH nHpopMarn. CTpoka 22 colepXUT 00paleHne K (GyHKITMH 3aKPBITHA
¢aitma. Ctpoka 24 comepxutr obOpameHne K (GyHKIUN OTKPBITHS 3TOTO ke (aita Ha yteHne. B
cTpokax 26-31 mpom3BOAHUTCS MOCTPOYHAsi BBIOOPKA W3 MaccuBa M I€4aTh BEIOPAaHHBIX 3HAUYCHHH.
Crpoxka 33 comepkut oOpamicHue K GYHKIUHU 3aKphITUA (aiia.

3.6 [lononHuTenbHble MHCTPYMEHTbI SIO

s ynpomenus npouenypsl nepexona ¢ popmara HDF ma dopmar SIO cnenmanucramu POALI-
BHUUT® 6w pazpaboran mpeobpazoBatens maHHBIX hdf2sio, koTopsri m3 ykasamHoro HDF
(aiina BerOMpaeT HEOOXOIUMBIN HAOOP JAHHBIX M JOMUCHIBACT €ro B co3aaBaeMslit ¢aitn SI0.

o o Tan s | ®opsar  Aupec | Paamepwocte
d11 10 Array 100 real*d 480 169
a2 1 0 Array 5000 real*s 1200 100x54
a3 1 D Array 56000 real*d A1200 180x58x10
da1 4D Array 108000 real*s 441584 180x56x10x2 2 4 3 L]
a5 1 50 Array 160088 roal*a 1241908 108x58x10x2) 1800800 3000000 4606000 5000000 S000008 7000008
d12 1D Array 100 -8 J641968 100 Lverse) L
@ 2 0 Array 5000 real*s 1643152 100x56 7.030e58 2.0des0R 2.050+08 2.Bhesad 2.07e+88
a3 2 0 Array 50000 real* 663152 100x50x18 3:030408 3.84e:08 3656408 3.06e008 3.47e488
442 . Avvay 166988 real*s 100x58x10x2 4 630008 4830008 4.e50:08 4.060408 PR
300000 roal®s 180xSOR10%2> 5.03e008 5.08e08 5.65e408 5.00e+00 5.07e:00
6.83esda 6.8acs08 6.050+08 6._BGes0n 6. 8708
7.03e+00 7. 0408 7.05e+08 7. 0bes0 7. 07000
8.830088 8 84008 8.650408 8.860408
9.03e408 9,0dee08 9.658408 9.8heea8
1.003¢+89 1.0030409 1.0800+09
1.103409 1, 104400 1.10604+09
1.2020489 1283489 1.2080409 1.2060400
1.3020459 1.3030+09 1.3040409 1.3050499 13060409
14020409 14036409 1. 4022409 1.405e409 1.4000409
1.5026409 1.5830+09 1.5040:09 1 5650400 1.5068+00 1.5878:00
o = 1.662¢409 1.6030409 1.663¢409 1.665¢409 1.686e009 1.687e400
17:0:0:8 1.7e+00 1.7810:00 1.7020s09 1.783es9 1. 7040409 1.7052409 1.7060409 1.787040%
18:0:0:0 186408 1.801e409 1.002¢409 1.003e009 1.003e09 1.805¢+09 1.800e+09 1.807e09
19:0:0:8 1.90400 1.9010+8% 1.9020+09 1.9030+09 1.9040+09 1.9050409 1.9660409 1.9070400
20:0:0:8 26409 20018409 20076409 2_003e+89 20036409 2.0058+09 2.0D6es09 2 607609
Sestyareay s
Maccun: 432 read Bcero: 300000
0 » DO gnesa 300 © "%
1o DLammwaso © a9
02 ammall © 1 +1
DIamma2 0 a +
“““ Oigamal 0 1 *1
BN D PARNE OPMATA 502 —-
(X BHIITD; WriaTvee lignatievaogesfl I8 I
[1gnatievandes!] I8
s | o | CRSMEH I o MSt e

Puc. 9. Illpocmomp kamanoea ¢aiina u blOPAHHBIX MACCUBOB
Fig.9. File directory and selected arrays viewing
Kpome Toro, i HHTEpAaKTHBHOTO ITPOCMOTpa coxepkumoro ¢aiina B popmare SIO peanmzoBana
rpaduueckas yTuInTa sioview, BXOJIIas B COCTaB nmporpaMmmMHoro komiiekca SIO u HanucaHHast
Ha sI3bIKe iporpammupoBanust Python [4] ¢ ucrons3oBannem rpaduyeckoit onbnmmorexu Tk [5]. Dta
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YTUJINTA OTKPBIBACT yKAa3aHHbII B [IapaMeTpe Wil BEIOpaHHBIN B AHanore (aiii, BbIAAET ero KaTajaor
W, Mocjie BbIOOpa MMEHOBAHHOW 3aIliCH, B OTICILHOM OKHE BBIIACTCS COJACPKHMOE 3aIliCh B
BBIOPAHHOM JHAaTa30HE.

Ha puc. 9 moka3aH BEIBOJ KaTajora BEIOpaHHOTO (aiiiia 1 BEIOpaHHOTO MaccuBa. [loyst BBoza «ot»
U «IJHHOW» ONpPeNessiFoT 00JacTh BBIBOJUMOM sl 3anucu uH(opmanuu. OXHOMEpPHBIH MaccuB
M(I) BeimaeTcst B pexkxnme MOCTPOUYHON pasBepTku. J[Bymepusiii MaccuB M(l,J) Bbimaercs B BHIe
TabIHUILIBI, T/Ie CTPOKU COOTBETCTBYIOT 3HAUCHHUIO HHEKca |, a mo cTonbiam BeigaeTes 3HaYeHHE J.
Tpexmepusbiii maccuB M(1,J,K) BrimaeTcs B Bue Tabiuipl Uil BHIOPAaHHOTO 3HAYCHUS HHAEKca |,
CTPOKH COOTBETCTBYIOT 3HAUCHHIO J, a 0 cTONOIaM BbigaeTcs 3HaueHue uHaekca K. Kuomku
HABHTAI[UH TIO3BOJIIFOT U3MEHSTh HAYalbHbIC HHJCKCHI 10 H3MEPEHHSM.

4. 3aknroyeHue

PaccMoTpeHHbIif B naHHO# cTarthe mporpamMMHbld KoMiulekc SIO obecneynBaeT BBINOTHEHUE
chopMyJIHPOBaHHBIX paHee TpeOoBaHuil k Gopmary xpaHeHus aaHHbIX. Tak ke, kak 1 HDF, SI1O
SIBIISICTCSI CAMOOTIUCHIBaeMbIM (hopMmaToM xpaHenus. Peamusanus SIO obecrieunBaeT BO3MOKHOCTh
paboTHI ¢ JaHHBIMH, MOJTYUYECHHBIMU Ha Pa3HbIX BHIYUCIUTENBHBIX IIaTGOPMax U MoJ| pa3TudHbIMUA
ormepanoHHEIMA cucTeMamMu. SIO He oOmamaer psmom Bo3MmoxkHocTer HDF (mepapxus wu
MHOTr000pa3ue XpaHHUMBIX 0OBEKTOB), MOATOMY IpOrpaMMHbIi ko1 SIO cyiiecTBEeHHO mpoiie U He
TpeOyeT MpH CBOCH YCTAHOBKE U UCIIOJIB30BAHUH IOMIOTHUTEIBHBIX IIPOrPAMMHBIX IIPOILYKTOB. DTO
CYILECTBEHHO OO0JIer4aeT €ro HCIIOJb30BaHHE Ha PAa3IMYHBIX BBIYUCIUTENBHBIX IUIATGOpMax U
OIEPAIIMOHHBIX CHCTEMaX.

Iporpammusnii kommieke SIO ycmemno ucnonp3yercss B POAL-BHUUT® yxe Gonee 24 ner,
nocnensss Bepcuss SIO BKIIrOYeHa B peecTp OTEUSCTBEHHOI'O MporpaMMHOro obecnedeHus PO.
ABTOpBI BBIPOKAIOT HAIEKIY, YTO M3JIOXKCHHas B crarbe HH(OpMAlMsi O CTPYKType U
(YHKIMOHANBHBIX ~ BO3MOXHOCTAX  SIO  okaxkeTcss TONE3HOHW JAPYrHMM  CHELHANCTaM,
3aHUMAIOIIUMCS Pa3pabOTKOM MPHUKIATHOTO MporpaMMHOro obecnedenus B PD.
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Abstract. This paper explores ways to achieve the highest possible exchange performance with files containing
structured data. The research was carried out on file systems with supercomputer systems parallel access
designed to solve problems of physical and mathematical modeling of various processes and objects. For
example, parallel access to raw data is considered using the Lustre file system. The article suggests a way to
organize parallel access to structured data based on a specially developed PSIO storage format and the psio
access library. A comparative analysis of the 1/0 performance of the developed data storage format and the
HDF5 parallel version format is performed.
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1.BeedeHue

PasButne m ycioxHeHHEe HU(QPOBBIX MOJAETECH pPasIUYHBIX (PH3MUECKHMX OOBEKTOB HEHU30EKHO

MPUBONAT K YBEIMYCHHIO 00BEMOB oOpabaThiBaeMOi Ha BBMHCIHTENBHBIX cucreMax (BC)

HHPOPMALINH, a TaKKe IMIHPOKOMY HCIOJIB30BAHUIO MapaienbHBIX ¢aitnoBeix cucteMm (I1DOC) u

MEXaHM3MOB MAacCOBOTO  pAacCHapaUICNUBaHUS IMPHUKIAJHBIX IMPOTPaMM, HCIIOJIB3YIOMINX

CTPYKTYPUPOBAHHBIC NAaHHBIC, YTO, B CBOIO O4YECPCIb, HCI/I36C)KHO CTaBUT BONPOC O MOBBINICHUU

CKOPOCTH JIOCTYIIa K 3TUM JaHHBIM.

[Tpocroii myTh yBENWYECHUS MPOM3BOAUTENBHOCTH JOCTYIA K JAHHBIM 3aKJIIOYACTCS B TOM, YTO

JITAaHHBIE KaXXIOTO MpOLEcca pacyeTHOM 3aJaudl pa3MellaloTcs B OTACIBHOM CTPYKTypHPOBaHHOM

¢(aiine, TakuM 00pa3oM, TOCTYI K HUM OCYIIECTBISIETCS B ABA 3Tara:

e  CHayaja omnpejeiseTcs UMs (aiiia UCXo/s U3 HoMepa Ipoliecca;

® TIOTOM, IO COOTBETCTBYIOLIEMY 3alpocCy, BbIOMpaeTcsi OJIOK JaHHBIX M3 3TOro (aiina
(Hampumep, ¢ ucnons3oBanueM pynkiuonana HDF5 [1]).

Jliist XpaHeHns! OOBEKTOB TAKXKE MOXKHO HCIIOJIb30BATh OT/ICNBHbIC (DaiiIbl, B UM KOTOPBIX BXOJHUT

HOMep TIpolecca U UMsi 00bEKTa.

TakuM 00pa3oM, NpU TaKOM IIOAXOJE, CTPYKTYPHUPOBAHHBIM HAaOOp NaHHBIX IPEICTaBISCTCS

MHOXecTBOM (aitmoB B o0mem Karamore. bmaromapss BcrpoeHHoMy B I[IOC MexaHu3My

pasMelleHns MAaHHBIX cpeau Ipymnmbsl ycrpoifictB xpaHenus [1DC, Bce Bxonsfmme B 3TOT

CTPYKTYpHUpOBaHHBIN Habop (aiinel Oonee-MeHee paBHOMEPHO pacnpenesiioTes 1o Bcem Objects

Store Target (OST) II®C Lustre [2]. Takas TexHOIOTMs Ha3bIBaeTCs «(haij Ha HPOLECC» U

MoJIy4yusa paclpoCTpaHEHUE BO BCEM MHpE, a Takxke Upoko ucnoiaszyercs B POAL-BHUUTO.

ODTta Ke TEXHOJIOTHS HCIOJIB3YETCH, Kak OJHA U3 BO3MOXHBIX, npu OIPCACIICHUN

npousBoautensHocT [IOC Ha Tectax 10-500 [3].

HpOI/ISBOI[I/ITeHBHOCTB npu OSTOM [OAXO0HE obecreunBaeTcsi 0a30BBIMH  BO3MOXKHOCTSIMU

napayuiensHoi  ¢aiinoBoir cucrembl (IIPC), Omaronapst aBTOMaTHYECKOMY pacIpelesICHUI0

TIOTOKOB BBOJIa/BBIBOJIA MEKAY BCEMH JIOCTYITHBIMH ycTpolicTBamu Xxpanenus [1PC.

ITpn oueBUIHOI TPOCTOTE ITOTO MOJX0/A OH UMEET HECKOIBKO HEZOCTATKOB!

e  JIByXdTalHas cxema ajpecaliiy 0ObeKTOB: cHavyana umst ¢aiina, notom o0bekT B (aiine;

®  CYIICCTBCHHOE YyBenmueHWe KommdecTBa (aiioB B IIDC, mpsmMo mpomopuuoHanIbHOE

KOJIMYECTBY IMPOLIECCOB B 3aJlaye, CO3/al0lliee MOBBIIEHHYI0 Harpy3ky Ha Meracepsuc [1DOC,

YTO OTPHUIATENILHO CKa3bIBAETCS Ha Ka4eCTBE (PYHKITMOHUPOBaHUs (HalIOBON CHCTEMEI.
Hpyroii nyTe peainzanuu 3akitouaercs B 3aJ10XKeHHbIX B [IOC BO3MOXKHOCTSX O NapajuIeIbHOMY
JIOCTYITY TPOIIECCOB 3a/iauu K ojHOMY (ailiny. Tak yctpoen mexauusm MPI-10 [4], ucnions3yembrit
B OCHOBE COBPEMEHHBIX OMOIMOTEK CTPYKTYPHPOBAHHOTO BBOa/BhiBOAa THa HDFS.
OO6mmpHOCT, TeMbl 3()()EKTHBHOIO MapaUIeNFHOTO BBOJA-BBIBOAA HE IIO3BOJIIET pPaMKaMU
OTJIENIFHOW CTAaThU OXBAaTHTh BCE MHOT0OOOpa3uWe WCIOJIB3YEMBIX METOJOB W WHCTPYMCHTOB.
[ToaToMy OCTaHOBHMCSI Ha PacCMOTPEHUH OCHOBHBIX TNPHUHITUIIOB W BBHISBICHHH XapaKTEPHBIX
mpoOiieM TMapajuIebHOTO BBOJA-BBIBOJIA, C KOTOPHIMH MOTYT CTaJKHWBAaThCsS HAYMHAIOIINE
paspaboruauku High Performance Computing (HPC) mpumoxenwuii, a Takke MpuBeaéM HPHMEPHI
MIPOrpaMM, peau3yIOIMUX Pa3jIndHbIe METOJbI MapauIeIbHOTO JAOCTYNa K JaHHBIM B (aiioBoi
cucreme Lustre.
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Jist 5TOTO BHAYaIe paccCMaTPUBAIOTCS OOIINE MPUHIUITEI U BO3MOXKHOCTH MTApaJUIEIBHOTO JOCTYIa
k nmamHeiM Ha II®C Ha mnpumepe Lustre, aemaroTcs TPEANONOKESHHS 00 OpraHU3aIluH
MapajIeIbHOTO JOCTYNa K CTPYKTYPHPOBAaHHBIM (paiizaM, TOTOM MPOWM3BOAMTCS INPOBEpPKa Ha
MOJIeNIbHOY Bepcuu OubmuoTeku psio u HDFS.

2. Mpoeepka 6a3oebix so3moxHocmeu Lustre

[MapannensHas daiinosas cucrema Lustre mpeanonaraet Ui OpraHU3anuy MapauieIbHOTO J0CTyHa
K HabopaMm IaHHBIX HCIOJB30BATH CTPHUIIOBaHWE (pas3nmeneHue) (aiiioB, mMpu KOTOpoM (aiin
pa3OuBaeTcsi Ha CErMEHTHI OJMHAKOBOTO pa3Mepa, OmpenelsieMble aTpuOyToM stripe size (1o
ymomuanuto 1048576 Gaiit wu 1 MB). Cermentst daiina pacnpenenstores mexay OST (Objects
Store Target — ycrpotictBo xpanenus) [IOC Lustre. Uucno 3aneiictBoBannbix OST ompenensercs
aTpuOyTOM stripe _count, 3amaeTcsi NMpH co3gaHuM (aiila W He JODKHO IPEBBINIATh YHUCIO
ucnonb3yembix B [IOC OST. Tem cambiM, ¢aiin ¢ stripe_count = 1 siBisieTcst 0OBIYHBIM (haitiioM ¢
TOCJIe0BaTENEHBIM JocTyioM. Daiin xe ¢ stipe _count OorbIme 1 omycKaeT mapajuieIbHbIH T0CTYII
K CerMeHTaM, pacmojoxeHHbIM Ha pazHeix OST. Ilpm 3amanum stripe count, paBHeIM 0, aiin
pacnpenensercs Ha Bce nocTynHbie OST.

Ha puc. 1 mokazana oOmas cxema crpunoBanus ¢aitna misa [IOC, comepxameit n OST. Daiin
COZIEP’KUT M I'PYII CETMEHTOB 110 N CETMEHTOB B rpyme. L{BeT cermeHTa onpeaemsieT pa3MelieHne
ero Ha cooTBetcTBYyIoeM OST.

1-a rpynna 2-a rpynna NnocAeaHsan rpynna

CEermMeHToR CerMmeHTOoB CErMEeHTOB
1 2 n 1l n+2 2*n

{m-1)%As L (m-1jxni2 mxn

0sT-1 0ST-2 OST-n

Homepa cermentos

Puc. 1. Obwas cxema cmpunosanus paiinos
Fig.1. The general scheme of file stripping

2.1 UcxopHble gaHHbIe

Jnst  mpoBepKH BO3MOXKHOCTEW MapajIeNbHOTO JIOCTYNla K CTPHIIOBAaHHOMY (aily Ha
BerynciutTeapbHoM komiuiekce (BK) «Ilommron HII®M» (r. Capos) [5] cosmano TectoBoe
npoctpancTBo Ha IIDC Lustre, mponsBoauTesHOCTh KoTOpoit Ha Tecte IOR u3 cocraBa Habopa
tecto 10-500 [3] na oneparmu 3amucu cocrasuia 9.447 I'b/c nipu obriiem o6beme nanHbiX 2 Th u
OTCYTCTBHHM TOCTOPOHHEHW HArpy3kd. OTOT IIOKa3aTedb OyZeM CUYMTaTh MAaKCHMalbHOW
npou3BOIUTENLHOCTHIO [IDC U UCTIONB30BATH B IAIbHEUIIIEM ISl CPABHEHHSI.

2.2 MeToaukKa OLEeHKN NPpoOn3BOAUTENBLHOCTU NapannenbHOro BBoaa-
BbiBOAA

2.2.1 OueHkKa NpPonNycKHOM CNOCOGHOCTU oAHOro kaHana goctyna k NdC

BaxnapIM mokasarenaeMm IIpy UCCJICJOBAaHUU MMTAapaJICIIbHOCTU 06menoB ¢ [TDC spisercs YCKOpEHue,
MOJYYCHHOC ITPHU UCITOJIb30BAHU N MHOKECTBA MMOTOKOB 110 OTHOLICHUIO K OAHOMY, [TO3TOMY JJId HAC
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MHTEpECHa KaK MPOITyCKHAsl CIOCOOHOCTH OHOT0 KaHalla (MCIIOIb3YeTCs OUH TOTOK JaHHbIX), TaK
u nponyckHas criocoonocts [1PC npu UCIoap30BaHUN HECKOIBKUX OTOKOB.

J171s1 OLIeHKH POIYCKHOU CIIOCOOHOCTH OJJHOTO KaHaJla OCYIECTBIIIETCS TOCIIeI0BaTebHAs 3aIHCh
B (haitn ¢ arpubyroM stripe count=1 ¢ ogHOTO Tpolecca 3amadu OIoKaMHu OOJBIIOW ITHHEI, C
BBITAJKMBaHUEM (DAMJIOBBIX KALIEH Ha CTOPOHE KIMEHTa IIOCie 3alich KaxIoro OJoKa, Kak
noka3aHo Ha puc. 2. CKOpOCTh 3aliCH ONpeNeNseTcss Kak OTHOLIEHHE CYMMAapHOro oObeMma
3aIiChIBaeMbIX OJOKOB K BpeMEHH 3aIicu. BTopoii npouece 3a1a4u Ha IpyroM BEIYHCIUTEILHOM
y37e (4TOOBI MCKIIOUUTH BIUSHHE (DAMIOBBIX KAIIEH Ha CTOPOHE KIMEHTA) IOCJIENOBATEIbHO
YHUTAET ATU OJIOKU U3 TOTo ke (aitna. CKOpOCTh UTEHHUS OTIPEeseTCst Kak OTHOIEHHE CYMMapHOTO
o0beMa IMPOYUTAHHBIX OJIOKOB K BpEMEHH YTECHUSI.

Mpouecc 1 MNpouecc 2

bapsep

OTKpbITHE darna

3anuch AaHHbIX B
daiin

3akpbiTne daiina |

bapsep
OTtkpbiThe daiina

YTeHue AaHHbIX
13 daiina

3akpbiTne danna ‘

| Bapbep

Puc. 2. Cxema onpedenenus nponyckuoti cnocoonocmu xanana [10C
Fig.2. The scheme of determining Lustre channel bandwidth

2.2.2 OueHka nponyckHou cnoco6HocTu NPC Lustre Ha napannenbHbIX 06MeHax

Jns onenxu nporryckHoit cioco6HocTH IIPC npu Hcnons30BaHUK HECKOJIBKUX IIOTOKOB Ha IEPBOM
11are co CTOPOHBI BCEX MPOIIECCOB MapauIesIbHOM 3aJaull IPOU3BOANTCS 3alHCh AaHHBIX B (aili ¢
stripe_count, OTIMYHBIM OT |, Kak moka3aHo Ha puc. 3. KosmuecTBO HMCHONB3YEMBIX IOTOKOB
(TIpo1ieccoB) BEIOMpAETCsl paBHBIM MJIM KPaTHBIM aTpHOyYTYy stripe count. 3anmuch opraHusyercs B
ILIUKJIE, JI0 TOCTHXEHUs TpedyeMoro oobeMa nepenaBaeMoro ¢ npouecca nadopmanuu. [1pu stom
Ka)XJJOMY ITpOIIecCcy Ha3Ha4aloTcs COOTBETCTRYONINE o0sacTu B (aiine. Ha mepBoii urepanmu 3Toro
IUKJIa KaKABIH mponecc mumer B ¢aiin 0ok pa3mepa stripe size CO CMEIIEHHEM, pPaBHBIM
MOPSIIKOBOMY HOMEpY TIpolecca (ero paHKy B MNapaljielbHONW 3a/aue), YMHOKCHHOMY Ha
stripe_size. Ha cnegyromux wurepanusx CMELIEHHE YBEIWYMBAETCS Ha OOBEM 3alMCAHHOMN
nHpopManuu (stripe size X nproc, Te NProc — YHUCIO MPOIECCOB B MapajuieNbHON 3amaue). Ha
BTOPOM IIIare MPON3BOAUTCS aHAJIOTHYHBIM CIIOCOOOM YTeHHE OJIOKOB JaHHBIX U3 3TOTO (haiina, mpu
9TOM, JUTS UCKITIOYCHHS BIMSIHUS (QaiIOBBIX K31l Ha CTOpPOHE KIMEHTa, 0TOOpaKeHHE IPOIIECCOB
33724y Ha OJIOKW JTaHHBIX B (paiiiie MPONU3BOJUTCS CO CMEIICHUEM:

e npouecc 0 unTaer 6110k 1, 3anMcaHHBII Ha ITpoIlecce ¢ paHKOM 1,
e qnpouecc 1 ynTaer 610K 2, 3anMCaHHBII Ha MTPOLIECCE C PAHKOM 2,
e mocnenHuil mporecc unraet 6s10k 0, 3amrcaHHBIN Ha nporecce ¢ paHkoM 0.
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Puc. 3. Cxema onpedenenus nponyckuoti cnocoonocmu I[OC
Fig.3. The scheme of determining Lustre multi-channel bandwidth

2.2.3 Pe3ynbTaTbl 3aMepoB Ha HECTPYKTYPUPOBAHHbIX AaHHbIX

s TecTupoBaHMSA NMPOU3BOJUTEIHHOCTH BBOJA-BBIBOJIA HCIIOJIB30BANaCh TECTOBAs IPOTpaMMa,
MO3BOJISIOIAsl  co3AaBarh (aill mpu 3amycke mporpaMmbl € pasHbIMH  arpuOyramu. [lpum
TECTUPOBAHHUH BBITIOIHSIIOCH CIIETyIOMIEe:

e IIpHU KaxJOM 3amycke (aiin co3maBajics 3aHOBO ¢ aTpuOyTOM stripe count, paBHBIM YHCITY
MIOTOKOB JIAaHHBIX (TIOKa 3TO yKcio MeHblie koimumuectBa OST), win paBHbIM KofmdecTBy OST
(B cmydae ecnu 310 uncio Oonbmre konmaectsa OST);

e IS KaXJI0TO YKCIia MOTOKOB Ha 0OMEH TojiaBajinch 010ku pazmepom 1, 2,4, 8, 16 u 32 Mb (B
Tabuile KojoHka BS) ¢ coxpaHeHneM cyMMapHOTo 00beMa HHPOPMAIIUH B TIOTOKE paBHBIM 96
MB, nipu 5TOM HcIoMB30BaNoCh 96, 48, 24, 12, 6 u 3 urepauuii (B Tabnume KomoHka Nit);

e mapamerTp stripe_size (B Tabnmiie KoJloHKa SS) MpH CO3MaHUH (aiiyia MPHHUMAIICS paBHBIM BS;

e  KAXKABIM TeCT 3amycKajcs HE MEHee TpeX pa3, NMPH 3TOM B TaOJHUIBI MPUBEICHBI JIydIlIHe
mokaszareny. VW — IpON3BOIUTEIHHOCTH Ha 3amucH, Kw — yCKOpeHHe 3aIHcy 10 OTHOLICHHIO
C YCpeIHEHHON NpPOM3BOAUTEIHHOCTH HA OJHOM IIOTOKE, VI — IPOU3BOJUTEIHHOCTH Ha
yreHuH, Kr — ycKopeHHe uTeHHs 1O OTHOIIEHUIO C YCPEAHEHHON NPOM3BOAMUTENIFHOCTH Ha
OZIHOM IIOTOKE.

B tabn. 1 npuBeeHBI pe3ybTaThl, MOJyYCHHBIC MO 3TOW MeToauke Ha BK. Beimenens! mydiue

Pe3yIBTATHI IS KaXKI0W KOH(PHUTYpaIUy IIPOTOHA.

ITpomyckuas cmocobHocTh Kanana Ha BK coctaBmia 655.6 Mb/c u nocturaercst Ha 6mokax B 32 Mb

C COOTBETCTBYIOIIMM Pa3MepOM CErMEHTa. YBENIWYCHUE pa3Mepa OJ0Ka MOJOKHUTEIBHO BIHIET HA

MPOM3BOUTEIHHOCTD, OITOMY JUIS YHCIA TOTOKOB OOJBIIE YETHIPEX HCIONB30BANHUCH TOIBKO

65oku pasmepom 8, 16 n 32 Mb.

Tabx. 1. IIponyckuas cnocobnocmos [HOC na BK
Table 1. Cluster Lustre bandwith

Bs [Nit [ss  [vw [vr [Kw Kr
1 norok, pasMep 96 MB
1 96 1 293.8 865.2
2 48 2 342.8 772 .8
4 24 4 395.9 740.9
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8 12 8 504.9 805.0
16 6 16 596.8 752.9
32 3 32 655.6 786.3
2 moroka, pas3mep 192 MB
1 96 1 575.1 1387.1 1.3 1.7
2 48 2 678.1 1301.3 1.5 1.6
4 24 4 804.3 1428.1 1.8 1.8
8 12 8 974.5 1407.0 2.1 1.8
16 6 16 1183.4 1412.1 2.6 1.8
32 3 32 1300.2 1612.8 2.8 2.0
4 moroka, pasmep 384 MB
8 12 8 2146.4 2839.4 4.7 3.6
16 6 16 2364.2 2857.7 5.2 3.6
32 3 32 2580.4 3005.0 5.6 3.8
8 moToxoB, pasMep 768 MB
8 12 8 4446.9 6483.6 9.7 8.1
16 6 16 5077.6 6300.7 11.1 7.9
32 3 32 5731.9 6615.5 12.5 8.3
16 noTokoB, pasMep 1536 MB
8 12 8 8063.7 11635.0 17.6 14.6
16 6 16 9597.2 11487.8 20.9 14.4
32 3 32 8991.5 11864.4 19.6 14.9
32 nmotroka pasMmep 3072 MB
8 12 8 9001.8 20444.3 19.6 25.7
16 6 16 9495.7 21090.4 20.7 26.5
32 3 32 8159.2 21946.6 17.8 27.5

MaxkcumanbHast ckopocTh 3amuc Ha BK cocraBmna 9.49 I'b/c Ha 32 motokax ¢ 6mokom 32 MB, gto
cooTBeTcTBYeT npomsBoauTenbHOocTH Ha Tecte |OR (9.45 I'B/c). YckopeHne mo OTHOMICHHIO K
YCPETHEHHOMY OJTHOMIOTOYHOMY pe3ynbTaTry coctaBmiio 20.7 pasa.

3. ModenupoeaHue napasnnenbHO20 8800a-8bIe00a CMPYKMYypPUPOB8aHHbLIX
OaHHbIX

3.1 OcobeHHOCTM paboThbl CO CTPYKTYPUPOBAHHLIMU AAaHHbLIMMU

CrpykTypupoBaHHbIe (ailyiel, B 00IIeM cilyyae, cofepxar KaTajor M Ojoku maHHBIX. Karamor
COIICPXKUT OMHCAaHWE OJIOKOB NAHHBIX (MACHTHU(QHKATOp OJOKAa NaHHBIX, THII JAHHBEIX B OJIOKE,
pa3mep 0J10Ka U cMelIeHue 1o (ainy 1yt pasMenieHus 0J10Ka).

ITockonbky MakcuMaibHasi MMPOU3BOJIUTENLHOCTh oOMeHa mpoiiecca ¢ [IPC mocturaercss B TOM
ciIydae, KOrja MOTOKH AaHHBIX ¢ mporeccoB Ha OST He mepecekatorcs mo OST, HeoOXoamMo
00ecreunTh BRIpaBHUBaHUE OJIOKOB TAHHBIX IO TPAHUIIAM CETMEHTOB (haiinia, T.e. KaTaJiory OTBECTH
OJIMH WM 0OJIee IENIBIX CETMEHTOB M KaXIIbIid OJIOK MAaHHBIX pa3MEMNIATh C TPaHUIIBI 0YepPEeIHOTO
cermeHTa. Kaxymeecs yBenmueHune pasMepa (Qaiina, 3a CYeT IMYCTOrO NMPOCTPAHCTBA B KOHIIE
KaXJIOTO CETMEHTA TI0 CPABHEHUIO C IUIOTHOM yIAaKOBKOH JaHHBIX B (hailfic WiH MpeACcTaBICHUEM
HaOopa JaHHBIX B BUJIE MHOXECTBa (haiiioB, KoMIIeHCHpyeTcs TeM, uTo [1DC BeiesieT JUCKOBOE
MIPOCTPAHCTBO MO/ (aiiyibl ¢ TOYHOCTHIO JI0 pa3Mepa CETMEHTa.

PaccMmoTpum npocTeiinyro cxeMmy OpraHu3alii CTPYKTYpUPOBAHHOTO HAOOpa TaHHBIX U paOOTHI C
HUM:

e  Habop JaHHBIX COACPKUT B ceO€ MMEHOBAHHBIE OJIOKH JaHHBIX;
e Kbl OJIOK TaHHBIX MIPECTABIIET COOOH OJHOMEPHBIN MaCCHB YNCEIT;

e Bce OJIOKM aHHBIX OMHCHIBAIOTCS KAaTAJIOTOM, SBISIOMIAMCS HEOTHEMIJIEMOW 4acThbi0 HAOOpa
JaHHBIX;
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e U1 KaXgoro OJOKa JaHHBIX B KaTajore MPHUCYTCTBYIOT HMs OJIOKa, YuCiIo W Qopmar
9JIEMEHTOB, CMEIIeHHe 110 (paiiry WM MHIEKC CerMeHTa B (aiine (WM MHOXKXECTBO WHACKCOB
JUTs OJIOKOB JIaHHBIX, pa3Mep KOTOPBIX MPEBHIIIACT pa3Mep CErMEHTa);

e  BBIACTAEMBIC CETMEHTHI ONHUCHIBAIOTCS B Tabimie (KapTe) CETMEHTOB, KOTOpas, HapaBHE C
KaTaJloroMm, SIBJISIETCS] MeTanH(pOpMaIeil CTpYKTypHPOBaHHOTO HabOpa JIaHHBIX;

L TOPAAOK OIMUCAHUA 0JI0KOB JaHHBIX B KaTaJIOT€ HE CYHICCTBCHCH,

e  JUIS OTIEpallNyl YTEHH/3aMCH OJ0Ka JaHHBIX TpeOyeTcs 3apaHee OTKPHITHIH (aiin, ums O10ka
JIaHHBIX ¥ MacCUB Uil 0OMeHa HH(opManue B ollepaTUBHOM TaMsITH Ipoliecca 3a1a4k;

e Bce omepandd ¢ HaOOpOM [aHHBIX SBISIOTCS KOJUIGKTUBHBIMH B cMbicie MPI, T.e.
OJTHOBPEMEHHO BBITIOJIHSIOTCSL HAa BCEX MPOLIECCaX, BXOSIINX B KOMMYHUKAIIMOHHYIO TPYIIITY;

e  BO u30exxaHue KOHQIUKTOB 10 focTyiy K OST co cTOPOHBI MPOIECCOB 3a/1auH, BCE CErMEHTHI
oIHOTO OJIOKA JAHHBIX TOJDKHEI pacronarathest Ha ogaoMm OST;

e  omepanuy, MOAUMDUIMPYIONIUEC KATaJOr, BBIIOIHSIIOTCS Ha paHke 0 3aayd MO TPYHIIOBBIM
3amnpocaM OT OCTaJIbHBIX PAaHKOB, MOJU(PHUIIMPOBAHHBIN KAaTAJIOT PAcChUIACTCS BCEM PaHKaM
3a71a4H.

[Ipennaraemas cxema paboThl C OaHHBIMM Habopa CO CTOPOHBI 3aJayd HJCHTUYHA CXEMe,
onucaHHoil B 1. 2.2.1 u 2.2.2 (puc. 2 u 3), 3a UCKIIIOUEHHEM TOT0, YTO JIOCTYIH K JaHHBIM B (aiine
MPOU3BOJUTCS HE 110 HHIEKCY B (haiine, a Mo MMeHH OJI0Ka TaHHBIX.

3.2 Peanusauumsa paboTbl CO CTPYKTYpMpPOBaHHbIMU dpannamm

Jns mpoBepku paboOTHI CO CTPYKTypupoBaHHbIMH (aitnamu Obuta HamucaHa OuOiMoTeKa psio,

coJieprkamast ClieAyrone QyHKINN:

e PSIO_Fop — otkpriTue (co3manue) crpurnoBanHoro (aitna Ha @C Lustre;

e PSIO_Fcl — 3akpsiTre daiina;

e PSIO_Bwr — 3amich ”MEHOBAaHHOTO 0JI0Ka TaHHBIX;

e PSIO_Brd — yrenne nMeHOBaHHOTO 0JIOKA JTaHHBIX;

e PSIO_Fcat — BeiBoj Karanora (aiia (MMEH U XapaKTePUCTHK OJIOKOB JJAHHBIX).

@aiin popmara PSIO umeer crienyronyto CTpyKTypy:

e Bcs uH(opMmauus B (aiije COAEPKHUTCS B CErMEHTax, pa3MepoM stripe size OaiiT, u
HHJICKCUPYETCS] HOMEPOM CETMEHTa,

e  KaXIbli 00BEKT B (aiiie mpeacTaBIeH HA0OPOM CETMEHTOB;

e  (hailn COAEPKUT KATAJIOT U KAPTYy CETMEHTOB, COJEPIKAIIYIO Mapbl: UHIEKC 00bEKTa 1 HOMEP
CerMeHTa 00bEeKTa;

e  Karajory npucBamBaeTcs Homep o0bexTa 0;

e  KapTe CETMEHTOB MPHCBAMBACTCS HOMEP 0OBeKTa 1;

e  0JOKaM JaHHBIX PHCBAUBAIOTCS CIEAYIOLIIE HOMepa 00bEKTOB;

e KaXAbl ONOK JaHHBIX B (aiiyie 3ammchIBaeTCsl CErMEHTaMH M IIPEJICTaBJICH 3alliChbio B
KaTajore, B KOTOpOH yKasblBaeTcs MMs OJoka, GopmMar W KOJUYECTBO SJIEMEHTOB B HEM,
KOJIMYECTBO CETMEHTOB B (aitie;

e  BCcEeM cerMeHTaMm 0JI0Ka BBIACIAETCS CEerMEHTHI (haiina, pacnoioxeHHble Ha ogHoM OST.

Ha nuctunre 1 npuBeneH npuMep IPOrpaMMBbl, 3aIMCHIBAIOIINN C K&XKAOTO paHKa MapaieIbHOH

3aJ1a4H 110 OJJHOMY OJIOKY JIaHHBIX ABOIHOW TouHOCTH JyTMHOM 8 Mb B aiin, cTpunoBaHHbII Ha BCe

OST c pa3smepom cermenra 2 Mb.

1 #include <mpi.h>
2 #include <psio.h>
3 PSIO_HF *hf; /* nmeckpunrtop oGanma */
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4 int stripe count = 0; /* Ha BCe OST */
5 int stripe size = 2%*1024*2014; /* cerMeHT 2 MB */
6 int main(int argc, char** argv)
7 A
8 int iRank, iSize;
9 char bname[20];
10 int blen = 1024*2014;
11 double array;
12 /* VHuumanmusauus MPI */
13 ierr = MPI Init (&argc, &argv);
14 MPI Comm rank( MPI_COMM WORLD, &iRank);
15 MPI Comm size( MPI_COMM WORLD, &iSize);
16 /* ®opMMpOBaHME ONUMMA OJid co3maHus darma */
17 sprintf (opts, "stripe count=%d, stripe size=%d stripe offset=-1",
stripe count, stripe size);
18 /* CospmaHue Oaria nJg napajiesibHOTO mocTyna */
19 if (PSIO Fop(fname, "new", &hf, opts, MPI COMM WORLD)) exit(-1);
20 /* Banmuch OJIOKOB HAHHHEX */
21 sprintf (bname, "B%03d", iRank);
22 array = GetData (iRabk, blen); /* Tenepauus 8 MB maHHEIX */
23 if (PSIO Bwr (hf, bname, "real*8", blen, array, MPI COMM WORLD))
exit (-1);
24 /* BeIBOI KaTajiora odarma */
25  PSIO_Fcat (hf);
26 /* BakpeiTue odaiina */
27  if (PSIO Fcl(hf, MPI COMM WORLD)) exit (-1);
28 /* Baeepmenme MPI */
29 MPI Finalize();
30 return 0;
31 }

Jlucmune 1. IIpumep ucxooHo2o mexcma npozpammul, 8bINOIHAIOUEL 3aNUCh OAHHBIX 8 NAPATLIETbHOM
peorcume

Listing 1. An example of the source code of a program that writes data in parallel mode

Drta TecToBas MporpamMma BHIIONHSAET OOMEHBI CO CTPYKTYPHPOBaHHBIM (ailiioM, MpH 3TOM
BBINIOJIHSIIOTCS CIIEAYIOIINE AeHCTBUSL:

(aiin oTkpbIBaeTcs Ha 3amuch (ctpoka 19),

BCE MPOIIECCHI B IMKJIE [0 YKa3aHHOMY B IapaMeTpax YUCITy UTepalnii MpOU3BOIAT 3aIHCh B
(haiisr 6JIOKOB TAHHBIX 3a7aHHOW JUTHHBI. MIMst OJI0Ka CTPOUTCS HA OCHOBAHHMHU PaHKa MpoIiecca
W HOMepa urepanuu (cTpoku 22-23);

(aiin 3akpoiBaetcs (cTpoka 25).

Kaxnas pynkums 6ubnmorexu opopmiieHa Kak KOJUIEKTUBHas onepanus B cmbiciie MPI, pu aTom:

118

YTCHHUC Karajiora q)ai/'ma U KapTa CETMCHTOB IIpU €ro OTKPLITUM BLINOJHACTCS Ha pPaHKC 0
3aaa4u, IOCJIE OTOT0 KaTaJloT U KapTa CCTMEHTOB PAaCChIIIACTCA OCTAJIBHBIM ITPOLECCaM;

MIPH 3aIIFICH HOBOTO OJIOKA C MPOLECCOB 3a/1a4y 3allpOC Ha BKIFOUYEHUE OJI0Ka B Karajor (haiiia
orceuiaeTcss Ha paHk ( 3ajadu, r/ie BBITOJTHICTCS OMEpaIus Mo MOTU(PHUKAIMKA KaTajora u
KapThl CETMEHTOB, TIIOCJIe 3TOTO MOAU(MUIIMPOBAHHAS MeTanH(OPMAaIUs PaCCHIIAIOTCS
OCTaJIbHBIM IIPOLIECCAM 3a/1auH;

IpH 3aKPBITHH MOIM(HUIIMPOBAHHOTO (hailla cOXpaHEHHE KaTajora M KapThl CETMEHTOB
IpOU3BOIUTCA ¢ paHKa 0;

BCE B3aMMOJEHCTBHME MEXIY IpoleccaMd 3ajaud Juil OO0ECHeYeHUs] OJMHAKOBOCTH
MeTanH(pOopMauy Ipou3BoANTCSA cpeacTBamu MPI.
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3.3 Nony4yeHHbIe pe3ynbTaThbl

IMockonpky Kaxnmas omeparus c (aimom, kpome odmeHoB ¢ IIDC, comepkuT oOpamieHus K
¢ynknuam  MPI, cosgaromme JONONHUTENbHBIC HAaKIAAHBIE PAcXOAbl, TPH TECTHPOBAHHU
HCIIOJIb30BAJINCH OJIOKU Pa3HOI ITHMHBL, pa3MelaeMble B HECKOJIBKIX cerMeHTax (aiina. CKopocTh
BBIIIOJTHEHUST OOMEHa OIpENeNsiach KaK OTHOLIEHHE IIOJHOTO 00BbeMa [aHHBIX K BPEMEHH
BBITIOJTHEHHS [IMKJIA 3aIIUCH/YTEHHS C YIE€TOM BPEMEHH, HEOOXOJMMOTO Ha OTKPBITHE U 3aKPBITHE
¢aiina.
IMockonpky B OnOmmoTeke psio ONOKM ITaHHBIX THIMYTCS CETMEHTaMH C Pa3MepOM, PAaBHBIM
aTpuOyTy stripe size, TIpH TECTHPOBAHHHM BAPBUPOBAIUCH KaK pa3Mep OJOKa, TaKk W pazMep
CErMEHTa, IIPH 3TOM pa3Mep MepeaaBaeMoii Ha NoToke nHpopmMarmu yBeandex g0 1 ['b.
IpoBenena cnenyromas cepus 3aMepoB:
e CHayajia Ha OJHOM U JBYX IIOTOKaxX IIPOBEPSIIOCH BIMSHIE pa3Mepa OJI0Ka U pa3Mepa CerMeHTa
mpu 0OIBIINX OJIOKaX Ha CKOPOCTH 3aIMCH, IIPH 3TOM 00HapyKEHO, UTO IpH pa3Mepe OJ0ka B
512 Mb u pa3mepe cermenta § Mb HacTymaeT HachILIIeHHE;

e 3arem, 4yt 650koB B 128, 256 u 512 Mb u cermente 8 Mb npoBenens! pacuetst Ha 10, 48 1 96
MIOTOKAaX JaHHbIX.
B Tabn. 2 npuBeneHsl pe3ysibTathl, moiay4eHHbie Ha BK.

[Momyuena makcumanbHas ckopocts 3ammcu 9.885 I'b/c Ha 32 moTokax maHHBIX Onokamu mo 512
MB u pa3zmepe cermenta 8 Mb, uto naxe nydiue, 4emM pe3yJbTaThl, oaxy4eHHble Ha Tecte IOR u
HECTPYKTYpHPOBAHHBIX J@HHBIX. YBEJIWYCHHE MPOHU3BOAUTEIBHOCTH, BHIMMO, CBS3aHO C
yBeIUUCHUEM 00beMa JaHHBIX, IePeJaBacMBbIX 3@ OJJHY OILEPALHIO.

Taban. 2. IIponyckuas cnocoornocme IDC na cmpykmypupogannvix oanHvix Ha BK
Table 2. Cluster Lustre bandwith on a structured data

BS [Nit [ss [vw [vr [Kw [Kr
1 nmorok, pasmep 1024 MB

1 1024 |1 319.3 767.7 0.8 0.9
2 512 1 325.9 726.0 0.8 0.9
4 256 1 314.3 735.7 0.8 0.9

8 128 1 320.7 742.7 0.8 0.9
16 64 1 327.3 721.6 0.8 0.9
32 32 1 319.6 717.2 0.8 0.9
64 16 1 324.2 777.1 0.8 1.0
128 8 1 324.7 727.1 0.8 0.9
128 8 2 395.9 776.0 1.0 1.0
128 8 4 457.9 828.6 1.2 1.0
128 8 8 602.9 1011.5 1,5 1.2
256 4 8 600.5 1008.3 1.5 1.2
512 2 8 596.4 978.4 1.5 1.2

2 notoka, pasMmep 2048 MB

1 1024 |1 515.3 1712.9 1.3 2.1
2 512 1 527.3 1677.3 1.3 2.1
4 256 1 527.6 1747.2 1.3 2.1

8 128 1 526.9 1692.3 1.3 2.1
16 64 1 521.4 1757.2 1.3 2.2
32 32 1 537.5 1716.8 1.4 2.1
64 16 1 592-2 1764.4 1.4 2.2
128 8 1 549.7 1852.1 1.4 2.3
128 8 2 664.1 1905.6 1.7 2.3
128 8 4 801.1 1404.3 2.0 1.7
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128 8 8 1074.1 2203.1 2.7 2.7
256 4 8 1088.1 2165.8 2.8 2.7
512 2 8 1102.4 2146.8 2.8 2.6
4 moroka, pasmep 4096 MB
128 8 8 1376.5 5432.9 3.5 6.7
256 4 8 1395.3 5356.0 3.5 6.6
512 2 8 1467.7 5209.6 3.7 6.4
8 nmoToxoB, pasMmep 8192 MB
128 8 8 3158.9 13242.5 8.0 16.3
256 4 8 2762 .4 10055.4 7.0 12.4
512 2 8 2781.5 12116.0 7.0 14.9
16 norokoB, pa3Mep 16384 MB
128 8 8 7216.8 13980.0 18.3 17.2
256 4 8 7084.7 13583.5 18.0 16.7
512 2 8 6956.6 13277.0 17.6 16.3
32 motToka, pasMmep 32768 MB
128 8 8 8516.0 25526.8 21.6 31.4
256 4 8 9160.2 25391.1 23.2 31.2
512 2 8 9885.7 24968.0 25.1 30.7

4. Ucnonb3oeaHue napasnenbHo20 eeoda-enieoda 8 HDF5

4.1 PaboTta ¢ paHHbiMu B HDF5

be3ycia0BHO, MONyYeHHBIE MPH TECTUPOBAHHK MOJICIBHOW BepcHH OUONIMOTEKH PSIO pe3ysbTaThl
HMHTEPECHO CPABHUTDH B CXOJHOI MOCTAHOBKE C PE3yIbTaTaMH, MOJYYECHHBIMU [PU HCIOJIb30BAHUH
HDF5.

Hanomumm, uro manaeie B HDFS mpencraBnensr Habopamu maHHBIX (dataset). Kaxxmerit HaGop
JIAHHBIX HUMEET WMMs, THI JaHHBIX (CKajsip, BEKTOP, MAcCHB W Mp.), THI 3JeMEHTOB (Iiejoe,
BEIIIECTBEHHOE C YKa3aHHOU TOYHOCTHIO). [Ipu paboTte ¢ HAGOPOM JaHHBIX B POrpPaMMe CO3aeTCs
npencraBicHne oObekra B mamsaTu (dataspace). Habop mammbix (dataset) B HDF5 moxer OBITH
MHOTOMEPHBIM, OJIHAKO MPU COXPAHEHUH 3TOro Habopa JaHHbIX B (hailyl OH J0/DKEH OBITh 3aMMCcaH
KaK 4acTh OJJHOMEPHOTO MOTOKa MaHHBIX. Crioco0, KOTOPhIM MHOTOMEPHBIA MacCHB pa3MeIacTcs
B (paiine, Ha3piBaeTCs cxemoi pasmenieHus (layout). Camblii OYEBHIHBIN CIIOCOO pa3MEIICHUS —
cepuanu3anusi, T.e. IMpPeoOpa3oBaHME MHOTOMEPHOrO Habopa MHaHHBIX B  OJHOMEPHYIO
MIOCTIEIOBATENbHOCTh OAalT, 3amHChIBAMyI0 B (aill GONBIINM MOHOJHUTHBIM OJIOKOM. DTa cxema
MOCJICIOBATENLHOTO (contiguous) pa3MeIeHus JaHHBIX HA JUCKE BO MHOTOM IOBTOPSICT CXEMY
pasMelleH s B OIIePaTUBHOM MaMsITH.

AnbrepHaTHBON siBisieTcst KycouHas (chunked) cxema pasmemenust [6], mpu kotopoii dataset
pas3enseTcs Ha JOTHYSCKUE KyCKH (YaHKH), KaXKIbIH M3 KOTOPBIX 3alMCHIBACTCS B OMPEICIICHHOE
MecTO BHYTpH (haiima. IIpi 3TOM YaHKH MOTYT 3alMCHIBATHCS W CUUTHIBATHCS B MPOU3BOJILHOM
nopsiike. birarogapst 3TUM CBOWCTBAM «KYCOYHOM» CXEMBI, € MPUMEHEHUE MTO3BOIISICT MOBBICHTH
MIPOU3BOIUTEIHHOCT BBOAA-BEIBOAA Ha [IDC. IleHoii 3TOr0 yIrydnieH!us: OOBIYHO CTAHOBUTCS POCT
CJIO)KHOCTH TPOTPAMMBI H3-32 HEOOXOJAMMOCTH 3aJeHiCTBOBATh HHU3KOYPOBHEBHIC BO3MOXHOCTH
HDF5 v y9uThIBaTh 0COOCHHOCTH pa3MEIICHUs, BRIPABHUBAHUS M KAIIMPOBAHUS TaHHBIX. B cBs3m
C 9TUM, B paMKax JJaHHOW CTaThU OCTAHOBHMCS Ha IOCIICI0BATEIBHOM cXeMe pa3MelneHuss HabopoB
JTAHHBIX.

Joctym k MaccuBaM ocymiecTBisieTcs uepes Beipe3ku (hyperslab). Kaxknas Beipeska onmucsiBaeTcs
MHJIEKCOM HAYallbHOTO 3JEMEHTa MAacCHBa M JJIMHAM BBIPE3KH [0 H3MEPEHHUsM. PazmepHOCTH
BBIPE3KH COBIMAJAET C Pa3MEPHOCTHIO MaccuBa. B omeparusx oOMeHa HCIONIb3yeTcs OOBEKT
memspace, OMKUCHIBAIOIIHA MAaCCUB B TAMSITH, KOTOPBIH HMEET Pa3MEPHOCTh (PaBHYIO Pa3MEPHOCTH
MacCHBa WM MEHBIIE ee) U JUIMHBI [0 U3MepeHHsM. J[JIMHBI 110 U3MEPEeHHSIM memspace J0JDKHbBI
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COBMAJATh C JUIMHaMK n3Mepenuil dataspace. B ciydae moHmxeHHs pa3MepHOCTH (M3 MacCHBa B
omepanui 0OMEHa WCIOJb3yeTCsS CEUYEeHHE) COOTBETCTBYIOMIAs JUIMHA 1O wu3MepeHuto dataset
JIOJDKHA OBITH paBHa 1.

OO0t mopsiok padoTsl ¢ nanaeiME B HDFS nipu ux co3naHuu clieAyromuii:

e  co3nanuc (aiina,

e co3panue dataspace st Habopa TaHHBIX (OIIICaHUE Pa3MEPHOCTH MacCHBa),

e  Cco3maHHe memspace, OMICHIBAIOICH MACCHB B ITAMSTH,

e co3maHue Habopa JaHHBIX (IPUCBOCHUE eMy UMEHH U BBIICIICHHE IPOCTPAHCTBA B (aiine),

e  OIpe/CICHUE BBIPE3KU Ha OCHOBaHMU dataspace ¢ yka3aHHEM Ha4albHOTO WHIICKCA MacCHUBa B
¢aiirne,

e  BEHINOJIHCHHE OMEPALUH 3aMCH MACCUBA U3 MaMSTH B (aiin,

®  3aKpBITHC HA0OpPA JAHHBIX,

e  CO3/aHHC CICIYIONIEr0 Habopa JaHHBIX,

e 3akpeiTHe (paiina.

OO0t mopsok padboTsl ¢ qanHeIME B HDF5 npn ux uTeHnn creayromuii:

e  OTKpHITHE (paiiia,

e  OTKpbITHE HabOpa AaHHBIX,

e monyyenue dataspace ajst HaOopa JaHHBIX U3 (aiiia,

e  Co3JaHue memspace, ONHCHIBAIOIEH MAaCCUB B MMAMSATH,

e  ompeneCHHE BBIPE3KH Ha OCHOBaHMH dataspace ¢ yKa3aHHEM Ha4albHOTO WHIEKCAa MacCHBa B
¢aiine,

e  BEHINOJIHEHHE OTIEPAllAN YTCHHUS MAacCHBa U3 (aiiiia B MaMsTh,

®  3aKphITHC HAO0Opa TaHHBIX,

® YTEHHE CICIYIOMET0 Habopa JaHHBIX,

e  3aKkpeiTHE daiina.

4.2 KoHdurypupoBaHue napannenbHoro BBoaa-BbiBoaa

B mapamnensaOM peskume Bee pyrkiun HDFS ncmonp3yroTes kak KoJuteKTUBHBIE orntepanui MPI,
MOATOMY HpoLeAypa CO3JaHUs W OTKPHITHA (paiiia BEHINOMHAETCS CreuanbHeIM oOpazoM. Ha
auctuHre 2 B cTpokax 11-12 moxaszano 3asaHue mapamerpoB crpunoBanusi B HDFS s [1OC
Lustre.

1 MPI info info;

2 MPI Comm comm;

3 /* Cozpmanue aTpubByTOB IJid OTKPBITMA Oania */

4

5 acc_tpl = H5Pcreate (H5P_FILE ACCESS);

6 i = MPI Info create(&info)

7 char ss[20], sc[20];

8 sprintf (ss,"%d", stripe size);

9 sprintf (sc,"%d", stripe count);
10 /* dopMmmpoBaHMe 3HadeHmil stripe size m stripe count */
11 i = MPI Info set(info, "striping unit", ss)
12 i = MPI Info_set (info, "striping factor", sc)
13 /* Hacrporika ROMIO Ha KOMMYHMKATOP 3amauyr u Lustre */
14 ret = H5Pset fapl mpio(acc_tpl, comm, info);
15 /* Coszpanme @daina C MUCHOJNBb30OBAHMEM 3BamaHHEX aTpudbyToB */
16 file id = H5Fcreate (fname, H5F ACC TRUNC, H5P DEFAULT, acc_tpl);

17 /* BaxkpuTre aTpubyToB datsia */
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18 H5Pclose (acc_tpl);

Jlucmune 2. Hacmpotika npoepammsl Ha napaiienvhuiii 6600-6b1600 8 HDF5
Listing 2. Configuring a program for parallel 1/0 in HDF5

4.3 Ucnonb3yemas MoAesib AaHHbIX U peanu3auus

Jns  MakcHManbHOTO  TPUOMIDKEHWST K =~ paHee  HCIONB3yeMOH  METOAWKE  OLCHKH
TIPOU3BOIUTEIHLHOCTH BBOJA-BBHIBOJA HCIIONB3YETCS CICOyIomas MOJIENb ITaHHBIX: 0a30BBIM
00BEKTOM sIBJIsICTCS IByMepHbIi MaccuB M_it (R,BS), rre:

e it — HOMep uTepaIuy,

e R —gucmo mporeccos B 3aaue,

e BS - mnmna ogmHOYHON MOpIHM OOMEHA.

Kak u panee, B moapaznene 3.3, ¢ mpoiiecca 3aaud B OOMEHE YYacTBYET MOCTOSHHBIA 00BeM
naanbix (1 I'baiir). ITopumst oomena (BS) Bapsupyercs ot 1 mo 512 MoGa#iT (COOTBETCTBEHHO
ucnonezyetcs oT 1024 mo 2-x urepanuii).

C npouecca 3a1auu B 0OMeHe y4acTByeT oqHoMepHbIid MaccuB A(BS), npencrasisiomuii BEIpe3Ky
n3 MaccuBa Mit U CTPOKH ¢ HOMEPOM, PaBHBIM HOMEPY TIpoliecca.

Kak u panee, cHayana mpou3BoAuTCs (HOPMHUPOBaHHE HAOOPOB NAHHBIX (B I[HKJIC MO UTEPAIHSIM
3aIUCh C KAKAOTO IIpoliecca 3a/laui COOTBETCTBYIOIIEH CTPOKH MacCHBa), TIOTOM HCIIOJIb30BaHHE
HaOOpPOB IAHHBIX (B LIUKJIE TIO UTEPALIUAM Ha Ka)XJIOM MpoIlecce 3a/1a4l YTEHHE COOTBETCTBYIOIIEH
CTPOKHU MacCHBa).

Ha nuctunre 3 npuBeneH GparMeHT UCXOTHOTO TEKCTa PO PaMMBI, BHIIOIHSIONICH 3aiCh HA00pa
nmaaaelx B HDFS.

1 dslen = len * mpi size;

2 dimsf[0] = mpi size; /* umcio cTpk B darnne */

3 dimsf[1l] = len; /* wypuHa CTPOKM */

4 dimsm[0] = len; /* paszmep obMmeHa */

5 dataspace = H5Screate simple (2, dimsf, NULL);

6 memspace = H5Screate simple(l, dimsm, NULL);

7 sprintf (dsname, "%$s-%02d", dsnameproto, it);

8 dset id = H5Dcreate(file id, dsname, dstype, dataspace,

H5P DEFAULT, HS5P DEFAULT, H5P DEFAULT) ;

9 H5Sclose (dataspace) ;
10 count [0] = 1; count [1] = len; /*
pPasMepH BHPE3KM IO M3MepeHram */
11 offset[0] = rank; offset[l] = 0; /*
HAYaJio BHPE3KM IO M3MepeHuam */
12 dataspace = H5Dget space (dset id);
13 status = H5Sselect hyperslab (dataspace, H5S SELECT SET,
offset, NULL, count, NULL);
14 data = (int *) malloc(sizeof (int) *dimsm[0]) ;
15 for (i=0; 1 < (int)dimsm[O0]; i++) {
16 datal[i] = rank * 10000 + it * 100 + i%100;
17 }
18 status = H5Dwrite (dset id, dstype, memspace,
dataspace, HS5P DEFAULT, data);
19 fulllen += len * sizeof (int);
20 free (data);
21 H5Dclose (dset id);
22 H5Sclose (dataspace) ;
23 H5Sclose (memspace) ;
24 H5Fflush (file id, H5F SCOPE_LOCAL);

Jlucmune 3. 3anucey nabopa dannvix 6 HDFS
Listing 3. Writing a dataset to HDF5
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B crpokax 1-4 ompenensiorcs HEOOXOAMMBIE pa3MEpPHOCTH. B cTpokax 5,6 co3maroTcst onmucaHue
MacCUBOB B (Qaitie u mamsat. B crpokax 8,9 cozmaercs HaOOp JaHHBIX JIJIs XpaHEHUs MaccuBa. B
ctpokax 10-13 co3maeTcs BeIpe3ka i paboTHI ¢ moaMaccuBoM. B crpokax 14-17 dopmupyroTes
JlaHHBIE B oJMaccuBe. B ctpoke 18 BeImonHsieTcs 3anuch noaMaccuBa B HAOOp JaHHBIX. B cTpokax
20-23 npousBoaUTCSl OCBOOOXK/ICHUE TTaMSTH U CO3JaHHBIX 00BEKTOB. B cTpoke 24 mpousBoanTcs
cOpoc (aitoBBIX KAIIIEH.

4.4 MNony4eHHble pe3ynbTaTbl

B 1ab. 3 npuBeneHs! NONTyYeHHBIE pe3yiIbTaThl. MeTouKa pOBEICHUS 3aMEPOB TaKasl JKe, KaK 1
B pa3n. 3. O6o3HadeHns B TaOI. 3 cOBMaAaoT ¢ 0003HaYeHUSIMH B Ta0II. 1 1 2.

Bunno, uro napamensnas Bepcus HDFS Ha nanHOM TecTe o0OecrieunBaeT CKOPOCTH, CPAaBHUMBIC B
noxydyeHHbIMU panee Ha TecTax IOR u Ha cTpykTypupoBanHbIX (aitnax ¢popmara PSIO, onnako
HEMHOTO YCTYIaeT MM.

Ta6x. 3. Ilponyckuas cnocobnocms [1OC na HDF5 na BK
Table 3. Cluster Lustre bandwith with HDF5 data

BS [Nit [ss [vw [Vr [Kw Kr
1 nmorok, pasmep 1024 MB
1 1024 1 214.0 4827.2 0.5 0.8
2 512 1 266.4 6034.2 0.6 1.0
4 256 1 313.5 6768.3 0.7 1.1
8 128 1 370.9 6887.1 0.8 1.1
16 64 1 421.8 6483.8 0.9 1.1
32 32 1 462.0 5759.2 1.0 1.0
64 16 1 492.0 6012.7 1.1 1.0
128 8 1 544.5 6030.6 1.2 1.0
128 8 2 541.8 6017.6 1.2 1.0
128 8 4 544.0 5909.7 1.2 1.0
128 8 8 542.9 6036.1 1.2 1.0
256 4 8 566.9 5974.9 1.3 1.0
512 2 8 574.9 6057.8 1.3 1.0
2 moroka, pas3Mmep 2048 MB
1 1024 1 282.1 836.8 0.6 0.1
2 512 1 273.1 983.3 0.6 0.2
4 256 1 333.5 919.5 0.7 0.2
8 128 1 391.6 1001.6 0.9 0.2
16 64 1 501.0 991.4 1.1 0.2
32 32 1 643.6 1006.8 1.4 0.2
64 16 1 750.5 1053.7 1.7 0.2
128 8 1 812.0 918.0 1.8 0.2
128 38 2 806.6 989.6 1.8 0.2
128 8 4 813.5 1006.5 1.8 0.2
128 8 8 812.1 1171.1 1.8 0.2
256 4 38 885.6 1133.0 2.0 0.2
512 2 8 936.9 1185.5 2.1 0.2
4 notoka, pasMmep 4096 MB
128 8 1422.0 1832.1 3. 0.3
256 4 38 1591.3 1851.0 3.6 0.3
512 2 8 1671.3 1822.3 3.7 0.3
8 moToxoB, pasMep 8192 MB
128 8 8 2792.1 2880.0 6.2 0.5
256 4 8 3310.9 3754.3 7.4 0.6
512 2 8 3849.6 4016.1 8.6 0.7
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16 noToxkoB, pas3Mep 16384 MB
128 8 8 3798.7 5773.4 8.5 1.0
256 4 8 4782.3 6136.9 [10.7 1.0
512 2 8 5791.6 6470.2 [12.9 1.1
32 moToka, pasMmep 32768 MB
128 8 8 6758.2 14288.6 |[15.1 2.4
256 4 8 7235.5 14261.0 |16.2 2.4
512 2 8 9231.7 14338.9 [20.6 2.4

PaccmoTpum pasmenieHre 00beKTOB B (aiine A paccMaTpuBaeMoi 3aaa4u (cM. puc. 4).
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Puc. 4. Pazmewenue oannvix 6 ¢aiine popmama HDF5
Fig.4. The structure of HDF5 data

Kak BumHO, HA0OPHI TaHHBIX IIEPEMEKEBBHIBAIOTCS METanH(pOPMAIIHEH U MPaKTHIECKH HEBO3MOYKHO
Pa3MECTUTh CTPOKH MaCCHUBOB B TOYHBIX I'PaHUIIaX CETMEHTOB (aiina. [loaToMy nmpu oOMeHe CTpOKH
MaccWBa W3 Tpollecca 3amadyd ¢ (QaijloM 3a4acTyl0 3aTparmBaeTcs JBa cerMeHTa (haiina,
pactmionokeHHBIX Ha pa3HeIX OCT, 9TO MOXKET IPUBOIUTH K 3aMEUICHHUIO BHITIOJHCHHS OTIEPAIIUHI
obmMeHa. Mexny tem 6ubmmoreka HDF5S mpenocTaBiseT MpHIIOKEHHIO BO3MOKHOCTD 3aIIPOCUTH
BBIpABHUBAHKEC BCEX OOBEKTOB (C pa3sMepoM 0ojice HEKOTOPOro pasmepa) B ¢ailfic ¢ MOMOIIBIO
Bei30oBa API dyukiim H5Pset _alignment [7]. 3to mo3BoJisieT BripaBHUBATh HH(pOpMAIHUIO B (aiiie,
IIOJVIeXKAIIYI0 BBOAY-BBIBONLY, Ha >kenaemyro rpanuny BHyTpu IIDC. Ho takue ompernencHHbIE
ocobenHoctu ucnonb3oBanuss HDFS coBmectHo ¢ IIDC Lustre sBisitoTcs TEMOW OTAEIHHOTO
HCCIICIOBAHMA U B TAHHOH CTaThe HE paCCMaTPHUBAIOTCS.

5. Obwue ebie00bI U 3aMedYaHusi

B kpaTkoll cTaThe HEBO3MOXKHO IIOKa3aTb BCE OCOOEHHOCTH MapaluIeNIbHOIO BBOJA-BBIBOJA IS
CTPYKTYPUPOBAHHBIX JaHHBIX. [IpuBENEHHBIE B CTaTbe NPUMEPHI JEMOHCTPUPYIOT HECKOJIBKO
BapHaHTOB peajM3allii TAaKOT'0 BBOJA-BBIBOJIA C MCIIOJIb30BaHHEM CTpHIIOBaHHBIX (aiinoB [1OC
Lustre. s nocTrkeHHs JKeIaeMOoi POU3BOIUTENEHOCTH HEOOX0IMMO YUUTHIBATH CIEAYIOIIEE:

®  MPOIECCHI 3a/1a4d He JOJDKHBI OJHOBPEMEHHO 00parmaTthcs K ogHoMY u ToMy xke OST;

e B XOJe omepanuu oOMEHa CO CTOPOHBI MPOILECCOB 3aJadd JOJKHO 3aJeHCTBOBATHCS
MuHUMaNbHOE unciio OST;

e  OJIOKM JIaHHBIX, y4acTBYIOLIME B OOMEHE, JOJDKHbI ObITh BHIPABHEHBI Ha TPAHUIIBI CETMEHTOB
(hatina B [1OC.

Pa3paboTanHble B X0/ie UCCIIEJOBAaHUH MOJelbHas Bepcus Gpopmara nanubix PSIO n 6ubnnorexku
PSi0 TIO3BOJIIIOT peann30BaTh MApauIeTbHBIA JOCTYIl K CTPYKTYPHPOBAHHBIM TaHHBIM C
XapaKTepUCTUKaMU BBOZA-BbIBOJIA, CPAaBHUMBIMH C U3BECTHOW B Mupe Onbmmorexoit HDFS5.

ABTOpBI HAJCIOTCA, YTO JAaHHAS CTaThs OKAKETCS IOJIE3HOH pa3paboTYMKaM MapaiyielbHBIX
MPUKIAAHBIX TPOTPaMM, HCHONB3YEMBIX Ui TPOBEACHUS pacuyeToB Ha BBIUYMUCIUTEIBHBIX
cucTeMax.
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AnHoTanusi. B nanHOW paboTe MpHBOAWTCA OMHMCAaHHE pa3pabOTaHHBIX AaBTOPAMU CPEICTB aHAN3a
tomosiornu ceteid Ethernet, cOopa, HakOIIEHUS W OTOOpPaKEHHS CTATUCTUKU WX paboThl. ONUCHIBAIOTCS
TOAXOABI IO OIGHKE KadecTBa pPAa0OTHI CETEBBIX YCTPONCTB Ha OCHOBE CTAaTHCTUKH. PaspaboTaHHOe
HpOrpaMMHOE 00ecCIIeueHne UCTIONb3YeTCst I aHaian3a paboTsl ceteil Ethernet B BEICOKOITPOM3BOIUTENBHBIX
BBIYMCIUTEIIBHBIX CHUCTEMaX, IIpelHa3HAaYEeHHbIX IS PEeIICHHs 3aJau YUCICHHOTOo MOJeIupoBaHus. [laHHas
paboTa MOKeT OBITh IOJIe3HA CIELHAIICTaM, 3aHIMarOIIUMCcs pa3paboTKoH u dKcIuTyaTarueii cereit Ethernet
B BBIYHMCIIUTENBHBIX cucteMax Ha ocHoBe OC Linux.
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1.BeedeHue

HeoOxomuMBIM  yCITOBHEM HAOEeKHOW OSKCIDIyaTalMHd JIIO00H  BBHICOKOIPOW3BOIUTEIEHOM

BeraucnuTensHoON cuctemsl (BBC) sBisieTcss KOHTPOJIb 32 COCTOSHHEM OJHOW W3 BaYKHEWIIHX &

MOJICKICTEM — KOMMYHHUKAIMOHHOH mofcucTeMbl. KommyHnukannonnas noacucrema BBC (KIIC) —

COBOKYIHOCTh KOMMYHHKAIIMOHHOTO OOOpPYIOBaHWSA, JHHHHA CBA3M W CIECHUATM3HPOBAHHOTO

nporpammuoro obecreuenus (I10), obecrieunBaromnias mepegady AaHHBIX MEXIY KOMIIOHEHTaAMHU

BBC [1]. KIIC coctouTt U3 HECKOJIBKHX THUIIOB CETEH: CETH IMepeaayll COOOMeHNH, CeTH TaHHBIX,

CeTH YMpaBJEHUs, CETH MOHUTOPUHra M T.J. MOXET BKIIIOYaTh pa3JIMYHbIE THIIBl CETEBOTO

obopynoBaHus Ui BbImodHeHUs pasHbix nenei (Ethernet, Infiniband, Omni-Path u ap.). Cets

meperadyd  COOOINEHMH W CeTh  JaHHBIX, Kak [paBWIoO, CO3/Jal0Tcsi Ha  0Oase

BBICOKONIPOM3BOAUTENBHBIX —pelneHuit, Hamomo6ue Infiniband [2]. Cerm ympasnenuss u

monuTopunra BBC, a takxe cetu mocTyma ctposites Ha 6a3e obopymoBanus Ethernet, moryt ObiTh

(YHKIIMOHANBEHO COBMEIIEHHBIMU. B naHHO# paboTe aBTOPBI pacCMaTPHBAIOT IMOIXOIBI K aHATH3Y

CETEBBIX TOIOJIOTH HAa YPOBHE BBIYHCIUTENBHBIX LEHTPOB, HMEIOIINX B CBOEM COCTAaBE OJHY H

6onee BBC, npenHasHaueHHBIX AJIs pEIICHNS 33124 YUCICHHOTO MOJICINPOBAHUS 1 00bEANHEHHBIX

cersiMu Ha 0a3e Texnomoruu Ethernet.

HeobOxoanmbIM ycioBueM ycrnemHoro (GpyHKOHOHHpoBaHUs cetd Ethernet sBmstiercs Hammame

Pa3BUTBIX CPEICTB €¢ [HAarHOCTUKH. TOMOJOTHMS W CTaTUCTHKA pPabOThl YCTPOWCTB CETH

(hOopMHUPYIOTCS C UCTIONB30BaHUEM ceTeBoro mpoTtokona SNMPv2c [3—11] mocpenctBom ompoca u

OTIpENeNicHUs] 3HAYCHUH TNEpEeMEHHBIX psia BHPTYaJIbHBIX 0a3 JaHHBIX, HMCHONB3YEMBIX JUIA

ympasinenus cethio Ethernet: IF-MIB [12], BRIDGE-MIB [13], EtherLike-MIB [14].

B pabote paccmaTpuBaroTCs:

e  (opMHpOBaHME TOMOJIOTHH CeTell U pa3paboTaHHBIE CPE/ICTBA aHAIN3a TOIIOJIOTHH;

e  BBIOOp NEPEeMEHHBIX BHPTYalbHBIX 0a3 maHHbIX MIB, xapakrepusyroommux paboTy U YCIOBHS
paboThl YCTPOMCTB ceTeit;

o CUCTEMA XpaHCHUA CTATUCTUUCCKUX TaHHBIX]

e pazpaboranHoe B PI'YII POAL-BHUUT® (nanee no texcty POALI-BHUUT®) nporpammuoe
obecrieueHne Jyisi cOOpa, HAKOIUIEHHS M OTOOPaXKEHHUS] CTaTHCTHKH O pabdOTe M YCIOBHUIX
paboTEHI ceTeid;

e  OIICHKA KauyecTBa pabOThI CETEBBIX YCTPONUCTB HA OCHOBE CTATUCTHKH.

OCHOBHOE Ha3HAYEHHUE JAHHOW PabOTHI — OCBETHTH ITOAXO/IbI K aHAJIU3Y TOIOJIOTUH B pabOTHI CeTeH
Ethernet, o3nakomuth ¢ paspaboranubiM B POSI-BHUUT® mnporpaMMHBIM MPOAYKTOM ISt
nuarHoctuku cereid Ethernet, a taxoke npenocTaBUTh CHCTEMHBIM IPOrPAMMUCTAM M TEXHHYECKHM
CreuaIrcTaM, 00eCIeYnBalOINM 00CITy)KIBaHHE CETEBOT0 000pyI0BaHMs1, HEOOXOAUMBIN 00BEM
nH(popManuK IS CONPOBOXKICHUS U Pa3BUTHS pacCMaTPUBAEMOT0 IIPOIPaMMHOTO 00ecIIeueH s, a
TaKXe yCIeNIHOo skcIutyaranun cetei Ethernet.

2. ®opmupoeaHue monoso2uu cemu

Pazpaborannsiii B POSL[-BHUUT® B xome skcmtyarammu paznudabix BBC mporpaMmubiii
koMIuiekc MonE, mpenHasHaueHHBIA IS aHanu3a W MoHUTOpuHra cereid Ethernet, mosBomsier
agmuHucTparopy BBC B mosryaBToMaTndeckoM pexuMe cCOOMpaTh W MPEOCTaBISATh TOMOJIOTHIO
cete Ethernet kax B 1ieoM A7 BCEro BBIYMCIMTEIBHOTO LIEHTPA WHCTUTYTA, TaK U U KaXIIOH
koHkpetrHOH BBC. JlaHHBIM mporpaMMHBIN KOMIDIEKC COCTOMT W3 MHOXKECTBA INPOTPAaMMHBIX
KOMIIOHEHT, BBITTOJHAIOMNX pa3Hoo0Opa3Hble GYHKIUH (ITOAMPOTPaMM), PEATN30BaHHBIX Ha SI3BIKE
Python [15].

OCHOBOW paccMaTpWBaeMbIX MPOTPAMMHBIX CpPEIACTB aHanm3a cereid Ethernet sBnseTcs
¢dopmupyemas MonE tabmuma B 6a3e mansseix (BJl) ycrpoticte cetn — TAB I[P MAC. Kaxnas
3aIKch B JaHHOH 0a3e IpeACTaBIsIeT MapaMeTphl OTAEIbHOr0 HHTepdelica ceTH:
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e |P-ampec nnTepdeiica;

e umMs uHTEpdEiica;

e MAC-anpec unrepdeiica.

Inst 3anomuenus BJ] wucnoms3yercss moamporpamma w3 coctaa MonE — PingArpChk.
[oxmporpaMMa HWHUIMHPYET BEHIIOJIHEHHE KOMaHABI ping (¢ mapaMeTrpoM «—c 1») mo BceMm
IP-ampecam 3amaHHOTO cerMeHTa ceTw (Hampmmep, co 3HaueHmsMH 0 — 255 mumammero Gaiita
IP-agpeca). Ha atom stane popmupyetcs cnoBaps NAME HOSTS, kimrouamu KOTOPOTO SIBIISIIOTCS
obpabaTriBaemble [P-anpeca, a 3HAa4YEHUSIMH — COOTBETCTBYIOLIME WM JOMEHHBIE HMEHa
unrepdeiicoB. PesynpraT paboTel 3TOM moamporpammsl 3aHocutcs B Tabmuiy TAB_IP_MAC.
Otmernm, yto ecnu moxnporpamma PingArpChk Be3bIBaeTcst it yxke cHOpMHpPOBAHHOTO B
Talbnue cerMeHTa CeTH, TO OHa IPOU3BOJHUT CpPaBHEHHE MOJyYCHHOW HMH(pOpPMalMu C paHee
COXPaHEHHOW, CUTHAJIM3UPYS O BOSHUKIINX PACX0XKICHUSIX.

®opmuposanue tornosorun cetu Ethernet GpakTnuecky cBOOUTCS K ONpENETICHUIO CBA3EH MEXIY
KOMMYTaTOpaMHt CETH ¥ JOMEHHBIX MIMEH HHTEPPEHCOB, MOIKIIOYEHHBIX K TOPTaM KOMMYTaTOPOB.
UcxomHbiMH 11T HaHHOW paboOTHl ABIAIOTCS omucaHHas Beime Tabmmma TAB IP MAC u
tdopmupyemas otnenbHo Tabmmma TAB SWI1, xotopas comepxut tpebyemyro HMH(pOpMAIUio o
Ka)kKZIOM KOMMyTaTope (ceTeBoe uMs, TuI, IP-anpec, qncno moptos). MHpOpManns o KoMMyTaTopax
cereil M WX (QYHKIMOHHMPOBAHUM W3BIEKACTCS W3 HHPOPMAIMOHHBIX 0a3 MaHHBIX 3THX
kommytaropos IF-MIB, BRIDGE-MIB, EtherLike-MIB ¢ ucrnosib30BaHHEeM CETEBOTO MPOTOKOJIA
SNMPv2,

Omnpeneneane MAC-anpecoB, MOIKITIOYEHHBIX K TOPTaM HHTEPPEHCOB, OCYIIECTBIIACTCS HA OCHOBE
crenyronied nHpopmanuu. KoMmyTaTophl comepkaT CIHMCOK IOPTOB, K KaKAOMY M3 KOTOPBIX
NPUKPEINIEH CIHCOK 00BeKTOB (3amaHHBIX MAC-agpecamu HHTEp(EHCOB), ¢ KOTOPHIMH JaHHBIA
KOMMYTATOp JOTMYEeCKH CBs3aH MO AaHHOMY mopTy. [lox jJorudeckoil cBA3bIO MOApa3syMeBaeTcs
CIOCOOHOCTH «YBHIETH» APYTOH y3€1 CeTH WIH HOPT JPYroro KOMMyTaTropa 4epe3 onpeaeaeHHbIH
nopT. YacTHBIM CIydaeM JIOTMYEeCKOH CBSI3U SABJILETCS (U3MUECKast CBSA3b — MPSIMOE COEAWHEHHE
KOMMYTaTopa ¢ y3JIOM WJIH ApYTMM KoMMyTaTopoM nocpenctsom Ethernet-xabemns. Otmernm, 9to
OJIMH TIOPT KOMMYTATOpPa MOXKET OBITH CBSI3aH TOJIBKO C OJIHUM OOBEKTOM.

KommyTaTopsl mojaep)kMBaloT JWHaAMHYEecKylo Tabmuity mnepeaapecauun AFT, xpansmryro
cootBercTBHe MAC-anpeca untepdeiica y3na mim MAC-ampeca mopra Ipyroro KOMMyTaTopa
MOPTY AaHHOTO KOMMYyTaTtopa. B HMCHoOnb3yeMbIX THIaX KOMMYTaTOPOB 3Ta TaOJHUIA XPaHUTCA B
accoIaTUBHO-3amoMuHaromeM yctpoiictBe CAM. Korga xkazapsl NOCTyHaroT Ha IOPTHI
KoMMyTaropa, MAC-aipec HCTOYHHKA 3alIOMHUHAETCS U 3anuchiBaetcs B Tabnuiy CAM. Ilopr, Ha
KOTOPBIA OBLTH IMONy4eHBI Kaaphl, M ceTh VLAN 3amichIBaroTCS B TaOJMHUIIE BMECTE C METKOM
BpemeHu. Eciim MAC-azpec, n3y9eHHBIH OTHIM IIOPTOM KOMMYTAaTOpa, OBLT IEpEeMEIEH Ha IPYTOH
nopt, 3anmceiBaeTcsi MAC-aapec M METKa BPEMEHH TOTO IIOpTa, KOTOPBIH MOJYYMJI KaJpbl
nociennuM. [Ipensinymas 3anucs ypanserca. Ecim MAC-angpec anst nmpaBWIBHOTO NMPHEMHOTO
TIOPTa yXKe COIEPKUTCA B Ta0iHIle, TO OOHOBIIAETCS TOJIBKO METKA BPEMEHH.

Ora unHpopMarms goctynHa no nporokory SNMPv2 B MIB-6aze BRIDGE-MIB kommyTatopa.
st onipenienieHust JOMEHHBIX UMEH UHTEP(PEHCOB, MOIKITIOYEHHBIX K TOPTaM KOMMYTaTOPOB CETEH
Ethernet, B cocraBe MonE co3mana mommporpamma GetlfConn. Hcnomszyss MAC-aapeca
uHTepdeiicoB, momydaembix npu ureann bJ[ TAB IP MAC, mommporpamma dopmupyer
BBIXOJHYIO HMH(OpPMAIHI0O O IOMEHHBIX HMEHaxX HWHTEpP(EHCcOoB, IMOAKIIOYEHHBIX K MOPTaM
KommyTaropa. Ha puc. 1 mpuBeneHsl maHHbBIe, moidy4eHHBIe noamporpammoit GetlfConn mis
Hekotoporo kommytaTtopa BOIETG-1 BBC. Tabmuisl moaxmodeHnss a0OHEHTOB (pOpMUPYIOTCS
JUIsl Bcex KoMmyTatopoB cereit Ethermet.
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Topr TTapaMeTpB! OJKI0YeHHOT0 THTepdeiica i mopra KoMMyTaTopa
Ha3gaxnue 1P-ajapec MAC-azgpec
Gi10/1 b01s01 1.2:1:1 Oc:xx:xx:xx:0a:ee
Gi0/2 b01s02 1.2.1.2 Oc:xx:xx:xX:5b:5¢
Gi0/3 b01s03 1213 Oc:xx:xx:xx:5¢e:7¢
G10/40 b01s40 1.2.1.40 Oc:xx:xx:xx:5b:38
Gi0/48 | BOIET1 Port 48 - Oc:xx:xX:xx:22:¢¢
Ex0/3 | ET10G-1 Ex0/2 - Oc:xx:xx:xx:5¢:9b

Puc. 1. Ungpopmayus o nookniouenuu ycmpoiicms k nopmam kommymamopa BO1ETG1

Fig.1. Information about connecting devices to the switch ports
CroxHocTh onpezeneHus tomonorun ceredl Ethernet oTMeueHa psjgom aBTOPOB, NMPUYACTHBIX K
3TOMY HampasiicHHIO paboT [16—19]. B Hamem ciiydae 3Ta CII0)KHOCTh COCTOUT B TOM, YTO TaOJIHIIBI
nepeajpecaliud KOMMYTAaTOpPOB JUHAMHUYECKHE, XpaHAT 3amuck coorBeTcTBUs MAC-agpeca
Ha3HAUeHUS M COOTBETCTBYIOLIETO €My IIOpTa HEKOTOpOE OrpaHMYEHHOE BpeMs, 3aJaHHOE B
KOH(HUTypaluy yCTPOWCTBA, I HA MOMEHT HCCIICIOBAHNUS TaOJIHIIBI HE UMEIOT ITOJTHOHM MH(pOpMaIim
0 BCEX JOCTYHHBIX CETEBBIX YCTPOHCTBAX M HX CBA3AX. [l03TOMY NOJy4YeHHE aKTyadbHOM
HHPOPMALIUU O TOIIOJIOTHH CETH TpeOyeT MepHOIMYSCKOTO aHAlN3a JOCTYIHBIX B €€ TOIIOIIOTHHI
YCTPOUCTB. B HamreM ciydae 3TO MepHOAWYEcKOe HCIoyb30BaHue monamporpamMm PingArpChk u
GetlfConn pans momonHeHuss wHpOpManud o0 WHTepdeicaX, MOIKIIOYEHHHX K MOpTaM
KOMMYTaTOpOB.

FormTlopoMap ' =

Kapra rononorun ceteit BBC
[ 1

[ SwAce_BRCT | I SwAce_BRC2 I

I OBULHE VAN CETH NOCTYNA U CETH YIPABNENUA l

[ ]

Il ll

—{munm-[?mm —tamnn: ,wisx:]
1 mv —:mzzmt{—‘,mztv:
Hmnnm ﬁmxvcz}«,m:sv:

Puc. 2. Kapma mononoauu cemei Ethernet ons esi6pannoic BBC
Fig.2. Map of the Ethernet network topology for the selected HPC

3. Cpedcmeo aHanu3za monosozuu cemel Ethernet

I'padbuueckuit maTEepdeiic mporpamMmHoro komiuiekca MonE peanusyer QyHKIUHM TOCTPOCHUS
KapThI TOTIOJIOTHH CETEH, KaK MOKa3aHO Ha PUC. 2, IPUCBaNBAas dJIEMEHTaM KapThl (M300paKEHUSM
KOMMYTAaTOPOB M JIMHUSM CBSI3U) COOTBETCTBYIOIIHE TETW. Te€roM KOMMYTAaTopa SIBJISIETCS WM
KOMMYTaTopa, TEroM JHHUHM CBS3M — UACHTU(OHUKATOPBI CBSA3BIBAEMBIX TOPTOB  (<uMs
Kommymamopa>*<umsa nopma>). IIpu 3TOM CyIecTByeT BO3MOKHOCTh IIPOCMOTpa pa3BEPHYTOI
uH(pOpMALIMHE MO KAXKIAOMY KOMMYTATOpY, MpeacTaBieHHOMY B Tomosoruu (puc. 3). B manHOM
CiIydae MOKHO YBHETH BCE YCTPOHCTBA, MOAKIIOYCHHBIE K TOPTaM JaHHOTO KOMMYTaTopa.
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Kpowme Toro, Ha KapTe CymecTByeT BO3MOKHOCTS IPOCMOTPA JIMHUH CBSI3U MEKIY KOMMYTaTOPaMH,
KaK [MoKa3aHo Ha puc. 4.

SwAcc_BBCI

ITapaMe TpHI 110 IKJEOUEHHOT O HHTepderca
[opr HJM 110PTa KOMMY TATOPA
Ha:saHue [P-aypec MAC-anpec |

-~ Gil/or1 fl.acc [Oc:xx:xx:xx:9e:5a_|
_Gil/or2 f2.acc | Ocixx 2
G11/0/3 f3.acc 3
_Gil/0/4 [4.acc .

G11/0/6 al.acc

Gil/0/7 12.acc
L G11/0/710 serv|.acc

Gil/O/11 serv2.acc :

Te /072 SwAcc_BBC2 Ex0/38 00:xx:xx:xx:Sazel |

Puc. 3. Uugopmayus o kommymamope na kapme mononio2uu cemu
Fig. 3. Information about the switch on the network topology map

GeltTagsDesign

Tern JMHEHM CBA3M ETI10G-1 — ETG-I

ITapameTphl coeIHHEeMBIX HHTepdeicon
Terd JMHHH CBSM

Hassarue MAC-aupec
ETI0G-1*Ex0/1__ETG-1*Ex0/3 | ETI0G-1, port Ex0/1 | 00:xx:xx:xx:5e9a
ETG-1"Ex0/3_ETI0G-1*Ex0/1 ETG-1, port Ex0/3 00:xx:xx:xx:37:47

Puc. 4. Dpazcmenm 6vi600a Kapmvl TUHUU CEA3U MENCOY KOMMYMAMOPAMU
Fig.4. The fragment map of communication lines for switches

4. C60p u HakonsieHUe cmamucmuku

Hawubonee 3G ¢pexTuBHBIII METON ITUATHOCTUKH KOMMYTHPYEMOW ceTH — 3arpoc MH(OpMauuu o
MOBE/ICHUHU CETH y CaMUX KOMMYTAaTtopoB. B paMkax paboT 1o JaHHOMY HAlpaBJICHUIO peali30BaH
SNMPv2-arent, paGorarouuii ¢ wuHpopMarmonHsiMu ©0azamu IF-MIB u  EtherLike-MIB
KOMMYTaTOpOB.

4.1 Bbi6op nepemeHHbIx MIB ans aHanusa paboTbl U COCTOSIHUA YCTPOMUCTB

Jlis olleHKH 3arpy3KH YCTPOWCTB CeTell HCIIONB3YIOTCA MepeMEeHHbIe N3 WH(POPMAIOHHOH 0a3bl
IF-MIB. CrarucTtuka 3arpy3kd yCTPOMCTB MO MpHEMY TaHHBIX (OPMHPYETCS C HUCIIONb30BaHHEM
NI€PEMEHHBIX:

e ifInOctets (ifHCInOctets);

e ifInUcastPkts (ifHCInUcastPkts);

o ifInBroadcastPkts (ifHCInBroadcastPkts);

e ifInMulticastPkts (ifHClInMulticastPkts).

B ckobkax mpuBeneHBl Ha3BaHHWS COOTBETCTBYIOIIMX IEPEMEHHBIX, KOTOPBIE MPEACTABISIOTCS
64-pazpsinabiMu cuérunkamu (cumBosibl «HC» mocne «if» B Ha3BaHMM MEPEMEHHBIX O3HAYAIOT:

High Capacity). [lepemennsie, 0ToOpa)xaromye 4nuciio OmuOoK, NPeACTaBISIOTCS 32 -pa3psaAHbIMU
CYETUMKAMHU.
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Cratuctuka 3arpy3Kd YCTPOWCTB IO TIepefade AaHHBIX (OpPMHUpYyeTCs aHAJIOTHYHBIMU
MIEPEeMEHHBIMU, HO OTHOCSIIUMCS K BBIXOJHBIM naHHbIM. [lepemennnie IF-MIB ifInNUcastPkts u
ifOutNUcastPkts He HCIONB3yIOTCS, TaKk KakK 3HAUYCHHE KaXIOM W3 HHUX MPEICTABIICT CyMMY
COOTBETCTBYIOIIMX  3HaueHMH  nepemeHHbIXx  iflnBroadcastPkts wu  ifInMulticastPkts,
ifOutBroadcastPkts wu ifOutMulticastPkts. Jlias anHanm3a cTaTHCTUKHA COOCB  YCTPOICTB
UCTIONB3yIOTCA  cieayromme nepemennsie  [F-MIB: ifInErrors, ifInDiscards, ifOutErrors,
ifOutDiscards.

Heob6xoanmo cka3aTh HECKOJBKO CJIOB O BbIOOpe MCHosb3yeMbix nepeMmeHHbIX EtherLike-MIB.
[MpumenutensHo K crangapty Ethernet opraHuzanust JTOKadbHBIX ceTell BOBMOYKHA C TONOJIOTHEH
«oOmrast muHa» UK «3Be3a». OObMHO Jlormyeckas Tononorust Ethernet — «oOmast muHay, Tae
cpena mepeaayd AaHHBIX MCIOJIB3YETCSl BCEMH Y3JaMH B OJJHOM cermeHTe cetd. [Ipm atom, ecnu
HECKOJIKO Y3JI0B B OJIHOH CpeAe HAauyHyT BMecTe MepenaBaTh WH(OpManuio, TO BO3HUKHET
KOH()JIMKT IpH TepeAade JaHHBIX, KOTOPHIH MPUBENET K MX MOBPEXKACHUIO W HEBO3MOXKHOCTH
JTATbHEHIIIETO UCII0NIb30BaHuUs. UTOOBI HE TOITyCTHTh HOAOOHOMN CUTYaINH, AT YIPaBICHNS O0IINM
JocTynoM y3ioB B Ethernet ncmone3yercs MeTox MHOXKECTBEHHOTO JOCTYIIA € MPOCITYIINBAHUEM
Hecymel n ooHapyxkerueM koumsnuil (CSMA/CD) [20]. Uadopmarnmonnas 6a3a EtherLike-MIB
BKIIIOYAET PAJ] IIEPEMEHHBIX, C TIOMOIIBIO KOTOPBIX (PUKCHPYIOTCS OIINOKH, MPUCYIINE YKa3aHHOH
tomomoruu  Ethernet:  SingleCollisionFrames,  MultipleCollisionFrames, = LateCollisions,
ExcessiveCollisions, CarrierSenseErrors (3mech M Hmke B Hadaje Ha3BaHUIl IEpEMEHHBIX
EtherLike-MIB MbI omyckaeM HAaMMEHOBAHUE aHATM3UPYEMO#l rpyIbI epeMeHHbIx — dot3Stats).
B paccmatpuBaeMoii TOMOJOTHH CETel KOMMYTATOPBI pabOTAIOT B MOJHOAYIUIEKCHOM PEXHME, T.€.
MOTYT TOCBUIATh ¥ TOJy4YaTh JaHHbIE OJHOBPEMEHHO, IIO3TOMY B PAaCCMAaTPUBAEMBIX CETAX
KOJUIM3UM HCKIIOYAIOTCs. TakuM 00pa3oM, OTMEYCHHBIE BBIIIE IIEPEMEHHBIE B CIHCOK
HCTIONIb3YEMBIX HaMH HE BKIIFOUAIOTCS.

He ucnonp3yercs takke nepemennas SQETestError, kotopast onpenenser uucio cooduernit SQE
TEST ERROR, renepupyembix tectoM SQE. Tect SQE npenna3zHaueH a1t 0OHApyYXEHUS ISTH C
KOJUTH3HMSIMH MEXJy TPAaHCHUBEPOM M IUIATOW ceTeBoro mHTepderica. [10CKOIbKY y CeTeBBIX IaT
Tenephb eCTh BCTPOCHHBIM TpaHcuBep, TecT SQE He Tpebyetcsa. [103TOMy MBI HTHOpPHPYEM H 3Ty
nepemeHnyo [21].

Kpowme toro, He ucnonb3yercs nepemenHas DefferedTransmissions, Tak kak oHa IPeICTaBISET TE
xe oumbku, uto u nepemennas [F-MIB ifOutDiscards.

C y4éTOM CKa3aHHOTO, JUIsl aHAllM3a CTATUCTUKH COOEB YCTPOWCTB 11e1ec000pa3HO MCIOJIb30BaTh
cnenyrontue nepemernbie (cuétankn) EtherLike MIB:

AlignmentErrors;

FCSErrors;

FrameTooLongs;

SymbolErrors;

InternalMacReceiveErrors;

InternalMacTransmitErrors.

Bce mpuBenéHHbIE BbINE NEpEeMEHHBIE MPEACTAaBISIOT HaKallJIMBacMble 3HAUYEHHs, HAa4MHAs C
MoMeHTa uHuuanu3anuu SNMP-arenra.

Takum oOpa3om, Juis aHaiu3a cetd B mporpaMme MonE Hcmonb3yroTcs NepeMeHHblEe U3
uHpopmannonHsix 6a3 IF-MIB u EtherLike-MIB, npencrasienssie B Tadbmuie 1.

Tabn. 1. Hcnonwsyemvie nepemennvie IF-MIB u EtherLike-MIB u ux naznavenue
Table 1. IF-MIB and EtherLike-MIB variables used and their purpose

Ne Ha3sBanue .
. Ha3snayenune nepemeHHoit
n/n nepeMeHHOi
. O01ee KOMMYECTBO MPUHATHIX TIOPTOM OalT JaHHBIX, BKIIIOYAS
1 ifHCInOctets B P P A ’
ciryeOHbIe
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2 ifHCOUtOCtets OO1mee KOIMYECTBO NePEAaHHBIX TOPTOM OalT NaHHBIX, BKIIOYAs
CITy)KeOHBIE
3 ifHCInUcastPkts KonmuecTBo makeTos ¢ HIMBHIyIbHBIM aJPecoM uHTepdeiica,
JOCTaBJICHHBIX IOPTOM Ha BEPXHUII CHCTEMHBIN YpPOBEHb
4 ifHCOUtUcastPkts KonmaecTBo makeToB ¢ HHANBHIYAJIBHBIM aipecoM HHTepdelica,
MOTy4YEHHBIX TOPTOM C BEPXHETO CHCTEMHOTO YPOBHS
5 ifHCInBroadcast-Pkts KosmaectBo makeros ¢ LIMPOKOBELIATEBHbIM a/IPECOM uHTepdeiica,
JOCTABJICHHBIX IIOPTOM Ha BEPXHHUII CHCTEMHBIH YPOBEHb
6 ifHCOUtBreadcast-Pkts KonnuecTBo MakeToB ¢ MIMPOKOBELIATEILHBIM aJpecoM HHTepdeiica,
MOTy4YEHHBIX TOPTOM C BEPXHETO CHCTEMHOTO YPOBHS
7 ifHCINMulticast-Pkts KommuecTBo makeToB ¢ TPYINOBBIM a/pecoM I/IHVTepq)eﬁca,
JOCTaBJICHHBIX IOPTOM Ha BEPXHHUII CHCTEMHBIN YpPOBEHb
8 ifHCOUtMulticast-Pkts KosmaecTBo makeToB ¢ TpyNnmoBBIM aipecoM HHTepdetica, MOITydeHHBIX
MOPTOM C BEPXHETO CHCTEMHOTO YPOBHS
9 ifInErrors KonmiaecTBo MPUHATHIX TOPTOM TTAKETOB, KOTOPBIE HE OBIIN TIepeAaHbI
Ha BEPXHHI CHCTEMHBIH ypOBEHb N3-3a O0OHAPYKEHHS B HUX OLIHOOK
. Konn4ecTBo BBIXOHBIX ITAKETOB, KOTOPHIE HEe OBUIN MepelaHbl IIOPTOM
10 ifOutErrors
13-3a2 HAINYUS B HUX OMHOOK
KommuectBo makeToB, KOTOpBIE OBIIM PHHSATHI IOPTOM, OKa3aJIHCh
1 ifinDiscards KOPPEKTHBIMH, HO He OBLIN JJOCTaBJICHBI Ha BEPXHUIT CHCTEMHBIN
YPOBEHB, CKOpEe BCETO M3-3a IeperoiHeHns Oy(epa akeToB WU XKe I10
HMHOHU NpHYNHE
Konn4ecTBo 0TOPOIIEHHBIX TOPTOM BBIXOAHBIX ITAKETOB, B TOM YHCIIE U
12 ifOutDiscards TEX, B KOTOPBIX HE OBUTH OOHAPYKEHBI OIIHOKH; T.€. KOJUYECTBO
MIAKETOB, MOTEPSIHHBIX M3-3a HEXBATKH MOIIHOCTEH MIIH IEPErPy30K
KonmmuecTBo omrbok BEIpaBHUBAHHS — ONPEAEIAETCS KOIHMIECTBOM
13 AlignmentErrors KaJIpOB, TIOJIy4EHHBIX IIOPTOM, JJIMHA KOTOPBIX HE PaBHA LIEJIOMY YHUCILY
OKTET ¥ KOTOPbIE MMEIOT HEBEPHYIO KOHTPOJIBHYIO CYMMY
KonnyecTBo KaipoB, MOJIy4€HHBIX IOPTOM, JJIMHA KOTOPBIX PaBHA
14 FCSErrors LEJIOMY YHUCITy OKTET, HO KOTOPbIE UMEIOT HEBEPHYIO KOHTPOJIbHYIO
CyMMy
15 FrameTooLongs KonmdaecTBo KafpoB, MOIydeHHBIX TOPTOM, Pa3sMep KOTOPLIX
NpeBbIIIaeT MaKCUMAaJIBHO TomycTUMBIH Juist Ethernet
Jnst naTepdetica, paboTAIOIIEro B MOJTHOAYIUIEKCHOM PEKHME —
KOJIMYECTBO CITy9aeB, KOT/la CPe/ICTBA MprEMa 3aHSTHI B TCUCHHUE
16 SymbolErrors BpEMEHH, paBHOMY HJIH OOJbIIEMY BpEeMEHH IpUEMa Kaipa
MHHHMAJIBHOTO pa3Mepa U B TEUCHHE KOTOPOTO Ha KaHAIbHOM YPOBHE
Obu1a 3aUKCHPOBaHa OMMOKA MPUEMA TAHHBIX
17 Inter_naIMac- KonmyecTBo KaspoB, IPHEM KOTOPBIX HE COCTOSIICS M3-3a BHYTPEHHEH
ReceiveErrors ounOku nepenauu noxyposus MAC
18 InterngIMac- KonunuecTBo kazpoB., nepeaaya KOTOPhIX TOPTOM HE BBIMOJIHSIACH U3-32
TransmitErrors omnOKy, epefaHHoi BHyTpeHHUM MAC-onypoBHEM

4.2 XpaHeHne HaKONJIeHHOW CTaTUCTUKU

Amnamus cocrosiaus cereit Ethernet BBC npoussonutces exxedacHo. [Ipu 3ToM TaHHBIE COXPAHSIIOTCS
B b/1 B Buzie Tabnui u 3anuceir. Bo Bcex tabmunax B/ Ha3BaHuUs 3amucel COOTBETCTBYIOT HMCHAM
KOMMYTAaTOpPOB, CTaTUCTHKAa PabOTBI KOTOPHIX OTOOpakaeTcss B ITHX 3amucsaX. OOBIYHO Ui
kpynaeix BBC crarucrika coxpansercs 11 — 12 mecsueB. B Tabmumax 2 m 3 naHa kpaTkas
XapaKTepUCTHKa HHPOPMALINH, cofepxamnieiics B Tabnumax b/1.
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Tabn. 2. Tabauysl cymounou cmamucmuxy u Xapakmepucmuka Xpanumou ungopmayuu
Table 2. Tables of daily statistics and characteristics of stored information

Hmsa

XapakrepucTuka nHpopMannu
Ta0JIHIbI p p hopman

CyTo4Has CTATHCTHKA 3arPy3KH U cO0EB IOPTOB KOMMYTATOPA, 3allpaninBaeMas ¢
Hcnonp30BaHueM nepemeHHbIX |F-MIB. 3arpyska mopToB npeacrapieHa 3HAYCHUSIMH
LOAD ERR nepemennbix: ifHCInOctets, ifHCOutOctets, ifHCInUcastPkts, ifHCOutUcastPkts,

- ifHCInBroadcastPkts, ifHCOutBroadcastPkts, ifHCInMulticastPkts,
ifHCOutMultcastPkts; a c6ou — 3snauenusimu nepemennsix: ifinErrors, ifOutErrors,
ifInDiscards, ifOutDiscards

CyTO‘IHaS[ CTaTUCTHKA OIIMOOK U cO0EB IOpTOB KOMMYTATOpa, 3arpaliruBacmMmas ¢
ERR_eth ucnonb3oBaHueM nepemeHnsix EtherLike-MIB: AlignmentErrors, FCSErrors,
FrameTooLongs, SymbolErrors, InternalMacReceiveErrors, InternalMacTransmitErrors

SUM ERR CyTo4Has CTAaTUCTHKA OIIMOOK ¥ COOCB BCEX TUIIOB TOJIBKO TEX MOPTOB KOMMYTATOPA,
- KOTOPBIC UMEIOT OIIMOKH U COOH

Tabn. 3. Tabnuybr cmamucmuky nNOCieOHe20 4aca u Xapakmepucmuka cooepicaueiicss 8 Hux ungopmayuu
Table 3. Statistics tables of the last hour and characteristics of the information they contain

HMms Tadumusl XapakTepucTuka MHGOpPManuu
LAST IMocnenune 3HaueHns: oOpadaTeiBaeMbIX epeMeHHbIX |IF-MIB B kommyTartope
LAST_eth IMocsenHue 3HaueHus: 00padaTeiBacMbIx nepeMerHbix EtherLike-MIB B kommyTaTope
LH_LOAD_ER 3arpy3ka u c60u IOPTOB KOMMYTATOpa 3a MOCIETHUI Yac, 3apalinBaeMbIe C
R UCIIOJIb30BaHueM nepeMeHHbIX [F-MIB
LH ERR Craructrika omuooK 1 cO0eB BCeX THITOB 32 MOCIIEAHHI Jac TOJIBKO TeX MOPTOB
- KOMMYTaTOpa, KOTOPbIE HMEIOT OIIHOKH U cOon

4.3 OToGpaxxeHne CyTOHYHOM U TEKyLLen CTaTUCTUKN

Jlna npencTaBneHus CTAaTUCTUYECKUX AaHHBIX B MonE ncmonp3yercs moanporpaMmMa oToopaskeHus
W aHaiu3a craTUcTUku Map. OKHO TOANPOrpaMMBbl, MPENCTABICHHOE HA PHUC. 5, CONEPKUT Psj
KHOIIOK, ITO3BOJIIOIINX BBIOpaTh TpeOyemylo naTy, MHTEpBal BBIOOPKH M THII OTOOpa)kaeMoif
uHpOpMaIlUK, a TaKKe INpeAcTaBiIseT 0000meénnyo cxemy (kapty) cereit Ethernet BBC,
0TOOpakaroIIyro cOOMHBIE CBS3U ceTeil. DIEMEHTHI CXeMBI HCIOJIB3YIOTCA AJIS BBIOOpa TpeOyeMbIX
YCTPOMCTB MM JIMHUH CBSA3M TIPH aHAJIN3€ CTATHCTHKHM 3arpy3KH U cOOEB ITOPTOB.

[Tpu Haxkatnn kHONKK «COOM 3a CYTKM» BRIBOAWTCS 3a BEIOPAHHBIN HHTEPBAI BPEMEHH CTAaTUCTHKA
c00eB MOPTOB BCEX KOMMYTAaTOPOB ceTell. B neBoi wactm okHa Qopmupyercs Tabimma cOoes,
KOTOpasi 0TOOpaskaeT CyMMapHOe 32 BHIOpaHHBIN MHTEPBAJ KOJIWYECTBO COOEB Ka)KI0T0 THIA JUIs
«cOOMHBIX» MOPTOB, KaK IOKa3aHO Ha pHC. 6, a B MPaBOH 4acTH — oToOpakarorcs rpaduku coboes
JI7Isl BCEX MOPTOB, Kak MOKa3aHo Ha puc. 7.

[Tpu nmocrpoenuu rpadukoB c60EB UCIIONB3YETCs JIorapruMuUecKas mKana.
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Map

Xopaxtepuctvxm | rmiee
Sulap :f" xawecron padord | ofnexms | Buroa
s Y EONNYTATOPOS M8

Crpasxa

X W ceen Ethemet BK1(
DULNE Y3 SETW AOCTYIA ¥ CETH YT PABM S

Puc. 5. Oxro noonpozpammer Map
Fig.5. The Map subroutine window

Chou 1opros kommyTaropos  Apr 16

if-name 1 2 3 < 5 6 7 8 2 10

ETI0G-1 1
ETI10G-1 54
ETI0G-1 1
ETI0G-1 70
ETI0G 1 35
ETI10G-1 24
ETI0G-1 62
ETI10G-1 33
BOIETGI 26892
BOIETG2 10
3 BOIETGI 4
ET10G-1 Ex0/8 BOAETGI n
ET10G-1 Ex0® BOAETG2 2
ETCX-1_Fa0N4 ipl 83 4m i
backmas 29
SwAcc_BECT GI1/0/4 14,908 30375
SwAcc_BEC2 Ex0/38 SwAec_BBC1 102

Puc. 6. Jlesviii hpacmenm oxna omo6pasicenusi CymouHou Cmamucmuxu nopmos KOMMYMamopos
Fig.6. The left fragment of the window for displaying daily statistics of switch ports

Puc. 7. IIpaswiii ppacmenm oxna omoodpasicenusi CymoyHol Cmamucmuky nopmog KOMMYmMamopos
Fig.7. The right fragment of the window for displaying daily statistics of switch ports
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Ha puc. 8 u 9 npuBenens! GpparMeHTs OKHa OTOOpaXKeHHs 3arpy3Kd U cOOEB MOPTOB HEKOTOPOTO
BbIOpanHOTO KOMMyTaTtopa ETG-1.

Jarpyska u cOon nopros kommytaropa ETG-1 Apr 16

ETG1 MnOotats inUcastPits HinBeastPkis  MinMcastPkis E ' ' ° r »
- name #OutOctety MOutUcastPkls HOwBoastPkts #OutMcastPkis 1 2 El e 5 . T . L 0
427 714 8 47110 sous
hie 1008 114 051 4971478 1298 502 11291
2 bbe) 11 365 873 4% 4144
2 T34 121 %41 | 3 904 2299 72% 1129

famde’

4 bbe? . 30 ad
111 681 1578 | 1
ol .bbet 3 1 8l
» Y 71 1329
a2 bbet L% e reh ol e
1617838 71 108t 572 2503 %8 132931
i A 111963 138 129424 229
184 232 160 1 303758 2301648 122930
101 943 561 1 295 5% 2784
ahbat
cativr 254 S 434 e 2301 130 13293

Puc. 8. @paemenm oxna, omobpadxcaowuii Cymounyo Cmamucmuxy 3azpy3ku u cooes nopmos
Kommymamopa
Fig.8. Fragment of the window showing daily statistics of loading and failures of ports of the switch

LN J2205ME BpE MM BLILEN BEMO A CTATHETHEMN (48CW)

Li2ialai s ialTinlelio e o en ralin K a7 e 10 e
Fia Ve te FOuCutets

Puc. 9. ®pazmenm oxna, omobpascaiowuti Cymounyio Cmamucmuxy 3azpy3xku u c6oee nopmos
Kommymamopa
Fig.9. Fragment of the window showing daily statistics of loading and failures of ports of the switch

Taxke MOXXHO 0TOOPa3UTh 3arpy3Ky TpeOyeMbIX TOPTOB KOMMYTAaTOpa B TEUEHHUE 33/JaHHOTO HHTEpBaIa
BpeMeHH. st 3TOro B BepxHEH dYacTH 007acTd TpaMKOB PACTIONOKEHBI KHOIIKH, IMTO3BOJIIOIINE
BBIOPATh HY)KHBIH Yac CYTOK.
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5. OyeHka kayecmea pabombl cemeli Ha OCHO8e cmamucmu4YecKux 0aHHbIX

JeficTBytomue TeXHUYECKHE HOPMBI Ha TMOKa3arely (PYHKIMOHHPOBAHUSA CETCH Iepernadr DaHHBIX,
npursaTeie B 2007 romy [22], omnpenensioT mpeAenbHbIe 3HAUYCHHMS TTOKa3aTeNle KadecTBa: CPEIHIOI
3a7epKKy TIPH Mepeade MaKeToB, OTKIOHEHHE OT He€, Ko (UIMEHT TToTepH MakeToB, Kod(duiment
OIIHMOOK B MaKeTaX, Kak MOKa3aHo B TaOI. 4.

Tabn. 4. Texnuueckue HOpMbl HA NOKA3aMeNU QYHKYUOHUPOBAHUS cemell nepedaiy OaHHbIX

Table 4. Technical standards for performance indicators of data transmission networks

Tun nepenasaemoro rpaguka

TpaduK nepegavu

HaumenoBanue AaHHBIX

. . N 32 HCKJIIOYEeHHeM
HoKasare.st WHTEPAKTHBHBIA' | CATHAJLHBI | TOTOKOBBIN’

HHTEPAKTUBHOIO,

CHTHAJIBHOTO H
MOTOKOBOI'0

Cpennss 3aiepxKa
pe Aiep He Gornee He Gouee He Goiee He Gornee

TICPCIATIH [AKETOB 100 100 400 1000

rHpOpMaIa (Mc)

OTKJIOHEHHE OT

Cpe/IHero 3HaYCHHUS

3§n§p>1<1<14 Hepenaun He Oonee _ He Oonee _

50 50

[IAKETOB

nHpopmarmu (Mc)

Koaddumuent

b He Goree He Ooiiee He Ooiiee He Goree

MOTEPH MAaKeTOB 10 103 103 103

“HpOpMAIIH

Koaddurment

omHooK He Ooree He Ooree He Ooree He Gornee

B MAKeTax 10+ 10+ 10+ 10+

nHpopmarmn

[Ipumeuanus:

! Mnrepaktunbiii Tpaduk — Tun tpaduka, i KOTOPOTO XapaKTEPHO HETIOCPEACTBEHHOE
B3aUMOJEHCTBHE (IUAJIOT) MOJIB30BATENCH YCIYTH CBSI3M WIIN TTOJIE30BATEIECKOTO (OKOHETHOTO)
obopynoBaHusl.

2 TToToKoBEI Tpaduk — TUI TpadHKa, s KOTOPOro XapakTepeH NpOCMOTp U (MIIK) NPOCIyIIHBAHUE
nHQOpMAIMHU 110 Mepe e€ TOCTYILICHHUS B MTOJIh30BaTEIbCKOe (OKOHEYHOE) 000pyIOBaHHE.

5.1 Bbibop 1 onpeaeneHne xapakTepMcTUK KayecTBa paboTbl KOMMYTaTOpPOB

BaxHo oT™MeTHTb, UTO CTAaHAAPTHI M3MEPEeHUs KadecTBa yciyr B ceTax Ethermet B HacTosmee Bpems
OTCYTCTBYIOT, @ CYIIECTBYIOIIME PEKOMEHIANH MEXTyHApOAHBIX HHCTUTYTOB HE W30aBISIOT OT
M3PSAHOM JI0JIM HEOMNpPEeNeNnEHHOCTH IIPH BBIOOPE YCIOBHUIT M CPEACTB n3Mepenus [23].

Bosznukaer Bompoc: «Kak OIEHUTh KadecTBO pabOThI ceTeld Ha OCHOBE MOJMY4aeMOM CTATHCTKU?)
Hampumep, B crathe «lIpaxTiyeckas THArHOCTHKA JOKAJIBHBIX ceTei» [24] mpuBeneHBI MOPOTOBhIC
3HAUCHUS Psifia XapaKTePHUCTUK CETH, PEBBIIIIEHIE KOTOPHIX CBHJIETENILCTBYET O IUIOXOH paboTe CeTH.
IIpn 5TOM 3HAUYUMBIMH XapaKTEPUCTUKAMU U1 OLEHKH COCTOSIHMSI KOMMYTATOPOB SIBIISIOTCS
CIIETYIOILHE.

e KonnyecTBo ommMO0YHBIX MAKeTOB Ep, (%) — MPOLEHT NaKeTOB, OTOPOLNIEHHBIX MOPTOM M3-3a
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HaIM4Ks B HUX ommOKW. [l mopra KOMMYTAaTropa, HOAKIIOYEHHOTO K IOJHOAYIIEKCHOMY
CETMEHTY, ITOPOTOBOE 3HAYCHHE 3TOH XapakTepucTuku coctasiseT 0,001%.

e  KoJM4YeCcTBO IMIMPOKOBEIATENBHBIX MAaKeTOB B, (%) — MPOLEHT IMAaKETOB, aJPECOBAHHBIX
OTHOBPEMEHHO BCEM Yy3laM (II0 OTHOWICHHWIO K OO0meMy dYHCIy 0OpabOTaHHBIX MOPTOM
makeroB). TakWe MaKeThl MCHONB3YIOTCS, HAlpHMeEp, Ul IOMCKa OMPEACIEHHBIX PECYpCOB
cetn, musa mepeBoma IP-anpecoB B MAC-agpeca. Bompmas 1ons mmpoKOBEmATETHEHOTO
Tpad¥Ka CHUKAET MPOM3BOAUTEIHLHOCTh CETH, TaK KAK COOTBETCTBYIOIIUE TAKETHI BBIHY K ICHBI
oOpabaTbiBaTh Bce €€ y3imbl. CuMTaeTcsi, 4TO IOPOTOBOE 3HAYCHUE DITOHW XapaKTEPHCTHKU
cocraBiaser 6%. OpHako, Korja 3arpy3ka CeTH HH3Kas, TO JaXe eclu J0Js
HIMPOKOBEIATEIFHOrO TpaduKa BBICOKA, 3TO HE yXyAlaeT paboTy e€ IoJib30BaTelei.
[TosTOMy cunTaeTcs, 4To paccCMaTPUBAEMYIO XapaKTEPUCTHKY CIIEAYET YUUTHIBATH JIHIIb B TOM
ciry4ae, KOTrJja ypoBeHb 3arpy3Ku IopTa KOMMyTaropa He MeHee 5%.

e 3arpyska nopta L, (%) — MPOLEHTHOE OTHONIEHHUE YHCIa GaiT, TIPONIEAUINX 110 CETMERTY 3a 1
CeKyHJly, K MaKCHMaJIbHO BO3MO>KHOI CKOPOCTH Iepeliau AaHHBIX 110 3TOMY cermeHty. Jis
MOpPTa KOMMYTaTOpa IIOPOTOBOE 3HAUCHHE ITON XapakTepucTuku coctaBisgeT 50%. Korma ams
JAHHOW XapaKTEepUCTUKU (PUKCHPYETCs IUIOXasi OLEHKA, TO MMEET MECTO HECOOTBETCTBHE
MPOITYCKHOH CIIOCOOHOCTH CETH NMOTPEOHOCTSM IOJH30BATENbCKUX HPHIOKEHUH. B 3ToM
CJIy4ae IMEET CMbICT BBIICHUTD, KAKHE PWIIOKCHNUS U KaKHe I0JIb30BATEIH CO3/1aI0T BHICOKYIO
3arpy3Ky opToB 000pyIOBaHUS.

[lpuBenéHHbIE BBIIC TOPOTOBBIC 3HAYEHHS XapaKTEPHCTHK pPaOOTHI IOPTOB KOMMYTAaTOPOB MBI

UCTIOJNIb3YEM IS OLIEHKU COCTOSIHUSI KOMMYTaTOPOB Ha OCHOBE M0YACOBOM CTATHCTUKH HX PaOOTHI.

ITpy  (opMUPOBaHMM MpPOLEHTA OWIMOOYHBIX NakeToB L), y4uThIBAEM, YTO IEPEMEHHbIE

nadopmarmonHoit 6azer MIB2 iflnErrors u ifOutErrors ¢ukcupyoT B cymme oOImee YHCIo

OTOPOIIICHHBIX MMOPTOM ONIMOOYHBIX MMAKETOB, a HCIHONb3yeMble mHepemeHHbie u3 EtherLike-MIB

TIPEICTABIIIOT YHCIIO 3THX )K€ IAKETOB IO THIIaM OIINOOK.

Hcxons u3 9T0ro, NPOLEHT OTBEPTHYTHIX TIAKETOB Ej, ONPENENAEM Ha OCHOBE JIBYX XapaKTEPUCTHK —

E, in M Ey oy, IPUCBaNBast 3HAYEHUIO E, GOTIbIIIEE M3 STHX 3HAYCHHIA:

E;, X 100 0
Epin= —pin (%),
E,,; % 100
Ep out = pout (%),
EZ’ =ma x[EPin’ Epout]’

rae Ey ;; — NpOUEHT omMO0YHbIX NAaKETOB, OTBEPIHYTHIX IIPH MX NpuéMe B TedyeHue yaca; Ej, —
3HAYEHHE YacoBOTo npuparieHus nepemennoi iflnErrors; p_in — cyMma MpuHSTHIX 32 4ac MaKeTOB
BCEX TPYIII apeCanH; E}, o,,p — TPOIEHT ONIMOOYHBIX TAKETOB, OTBEPTHYTHIX NPH MX MEPENade B
TeueHue yaca; E,,; —3HAUCHHE 4acoBOro mpupaiienus nepemennoit ifOutErrors; p_out — cymma
MepelaHHbIX 33 4ac MAaKeTOB BCEX TPYIII aPEeCalliH.

IToporoBoe 3HaueHHUE 3TOM XapaKTepUCTUKH puHIMaeM paBHBIM 0,001%.

Uucno OTBEPrHYTHIX IMOPTOM OE€30IIMOOYHBIX MAKETOB 33 YacOBOW ITPOMEXYTOK OHpeesieTcs
npupanieHusMu 3HadeHni nepemeHHbIx iflnDiscard u ifOutDiscard.

ITpoleHT OTBEPrHYTHIX OE30MMOOYHBIX MAaKETOB Dy, ONpENENseM Ha OCHOBE JIBYX XapaKTEPHCTHK —
Dy, in 1 Dy 4yt , IpUCBanBas 3Ha9€HKIO D), OOJIBIIEE M3 STHX 3HAYCHHIA:

Din X 100
Dy in = o m (%),
D x 100
Dpout = = (%)'
Pout
Dy = max[Dpin’DPaut]’
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rae Dy ;n — TPOUEHT Ge30mMOOYHBIX MTAKETOB, OTBEPTHYTHIX NPH WX TpuéME; Di, — 3HAYEHHE
4yacoBoro npupainenus nepemennoi iflnDiscard; p_in — cyMma NpHHSTBIX 32 Yac MAaKeTOB BCEX
rpynn aapecauuut; Dy 5y — HPOLEHT G€30IMO0YHBIX MAaKETOB, OTBEPIHYTHIX IIPH MX IIEPEaye;
D,,+ — 3HaUeHHe 9acoBOro mpupamierus nepemenHoi ifOutDiscard; p_out — cymma neperaHHBIX
3a 4ac MaKeTOB BCEX IPYIII aIPECaliH.

INoporosoe 3navenne D,, npuarMaem pasibm 0,01%.

VpoBeHb 3arpy3ku mopta L, — HPOLEHTHOE OTHONIEHHWE YHMCiIa OAlT, MPOXOAAIMX YEPE3 TOPT B
CpeIIHEM 3a CEKyH/ly B TEUE€HHE YaCOBOTO MHTEPBaja, K MAaKCUMAaIbHO BO3MOKHOM CKOPOCTH Mepenadn
JQHHBIX TI0 3TOMY TIOPTY — ONPEJIENSEM HAa OCHOBE JIByX XapaKTEPUCTUK: Ly, i ¥ Ly, ¢, IPUCBAMBAS
3Ha4eHHIO L, OoblIee U3 3TNX 3HAYECHHI:

InOctets x 8 X 100

L, = %),
Pin Sp X 1600 (A))
L OutOctets X 8 X 100 %)
p-out = S, X 1600 o
Lp =ma x[Lpin' Lpout]'

rae Ly, i — yPOBEHb 4aCOBOH 3arpy3KH MOPTa MPUEMOM ITaKeTOB; /n0ctets — YnCIo NPUHATHIX GaiT B
TEYEHHE Yaca; Ly o, — YPOBEHBL YaCOBOM 3arpy3Ku TOpTa nepesauck maketos;, OQutOctets — 4aucno
TEPENaHHBIX OANT B TEYEHHE Yaca; S, — MaKCUMANbHask CKOPOCTh MEPENAvH JAHHBIX 10 HCCIIETyEMOMY
nopTty (6ut/c).
3Havuenus S, I BCEX MOPTOB KoMMyTaTopoB Ethernet onpeneseHs! mocpencTBOM YTeHHs MEPEMEHHOM
ifSpeed n3 MIB-2.
IMoporosoe 3na4enue L, npruHnMaem paBHbM 50%.
[TpoLeHT MMPOKOBEINATENBHBIX MAKETOB By, ONpenenseM Ha OCHOBE JBYX XapaKTEPUCTUK By, i, u
By out> PUCBaNBas 3HAYCHUIO B}, OOIbIIIEE U3 STHX 3HAYCHHUM:

InBcast x 100

in = %
p_in p_ln ( 0)1
OutBcast X 100 0
By our = T pouwt (%),

Bp = max[B’ Bpout]'

rie By j, — NPOLEHT MMPOKOBEIIATENbHBIX MAKETOB, NPMHATHIX NOPTOM B TedeHue vaca; InBcast —
3HAaYeHHE YacoBOro mpupanieHus nepemenHoit iflnBroadcastPkts; p_in — cymMma NpHHATBIX TOPTOM B
TEYECHHE Yaca MakeTOB BCEX IPYII aJpecaluu; By, o, — MPOLEHT IIMPOKOBEMIATEIBHBIX IAKETOB,
NepeaHHbIX MOPTOM B TeueHue yaca, OutBcast — 3HaueHHe YacOBOrO MPHUPAIICHHS MEPEMEHHON
ifOutBroadcastPkts; p_out — cymma mnepefaHHbIX MOPTOM B TEUCHHE Yaca IAKeTOB BCEX TIPYIII
aJpecaryH.

IToporosoe 3Hauenue B, mpuHUMaeM paBHBIM 6%. OJHaKO, KaK OTMEYANoch BBIIIE, KOT/A 3arpys3ka
CeTH HH3Kas, TO JaXe BBICOKAs NOJsI IIMPOKOBEIIATENbHOro Tpaduka He yxXyamaer paboty e
noJp30oBaTeniell. [103TOMy CUMTAeTCsl, YTO PACCMATPHUBAEMYIO XapPaKTEPUCTUKY CIICIyeT YYHTHIBATH
JIMLIB B TOM CITy4ae, KOrjia YpOBeHb 3arpy3Ku opTa KOMMYTaTopa He MeHee 5%.

5.2 OTo6paxeHne xapakTepucTUK KayecTBa paboTbl KOMMYTaToOpOB

B pazpaborannoii nporpamme MonE peannszoBana GyHKIus aHaIM3a XapakTepUCTHK KauecTBa paboThI
KOMMYTaTOpoB 3a CyTkd. Kak mokaszano Ha puc. 10, OKHO NpencTaBieHHs KadecTBa pabOThI
KOHKPETHOTO KOMMYTaTopa COCTOMT W3 JBYX 9acTeil. B neBoil 4acTn oxHa mpencraBieHa Tabnwila,
oToOpakarommasi JuIl KaKJIOro IopTa BBIOPAaHHOTO KOMMYTAaTOpa CYMMAapHYIO 3a CYTKH 3arpy3Ky
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kaxmaoro tuma (8 THTOB), KoimdecTBO ommoO0dHbIX TakeToB (InErrors m OutErrors), komudecTBo
OTBEprHYTHIX Oe30mmno0ouHbIX makeToB (InDiscard u OutDiscard), a Takke MakCHMaJIbHBIE 32 CYTKH
3HAYEHHS PACCMOTPEHHBIX BBINIE XapaKTEPHUCTHK KadecTsa (Ep, Dy, Ly, By). B mpasoi wactw, xak
nokaszano Ha puc. 11, oroGpakatorcst rpadMKy yKazaHHBIX B TaOJIHIE MTAPAMETPOB IS BCEX MOPTOB
kommyTatopa. J{yist ynoOcTBa mosb30Batesst IpU OTOOPaKEHUH XapaKTEPUCTHK Ka4eCcTBa, NX Ha3BaHUS
cooTBeTCTBeHHO 3aMenstoTcs: E — MaxErr, D — MaxDiscd, L — MaxLoad, B — MaxBcast. IIpu
TIOCTPOCHHNH TPadUKOB HCIOJIB3YETCs JIorapudMudeckas mKajia. MiMeercs BOSMOKHOCTD BBIICICHUS
BCEX TpaMKOB, OTHOCAIIMXCS K BHIOPAaHHOMY TIOPTY, M BO3MOXKHOCTH ONpEICICHHS 3HAYCHHI
0TOOpa’kaeMbIX MapaMeTpOB B JIFO00H TOUKe rpaduka.

XapakTepHc THKH Kavec T8a paboThi 1opTos KommyTatopa SwAce _BBCI Apr 16

ifieOcints fMinUcaatPkis  MinBoastPhia  MinMcastPhis  SminErPkta  SminDincdPikts  MaxErr MaxDincd Maxlood MaxBeast
" name HOWOctets HOutUcastPits HOWBcastPkts BOutMcantPkis SmOUENPKis SmOutDiscdPhis - . . .
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Puc. 10. Jlesas uacmo okna xapakmepucmuk 0ist kommymamopa SwAcc_BBCI 3a ¢vibpannbie cymku
Fig.10. The left part of the characteristics window for the SwAcc_BBC1 switch for the selected day
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Puc. 11. Ilpasas uacme okHa xapakmepucmuk 01 kommymamopa SwAcc_BBC1 3a eévibpannvie cymxu
Fig.11. The right part of the characteristics window for the SwAcc_BBC1 switch for the selected day
s kommyTtatopa SwAcc_ BBC1 BHIHO, 4TO IOpOTOBEIC 3HAYCHUS TIPEBHIIICHBI Ha optax Gil/0/4 u
Gil/0/11, k KOTOpPBIM TOJKIFOYEHBI cepBep noctyna f4.acc u cepBHUCHBII y3en serv2. Bumumo, 30
CBSI3aHO CO cOosiMH B paboTe MOPTOB KOMMYTAaTOpa WIIM CETEBBIX afalTepoB yKa3aHHBIX y3loB. Kak
BuHO M3 puc. 11 (rpaduk Max Discd %), 3T0 mporcxoauT B OCHOBHOM B pabouee BpeMsi, Korna

Harpy3ka Ha CeTh MAaKCUMaJIbHA.

6. 3aknroyeHue

Pa3zpaboTanHbIii ¥ TpeACTaBICHHBIM B JaHHOW padoTe clienUalu3MpPOBAHHBIM MPOrpaMMHBIH
KOMIUIEKC JUIsi aHaiu3a tonosorun cereil Ethernet padoraer Ha BBC POSALI-BHUUT® c siBaps
2019 rogma. IlpuMeHeHHE ATOro HPOTrPaMMHOTO KOMIUIEKCA AAET BO3MOMKHOCTb TEXHHUYECKHM
CHeLuaIicTaM M aJMUHHCTPAaTOpaM BECTH OllepaTHBHOE HabmroneHue 3a padoroii cerel Ethernet
BBC, cBOEBpeMEHHO BBISBIISITH KPUTHUECKHE OOJIACTH B CETSX M OCYLIECTBIISTH JIOKAIM3ALMIO
HCTOYHHMKOB cOOEB MM OIIHOOK.

Pa3zpaboTanHble W BXOJMIIME B COCTaB NMPOrPaMMHOTO KOMIUIEKCA IPOTPaMMHBIE KOMITOHEHTHI
MIPEAOCTABIIAIOT CIEAYIONMHA HA0OP HHCTPYMEHTOB [UISl CETEBOM AUAarHOCTHKH:
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CpencTBa aHaN3a TOIOJIOTHH CETEH;

CpencTBa aHaNIN3a 3arpy3Ku U cO0EB IIOPTOB KOMMYTATOPOB;

CpencTBa aHAIN3a COCTOSHUSI KOMMYTAaTOPOB;

cpeacTBa 0TOOpa)KeHUs 3HAYEHHH JOCTYIHBIX lepeMeHHbIX MIB B kommyTaTopax.

[IporpaMMHBIH KOMIUIEKC ITO3BOJISET OOHApy>KMBaTh OTKJIOHEHHS B paboTe CETH, CBSI3aHHBIE C
IIIOXOW paboToil ceTeBOro OOOpPYHOBaHHMS WIM IApasHUTHBEIMH HAarpy3KaMH BCIICICTBHE
HeNpaBUIILHO paboTarolero nporpaMmHoro odoecnedyenus. [loayuennas uHpopMalys M03BOJSIET
peMOHTHO-00CTyKUBatoeMy nepconany BBC ycTpanuTh OmmMOKH M, TEM caMbIM, MOBBICUTD
KagecTBO pabotrl ceteii Ethernet BBC.
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AnHoTtammsi. CTaThsl OCBSIIEHa CKBO3HOMY TECTHPOBAHHUIO MPHIIOKEHHUS ISl YIpaBiIeHHUs: KOHpUTryparuen
BUPTYyanbHOH MHOpacTpyKTypsl mpeanpustusi. OCHOBHas HJes 3aKiioyaercs B pa3paboTKe MpOrpaMMHON
Cpenmsl Uil CO3/aHMSI W BBINOJHEHHS CKBO3HBIX TECTOB, HamucaHHbIX Ha Python. IMoaxox Bxitouaer
BCECTOPOHHIOIO OIIGHKY CHCTEMBI OT TMOJB30BaTeNbCKOro HHTepdeiica no 6a3sl maHHEIX. [Ipomecc
TECTUPOBAHUS BBIIOJNHACTCA B CPElE HENPEpPBIBHOM MHTErpalyd, YTO IO3BOJSET KOMAaHJE HOCTOSHHO
TECTHPOBAaTh CHCTEMY IO Mepe 00aBIeHHs HOBOTO Kona. IIporecc TecTHpoBaHMS Takke BKIOYAET
HCIIONB30BAHME aBTOMATHU3MPOBAHHBIX TECTOB, HANMCAHHBIX Ha Python. ABTOMaTH3HMpPOBAaHHBIC TECTHI
obecneunBatoT Oosee OBICTPOE U HAJEKHOE TECTUPOBAHME U MO3BOJIIIOT KOMAHJIE TECTUPOBATh CHCTEMY Ha
HECKOJbKUX IuaTGopMax M B pasHbIX KoHurypamusx. I[loaxox Takke BKIIOYAET HCIIOJIb30BaHUE
BUPTYQJIBHBIX Cpel I HMHTAlMd IPOU3BOJICTBEHHOI cpeapl. DTO IMO3BONAET KOMAaHJAE BBIABIATH
MOTEHIHATbHBIE MPOOJIEMBI, KOTOPbIE MOTYT BO3HHKHYTh B IPOM3BOJICTBEHHOH Cpene, M TECTHPOBAaTh
NPOU3BOAUTEILHOCTD CUCTEMBI B PA3JINYHBIX YCIOBHUSAX.
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1. Introduction

End-to-end testing [1] is a software testing technique that involves evaluating a system from end to
end, covering every component and process, from the user interface to the database. The goal of
end-to-end testing is to verify the system's functionality, performance, reliability, and security,
among other aspects. End-to-end testing ensures that all parts of the system work together as
expected and that there are no inconsistencies or errors that might affect the system's performance.
One of the main advantages of end-to-end testing is that it can identify potential issues that might
not be detected by other testing techniques, such as unit testing or integration testing. For example,
if there is a problem with the interaction between different components of the system, it may not be
evident in isolation, but it could have significant consequences for the system's performance as a
whole. End-to-end testing can identify such issues and help developers address them before the
system is deployed.

Another benefit of end-to-end testing is that it can help reduce the time and effort required to identify
and rectify errors. By testing the system as a whole, issues can be located and resolved earlier in the
development process, before they become more challenging and expensive to fix. This, in turn, can
help reduce the overall cost of development and improve the time-to-market for the product [2].
Moreover, conducting end-to-end testing can contribute to enhancing the product's quality and
customer satisfaction. By verifying that the system functions as intended and performs well, end-to-
end testing can help ensure that users have a positive experience when using the product. This
improves customer loyalty and generates positive feedback.

End-to-end testing is a critical software testing technique that is essential for verifying the
functionality, performance, reliability, and security of a system. By testing the system from end to
end, potential issues can be identified and addressed early in the development process, leading to a
higher-quality product that performs well and satisfies customers' needs. That is why it is necessary
to use the end-to-end testing paradigm as an axiom, and build the testing process around it.

Similar to the software development process, end-to-end testing also follows a specific
methodology. In this case, methodology refers to the principles, ideas, methods, and concepts that
engineers employ while working on a project. There are currently several diverse approaches to end-
to-end testing, each with its own starting points, duration of execution, and methods used at each
stage. Choosing the right approach can be a challenging task, and it requires an understanding of the
unique features and requirements of the system being tested.

This article focuses on the approach to end-to-end testing of a specialized software used for
managing the configuration of enterprise virtual infrastructure. Later in text «applicationy is used to
define this software. Detailed architecture of this application is described in section 2.

The approach involves a comprehensive evaluation of the system from the user interface to the
database. The testing process is performed in a continuous integration environment, which enables
the team to test the system continually as new code is added. The testing process also includes the
use of automated tests written in Python. The automated tests allow for faster and more reliable
testing and enable the team to test the system across multiple platforms and configurations.

The approach also includes the use of virtual environments to simulate the production environment.
This enables the team to identify potential issues that may arise in the production environment and
to test the system's performance under various conditions.
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2. Features of the application under test and end-to-end testing

Application for managing the configuration of enterprise virtual infrastructure consists of three main

components (Fig.1):

e Client-side: a part of the application that handles user requests and interacts with Ansible
playbooks via API;

e Configuration management scripts module: Ansible playbooks for setting and applying specified
configuration to target system;

e Target infrastructure system (server, virtual machine or PC with already installed operation
system, etc.)

There are many approaches to end-to-end testing and some suggest that testing should be done in

three stages with each component tested separately. Often, different engineers with different

knowledge, skills, and competencies conduct each stage of testing. However, this approach has some

disadvantages. Firstly, it can take a considerable amount of time to complete all three stages of

testing, especially if the gap between each stage is long. This can lead to delays in the development

process and make it more challenging to fix any issues that are identified.

Client-side | | mmmy [N Target

system

| = |1

Fig. 1. The main components of the application under test

Another issue with this approach is that it can be challenging to identify the root cause of any issues
that arise. If an error is identified in one component, it can be challenging to determine whether the
issue is specific to that component or if it is related to another part of the system. This can lead to a
significant amount of time spent on troubleshooting and can further delay the development process.
Moreover, the three-stage approach to end-to-end testing may not capture all the possible
interactions and dependencies between the different components of the system. This can result in
issues being missed, which can lead to unexpected behavior when the system is deployed in a
production environment. Additionally, this approach can be costly since it requires a significant
amount of time and resources to execute and maintain.

system

Clisntside | mmm—l = Target (=3 < Teating >

ANSIBLE

Fig. 2. Approach to end-to-end testing of the considered application

Therefore, for end-to-end testing of the considered application an approach is needed that will not
break the system into separate components but will consider the entire system as a whole (Fig.2).
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Thus, minimizing the time complexity during the process of end-to-end testing is crucial. Moreover,

the entire testing process can be carried out and monitored by a single engineer.

End-to-end testing may encounter several issues, including complexity, time-consuming nature,

difficulty in reproducing errors, inconsistency, debugging challenges, high cost, and so on.

Complexity is one of the primary challenges of end-to-end testing, especially when testing complex

systems. Testing multiple components of such systems makes the testing process challenging. Tests

may also consume a lot of time, making frequent testing difficult [3].

Another problem that may arise during end-to-end testing is difficulty in reproducing errors. End-

to-end testing can make it difficult to identify the cause of an error when it arises due to testing the

entire system. Furthermore, end-to-end tests can be inconsistent, meaning they may fail repeatedly
for various reasons. This can be caused by different factors such as network issues, browser version
mismatch, and race conditions.

Debugging end-to-end tests can indeed be a challenging task, especially when a test fails. Identifying

the root cause of the failure can be problematic, as the issue may be located in any of the various

components of the system. This can make it difficult to isolate the source of the problem and resolve
it. As a result, engineers may spend a significant amount of time diagnosing and fixing issues, which
can increase the overall development time.

Moreover, end-to-end testing requires a considerable amount of hardware and software resources.

This is because the testing process involves the comprehensive evaluation of the system from the

user interface to the database, which requires a substantial amount of computational power.

Maintaining end-to-end tests can also be challenging over time, especially when the system being

tested evolves and changes. In complex systems, end-to-end testing may not cover all possible

scenarios, leading to limited coverage. Tests may also provide insufficient feedback to developers
as it may be challenging to pinpoint the exact location of a problem in the system.

Finally, end-to-end testing can be too costly. Conducting end-to-end tests may require the use of a

large number of hardware and software resources as well as the need for an adequate number of

qualified specialists to write and maintain tests.

Overall, end-to-end testing has its advantages and disadvantages, and its effectiveness depends on

several factors, including system complexity, the number of resources available for testing, and the

experience of the engineering team. Understanding these issues can help developers and testers
create a more effective testing strategy to ensure system quality and reliability.

When developing software and tests, one of the generally accepted methodologies is used:

e TDD (Test Driven Development) [4] is a software development methodology that is based on
repeating short development cycles: initially, a test is written that covers the desired change, then
program code is written that implements the desired behavior of the system and allows the written
test to pass. Then, the written code is refactored with constant checking of the passing of tests.

o TDD (Type Driven Development) [5] is based on types. In this case, data types and type signatures
serve as a specification for the program. Types also serve as a form of documentation that is
guaranteed to be updated.

e BDD (Behavior Driven Development) [6] involves describing user scenarios in natural language
by testers or analysts.

o DDD (Domain Driven Design) [7] is a set of rules that allow for making the right design decisions.
This approach significantly speeds up the process of designing software in an unfamiliar domain.

e FDD (Features Driven Development) [8] attempts to combine the most recognized software
development methodologies in the industry, based on important functionality (properties) of the
developed software for the customer. The main goal of this methodology is to systematically
develop real, working software within the set deadlines.

It was decided to use BDD, as it is the only approach that involves obtaining natural language test

documentation as output. Additionally, this methodology allows a single engineer (tester) to

independently carry out the entire end-to-end testing cycle, from writing test scenarios to creating a
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report on the results of testing. This solves one of the main problems - involving multiple engineers
with different sets of knowledge and competencies in testing.
When conducting end-to-end testing, specialized tools are usually used for this purpose. Of course,
there are more or less universal tools, but it should be understood that the intricacies of end-to-end
testing may differ even among software systems operating in the same domain. Therefore, for each
system, its own approach and tool for end-to-end testing are usually developed. Moreover,
implementation may vary depending on the skills or preferences of engineers, as well as the specifics
of the software. This can be a full-fledged application with a graphical interface, a console program,
a framework that is embedded in the project with automated tests, and so on.
For example, within the scope of end-to-end testing of V2X (Vehicle-to-Everything) systems [3], a
distributed application is used, each node of which emulates a real microcontroller. Moreover, it is
necessary to emulate not only the "hardware", but also a specialized message exchange protocol.
V2X is a technology that provides communication between vehicles and other objects, such as
infrastructure and pedestrians. It should be understood that the criticality of an error in such a system
can cost someone's life. Therefore, in such systems, testing tools must be as close as possible to the
real environment: using a minimum of mock objects, distributed, well supported and updated. All
these factors make end-to-end testing tools very heavy for development, support, and financing, so
such tools should only be used when there is an urgent need. Otherwise, resources spent on
development and support will be wasted.
Speaking of universal cross-functional testing tools, the most well-known ones are Jaeger and Zipkin
[9]. These two very similar tools provide functionality for fairly detailed identification of system
failures in a software system. These tools have many advantages: they are easy to set up thanks to
detailed documentation and ease of use, they are suitable for almost any software system, provide a
wide range of functionality and a graphical interface, which means that there is no need to spend
time developing and supporting this functionality.
However, the universality of these tools also has its drawbacks. Jaeger and Zipkin do not provide
functionality for executing test scenarios, i.e., testing will still have to be done manually, but the
tools will help to identify the location of the error more easily and quickly. The results of the tools'
work may be difficult for non-technical people (such as management) to understand, so all reports
will also have to be written manually.
Also, both tools are quite “heavy”, which may require additional hardware resources for deployment.
Jaeger and Zipkin do not support all programming languages, so if the system is written in a specific
language, it may simply not be possible to configure the tools.
Finally, these two tools may pose certain risks in terms of information security: if access is
configured incorrectly or improperly, various sensitive information may leak. Thus, Jaeger and
Zipkin are not without drawbacks, but are still good tools for cross-functional testing, but only as
additional control systems. Nevertheless, the functionality does not allow for complete control of
cross-functional testing only through these tools.
One of the most popular cross-functional testing tools today is a software tool in the form of a
framework for a programming language on which engineers write automated tests. This approach is
relevant not only for applications that perform mobile computing [10], but also for other systems
from completely different subject areas. The idea of implementing such frameworks is as follows:
for a test framework of some programming language (e.g., the Pytest framework for the Python
language), a wrapper is written that allows desired actions to be performed with the system under
test. Creating a cross-functional testing software framework can offer several advantages:
¢ Flexible customization. With a custom testing platform, one can adapt their testing to the specific
needs of their project, providing greater flexibility and control over the testing process.
e Reusability. A custom framework can be reused in multiple projects or teams, saving time and
effort in the long run.
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e Integration opportunities. Integrating a custom testing platform with other tools and systems can
help simplify and automate the testing process.

e Cost savings. Creating a custom framework may be cheaper than purchasing, learning, and
implementing a commercial testing tool or framework.

e Learning opportunities. Creating a custom framework provides opportunities for one's team to
learn as they develop and refine their skills in software development and testing.

Generated test
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Fig. 3. System-level design

3. The proposed approach

To arrive at the picture shown in Fig.2, an approach to end-to-end testing was developed that can be
applied by a single engineer and minimizes downtime between testing of system components.
Behavior Driven Development (BDD) [11] methodology is used for end-to-end testing of both
individual components and the system as a whole. BDD is a development approach based on
behavior description, where an engineer writes descriptions such as "As a user, when I click the Start
button, the menu should be displayed as shown in the picture.” Classic development with tests
follows. BDD involves engineers describing user scenarios in natural language. Thus, the output
will include not only end-to-end test scenarios and their results, but also natural language
descriptions that can be used for documentation or reporting. Moreover, a person who is not familiar
with the technical implementation of the system can understand the results because all results will
be described in natural language.

One of the main advantages of BDD is that this approach focuses on business needs rather than
technical implementation details. Tests are written in natural language that everyone can understand,
which improves communication and minimizes possible misunderstandings. This approach allows
customers and developers to determine what needs to be tested without additional costs for
translating technical documentation.

BDD also leads to improved test coverage of the product because this methodology aims to cover
all possible application usage scenarios. Based on these tests, potential issues can be easily identified
before they become real problems for users.

Furthermore, BDD enables the creation of tests that are easier to maintain in the future. This is
because changes in the application require changes in all related tests, so the easier the tests are to
maintain and modify, the easier it is to make changes to the application itself.

However, the BDD methodology has its own limitations. BDD can be quite difficult to understand,
especially for new developers and testers. It may require them to learn new terminology and testing
approaches.

BDD may require additional effort during development to create functional requirements that can
be used to write tests. This can take additional time.
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Additionally, BDD may require workers to put in significant effort to understand the behavior of the
application. This may require a lot of training, practice, and time, which may be unrealistic for some
companies at present.

Integration with tools can be challenging, especially with multiple tools at once, to run BDD tests.
This may require additional costs to maintain tool settings up-to-date.

However, the main problem with applying BDD in end-to-end testing of the application for
managing the configuration of enterprise virtual infrastructure is the presence of components such
as configuration management script modules and target infrastructure systems.

In the classical application of BDD, it is suggested to cover end-to-end tests only for the client-side,
which is written in commonly used programming languages such as Java, C#, Python, etc. However,
it is unclear how to deal with configuration management tools (Ansible/Puppet) and even more
unclear how to apply BDD to end-to-end testing of server or virtual machine states. To address this
issue, a software tool was developed, which is a Python-based framework that allows the application
of BDD to specific components for this approach.

4. Implementation

IT companies develop specialized frameworks (including for testing) to address various tasks within
their systems, taking into account the specifics of the product and providing the necessary tools for
interacting with it. Since automated testing of the client-side is implemented using the Python
framework Pytest, a software tool was developed that is a framework for the Python and allows the
application of BDD to specific components for this approach.

Functional requirements for the developed software:

e The software shall prepare the infrastructure on which end-to-end testing will be performed (in
this case, creating virtual machines), and after completion, release resources (i.e., delete virtual
machines).

e The software shall provide the ability to test the client-side of the application.

e The software shall provide the ability to test configuration management scripts.

e The software shall provide the ability to test the state of the target system after applying the
necessary configuration.

The software shall generate a summary report on the results of end-to-end testing in natural

language.

The system-level design [12] of the developed software can be described by the diagram shown in

Fig. 3.

The developed framework is essentially a versatile black box that can take in automated tests,

Ansible playbooks, Molecule scripts, and a map of expectations as inputs, all written in Python.

These inputs are then used to execute the end-to-end tests on the system under test (SUT). Testing

in this case means, for example, checking the correctness of the scenario for installing security

updates on a group of virtual machines.

One of the key advantages of this framework is that it is easily customizable and extensible, allowing

users to tailor it to their specific testing requirements. Users can add their own test cases and test

scripts, as well as customize the test environment and configuration to suit their needs.

Upon execution, the framework automatically generates a test report in Allure, a flexible and open-

source platform for test reporting. The report includes comprehensive descriptions of the test cases

in natural language, making it easy for users to understand and interpret the test results.

The software solution developed for this approach is written in Python, with a specially configured

Jenkins job as the user interface. The Pytest and Molecule tools are responsible for end-to-end testing

of the entire system, on which a module for applying the BDD approach to end-to-end testing of the

application for managing the configuration of enterprise virtual infrastructure was created.
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The developed software solution is highly flexible and versatile framework for Python, which can
be easily integrated into any project with automated end-to-end testing requirements. It provides a
seamless and well-structured interface for writing and executing end-to-end tests, using a variety of
inputs such as autotests, Ansible playbooks, Molecule scripts, and a map of expectations.

To help visualize the inner workings of the end-to-end testing system, a UML sequence diagram has
been developed, which captures the interrelation of all components involved in the testing process
(Fig. 4). This diagram illustrates the flow of events that take place during the execution of the end-
to-end tests, starting with the initialization of the test environment and ending with the generation
of the test report.
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Fig. 4. UML sequence diagram
The diagram shows how each component of the system interacts with the others, providing a clear
and concise overview of the entire testing process. It highlights the critical role played by the
developed framework in managing the end-to-end testing process, as well as the importance of other
components such as the Ansible playbooks and Molecule scripts in setting up the test environment
and ensuring the correct behavior of the system under test.
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Fig. 5. High-level design of the developed software
The primary modules of the application for managing the configuration of enterprise virtual
infrastructure are highlighted in gray, while the modules of the developed software solution are
highlighted in orange. Jenkins provides the user interface through which the engineer configures and
launches the end-to-end testing process. Subsequently, the Python framework executes the test
scenarios sequentially for each module: the client-side (using Pytest), Ansible scripts (using
Molecule), and the target system (checking its initial and final states). The results are aggregated
into a report; which Allure generates in natural language. The final report is published in Jenkins,
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where reports for each of the end-to-end testing process runs are stored. The interrelation of all
components of the final end-to-end testing system can be described by a UML sequence diagram.

The architecture is shown in Fig. 5.
The framework comprises three primary components:

e A module for preparing test data and deploying the test infrastructure, which includes fixtures —
objects that can be considered a set of conditions required for the test to run. For example, fixtures
are often created to generate data before the test starts and return it for use in the test or before
the test. This module also handles the preparation of the test infrastructure (creating virtual
machines) and the preparation of test data such as IP addresses of virtual machines, login
credentials, operating system names, etc.

e The module that implements methods for accessing the necessary services of the company during
testing. This module creates conditions for testing that replicate the production environment: to
correctly use virtual machines created in the previous module, they shall be properly registered
with third-party services developed by other teams. Additionally, this module is responsible for
verifying the correctness of the end-to-end testing process with respect to other systems within
the company (answering the question “Did our system break another team's system?”).

e The module for configuring testing tools and reporting. This module implements the configuration
of the main testing tools: Pytest for the client-side, Molecule for configuration management, and
shell scripts for checking the state of virtual machines. It also generates a summary report of the
test results in natural language and loads it into Jenkins for visualization.

The Jenkins job plays a crucial role in implementing the user interface for starting the end-to-end

testing process and visualizing the results, as shown in Fig. 6. It serves as a platform for managing

the entire testing process, from the initial setup and configuration of the testing environment to the
execution of tests and the generation of reports.
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Fig. 6. Jenkins job

Through the Jenkins interface, users can initiate the testing process and monitor its progress in real-
time, enabling them to quickly identify and address any issues that may arise. Additionally, Jenkins
can be configured to automatically trigger tests based on predefined conditions or events, further
streamlining the testing process and reducing the likelihood of errors or oversights.
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The visualization of results in the Jenkins interface provides a clear and concise overview of the
testing process and its outcomes. Users can easily interpret the results and identify any areas of
concern, allowing them to take prompt corrective action and ensure the software meets the necessary
quality standards.

Through the Jenkins functionality, it is possible to configure the parameters of end-to-end testing:
determine the number of virtual machines, select desired operating systems, configure the system
under test, etc.

A summary format displays the last few runs of end-to-end testing, whether they were successful or
not, and if not - at what stage an error occurred. Additionally, it is possible to evaluate a graph of
the number of successful, skipped, and unsuccessful test scenarios.
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Fig. 7. Test report

The final generated test report can be also accessed through the Jenkins job interface and consists of
a set of test scenarios with various input data described in formal language steps, expected results,
and the success of executing a particular scenario (Fig. 7).

5. Results

An end-to-end testing approach for the application for managing the configuration of enterprise
virtual infrastructure was developed, and a Python framework with a Jenkins user interface and
natural language test report generation in Allure was created to implement and apply this approach.
The metric chosen to evaluate the usefulness of the new cross-functional testing approach was the
time required to execute a single test run on operating system update functionality: checking correct
credentials uploading, correct operating system update results and correct deletion of temperory files
after update. Ten experiments were conducted using the developed framework, and ten experiments
were conducted using the old approach (with step-by-step testing of each module). It should be noted
that downtime between stages in the old approach was not included in the metric, i.e., only the time
of the testing process was taken into account.
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Fig. 8. Results of the first experiment

Initially, an infrastructure consisting of one virtual machine was used. On average, using the
developed framework requires 10-11 seconds per test run, while the old approach requires 30 to 45
seconds (Fig. 8).

Fig. 9. Results of the second experiment

Next, the size of the infrastructure was increased to ten virtual machines, and the same experiment
was conducted. The difference was more significant. The time required for a single test run using
the developed framework remained at 10-11 seconds. However, the old approach showed a much
longer execution time for a single test run - from 200 to 250 seconds (Fig. 9).

The results obtained from the evaluation of the new approach to end-to-end testing of the application
for managing the configuration of enterprise virtual infrastructure were statistically significant and
can be explained through the principle of parallel operations. The use of the developed Python
framework and its support for parallelism led to a significant reduction in the time required to
execute a single test run compared to the old approach with step-by-step testing of each module.
The statistical analysis of the experimental results using a t-test showed a significant difference (p <
0.01) between the mean execution times of the old and new approaches. This indicates that the new
approach is superior in terms of efficiency, as it enables parallel operations and thereby reduces the
time required for end-to-end testing of the application for managing the configuration of enterprise
virtual infrastructure.

The principle of parallel operations is widely recognized in computer science and engineering as an
effective means of improving the efficiency of various computing tasks. It involves breaking down
a large task (testing the whole virtual environment) into smaller subtasks (testing each node) and
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executing them concurrently, thereby reducing the overall time required for completion. In the case
of end-to-end testing of the application for managing the configuration of enterprise virtual
infrastructure, the use of parallelism is particularly beneficial as it allows for the testing of multiple
virtual machines simultaneously, resulting in significant time savings.

It is worth noting that with the new approach to end-to-end testing, the entire process is performed
and controlled by a single engineer, as opposed to the old approach, which required the involvement
of three different engineers with varying levels of knowledge and expertise. This allows for a more
streamlined and efficient testing process, as the same engineer is responsible for each stage of the
testing process and can quickly identify and resolve issues as they arise.

During the testing process, three engineers are, of course, more efficient than one, since they can
confer with each other and find the root cause of the problem faster. But in this case, these are
engineers from different teams who perform rather isolated parts of a single process. Therefore, if
one of the engineers had a problem, the others could not help him much, because they did not know
the subject area of the other teams well. Therefore, the new framework gives the best result in such
a situation.

Additionally, the developed software framework for end-to-end testing generates a detailed report
in natural language, which provides a comprehensive overview of the testing process and the results
obtained. This report is automatically generated by the software, eliminating the need for manual
report writing, which was necessary with the old approach. This saves considerable time and effort,
allowing engineers to focus on other critical aspects of the development process.

Furthermore, the use of natural language in the generated report makes it easy for stakeholders to
understand the testing results and make informed decisions regarding the software development.
This can be particularly useful for managers and other non-technical team members who may not
have the technical expertise required to interpret traditional testing reports.

6. Conclusion

The proposed approach to end-to-end testing for the application for managing the configuration of
enterprise virtual infrastructure offers several advantages over the traditional approach, including a
more streamlined testing process and the automatic generation of a comprehensive report in natural
language. These benefits can help engineers save time and effort while improving the quality of the
software and ensuring that it meets the required standards and specifications.
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Annotanusi. OOBEKTOM HCCIEIOBaHUS SBISETCS Ipoliecc 00pabOTKA HM300pakeHHsS TPH IMOATOTOBKE K
rneperavye JaHHBIX, a TaKkKe TIOcCieaylolee BoccraHoBiIeHHe. [lpeamerom wuccienoBaHUs —SBISETCS
MPUMEHEHHUE TapajUIeIbHBIX BBIYMCICHHN B 3amadax oOpaboTku m3oOpaxeHuil. Llempio cratbu sBiseTcs
UCCIIEIOBAaHUE METO/1a BOCCTAHOBJICHUS M300PaXKEHHS C KOPPEKIMEeH HCKaXSHHS BEKTOpa Mepeiayl Ha OCHOBE
BBOJIa 3HAYCHMs TPEHIA ero cocelaeil. AKTYaJbHOCTb IAaHHOW TEMBl OMNpENeNsieTcs HEoOXOTHUMOCTBHIO
3¢ PEeKTHBHOTO BHIMOIHEHHS OTepaliii, MPELISCTBYIOMINX U CIACAYIONIMX 3a Mepeaadeil mo kaHany cBsizu. B
XOJ1€ SKCIePHUMEHTAJIbHON YacTu ObLIM MOJY4YeHbl pe3yabTaThl B BU/E 3HAUEHUI BPEMEHHU BBIOJIHEHUS MPU
MOCJIEZIOBATEIbHOM BBINIOJTHEHUH U HCIIOJIb30BAaHUM TMAapaJUIENbHBIX BBIYMCICHUH, YTO a0 OXKUAaeMBbIH
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1. Introduction

In the modern information world, all information is collected, stored, and transmitted via
communication channels. Every year the amount of information generated by various media
increases, that leads to the problem of improve the efficiency of data transmission and processing.
Various kinds of interference may occur during data transmission [1]. Therefore, the issue related to
the process of forming a data vector, its transmission and subsequent recovery is an integral part in
solving the problem of data processing, including graphical information.

After receiving the data by the receiving party, they must be restored to their original form, however,
not the entire sequence can be accepted correctly, which leads to the need to calculate and correct
distorted values. The calculations performed after receiving graphic data, especially if it is necessary
to restore the parts damaged by interference, can take a large amount of time resources, which
implies the task not only to correct the distorted pixels, but to perform these operations with
sufficient speed. Parallelization can be carried out on different devices: multicore CPUs or video
cards with a large number of stream processors.

When performing preprocessing of images for the formation of the transmission vector, as well as
recovery after receiving data, methods based on the processing of independent parts of the vector
are used. The distribution and independence of data makes it possible to effectively divide the
execution into several nodes working in parallel.

The aim of the paper is to study the effectiveness of parallel computing in the tasks of preprocessing
and postprocessing images for transmission over a noisy communication channel.

2. Forming transmission vector

The image can be represented in a spatial form, the elements of which are brightness values, for each
of which a byte of memory is allocated (1).

g1 7 91w
GNxN=< : : ) ey

Ini 0 9NN

where G is a matrix in spatial representation, g; ; is the brightness value of one pixel, N X N is the
image size.

Data transmission via communication channels takes place at the physical level, while it is more
convenient to represent discrete values of image brightness in a spatial-spectral form, which is
formed in accordance with a certain function [2, 3]. In the conducted study, Walsh functions [4]
were used as non-trigonometric orthogonal basis functions, which were superimposed on separate
blocks of values with a size of 32 x 32 (2) to decrease the value of the spectral component that
reduces the amount of memory needed to store the image in a spatially spectral form.

G - Gow
n

G =| : (2)
Gy, - Guw
n’ n'n

where G is a matrix in spatial representation, G;; is a 32 x 32 submatrix, N is the number of pixels,
n is the number of 32 x 32 blocks.
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Splitting the image into parts allows independent pixel processing. Each of the individual blocks is
transformed to a spatially spectral form by one method, which means that the computational process
can be parallelized for each submatrix of pixels.

As a result of the transformation, a matrix is obtained representing the image in the spatial-spectral
form (3).

fl,l fl,N
fN,l fN,N

where F is the matrix of values of the function of G, G is the matrix of image elements, H is the
matrix of basic functions, f; ; is the value of the spectrum [5], N X N is the size of the spectrum
matrix.

To form a data transmission vector, it is necessary to represent the spatial-spectral form of the matrix
in binary representation: one value will be stored in an 8-bit representation (4) [6].

F(G)yxy = G x H = 3)

F(NxN) 10 = F((N*S)XN)Z 4)

where F is the matrix of values of a function of G, N x N is the size of the spectrum matrix, N * 8
is the number of values in the bit representation.

The number of bit planes (k) takes values from 1 to 8, since one byte of memory is allocated for the
spectrum. The formation of bit plane matrices is performed in accordance with expression (5) [7].

f1,k f1,k+s"‘ fl,k+8*N
' " = (5)

k — :
Byxy = :
fN,k fN,k+8“' fN,k+8*N

where B is the matrix of the bit plane, k is the bit number of the byte whose plane is formed, k =
(1,8), fi; is the value of the corresponding bit (0, 1).

When divided into bit planes, the original spatial-spectral matrix can be represented as sums of digits
of the number (6).

f17,1 fl?B*N—7 ffz ffsw—s fl(,)B fl(?B*N
Fyxy =27 ¢~ : ++28( ¢ - : +oe 4200 8 : (6)
f13,1 fN7,8*N—7 fz\?,z fI\?,B*N—G fI\(I],B fI\(I],B*N

where F is a matrix in the space-spectral representation, ﬁ’j is the k digit of the binary representation
of the spectrum value.

The image transmission vector is formed by digits, that is, from the sign plane, and then from the
highest bit to the lowest bit (7) [8].

V1><N*8 = (fll,l: ---lfI\},Nl f12,1! ""fl\%,N! ""flf,;l! ""fl\fl;,N ) (7)

where V is the transmission vector, N is the number of elements in the bit plane, flk] is the value of
the corresponding bit (0, 1), the superscript from 1 to 8 is the number of the bit plane.

The presented sequence of transformation of the source image to the transmission vector contains
certain steps: conversion to a spectrum, splitting into bit planes, which can be distributed into
separate processing units of 32x32 pixels, since there is no dependence between its component parts
in the graphic data. An identical situation occurs on the receiving side: correction of distorted bits,
conversion to brightness values.

The scheme of image transmission over the communication channel [9], including the process of its
restoration, is shown in fig. 1.
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Fig. 1. Image transmission scheme

3. Parallel computing in the MATLAB environment

Modeling of transformations of the source and received data, as well as the noisiest communication
channel, was carried out in the Matlab environment. For this purpose, functions corresponding to
the stages of the data transfer scheme have been developed (fig. 1).

Matlab supports the use of parallel computing technologies on both CPU and GPU.

Implementation of parallel computing using a multicore processor uses the parallel loop operator
parfor, which automates the creation of parallel pools and manages file dependencies [10].

Parallel computing on a GPU can be started using the “gpuArray” class, which supports automatic
launch of standard functions using GPU [10].

The study was conducted on the principle of data separation, that is, each core processes a separate
part of the image with the same function.
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When running parallel computations, the main thread initializes workflows on nodes that correspond
to the execution of a specific thread. When processing an image, parallelization is performed at the
data level by dividing the original matrix of elements into separate blocks. When switching to bit
planes, separate matrices appear containing bits of a certain digit (6), which are also independent of
other matrices, which allows you to work on them in parallel. Fig. 2 shows a scheme of parallel
calculations when translating an image to bit planes.

Daralle] thread 1, 2
;

. AN By
N Uit 2 Parallel thread 2 But i - Bit plane - A\
g 1 Main ] "—'"_—““ * i plans 2 Processing s

thread

Fig. 2. Diagram of the processing process using parallel computing
The basic characteristic of determining the effectiveness of parallel computing is acceleration (8).
I
Sp =7 ®
p
TIJ
where S, is acceleration, T, is sequential execution time, T,, is parallel execution time

4. Distortion during data transmission
When transmitting data through a communication channel, errors may occur due to various reasons:
signal attenuation, noise, interference. Bit changes are considered distortions in the transmitted
vector. There is a dependence of the effect of errors on the bit depth of the image: when an error hits
the highest digit, the distortion introduced by the interference will affect the quality of the restored
image more strongly than when the same error hits the lowest digit. This dependence is related to
the weight of the digit in the binary representation of the number. All types of errors can be divided
into 2 groups:

1) Anerror in one bit, which is a change to the opposite value of a random bit in the transmission
vector.

2) A complex error, which is a change in a continuous sequence of bits. The extreme bits in the
sequence with a packet error have a distorted as well as correct values may be contained inside
such a sequence [11].

We study complex errors that differ in the nature of the distortion of the sequence of bits:

1) The sequence of bits takes the opposite value (error "NOT") (9).

Vixy = {V(l,(l..i—l))' Via,a.p) V(l,(j+1..N))} 9
where V is the transmission vector, N is the number of bits in the vector, i is the initial bit of the
sequence with an error, j is the final bit of the sequence with an error.

2) The sequence of bits takes the value "0" (knocked out bits (KOB)) (10).

V1><N = {V(l,(l..i—l))' 0(1,(1'__1')), V(1,(j+1..N))} (10)
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where V is the transmission vector, N is the number of bits in the vector, i is the initial bit of the
sequence with an error, j is the final bit of the sequence with an error.

3) The sequence of bits takes values alternately "0" and "1" (batch error (BE)) (11).
Visy = {V(l,(l..i—l))' E(1,i.p) V(l,(j+1..N))} (11)

where V is the transmission vector, N is the number of bits in the vector, i is the initial bit of the
sequence with an error, j is the final bit of the sequence with an error, E(1 X M) =
{0..01..10..01..1}, where M is the sequence of the error vector.

5. The impact of errors on image recovery

During the experiment, various types of errors were superimposed on the original transmission
vector: "NOT" error, knocked out bits and batch error. For the experiment, a set of images was
collected, which can be conditionally divided into 3 categories: “forest”, “land and water surface”
and “urban area” (fig. 3). The images have the same size 256 x 256, the brightness of the pixels
varies from 10 to 175.

@) (b)

Fig. 3. Test Images: a) category “‘forest”, b) category “land and water surface”, c) category “urban area”

In the Matlab environment, the bit representation of a number has an inverse numbering of digits:
from the sign digit (7th bit) — the 1st plane to the lowest digit (Oth bit) — the 8th plane [12,13.].

The formed initial bit planes for the “forest” image are shown in fig. 4.

) ® ) (h)

Fig. 4. Bit planes of the “forest” image: a) Ist plane, b) 2nd plane, c) 3rd plane, d) 4th plane, e) 5th plane,
f) 6th plane, g) 7th plane, h) 8th plane
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To study the effect of errors, depending on the hit in different parts of the vector, 256-bit ranges
corresponding to individual bit planes were distorted, that is, during the experiment, the error was
superimposed separately on sections from the sign to the lowest digit [14]. Fig. 5 shows 3 types of
errors on the 2nd bit plane. The “knocked out bits” error has a minimal effect on the distortion of
the plane, since the decimal value of the spatial-spectral representation for the image brightness
matrix in most cases does not exceed 64, which in the bit representation gives the value 0 in the

plane under consideration.

@) (b) (©
Fig. 5. Types of errors in image 1: a) error “NOT”, b) knocked out bits, ¢) batch error
When errors appeared in one of the planes, their influence on the resulting image was analyzed, in
which the existing distortions were not corrected: Table 1 shows the values of the mean square
deviation (MSD) for 3 categories of images and 3 types of error. The value of the MSD was
calculated only for the part of the image in which the error was located [15].

Table 1. MSD for an image with an error (without correction)

Image | Type | 1st 2nd 3rd 4th 5th 6th 7th 8th
of | bit.pl | bit.pl | bitpl | bitpl | bitpl | bitpl | bitpl | bit.pl
error
Fig.2 | NOT | 4,08 10,6 5,92 3,52 1,99 1,13 0,73 0,59
a) KOB | 2,25 0,53 1,22 0,94 0,81 0,77 0,62 0,55
BE 302 | 768 | 434 | 253 | 1,46 | 0,87 | 0,63 | 0,57
Fig.2 | NOT | 5,57 12 6,51 3,81 2,27 1,46 1,18 1,09
0) KOB 4,2 1,44 1,66 1,52 1,25 1,17 1,1 1,07
BE 3,73 8,19 | 4,52 2,68 1,8 1,29 1,12 1,08
Fig.2 | NOT | 6,87 11,8 7,16 3,98 2,05 1,12 0,72 0,59
c) KOB 4,8 053 | 191 | 155 | 125 | 0,81 | 0,62 | 0,55
BE 463 | 866 | 524 | 286 | 153 | 0,89 | 0,64 | 0,56
“NOT” is the “NOT” error, KOB is the knocked—out bits, BE is a batch error
Based on the MSD values presented in table 1, it can be concluded that the knocked-out bits do not
greatly affect the restored image, since the original values of the spectrum in binary representation
have the value 0 in the higher digits. The error, which is a reset of values to 0, gives a small decrease
in the informativeness of the data when it falls into the described range of the vector.
Any type of error that falls on the lower bits (0-2 bit bits) leaves a small distortion that can be
considered acceptable. However, at the same time, the result of an error hitting the higher digits has
a fairly large impact on the information content of the output image. An example of a “forest” image
with a batch error is shown in fig. 6.

U {

Fig. 6. The “forest” image with a batch error in the 2nd plane

6. Description of the error correction process

After conducting experiments on the imposition of various types of errors, the task was set to correct
the received vector in order to reduce the amount of distortion of the transmission vector to improve
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the quality of the information content of the restored image. To do this, an algorithm has been

developed, which consists of the following steps:

1) Transformation of a vector to a matrix form in accordance with bit planes [16].

2) Calculation of the average value in decimal representation by adjacent rows of values (above
and below) relative to the location of the error bit.

3) Calculation of the decimal value of the spectrum in which the error occurred.

4) Analysis of the obtained values for whether the value with an error falls into the trend of the
values of its neighbors.

5) Correction of a bit in the plane to the opposite, if the value of the spectrum with an error does
not fit into the trend set by its neighbors.

As a calculation is entering into the trend, the ratio is compiled (12). Fig. 7 shows a graphical
representation of the position of the pixels of the image from which the calculation is performed.

fij

- 12

/fi—l,j + fir1j (12)
2

where f is the value of the spectrum in decimal representation, (i, ) are the indices of finding an

element in the spectrum matrix.

) A sequence of neighbors
Distorted sequence : to calculate the trend

T

Fig. 7. Graphical representation of the expression (12)

As aresult of the conducted research, a number of questions were raised for spatial-spectral matrices:
which ranges of values for the ratio are acceptable in order to make a decision about the entry of the
desired value into the trend, and what should this ratio strive for. The more accurate the hit in the
trend, the closer the value of the spectrum is to the average value of its neighbors, that is, to the value
of 1. However, during the experiment, the following problematic situations were identified:
1) Table 2 shows the corresponding initial values of the spectrum and their binary unsigned

representation.

Table 2. Example 1

Position Spectrum values Binary representation
of the spectrum

(i-1,j) 710 00001112

) 2110 00101012

>i+1, ) 1910 00100112

The ratio value is % ~ 1,6, which means that the real values of the spectrum of the original

image can give a sufficiently large deviation from the average value of its neighbors.
Accordingly, it is impossible to compare unambiguously with the average value, so it is
necessary to check whether the value with the changed bit would be better to enter the trend:

10101012=8510, the ratio % =~ 6,5, which is significantly higher than the original value.

Thus, falling into a trend cannot be judged by a constant value, but should be compared by 2
ratios: the initial value to the average value of its neighbors, the changed value to the average
value of its neighbors.
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2) Since the values of the spectrum can be both positive and negative, neighbors can have the same
value of the opposite sign (for example, 2 and -2), then their average value will be 0.

After analyzing the matrices of the spatial-spectral representation, 2 conditions were revealed
to determine the trend: a comparison of the relations for the original accepted sequence and the
modified one; selecting the value that is closer to 1.

7. Results of the experimental part

In the experiment, the MSD ratio between the input and output images, that is, the brightness values,
was calculated. However, during the conversion of the original brightness matrix into a spatial-
spectral representation and the restoration from the spectral form to the brightness values, rounding
operations are performed, which impose additional distortions. Table 3 shows the MSD values for
the spectrum value matrices: initial and after error correction.

Table 3. The value of MSD for the spectrum

Image | Type 1st 2nd 3rd 4th 5th 6th 7th 8th
of bit.pl bit.pl | bitpl | bit.pl bit.pl bit.pl bit.pl bit.pl
error
Fig.2 | NOT | 0,2709 0 0,6963 | 0,4606 | 0,3371 | 0,2787 | 0,1584 | 0,08
a) KOB | 0,2709 0 0,6963 | 0,4606 | 0,3371 | 0,2787 | 0,1584 | 0,08
BE | 0,2709 0 0,6963 | 0,4606 | 0,3371 | 0,2787 | 0,1584 | 0,08
Fig.2 | NOT | 0,7554 | 0,9545 | 1,074 | 0,8539 | 0,7398 | 0,699 | 0,6746 | 0,6578
0) KOB | 0,7554 | 1,3714 | 1,1815 | 0,8887 0,75 0,7017 | 0,6753 | 0,658
BE | 0,7554 | 0,9545 | 1,074 | 0,8539 | 0,7398 | 0,699 | 0,6746 | 0,6579
Fig.2 | NOT | 0,305 | 0,6963 | 0,9211 | 0,8349 | 0,5708 | 0,3168 | 0,1846 | 0,0877
c) KOB | 0,305 0 0,8528 | 0,8165 | 0,5641 | 0,3138 | 0,1846 | 0,0877
BE 0,305 | 0,6963 | 0,9211 | 0,8349 | 0,5708 | 0,3168 | 0,1834 | 0,087
“NOT” is the “NOT” error, KOB is the knocked—out bits, BE is a batch error

The results obtained show that the analysis of the studied value for falling into the trend of the values
of its neighbors gives a good result in correcting errors. When correcting errors on the lower digits
of the numbers corresponding to the seventh and eighth bit planes, the MSD systems are almost
identical with the results without restoration, which once again confirms the statement about the
small effect of distortion on the original image.

To restore the distorted spectral components, only 3 values are required, which makes it possible to
efficiently divide the data into nodes for parallel calculation of the algorithm described in the article.
Table 4 contains the time values for post-processing images on a personal computer with an intel
Core i5 CPU and an Nvidia GeForce RTX 3060 GPU.

Table 4. Run-time values

Size of the Sequential Parallel Parallel
original data | calculation computing computing
set time (sec) time on CPU time on
(sec) GPU (sec)
220 KB 2.79 1.62 0.26
560 KB 5.23 2.72 0.49
1280 KB 14.52 7.68 1.36

8. Conclusion

Restoration by analyzing the input of the spectrum values into the trend of neighboring values in
most cases leads the resulting vector to a form whose deviation from the original is quite small.
Depending on the characteristics of the image: the range of brightness, sharp boundaries, values of
the spatial-spectral representation may arise, complicating the decision to enter the trend, which was
taken into account when implementing the approach described in the article. The use of parallel
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computing has made it possible to increase the efficiency of processing received data, which is
especially important in real-time systems.

As a result of the experiment, an image transmission scheme with a noisy communication channel
was constructed, where the processes of preprocessing and restoring the original image were
performed on the basis of parallel calculations. The main task was to find a solution to improve the
performance of program components by distributing data across individual cores. Testing
applications of parallel computing on the CPU and GPU on different sets of images shows a
sufficiently large acceleration for systems working with landscape images.
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AHHoOTanus. B cratee paccMaTpUBaOTCA 0COOCHHOCTH MOAAEPKKH CLIEHApHeB Ha si3bike Python B akTHBHO
pa3BHBaroLIeiicsl cUCTeMe MHTepaKTHBHOH rpaduku. [TomoOHas mognaepikka sBISIeTCS TPYIOEMKOH 3amadei,
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ONMCHIBAIOILMI BCE acleKThl B3aUMOJIEHCTBUS CUCTEMBI U clieHapHeB. Vcnonb3yromue 3ToT APl cuenapuun
MOTYT IPUMEHSTHCS A aBTOMATH3ALIH MOJAETHPOBAHHS, a TAKKe IS PACHIUPEHUS] BO3MOXKHOCTEH CHCTEMBI
C TIOMOIIBIO CIIENMATIbHBIX CKPUNTOBHIX KiaccoB. [Tocmeqree 0co60 BakHO, TaK KaK OCTABIAET OOBITHBIM
M0JIb30BATEISIM BO3MOXKHOCTh CAMOCTOSITEIBHO PACIIUPATE CUCTEMBI C 3aKPBITHIM UCXOJHBIM KOJOM.
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1. BeedeHue

BoNBIIMHCTBO COBPEMEHHBIX CHCTEM ONTHYECKOTO MOJICIMPOBAHUS SBIISIOTCS BECbMa CII0KHBIMH
MIPOrpaMMHBIMH IIPOAYKTaMH, COCTOSIIIMMH U3 MHOKECTBAa KOMITOHEHTOB, MOJTYJICH 1 TPUIIOKEHNH,
UCTIONB3YIOMINXCS /ISl PEUICHUs] pa3lIMuHBIX MNpaKkTHYecKuX 3anad. UYToObl MaKCUMAaJbHO
UCIIONIb30BaTh BO3MOXKHOCTH TaKUX CHCTEM, I10JIb30BATEISIM YacTO NPUXOJUTCS ITEPEMENIAaThCs M0
CJIOSM MEHIO ¥ JIUAJOTOBBIX OKOH, HAamlpHMep, [UI1 HAaCTPOMKM pPa3iIMYHBIX IapaMeTpoB
MOJCIUPOBAHUS, CYET KOTOPBIX MOKET HATH HA ACCATKH, a TO U COTHH. B HTOTE HaCTymaeT MOMEHT,
Korma 6a30BBIX BO3MOXKHOCTEH, MPENOCTaBIEMBIX IpaduueckuM HHTEpelcoM IOIb30BaTelNs,
CTAaHOBUTCSA HENOCTATOYHO A APQPEeKTHBHON paboTel ¢ cuctemoil. Hambonee momyssipHbBIM
CII0cO0OM IPEOI0ICHHs TTONOOHON OrpaHWYCHHOCTH SIBISIETCS MCIONb30BaHUe cueHapueB. C ux
MOMOLIBIO MOKHO JTOOUTHCS CIEAYIOIIUX IIPEUMYIIECTB.

e CueHapuM NO3BOJIIIOT aBTOMAaTHU3MPOBATH MPOLECCH MOJICTUPOBAHUS, TaKHE KaK CO3/IaHHUC
MOJENeH, aHaJIM3 WX MOBEICHUs, IPOCMOTP M M3MCHCHHE MapaMeTpOB MOJCNIH U T.O. JTO
MO3BOJIICT COKPaTHTh BpeMs, 3aTpaunBaeMoe Ha pa3paOOTKy U OOHOBJICHHE MOJCNCH, H
CYIIECTBEHHO MOBBICUTH (P PEKTUBHOCTD PAOOTHI C CUCTEMaMU HHTEPAKTUBHOM rpaduku.

e  lcnonp3ys sI3bIKH CLIEHAPUEB BEICOKOTO YPOBHS U COOTBETCTBYIONIYIO CHCTEMHYIO OJAEPKKY,
MOJKHO PACUIMPSATh BO3MOYKHOCTH CHCTEM ONTHYECKOTO MOJCIUPOBAHMSA ITyTEM CO3JaHUS
MIOJIb30BATEIbCKUX IPUIIOXKEHUH, KIJIACCOB, IMOJKIIOYAEMBIX MOIyJeH M HacTpauBaeMbIX
3JIEMEHTOB rpadudeckoro narepdeiica.

Hano oTMeTHTh, YTO BHEIpEHHE U MOCIEAYIONIas MOJIepKKa ClieHaApHEB TPeOyeT CyLIeCTBEHHBIX

YCUIIMHA CO CTOPOHBI pa3pabOTYMKOB CHCTeMBI. [103ToMy BechMa aKTyaJdbHBIM SIBJISIETCS BOIPOC

MIOUCKa CIIOCOOOB, MO3BOJSIOIMIMX MHUHHMH3MPOBATh MOJOOHBIE ycmiaus. B maHHOW pabore

IpeylaraeTcsi ONnpoOOBaHHBI Ha TpPakTHKEe IOAXOJ, OCHOBAHHBIM HA WCIOJIB30BAaHUH

CHENHMATbHOTO OOBEKTHO-OPHEHTUPOBAHHOTO HHTep(delica, KOTOPBIH BCTpaMBaeTCid B LEMNOYKY

0a30BBIX KJIACCOB MPUJIOKEHHUSA M IPEAOCTABISIET BCIO HEOOXOMUMYIO HHQPACTPYKTYpPY I

JTAJIbHEHMIIET0 paCIIUPEHHs CUCTEMBI.

2. AHanu3 cywjecmeyrouux peweHuu

MO>KHO BBIJICIUTH CIIEAYIOIIKE 00IIHe YepTHI, IPUCYIIHE MHOTHM HBIHE CYIIECTBYIOIINM CHCTEMaM

ONTHYECKOT0 MOAEIUPOBAHUs, B KOHTEKCTE MOAJIEPHKKHU CLICHAPUEB.

e BO3MOXHOCTb BBINIOJIHEHUSI ONPEACIEHHBIX NEUCTBUM U3 KOMAHIHON CTPOKH, YTO MOXKET
HCTIOJIB30BaThCS I aBTOMATH3AIMH YaCcTO MOBTOpAOUINXCS 3a1a4. CIieHapuu B 3TOM cliydae
MUIIYTCS Ha si3bIKe KoMauaHoro mpoieccopa CMD, PowerShell B cpeae Windows wnu Bash B
cpeme Linux u comepxaT mMmociienoBaTENbHOCTH KOMAH, JOMOJHEHHbIC HEOOXOJUMBIMH
aprymeHTamMu. MHOXECTBO BCEX BO3MOXHBIX KOMaHJ, KaK NpaBUIIO, OIHUCBIBAETCS B
JOKYMEHTAIMN K KOHKpeTHOH cucteme. [logoOHble ciieHapuy He UMEIOT OOJIBIIOoN rHOKOCTH,
OJIHAKO UX HCIONb30BaHUE SBIAETCA AJI MOJNB30BaTeNs JOCTaTOYHO JIETKOM 3ajadeil, He
TpeOyromel 0T Hero KaKoH-JIM00 CYIIEeCTBEHHONW KBaTH(PHUKAIINN.

e Hanuune mojaaep:XKu OJHOTO WM HECKOJIBKMX YHHBEPCAJIBHBIX SI3BIKOB BBICOKOTO YPOBHS,
Hampumep, Python wmu VBScript. [lannas noanepikka moapasymMeBaeT HaludWe B CHCTEME
CIEMATbHOTO MOIYJS, Ha3bIBAEMOTO MHTEPIPETaTOpoM clieHapueB. OIHOBPEMEHHO C 3THM
HUMEETCsI OTIPeIeEHHBIN porpaMMHbIil uHTepdeiic (API), B pamkax KOTOPOTO MPOUCXOIHUT
B3aMMOJICHICTBHE MEXTy CIIEHApUSIMH U Pa3INYHBIMH KOMIIOHEHTaMH cucTeMbl. ClieHapuH Ha
A3BIKE BBICOKOTO YPOBHS SIBISIOTCS TOpaso 0ojee TMOKMMH, HO MPH 3TOM OT IOJIB30BATENS
TpeOyroTcs, KaK MUHUMYM, 0a30BbI€ 3HAHUS HCIOIB3YIOMIETocs S3bIKa U 3aJeHCTBOBAHHOTO
API.
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e [lpucyrcTBue CHenUaIbHBIX HHCTPYMEHTAIBHBIX CPEACTB A PENAKTHPOBAHMSA M OTIAAKU
CIIEHapHeB. DTO MOXKET OBITh KaK MPOCTOH TEKCTOBBIM PEAKTOP, TaK M MPOABUHYTHIH PEIAKTOP
CIIGHapHeB, MOIJICP)KUBAIOIINNA JONONHUTENbHbIC (YHKINU, HAIPHUMEpP, OTIAAKY BO BpEMs
BBITIOJTHEHHSI, HCIIOJIb30BAHNE TOYEK OCTAHOBA, MOJICBETKY CHHTAKCHCA H T.1.

PaccMoTpuM 0COOCHHOCTH TONAEPKKH CIEHApHEB B HEKOTOPHIX CHCTEMax WHTEPAKTUBHOU

rpaduku 6osee oAPOOHO.

Cucrema Autodesk Maya nMmeeT MOAIEp Ky cpa3y HECKOJIbKHX s3bIKOB ciieHapueB: MEL (Maya

Embedded Language) um Python. Cuenapmm, Hammcansele Ha s3eike MEL, wucmomssyior

nporenypusiii MEL API [1], oGmagatorunit ouenb GoraTbiM ¢yHKIHOHANTOM. Kak mpmmep, Ha

JTAHHOM sI3bIKE€ HamucaHa OoJblias 4acTh OKpYXeHHs Maya M comyTCTBYIONIIMX PACIIUPEHHH.

Hmeercst BO3MOXKHOCTD 3anucH JieiicTBuid B cueHapuii Ha MEL, T.e. co3nanne makpocoB. Cpenu

HEJJOCTaTKOB JIaHHOTO $5I3bIKa MOXXHO OTMETHTh OTCYTCTBHE OOBEKTHOW OpHEHTalUU H

UCIIOJIb30BaHHE COOCTBEHHOT'O CHHTAKCHUCa, YTO TPeOyeT HaJM4Hsl y M0JIb30BaTENs ONpeaeIEHHBIX

HaBbikoB. Maya Python API [2, 3] cBo6oaeH OT BBIICTIEPEUHUCICHHBIX HEOCTATKOB, OHAKO 3TOT

API o4eHb ciiokeH /st OONBIIMHCTBA MPUKIAJAHBIX 337a4 U3-3a CBOEr0 BeCbMa HH3KOTO YPOBHSI.

CreHapuy MOXXHO CO371aBaTh, 3allyCKaTh M COXPaHATh HemocpeacTBeHHO B Autodesk Maya c

MIOMOIIBI0 BCTPOCHHOTO PEAaKTOpa CIIeHapHeB. B paBHOH Mepe MOAnep)KMBAaeTCsl BHITOJHEHHUE

CLIEHApUEB KOMaHJHON CTPOKH.

Becpma momyIsSIpHBIM TAKeT MPOTrpaMM Ui CO3IAaHUs TPEXMEPHOW KOMIBIOTEPHOW TIpaduKH

Blender tarxke mommepkuBaeT aBTOMATH3ALMIO U PACLIIMPEHHE C MOMOIIBIO s3bika Python. [{ns

B3aMMOJCIHCTBHS CLIEHAPHEB U Pa3INYHBIX KOMIIOHEHTOB CHCTeMBI Hcmonb3yercs Blender Python

API [4]. 3amyck crieHapreB MOKHO OCYIIECTBIISTE U3 BCTPOCHHOIO PEAAaKTOpa CIICHAPUEB MM U3

KOMaHIHOH cTpokd. Cpeny HeZOCTaTKOB MOXKHO OTMETUTH TO, YTO JOCTYH K OOBEKTaM MOJEIH

OCYLIECTBIISIETCS Uepe3 HaOOPhl KOJUIEKIMH, YTO, Ha HaIll B3TJISA, SIBISIETCS NAIEKUM OT 0OBEKTHO-

OpHeHTHpOBaHHOTO cTwis. Takxke B Blender orcyrctByer aBTOMarmueckue mpeoGpa3oBaHUs

BHYTPEHHHX CTPYKTYp B HX aHAJOTH, JOCTymHbIe uyepe3 mHTepdeiic Blender Python API, uto

TpeOyeT OT pa3pabOTUMKOB JITOrO IMaKeTa MPOrpamMM SBHOTO NYOJMPOBAHUS YCWIIMH M MOXKET

NPUBOJHUTH K IPONYLICHHOH (YHKIHOHAIBHOCTH [5].

AHanorn4Hele HEJOCTAaTKH NPUCYTCTBYIOT U B CHCTEMe TpexmepHoro monenuposanusi FreeCAD,

nojepxuBaronieit a3k Python. Jlro6oe pacmmpenne BHytpenHero C++ AP| 3ot cuctemsr

TpebyeT py4HOTO CO3MaHMS TPHBA30K K Python, drto ocymiecTBisieTcs ¢ MOMOMIBIO

JIOTIOTHUTENBHBIX 3ar0J0BOYHBIX U XMI-taiinos [6]. [Ipu 3TOM HaIO OTMETHUTH, YTO B HEKOTOPBIX

clydasx JaHHas TnpoOieMa YacTHYHO pemiaercs ¢ TOMOIIBI0 NPUMEHEHHS METOJ0B

aBTOMATHYECKOH reHeparuii MpuBsI30K Mex 1y o0bektamn C++ 1 00beKTaMu TOTO HIIH HHOTO SI3bIKa
cueHapues [7, 8, 9]. OtaensHO MOXKHO BbienuTh oubmuoTeky CLIF [10], mo3Bossitonnyto co31aBaTh
06eptku mnst Python ¢ momornpio cratuyeckoro ananmuza C++ koma, 4to obecrieunBaer Ooliee

cTabuibHy0 1 6e30macHyo paboty ¢ aTum Kojom u3 Python [11].

Cucrema onrtuyeckoro wmonenupoanus Rhinoceros 3D Bkmroyaer B ceOs HPOrpaMMHBII

uHcTpyMeHT Rhinoscript, ocHoBanHsIi Ha TexHONMOrMH COM. DTOT HHCTPYMEHT UCTIONB3YETCS st

CO3JaHMsl W 3alyCcKa CLEHapueB, HAMMCaHHBIX Ha s3bike Microsoft VBScript. Ilonb3oBartento

nocryrned Rhinoscript AP, comepskamuii 6ojiee TSATUCOT Pa3IMYHBIX METOOB, MO3BOJISIOIINAX

JIETKO aBTOMATH3HUPOBaTh OOJBIIMHCTBO MPUKIAMHbIX 3amad [12]. Cpean HemOCTATKOB MOKHO

OTMETHUTh OTCYTCTBUE BO3MOXKHOCTH PACIIUPEHHSI CUCTEMBI C TIOMOIIBIO clieHapueB. VX 3amyck u3

KOMaH/IHOM CTPOKM TaKKe He IMOJJIEPKUBACTCS, YTO MOXKET 3aTPYAHATh aBTOMATH3aLUI0 YaCTH

3aja4. JlOMOMHUTENBHO HYXXHO MoguepkHyTh, 4To COM-pa3paboTka — 3TO JOBOJBHO CIIOKHOE

3aHsTHE, Tpedylollee OT Pa3pabOTUMKOB SIBHOTO BBIIIOJHEHHS MHOYKECTBa PYTHHHBIX 3a/1a4, 4TO

YCIIOXKHSIET TOAJEP>KKY HOBOTO (DYHKIIMOHAA B CLEHAPUSIX MO MEPE Pa3BUTHU CUCTEMBI.

IToanepxka cuenapues B CAIIP CATIA Taxke ocHoBana Ha TexHoJioruu COM. TlognepxuBaercs

3alyCcK CIieHapueB Kak u3 rpaduueckoro uHTepdeiica monb3oBaTens, Tak M u3 uHTepdeiica

KoMaH/HOH cTpoku. Ocobennoctbio 310l CAIIP siBisieTcst TO, 4TO OHa MOXET OBITH OCHAILlCHA
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BHEIITHUM HHTEPIIPETATOPOM CLIEHapHeB. B aToM ciydae amst pa3pabOTKH CLIEHAPHEB MOJIb30BATEIH
MOTYT KCIIOJIb30BaTh JH000H A3bIK, Mo jIepxkuBaromuii rexuonoruto COM, Hanpumep, Python, Java
nmu C#. CAIIP CATIA nocTaBnsieTcs ¢ T0CTaTOYHO (PYHKINOHAIBHBIM PENaKTOPOM CIICHAPHEB H
uMeeT GOJIBIION U XOPOLIO JOKYMEHTHpoBaHHbII Automation API [13]. HenocraTok, cBsi3aHHbI# ¢
BBICOKOH cinoskHOCTEI0 COM pa3paboTku, akTyasieH U ISl TaHHOH CHCTEMBI.

3. OnucaHue nodxo0da

B stom pazaeiie onrMcanbl OCHOBHBIC BO3MOKHOCTHU HAIICTO MOAX0Ja U ACTAJIN €TI0 pCaIu3alnu.

3.1 KoHuenuusa ueneBoro nHtepdenca

PaspabarsiBaeMass HAMH CHCTEMa ONTHYECKOTO MOJCIHPOBAHUS PEaM3yeT CTPOIYIO MOXYJIBHYIO
ApXUTEKTYpy, B KOTOpPOHl BBLAGJAIOTCS MBS TIJIABHBIE TIPYNIbl KOMIIOHCHTOB: MOIYJIH
BBIYMCIHUTENBHOTO siIpa M MOJyTH rpaduueckoro wuHTepdeiica momp3oBarens [14]. BaxHo
OTMETHTH TOT (DAKT, YTO BECh (DYHKIIHOHAT CHCTEMBI COCPENIOTOUCH BO MHOMKECTBE KOMIOHECHTOB
Spa, ¥ 9TO MO3BOJISACT HCIIOIb30BATh €r0 B OTPHIBE OT APYTUX MOAYJIEH. DTa 0COOCHHOCTD JeaeT
BO3MOXHBIM HCIIOJIb30BAHHE PA3HYHBIX KIHEHTCKHX CTOPOH MOJB30BATENBCKOrO HHTEpdeiica
(frontend), mampumep, KOHCONBHBIX HJIM CETEBBIX 0e3 rIyOOKO#l mepenesku Bcel cucteMbl. B
CHJIBHO YIPOMIEHHOM BH/ie HYHKIMOHATBHAS CXEMa CHCTEMBI, HCMOJIb3yeMasi HaMH, TIOKa3aHa Ha
puc.1.

I I'paduyecknii uETEpdeiic NoAb30BATENA

Mogens

Graphical user interface

KommoneT simpa Model

Kernel component i o . .
BTepdefic KoMaBHOH CTPOKH

plp—

Command line interface

Puc. 1. @ynkyuonanvhas cxema cucmemol
Fig. 1. Functional scheme of the system

Jlns B3anMoAeHCTBHS KaK MEX Ly CO00Ii, Tak M ¢ 3arpy>KEHHOH MOJIENbIO (CIIEHO ) BCe KOMITIOHEHTHI
HaIllell CHCTeMBI HCIOJB3YIOT TaK HA3BIBAEMBIH YHHU(UIIMPOBAHHBIA IENIEBOW MHTEpderc. DTOT
unrepdeiic crpourcss wu3 TpeboBaHMH K rpaduueckoMy HWHTepdeicy, T.e. TOJNHOTa,
HETIPOTHBOPEUUBOCTD M JIOCTAaTOYHOCTh. OH pean3yeTcs IByMs Jpy>KeCTBeHHBIMH 0a30BbiMH C++
kinaccamu: Entity m EntityType. [lanHbli uHTepdeiic npenocraBisieT HabOp orepaunui,
TIO3BOJISIOIIUH PaboTaTh ¢ OOBEKTaMH CUCTEMBI B TEPMHUHAX CEOUCING U OelcmEUll.

ITon cBoiicTBaMM TOAPa3yMEBAIOTCS BHYTPEHHHE AaTPHOYTHI OO0BEKTa. DTO MOTYT OBITh Kak
3JIeMEHTapHbIE TUITHI JaHHBIX, HAIPIMEP, CKaJISPhI FITH MAaCCHUBBIL, TaK U CCBUIKH HA JPYTHE OOBEKTHI
cuctembl. LleneBoit naTEpdElic MPEemnoCTaBIIAET CEUAIBHBIN METO JIJIsl ONIpeIeIeHHs CBOWCTBA
00BeKTa, C MOMOIIBI0 KOTOPOTO 3a7aéTcs UMl CBOWCTBA M THUIT €T0 3HaueHWH. JlOMONMHUTENHHO
1eneBoil nHTep(eiic MpeJoCTaBIsIeT BUPTyalbHBIE METOMBI JUIS YTCHUS W YCTAHOBKM 3HA4YEHUS
CBOHCTB SetProperty () m GetProperty ().

[Mox meficTBUSAMH TOJIPa3yMEBAIOTCSl BUPTyalbHble (DYHKIMH (METOABI) Kilacca, KOTOPHIE MOTYT
HMETh MapaMeTpbl W BO3BpallaTh pe3ysbTaT ExecProc () u ExecFunc (). [lapamerpamu u
pe3ynbTaTaMu 3TUX (QYHKINI MOT'YT OBITH Kak IIPOCThIE OOBEKTHI, HAIPUMED, JIEMEHTAPHBIE THIIBI
JIaHHBIX, TaK ¥ CCHUIKH Ha Jr00bIe 00BEKTHI CUCTEMBI, pean3yrolye neneBoil narepdeiic. Tawke
neleBoil  mHTep(eiic MpenocTaBisieT CHCIHANBHBI METOJ s ONpeAcliCHHs JCHCTBUH,
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MO3BOJISIOIIMI 3alaTh MMs AEHCTBHs, THUIBI IIApaMETPOB, TUI pPe3ylbTaTa M METOZ Kiacca,
HENOCPEACTBEHHO UCIIOJHAIOMNN KaX10€ KOHKPETHOE eHCTBHE.

Bce ximaccer mpomn3BoAHbIE OT Entity peamu3yoT (yHKIHOHAT OOBEKTOB CHCTEMBI, a KIJIACCHI
NpOM3BOJHEIE OT EntityType peaau3yroT THI 00beKTa. DK3EMIUIIPOB OOBEKTOB MOXKET OBITH
CKOJIb YTOTHO MHOTO, OJTHAKO Ka)KJIbIil THIT 00BEKTA CYIIECTBYET B CHCTEME B €IMHCTBEHHOM UYHCIIC
U uMeeT riobanbHyI0 TOYKy Bxoma (marrepH Singleton). Kiacchl THIIOB HCTIONB3YIOTCS ISt
CO3JJaHUS HOBBIX 9K3EMIUISIPOB 0OBEKTOB C TOMOIIBI0 MEXaHU3Ma KOHCTPYKTOPOB.

3.2 Bsanmopgencrteue ¢ Python API

Bo3moxkHOCTE pabOTBI CO CBOHCTBAMH W JNEHCTBHAMH CYIIECTBYIOIIMX OOBEKTOB CHCTEMEI
UCKITIOYUTEIBHO Yepe3 uHTepdeiic 6a3oBoro kiacca Entity obecreyuBaeT UX COBMECTHMOCTD
KaK MeXIy cO0OH, Tak U ¢ Oyaymumu (emIé He pa3padoTaHHBIME) 00BEKTaMH U KilaccaMu. [TosTomy
TO/IZIEPKKA CIIEHapHUEB Ha s3bIKE BBHICOKOTO ypoBHs Python Gbima moGaBieHa B Hamry CHCTEMY C
yu€TOM 3TOH KII04YeBO# ocobeHHOCTH. MHTepnperaTop si3bika creHapues Python Obut BcTpoeH B
Hamy cucreMy ¢ nomoineio makera CPython [15], nomonHeHHOro cCHeHAaNIbHBIM MOJIYJIEM,
peann3yonmM YHUGHUIMPOBaHHBIH LeneBoii nHTepdetic. [lo cyTn, nHTEpIpeTaTop ClieHapUEeB CTAT
emé OJHOM KJIIMEHTCKON CTOPOHOW HAalllell CUCTEMBI, II03BOJISAIOLICH BBINOIHATH CLICHAPUM KaK U3
rpaduyeckoro uHTepdeiica Monp30BaTeNsi, TaK W M3 KOMaHIHOHW cTpoku. boiee noapoOHyro
uHdopManuio 00 HHTErpaIi JTAaHHOTO SI3bIKAa MOKHO HaiiTu B [16].
bnarogapst noo0HOH peanu3anuy, IpH PaclIMpeHHH CUCTEMbI HOBBIMH KJlacCaMH pa3paboTdnKam
Oosiee He TpeOyeTcsl MUcaTh KaKOW-INOO0 JOMONHUTENBHBINA KO/ JJIsL AOCTYNa K 3THM KJIaccaM H3
cueHapueB. HoBele kiacchl CTAaHOBSTCS JOCTYNHBIMU U3 CLIEHAPUEB aBTOMATUYECKH IIPU YCIIOBUH,
49TO OHHU OyIyT HaciaenoBaTh YHU(PUIIMPOBAHHBIH 1eIeBOi HHTEp(eiic.
Ha nuctunre 1 npuBenéH mpumep Koja, KOTOPBIM oIpenesseT HOBBIA THUI ILEJIOr0 YHMCIA,
XPaHSIIETO TOJIbKO MOJIOKHUTEIbHBIC 3HAUCHHs (OCHOBHOM s13bIK C++).
PosIntType: :PosIntType ()
EntityType (“PosInt”)
{
Def (new Property(this, "value", &PosInt::m value, TIntVal,
READ ONLY) ) ;
Def (new XAction (this, “Set”, &PosInt::Set,
Arg ("value", TIntval));
}
Jlucmune 1. Ilpumep onpedenenus H08020 muna
Listing 1. An example of a new type definition
Hoggrit Tim HacegyeTcest oT 6a3oBoro EntityType. B ero KoHCTpyKTOpE OnpeaenseTcs CBOHCTBO
value, KoTOpoe OyAeT HCIONb30BaThCS IS YTCHHS 3HAYCHHS, W JACHCTBHE Set AN ero
ycraHoBkH. [l co3maHWs OOBEKTa ITAHHOTO THIA ONpeAessieTcss (YHKIUS KOHCHPYKMOpP
(ocHoOBHOI 51361k C++), nuctuHr 2.
Entity *PosIntType::ConstructObject () const
{
return new PosInt ();
}
Jlucmune 2. ynkyus KOHCMPYKMop
Listing 2. Constructor function
CgoiicTBa 1 IeHUCTBUSI 1IEJIEBOTO HHTEp(elica SBHO MPpeoOpasyroTcsl B KOHCTPYKIHH si3bika Python,
MOATOMY CIICHAPHU MOTYT HCIOJB30BaTh OOBIYHYIO TOYCYHYIO HOTAIMIO JJIS JOCTyIa K Habopam
CBOJCTB U JIGHCTBHIA, KaK MMOKa3aHO Ha JINCTUHTE 3 (OCHOBHOM s13bIK Python):
x = PosInt () # BEIBOB KOHCTPyKTOpa obmvekTa Tuna PosInt
x.Set (10) # ycTaHOBKa HOBOTO 3HAUeHMS Uepes3 BEIBOB IelcTBus Set
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print (x.value) # uTeHue 3HaueHus uepes obpalleHMe K CBOMUCTBY value

Jucmune 3. Toueunas nomayus

Listing 3. Dot notation

Taxo# HoAX0x MO3BOIAET Pa3pabdaThIBaTh CLIEHAPHUH C HCIIOJIb30BAHMEM YCTOSBIIEIOCS CHHTAKCHCa
s3pika Python. B Hamem ciryyae HEeT HEOOXOANMOCTH UCTIONIB30BATh KAaKNUE-THOO JOMONMHEHUS HITH
OTICTbHBIE CHHTaKCHYECKHE KOHCTPYKLIMH I B3aMMOJCHCTBHSA C OOBEKTaMH CHCTEMBL OT
MOJIB30BaTelIs TPeOYIOTCs UMb 0a30BbIe 3HAHUS sA3bIKa Python.

JlpyraM IpeuMyIiecTBOM JaHHOTO MOAXOAA SBIAETCS TO, YTO MOTYyYUBIIHUICS B HTOre HHTEpdEiic
nporpammupoBanus cieHapueB (Python API) momHOCTRIO coBmamer ¢ yHH(DHUINPOBAHHBIM
IIeJIeBBIM MHTEP(EHCOM CHCTEMBI ¢ TOUKH 3PEHHUS HepapXul 00BEKTOB, UX CBOUCTB U AeiicTBuii. Ha
pHc. 2 TOKa3aH MPUMEpP TaKOH HepapXuH KIIACCOB, ONPEACIAIOMNI Pa3INIHbIC THITE Y3JI0B MOJEIH

(cueHsr).
| Entity I

A

PMode

| Camera [ LightGroup | | LightMade | ‘ heshMode ‘ | ObsererMode

Puc. 2. Hepapxus knaccog y3noe mooenu
Fig. 2. Hierarchy of node classes of the model
OTHe’apHO HY)KHO OTMETHTh OJIMH Ba)KHBIH MOMEHT, CBSI3aHHBIH C TeM, YTO IIeJIeBOi HHTepdeiic n3-
3a MCHOJNb30BaHMUS S3bIKA CLIEHAPUEB TENeph BBIXOAUT HEMOCPEICTBEHHO HAa KOHEYHOI'O
mosp3oBarenss. OT 3toro wuHTepdeiica TpeOyercss ObITh YIOOHBIM [UIS YEIOBEKa, T.e. IO
BO3MOXHOCTH TIOHSTHBIM, €CTECTBEHHBIM W HEMPOTHBOpEeYuBHIM. CloJla MOXHO BKJIIOYHTH
WCTOJIb30BaHNE Pa3pabOTUMKAMU MOHATHBIX UMEH CBOWCTB, NEHUCTBUI M THUIIOB, MCIIOJIb30BAHUE
CBOICTB TaM, IJi¢ 3TO BO3MOXKHO, BMecTO u30biTouHbIX Get/Set meto10B u T.11.

3.3. MNapameTpuyeckme o6bLEKTbI

ABTOMaTI/ISaHI/Iﬂ MOACIUPOBAHNA C TOMOMIBKO CHCHAPUEB, XPAHAMIUXCSI BHE caMou MOJCIIH,
HampuMep, B Bujae (ailyioB Ha TUCKE, MOXKET OBITh 3aTPyJHEHA, TaK KaK U3MEHEHHUE MapaMeTpoB
MOJIeNy 9acTo TpeOyeT M3MEHeHHe caMoro CIeHapus. J[aHHBIM HEZOCTATOK, MPUCYIIHH MHOTHM
JIpyTHM CHCTEMaM HHTEPAaKTUBHOW Tpaduky, ObII peméH HaMH C MOMOINBIO HCIOIB30BAHUS
CHeLHUaIbHBIX TapaMeTPHYeCKuX OOBEKTOB, KOTOPBIE, C OJHOH CTOPOHBI, SBISIFOTCS YaCTAMH
MOJIETIH, a ¢ JPYroil CTOPOHBI, coJiep KaT B cede crieHapuii Ha s3bike Python, npencrasnstomuii n3
cebs KIace pacIIupeHusl.

C TEeXHHMYECKOH TOYKHM 3PEHUsl MapaMeTpUYecKHe OOBEKTHl HHYEM HE OTJIMYAeTCsl OT APYTUX
00BEKTOB CHCTEMBI, PEUTU3YIOIINX YHU(PHUIMPOBAHHBINH eneBoii nHrepdeiic. OnHako monoOHbIe
00BEKTHl IMEIOT CPEJIM CBOMX CBOMCTB CIIEIMAILHOE CKPBITOE I0JIE, COAEpIKallee IporpaMMHbIH
KO Kjacca pacliMpeHHs. B ominune oT OOBIYHBIX CIEHApHeB, SBISIOMINXCS HaOOpOM
MOCIE0BATENBHO BBIIOTHAIOMUXCS MOANPOrpaMM, CHEHAPUM KIACCOB PACHIMPEHUN HE HMEIOT
SIBHOI TOUKHU BXO0J1a, C KOTOPO! HaYMHAETCA UX BBINOJHEHHE. BMecTo 3TOro /Ui B3aUMOAECUCTBHS C
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OCTAJILHOM CHUCTEMOW MCIONB3YIOTCS (QYHKIIMH OOPATHOTO BBI30BA, KOTOPBIE BBI3BIBAIOTCS SIAPOM
KOMILJIEKCa ONTHYECKOTO MoAeiupoBaHusd. Kmaccel pacuimpeHuil mo3BOJISIOT 3a7aBaTh, a 3aTEM
MHOTOKPAaTHO HM3MEHATH ITapaMeTphl CIeHapHOro 0OBeKTa 0e3 M3MEHEHHs Kola caMoro Kiacca
paclupeHus.
Krnaccsl pacmmpeHHil MONHOCTBIO MOJACPKUBAIOT MapagurMy OOBEKTHO-OPHEHTHPOBAHHOTO
MPOTPaMMHUPOBAHHA, T.€. OOBEKTHYIO OPHEHTAIINIO, HACIECAOBAHIE W MTOTUMOP(PHU3M, TEM CAMBIM
TPEJOCTABIASA OIB30BATEII0 yIOOHYI0 BO3MOXHOCTh PACIIMPCHHS KOHCYHOW CHCTEMBI HOBBIM
(hyHKIIMOHAITIOM.
Ha nuctuare 4 npuBenéH mpuMep Koia, KOTOPHIA OMpenenseT HOBBIM KIIacC PaCHIMPEeHHS,
OMUCHIBAIOIINI TUI TEOMETPHUUYECKOr0 00BekTa B (opMe mapasuienenumnena (OCHOBHOHM SI3BIK
Python):
class Box (PMesh) :
# Definition of parameters
org = Param("Origin", VectType (Size))
size = Param("Size", VectType(Size(0.001)), (300, 200, 100))
# Creation method
def Init (self):
# Create parts
self.AddPart ("Side")
# Evaluation method
def Eval (self):
# Calculate box boundaries
x1l, yl1, z1 = self.org
length, width, height = self.size
x1 -= length / 2; yl -= width / 2; zl -= height / 2
x2 = x1 + length; y2 = yl + width; z2 = z1 + height
# Reconstruct box geometry
self.ClearGeometry ()

self.Addverts (0, [[x1, =211, [[yl, y211, [[zl, z2]1])
#...
self.AddvVerts (5, [[x1]], [I[yl, y2]l, [[z1], [z2]])

# Notification handler
def OnNotify(self, object, reason):
pass

Jlucmune 4. Onpedenenue HO8020 K1ACCA PACULUPEHUSL
Listing 4. Defining a new extension class
CrpykTypa Kjacca paCIIUpEHUs] COCTOUT U3 €r0 UMEHH U MOCIEYIOIUX ONPENEICHUI METOIOB U
napameTposB. IlapameTpsl 3aat0TCs 4epe3 BBI30OB CIENUAIbHOIO MeToja Param (). IMu moryT
OBITH JIOOBIE THITBI, PEATHM3YIOIIHME IeNeBo uHTepdeiic. JOMOTHUTENEHO MapaMeTpy MOXKHO
3a/1aTh 3HA4EHHUE 10 yMom4aHuio. CrenuaibHBIA MeTo Init () HCIOMHIET pOJib KOHCTPYKTOpa U
BBI3BIBACTCA OJHOKPATHO TIPH CO3JaHWM HOBOTO 3K3eMIuiipa oOwekra. Metox Eval ()
ABTOMATHYECKH BBI3BIBAETCS SAPOM CHCTEMBI IPH U3MEHEHUU MapaMeTpoB kiacca. HazHaueHuem
9TOr0 MeToja SBJISICTCS OOHOBJIEHHE IIPEJCTABICHHS OOBEKTa B COOTBETCTBHHM C HOBBIMH
3HAYEHUSIMU IapaMeTPOB.
C Touku 3peHwus 1eneBoro nHrepdeiica, mapamMmerpsl Kjacca paclIupeHHs SBISIOTCS CBOHCTBAMH, a
METO/bI, COOTBETCTBEHHO, SBJISIOTCS ASUCTBUSIMH. DTO 03HAYAET, YTO AOCTYI K HUM BO3MOXKEH U3
M000H YacTH CHCTEMBl, HampuMep, M3 Tpaduueckoro uHTepdeiica WiIM M3 CIEHAPHEB, YTO
JIEMOHCTPHUPYETCSI Ha pucC. 3.
Tak kak nmapameTprueckre 00bEKTHI SBISIOTCS YaCTSIMHU MOZIEIH (CIIEHBI ), 10JDKHA 00eCTIeYMBaThCs
MX KOppEKTHas paboTa Ipy 3arpy3ke MoJIeiIH B 6oJiee CTapyro 1 Oosiee HOBYIO BEPCHIO KOMILIEKCa
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ONTHYECKOTO MOJCIUPOBaHHUA. OTO IOCTHTAcTCA C IMOMOMIIBI0 MEXaHH3Ma IIPOBEPKH BEPCHH,
KOTOPBIIl TapaHTHPYyeT, YTO KOJ KJIacCa PACHIMPEHHUS CMOXET (YHKIMOHHPOBATH JIOJLKHBIM

o0pazom.
Scene Hierarchy x
1
o} NewScene
xR B pox Parameters ? * Command Window n |
_580" Name: |Box Dﬁn )\'Hla::ﬁ ) O @J'
4 445 Trang Script Editor
Parametername  Preview _ .
+ # Box scene = GetScene()
7 e Backgrs wyz Origin (0.5m Om Om) ob3 = scene .GetlNode ("Box") . shape
. y . print (obj .org)
F:I‘ Erwiront | xvz Size (0.3m 0.2m 0.3m) print(obj.size)
| gl Cameras N
? Line: 3
+ e Animation
Output Area
@ Geograph (s00.0, 0.0, 0.0) -
+ g Scene Surf (300.0, Z00.0, 300.0000000000000&)
OK
a Scene Tex] Script Apply Ol Cancel

+ il Scene mel

T
Puc. 3. Paznuunvie cnocobvl docmyna Kk napamempam obvexma
Fig. 3. Different ways of accessing object parameters
BaxHOll 0COOEGHHOCTBIO MapaMeTpUYecKuX OOBEKTOB SBISIETCS BO3MOXKHOCTH peardpoBaHHs Ha
Pa3IMYHbIC COOBITHS, MPOUCXOISIIINE B IPYTUX 00BEKTaX CHCTEMbI, HAIIPUMED, HA U3MEHEHHE MX
COCTOSIHUS. JTa BO3MOXKHOCTh Pealn3yercs Onarojaps CrelralibHOMY MEXaHU3MY YBEIOMIICHUH,
OTHCHIBAEMOMY HIXKE.

3.4. MexaH1U3M cooOLeHUun 06 U3MeHeHUN 00 bLEKTOoB

LleneBoit uHTepdeiic Hameld cucTeMbl MOAEPKUBACT MEXAHWU3M YBEJOMIICHHH 00 M3MEHEHHUSX
COCTOSTHHSI 00BEKTOB. JlaHHBIN MeXaHU3M Oa3upyeTcs Ha CCbLIKax, KOTOPbIe MPEICTABISIOT COO0M
Pa3HOBHUIHOCTh YMHOTO yKa3aTels U MMEIOT OAHY BAXKHYIO JOMOJIHHUTENIBHYIO OCOOCHHOCTh: OHHU
SIBIISIFOTCST IBYXCTOPOHHUMH. TO €CTh XpaHAT yKa3aTelb HE TOJIBKO HA CCBUIAEMBIH O00BEKT, HO H
o0OpaTHBIN yKa3aTesb Ha 00BEKT, coaepKalnui ccouiky [17].

Kax b1t 00beKT CHCTEMBI MOXKET YBEIOMHUTH 00 M3MEHEHHH CBOETO COCTOSHUS C TOMOIIBIO BEI30BA
MeToga Entity: :NotifyChange () ueneBoro unrepderica. PesyapraToM 3TOr0 OYAET BHI30B
BHUPTYyaJbHOTO MeToJia Entity: :OnChange () BO BceX 00BEKTaX CHUCTEMBI, KOTOPBIEC BIA/EIOT
CCBUIKAMH Ha 0OBEKT, YBETOMHUBIINHI 00 N3MEHEHUH.

| Cerlmkn
References
-
Ob6vext B —— O6bexT A
Ohject B Ohbject A
u Brzoe w1
Callbacks
-
onChange () j*- HotifyChange()

Puc. 4. Yeeoomnenue 06 usmenenuu
Fig. 4. Change notification

Peanmzanus meroma OnChange () B 00beKTe BIAACIBIE TOJDKHA MPOAHAIH3HPOBATH NPUIHHY
HM3MEHCHHH, BHIITOHUTH COOTBETCTBYIOIINE JCUCTBU, a 3aTEM COOOIIUTH 3aBepIIcHA JIi 00paboTKa

M3MEHCHHSI WU e€ CleqyeT MPOAOJDKHUTH, T.€. IepenaTh 00pabOTKYy W3MEHECHHS CICIYIOIIEMY
00BEKTY U3 CIIMCKA O0OBEKTOB BIIAACIBIIEB CCHUTKU (pHUC. 4).
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AprymenTamu Bei3oBa NotifyChange () SBISIFOTCS IPpUIMHA YBEOMIICHUS, KOTOpast 3a1aéTCs B
Ka)XJIOM KOHKPETHOM KJlacCeé B BHJC KOHCTAHT MCPEUMCIICHUS, W JIOOBIC JOMOJHUTEIBHEIC
napaMeTpbl, KOTOPBIE MOTYT OBITh TMOJIE3HBI ITPU 00PabOTKE YBeAOMIICHHs B MeToie OnChange ()
00BEKTA BIIAICIbIIA.

JanHas (yHKIMOHATBHOCTD LIENEBOTO MHTep(eiica Obla BOILUIONMIEHA W B KIaccaX PacIIMpeHHH.
Jis 3TOTO B Ka)KIOM HSK3EMIUIIPE MapaMeTPHIEcKOro 0OBEKTa MMEETCsS CIICIHalIbHOe CKPBITOE
MoJIe, XpaHsIIee CIUCOK CCHUTOK Ha OTCJICKHMBAaeMbIe 00bEKThI. J[00aBIcHIE KOHKPETHOTO 00BEKTa
B 3TOT CIIUCOK OCYILECTBIISIETCS ¢ MOMOIIBI0 MeToJa EnableNotify () momydaroiero oObeKT B
KauecTBe apryMmeHTta. Kak mnpaBuio, JaHHBIA METOJ BBI3BIBAETCS B KOHCTPYKTOpE Kiacca
pacIIMpeHys], HO SIBHBIX OIPaHUYEHUN 371ECh HET, MOANUCATHCS HA MPUEM YBEAOMIIEHUM MOXKHO B
000# MOMEHT BpEMEHH U U3 J1I000ro Mecta cueHapusi. O0paboTInK yBEJOMIICHUH pearn3yeTcs B
Merone OnNotify (), KOTOpBIA SBISIETCA HENOCPEACTBEHHONM HAICTPOMKON HaJ METOAOM
OnChange () meneBoro uHTEpdEiica.

Ha mumctuare 5 mpmBenéH mpuMep Koia Kiacca pPacIIMPEeHHs, pealu3yromero oopaboTduk,
OTCJICKUBAIOIINN W3MEHCHHE pACHOJOKECHUS HMHTEPECYEeMOTO Yy3lia CIEHBl (OCHOBHOW S3BIK
Python):
# Notification handler
def OnNotify(self, obj, reason):
# Check the object that issued the notification
s = GetScene ()
if ((s != None) and (obj == s.GetNode ("Box"))):
# Check reason
if ((reason is not None) and (reason ==
NodeNotifyReason.TRANSFORM CHANGED) ) :
# Position of ‘Box’ node was changed, do some stuff
Jlucmune 5. Ilpumep xooa Kracca pacuiupeHrus, peausyioue2o 06pabomuux
Listing 5. Example code for an extension class that implements a handler
ITapameTtpudeckue 00BEKTHI, UCTIOIB3YIONINE MEXaHU3M YBEIOMIICHUH, MO3BOJIIIOT OTKAa3aThCs OT
HEOOXOJJUMOCTH OMPOCa COCTOSIHHSI OTCJEKHMBAEMBIX OOBEKTOB, YTO CYIIECTBEHHO TOBHIIIACT
3((HeKTHBHOCTH MPOIECCOB MOACTHPOBAHUS M SKOHOMHUT CHCTEMHBIE PECYPCHI.

4. Pe3ynbmamabl

OnmcaHHass TEXHOJIOTHS ObUIa YCIIEIIHO BHEIpPEHAa B pa3pabaThlBaeMbli HAMHM INPOTPAMMHBIHA
KOMIUIEKC ONTHYECKOTO MOJICIIMPOBaHMS M PEaJMCTHYHOW KOMIBIOTepHO# rpaduku Lumicept.
OmHUM W3 TIJIaBHBIX IPEUMYIIECTB JAHHOW TEXHOJOTMH CTala BO3MOXKHOCTh PACIIMPEHUS
(hyHKIIMOHATIPHOCTH CHCTEMBI 0€3 HEMOCPEICTBEHHOTO y4acTus pa3pabOT4YHMKOB, T.€. CHIAMHU
KOHEYHBIX [0JIb30BaTENEl, UTO MO3BOJSET BEIIOJIHATh TOUHYIO HACTPOUKY M MOJATOHKY KOMILIEKCA
MO X HY’XIIbI, 0COOEHHO B CiTydae HE0OXOJMMOCTH J100aBJICHNS] MOJETTMPOBAHHMS BEIYMCICHUH TEX
WY UHBIX CTaHAAPTOB U METPUK. DTO BEChMa BaYKHO B CBETE TOT'0, YTO Pa3IMUYHBIE apXUTEKTYPHO-
MPOEKTUPOBOYHBIE MU ONTUKO-IU3aHEPCKUE KOMIIAHUY, KaK MPaBUIIO, UCIIOJIB3YIOT pa3IUdHbIe
CTaHAapThl OCBEUIEHHOCTU WM SPKOCTH, II03TOMY HCIIOJb30BAHHUE CLEHAPUEB U KJIACCOB
pacHmpeHnui pemaeTr cpa3y HECKOIbKO MpodIeM.

e DxoHoMuueckas 3¢pekTuBHOCTb. JlopaboTka KoJa MPOrpaMMHOIO KOMIUIEKCA JUIA KaxJIO0ro
KOHKPETHOTO 3aKa3unka MOXeT OBITb BechMa Joporocrosmiedl. biaromapsi BO3MOXHOCTH
JI00aBJIATh pacyeThl ¢ MOMOIIBIO CLIEHAPHEB, MOJb30BATEIN MOTYT HAaCTpanBaTh KOMIUIEKC B
COOTBETCTBUH CO CBOMMU KOHKPETHBIMU HOTpe6HOCT$[MI/I, HC TpeGyﬂ BHECCHHS M3MCHCHUM B
€ro UCXOIHBINA KOJ. DTO MO3BOJISAET UM COKOHOMUTD KaK BPEMsl, TaK U JICHbI .

e T'mbkocte. Mcnons3oBaHne creHapueB oOecrednBaeT OONBIIYI0 THOKOCTh NMPH JOOABICHUH

HOBBIX (DYHKIHH M BO3MOKHOCTEH. DTO CBA3aHO C TEM, YTO CLEHAPUH MOYKHO JIETKO H3MEHATH
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1 OOHOBIISITH, @ OT MONB30BaTeNeil He TPEOYIOTCA MPOABUHYTHIE HABBIKYM M 3HAHUS B 00/1aCTH
IIPOrpaMMUPOBAHMUSL.

e BesomacHOCTE. M3MeHeHHe KO MPOrPaMMHOT0 KOMILIEKCa JUIS KaJKA0T0 3aKa34hKa He TOIBKO
noporo, Ho u HeOe3omacHO. CyIiecTBYeT BRICOKAs BEPOSTHOCTh BHECEHHUS OMIMOOK, KOTOPBIC
MOTYT BBI3BaTh Cepbe3HbIC MpoOeMbl. ClieHapHH 1 KJIACCHI PaCIINPEHUN 00eceunBaioT Oosee
0e30MacHbIi OAX0/ K HACTPOUKE.

e [IloBeiienHas macitabupyemocts. CreHapuu OO0JEerdaroT HWHTETPALHUI0 MOJIb30BATENbCKUX
00BEKTOB M (YHKIWI B CIICIANIbHBIC OMOIMOTEKH, KOTOPBIE BIOCIEIACTBHHA MOXHO JIETKO
PaCIIUPSATH 1O MEPEe BO3PACTaHUS MOTPEOHOCTEH.

K HacrosimieMy BpeMeHH [UIs HaIIero KoMIuiekca Obut co3naH Habop u3 ~200 cueHapHBIX

pacmupeHuii, OoJpIIasgs YacTh KOTOPBIX MPEACTABISIET COOOH KIIACCHI OOBEKTOB CIEHBI

MOJIb30BATENILCKUX THIIOB, TAKHX KaK Y3JIbI, [EOMETPHUH, MUKPOTEOMETPUH, a TaKkke (YHKIIHH.

OcTaBmiasics YacTh SABJISACTCS Pa3IHYHBIMU BUJIAMH CUMYJISTOPOB.

4.1. Mpumepbl pacluMpeHUn

OpHUM W3 NPAKTHYECKUX NPHMEPOB PACIIMPEHUS (YHKIMOHAIBHOCTH HAIETO MPOTPAMMHOTO
KOMIUIEKCa SIBJISIETCSl CLEHAPHBIH CHMYJIATOP ONpeNeNieHUs YPOBHS IUCKOM(OPTa, BHIZBAHHOTO
6nukamu oT MctouHMKOB cBera (Glare Rating). aHHBIH CHMYJISATOP MO3BOJSET MOACTHPOBATH
€CTECTBEHHOE OCBEIIIEHHE IPOCTPAHCTBA C UCIOIb30BAHUEM Pa3IUYHBIX TAPaMETPOB, 3a1aBaEMBIX
TIOJTb30BATENIEM, U MOCIEAYIOINM COXPaHEHHEM PE3yNIbTaToB B (hailiioBO cucreme.

T

Unified Glare Rating: 8.659952
Background luminance: 80.43857 (cd/n2)

0.007923849 4.521654
0.004634725 2.1682725
0.092731498 0.945254
©.802663621 8.90246¢
0.0082257292 1.260¢26

©.0202410%8 9.732119

Puc. 5. Cumynamop ona ananuza 61uxos
Fig. 5. Simulator for glare rating analysis

OCHOBHBIMH TrmapaMmeTpaMu CUMYJISATOPA SIBIIAIOTCSA: OPUEHTANUA CIICHBI, ITOJIOXKECHNUE Ha6HIOI[aTCH$I,
SAPKOCTb HCTOYHHUKOB OCBELICHUS. MHOXECTBO HOTOJHHUTEIBHBIX mapaMeTpoB IO3BOJISIET
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YIOPaBIATH Pa3IMIHBIMH XapaKTePHCTUKAMHU MOJICIINPOBAHIS, OT BEIOOpa MeTona pacuera — BRT
(Backward Ray Tracing) wim PT (Path Tracing) mo ¢opmara mmeH reHepupyeMmbIX (aiiioB ¢
pe3yIbTaTaMHu.

Pe3ynbTaToM paboTHl CHMYJISATOpA SBISETCS H300pakeHHWe, B KOTOPOM OOJACTH SPKOCTH IS
3apaHee 3aJaHHOTO WHTEPBAja BBHINEISIOTCSA H30JIMHUSMH, a 0o0llce 3HAUYCHHE PEHTHHIra GIIMKOB
(Unified Glare Rating) u neranpuast vHdOpMaIHs Mo Kax a0 061acTu coxpansercs B (aitn otuéra,
KakK 3TO MOKa3aHo Ha pHC. 5.

Jpyroii ipuMep TIpeacTaBisieT co00i ClieHapHOE PaCIIUpEHNE, MO3BOJISAIOIICE 331aTh TCOMETPHIO
B BUJIC KPUBOJIMHEHHOM MOBEPXHOCTH ¢ CHHYCOMIATbHBIM MPOMUIEM B CEUCHHUH, HATTPUMED, €CITH
TpebyeTcss MOJAEIUPOBAHNE TOBEPXHOCTEH ¢ TakuMu (opmamu. J[is TOro 4toObl J00aBHTH
MOA00HBIN OOBEKT B MOJIEIb, MOIB30BATEIIIO JOCTATOYHO MepeTaiuTh ero Meroaom drag and drop
13 GUOITHOTEKH 0OBEKTOB B CLIEHY, 3aT€M HACTPOUTEL HEOOXOAMMEIE TAPaMETPhI, TAKUE KaK PasMephl
TpebyeMOl MOBEPXHOCTH, aMIUTUTYIa W TEPUOJI KPUBOM, IIar pasOHUEHUs TPEYrOJBHON CETKH,
o0paszyrolieil KpUBOJIMHEHHYIO TOBEPXHOCTb, H T.1., ITO JEMOHCTPUPYETCS Ha pHC. 6.

8l SinlinearCurve Parmmeters

Hame:  SinLinesCue

Paramebar name Preniew
< Sie (1610
< Ampitude 0.0005m
< Penod 0.002m
& Mesh mubdivison (3002

= Orly pastive e

Sonpt prks

Puc. 6. [lapamempyl cyenaprozo ob6vexma u e2o omoopas;icerue 8 cyere
Fig. 6. Scenario based object parameters and its appearance in the scene

5. 3aknroyeHue

OmnucaHHBIN MOAXOM K MOJJEPKKE CLEHAPHEB LIMPOKO HCIIONB3YeTCs B pa3pabaThiBAEMOM HaMHU
MPOrPaMMHOM ~ KOMIUIEKCE ONTHYECKOro MojeiupoBaHus. OH TO3BONMI  pa3pabOTIUKaM
YMEHBIIUTh KOJHMYECTBO KOJA, HAJ KOTOPHIM BeNETCS COUHOBpEeMEHHas paboTa B paMKax
JKU3HEHHOrO IMKJIa KOMIUIeKca, Ojaronapsi YHU(QHKAIUH BHYTPEHHETO LICJIEBOTO MPOrPaMMHOIO
uHTepdeiica 0OBEKTOB CHCTEMBI C NMPOrpaMMHBIM HHTep(deiicoM cleHapueB. YIaloch CHU3UTh
BEPOSTHOCTh BOHUKHOBCHHUS OIIMOOK M PACXOXKIACHUH (YHKIHOHAIBHOCTH, a TAKXKE YBEIUYUTh
CKOpOCcTh pa3paboTku. [lonp3oBaTenn KOMIIEKCa, B CBOIO OYepellb, HONYYHIN B PacHOPsKEHUE
yIoOHbI HHTEp(EHC CIICHAPHEB, MO3BOJISIONIMKA aBTOMATH3UPOBATh PA3JIHYHBIC MPHKIATHBIC
3aJayM, a TaK)Ke CO3[aBaTh CBOM COOCTBEHHbIC I(P(PEKTUBHBIC PACIIMPEHHS C MHHHUMAaIbHBIMH
3aTpaTaMy BpEMEHH.
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Abstract. The most general structure of a computational algorithm that implements meshless Lagrangian
methods of computational fluid dynamics is discussed. Not only the main ones are touched upon, but also
“auxiliary”, but therefore no less important procedures, which implementation is often practically ignored. The
latter can lead to a significant imbalance and decrease in the efficiency of codes in which the “basic”
computational operations are significantly optimized. The author's in-house codes VM2D and VM3D are
discussed, the development of which at the first (“exploratory”) stage proceeded mainly along the path of
choosing and implementing the necessary mathematical models, and the achievement of acceptable efficiency
was ensured by an “extensive” way — involving significant computing resources (in particular, graphical
accelerators). An attempt was made to make a conclusion about the expediency of using existing third-party
libraries to perform computational geometry operations, solve problems on graphs, etc..
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1. BeedeHue

3amaun BBIYMCIUTEIBHON TUAPO- U ra3oBOM JMHAMHMKH TPAJULMOHHO M BIIOJHE 3aCIyKEHHO
OTHOCAT K HamnOoJiee BBIYUCIUTEIHHO CIOXKHBIM, NMPEXAE BCETO IO NPHUYMHE HEIMHEHHOCTH
YpaBHEHUH M ONpEICNAIOMNX COOTHOIIEHHH, a Takke HeO0OXOAMMOCTH BOCIPOU3BEICHUS
MIPOIIECCOB, MPOTEKAIOMINX Ha PAa3IMYHBIX IPOCTPAHCTBEHHBIX M BPEMEHHBIX MacmTabax — OT
ManbIX M JaXkKe TMOJCETOYHBIX (€CIM TOBOPUTH 00 HCIOJIB30BAaHHM TPAJUIIMOHHBIX UYHCIIEHHBIX
METOJI0B) /10 OOJIBIINX, CON3MEPUMBIX CO BCEH PAacUeTHOH 00JIacThIO.

B 1O Xe BpeMs B MH)KEHEPHOM IPAKTHKE NPUXOAUTCS CTAJIKUBATHCS C LIEJIbIM KJIACCOM 3ajad
MOJEIUPOBAHUS, B KOTOPBIX TEUEHUE CPEIbl KAK TAKOBOE HE IPEICTABIIAECT CaAMOCTOATEIBHOIO
HHTEpeca, OJHAKO €ro HEeoOXOJUMO YYHUTHIBaTh, YTOOBI TPABWIBHO ONPEIENSATh BEIUIHHEI
a9POrMAPOJAMHAMMYECKUX HAarpy3oK, JAEWCTBYIOUIMX Ha HaxoJsuuecs B IIOTOKE Teja.
[TpubamxeHHble METO/IbI, TIOSBUBILIHMECS €IIE B «IOKOMIIBIOTEPHYIO» 3pYy, TaKue Kak pacder Mo
CTalMOHAPHBIM K03 duIMeHTaM WM HCIONb30BaHnEe KOA(P(HUIMEHTOB MPUCOSINHEHHBIX Macc
(v Te, 1 Ipyrue MOTyT OBITh ONpEJeNICHbl HKCIIEPUMEHTAILHO WIN B PE3yJbTaTe MOAEIHPOBAHUS
CPaBHHUTEIILHO TIPOCTOTO pEXUMa OOTEKaHHS — CTallMOHApHOTO WM IOTEHIUAIBHOTO
COOTBETCTBEHHO), BIIOJHE INPHUIOJHBI W HE HOTEPSsUIM aKTyalbHOCTH, HO JIMIIb JUIi Y3KOTO
IUamna3oHa ycJOBWH: (KBa3W)CTalMOHAPHOTO OOTEKaHWA HETOABIKHBIX WM MEIJICHHO
JIBIDKYIIUXCS TEI B MPAKTUYECKH IIOCTOSHHOM TIIOTOKE, WIIH, HAo0O0pOT, BUOPHPYIOUNINX B
HETIOABIDKHOW cpele Teld. B CyIIecTBEHHO J>K€ HECTAMOHAPHBIX YCIOBHSX OOTEKaHUS,
COTIPOBOXKIAEMOT0 HHTCHCHBHBIM BHXpPE0Opa30BaHMEM, OTPBHIBAMH IIOTOKAa W T.II., YKa3aHHbIC
METOAUKH HEIIPUMEHHUMBIL.

IIpocToro m yHHBEpCANbHOTO pEIICHUS y TaHHOM NpOOIEeMBI HET; B TO )K€ BpEMS, €CIH
OTPaHUYNUTHCS PACCMOTPEHHEM CpPaBHUTEIBHO TIPOCTBIX MoOJENeH cpeabl — OAHO(A3HOH,
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OJTHOPOJHOH, HEC)KUMaeMO#, HETEINIONPOBOJHOW — TO TOMOOHBIE TEYEHUS BO3MOXKHO
MOJICTIMPOBATh C HCIIOJIb30BAaHUEM T.H. BUXPEBBIX METOJOB BBIYHCINTEIBHOW T'MIPOJHMHAMHKH.
IMocnennue, O CymIEeCTBY, BOCXOAAT K kimaccmdecknuM padoram H.E. JKykoBckoro, cBs3aBmiero
MHOTHE HaOJIOJaeMble THAPOAMHAMUYECKHe 3(PQEKTh ¢ BUXPEBOM NpHpomoil Teuenus. He
BIIaBasICh B HCTOPHIO UX Pa3BUTH (CM. 00CTOSTENBHBIE 0030pHI [ 1-3]), OTMETUM JIMILB ClEAYOLIEe
00CTOSTENILCTBO: TOCJE 3Tana MHTEHCHBHOIO pa3BuTHs B 60-x romax XX Beka — B Hayale
«KOMIBIOTEPHOH 3pbI» (2 MoImHOCTH OBM TOro BpeMeHH MO3BOJISAIM Peanu30BaTh JIMIIb UX, I
OoJyiee TPUBBIYHBIX Ha CETOJMHS CETOYHBIX METOJOB BBIYUCIHUTENBHBIX PECYpCOB OBUIO SIBHO
HEJJOCTaTOYHO) — HACTYIMJI dTall HEKOTOPOTO «3acTOos», BO BpeMsl KOTOPOro, Hao0opoT, OypHOe
pa3BUTHE MOJNYYWJIM CETOYHBIE METOABl. VX OUYEBHIHBIMH NPEHMYLIECTBAMU  SIBISIOTCA
YHHUBEPCAIbHOCTb, BO3MOXKHOCTh MOJCIMPOBAHUS B IIMPOKOM [MANa30HE CBOWCTB CPEABl B
YaCTHOCTH W IIOCTAHOBOK 3aJad B IIEJIOM, CPaBHUTEIbHAs IPOCTOTA MEPEXOAa K PELICHHUIO
MHOTOJUCIUILIMHAPHBIX 33/1a4 U JIp. BUXpeBble METOABI IPH 3TOM 3aHSUIN CBOIO, JOBOJIBHO Y3KYIO
HUIIY, ¥ TPOAODKWIN IUIAHOMEPHO Ppa3BUBATHCS, INPEBPATHBIINCH HA CETONHSIIIHWN OEHb B
JOBOJIBHO MOLHHbeI UHCTPYMEHT MHXKXCHCPHOT'O aHaIn3a.

2. Cmpmeypa ebl4yucsiumesibHO20 aJjieopummMa e suxpesbix memodax

OCOOCHHOCTBIO BHUXPEBBIX METOAOB B YACTHOCTH W JIATPAH)KEBBIX METOJOB YACTHI[ B LIEJIOM,

CYLIECTBEHHO OTJIMYAIOIIE MX OT KJIACCHYECKUX CETOYHBIX, SBISIETCS  CTPYKTypa

«BBIYHCIIUTENBHOTO KOHBeHepay. B anropurmMax CeTOYHBIX METOJOB Ha Ka)kJOM IIare pacdera Io

BPEMEHH pelIaeTcsi HEeKOTopask TUIIOBas 3a/1a4ya: CTPOUTCA Pa3HOCTHBIN aHAJIOT OIepaTopa 3aAadu

(kax mpaBuio, aupGEepeHIUATBLHOr0), MPEACTABIAIONIMKA CO0OM CHUCTEMYy alnreOpandecKux

YpaBHEHUI, KOTOpas, B CBOIO OuY€pellb, PEIIAETCs] TeM WM WHBIM MTEPAIIMOHHBIM METOIOM; MpH

9TOM MOTYT aKTUBHO UCIOJB30BATHCS PA3IUYHbIE CXEMbl MHTEPIOJISIINH, IPOU3BOAUTHCS PEIICHUS

HEKOTOPBIX BCIIOMOTATENbHBIX 3a7ad U T.M. [Ipu pemeHnn MHOTOAMCHMIUIMHAPHBIX 3a7ad B

OOJNBIIMHCTBE CITydacB HCIIONB3YIOT CXEMBI pacIICIUICHHUsS, paccMaTpuBas TakuM o0Opa3oM Ha

KQXKJOM «IOJIIare» 3a1a4dy TOJNbKO JUIsl OJHOW HEU3BECTHOM BEIMUYMHBI, OHAKO 3TO HE HapyIlIaeT

00TIIIeli JIOTHKH — BBIITONHCHHUS CXOIHBIX ONEpaIuid A BCEX Y3JIOB HIH STYCEK CETKH M PEIICHHS

Pa3pEeKEHHBIX CUCTEM ypaBHEHUI.

B BuXpeBHIX MeTOJaX Ha KaXIOM IIare pacdyera NPUXOMUTCS peIlaTh TOCTATOYHO OOIBIIOE

KOJIMYECTBO COBEPLUEHHO DPA3HOTUIIHBIX 33Jay, KOHKPETHBIA MEepe4YeHb KOTOPBIX 3aBHCHUT OT

paccMaTpuBaeMoil MomuduKanuu. ECIM MOMBITaThCS MPENCTaBUTh B HamOojee OO0IIeM BHIC

ICOPUTM, BBIIOJIHAEMBI Ha KaKIOM BpPEMEHHOM IlIare, TO MOKHO BBIIACIUThH CIIEAYIOLINE

Hanbouee Tpy03aTpaTHbIe OJIOKH ONepalivii:

1) wMopenupoBaHue MPoIECcca F'eHEePAY 3aBUXPEHHOCTH HA 00TEKAEMbIX TIOBEPXHOCTSIX;

2) BBIYKCIIEHHE CKOPOCTEH JBMKEHHS BUXPEBBIX YACTHUII;

3) BOCCTaHOBJIEHHE OIS CKOPOCTEH W TMOJIS JABJICHHS; PacyeT THAPOIMHAMHYECKHX Harpysok,
JIEACTBYIONUX Ha 00TEKaeMbIe TeNa,

4) MomenMpoBaHKWE SBOJIONUK 3aBUXPEHHOCTH B OONACTH TEYCHHS W JBUWKCHHS OOTEKaeMBIX
MOBEPXHOCTEH.

[IpumMepHast cxemMa BEIYUCIUTEIFHOTO AITOPUTMA MPEICTaBIIcHa Ha puc. 1.

[Ipu 3TOM cienyeT UMETh B BHIY, YTO KXl M3 OTMCUCHHBIX ITyHKTOB BKITFOYACT B CeOS IIENbII

MepeveHb MoJ3aad, YaCTO COBEPIICHHO PA3IMYHBIX II0 CBOMM «XapaKTEPHUCTUKaM); HaIpHUMeEp,

K IEpPBOMY OJIOKY OTHOCSITCS TaKUE MPOIETyPHI, KaK

® [IOCTPOCHHE CUCTEMBI JIMHCHHBIX AIreOpanvdecKuX YpaBHEHHA — TUCKPETHOTO aHaIora
TpaHUYHOTO (BOOOIIE TOBOPS, CHHTYJISIPHOTO WM THIIEPCHHTYIIIPHOTO) HHTETPATbHOTO
YpaBHEHHUS, T/Ie HETPUBHUAIHLHBIM SIBIISIETCS] HE TOJIHKO IIar GOPMHUPOBAHMS MATPHIIHI,
armpoKCUMHUPYIOLEH OTIepaTop, HO U pacyeT MpPaBOW YacTH;

®  pElLICHHME BO3HUKAIOIIEH JTMHEHHON CUCTEMBI € [TOJIHOCTBIO 3aII0JIHEHHOW MaTpULIEH.
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Fig. 1. The general scheme of the algorithm of vortex methods
Bropoii 650k BKiIOYaeT B ce0sl onepaly BHIYUCICHUS] CKOPOCTEH JIBH)KEHUS! BUXPEBBIX YaCTHII,
KaK KOHBEKTHUBHBIX, T.€. (JaKTHUECKH CKOPOCTEH Cpe/ibl B TOUKAX PACIIOJIOKESHHUS] BUXPEBBIX YACTHII,
TaK 1 AU Y3MOHHBIX, BEIPAKAIOIIMX BIMSHUE BS3KOCTH Cpelbl. 3ajaya pacueTa KOHBEKTHBHBIX
CKOpOCTEH BUXPEBBIX 4YacTHIl aHajornyHa 3agade N Ten. OTMETHM, YTO M3BECTHO HECKOJBKO
MOJIXOJZIOB K MOJICIIMPOBAHUIO BSI3KUX d((QEKTOB B BUXPEBBIX METOJAX; B KAUECTBE aJIbTEPHATHBEI
YIOMSIHyTOMY MeTOAy Au((dY3MOHHBIX CKOPOCTEW MOTYT OBITh MCIIOJIb30BaHBI METO/I CIIyYaiHBIX
6nyxaanuit (Random walk), meton o6mena unrencusroctsmu (Particle strength exchange), meton
nedhopmupoBanust sapa Buxps (Core spreading) u HekoTOpbIe Apyrue; NaHHBIE METOJbI Jajee
paccMarpuBath He Oymem; o0liee MpenCcTaBlICHHE 0 HUX MOYKHO TIOJy4nTh U3 0030pa [3].
s pacdera rHAPOJMHAMUYECKUX HArpy30K, BBIIONHSEMOrO B paMKax TPEThEro OJO0Ka, MOTYT
NIPUMEHATBCS.  pa3lIMuHbIe AJTOPUTMBI; HamOoJsiee YHZOOHBIM IIPEACTABISIETCS HCIIOJIB30BaHHE
0000mennit unTerpanoB bepnymmum um Komm — Jlarpamxa [4] m OonbmIOro KojgudyecTBa HX
MoAU(UKALK, aTaNTUPOBAHHBIX JUIS PEIICHUs 3a4ad Pa3IMYHbIX TUIOB [5—7]. Bo3MOXHO Kak
BOCCTAQHOBJICHHE TIOJISI JJABJICHUS C MOCIEIYIOIUM €r0 MHTETPUPOBAHHEM IO MOBEPXHOCTH Tena,
TaK U ONPEJEICHHE «UHTETPAIbHBIX» BEIMYUH HArpy30K — IJIABHOTO BEKTOpAa CHUJI U TIaBHOTO
MoMeHTa. COOTBETCTBYIOIIME BBIYHCIUTENBHBIE AITOPUTMBI JIHOO CPAaBHUTEIHHO MPOCTHI, JHOO
AQHAJIOTUYHEBI TEM, YTO HCIIOIB3YIOTCS NpH pereHnn 3agaqu Tana N ten. Oneparyst BOCCTaHOBIICHHS
IOJIST CKOPOCTEH Cpensl B 3aJaHHBIX TOYKAX IO CYIIECTBY HWACHTHYHA PacdyeTy KOHBEKTHBHBIX
CKOpPOCTEH BUXPEBBIX YaCTHII.

NEpeMELLEHNE BUXDEBhIX ]
KOHTPOMb NPOHWKHOBEHMS I

BUMEHWE
I A | HacTHU B Tena

184



Mapuesckuit UK., U3maitnosa FO.A., Epodpeesa M.A., Ko63aps [[.}0. O6 ncrnons30BaHUM OTKPHITHIX CTOPOHHUX OUOINOTEK MpU
TPOrPaMMHO# pean3aniy BUXPEBBIX METOA0B BBIUMCIUTEIbHON THApoauHaMHKU. Tpyost UCIT PAH, Tom 35, Bem. 2, 2023 ., cTp. 181-200

quBepTLIﬁ 010K onepaunﬁ npeamnoaracT peajnu3alio TAKUX aJlrOpuTMOB Kak

e pacueT TMEpPEeMEMICHHH BHUXPEBBIX YaCTHL M OOTEKAaeMbIX IOBEPXHOCTEH, BKIIOYAs
«COTIPSKCHUE» MPEACTABICHUS 3aBUXPEHHOCTH B BHIE BHXPEBOTO CJIOSI Ha OOTeKaeMOH
MIOBEPXHOCTH U €€ K€ MPEACTABICHNUS B BU/IC BUXPEBBIX CTPYKTYpP B 00JIACTH TCUCHHUS;

e  KOHTPOJb IIPOHUKHOBEHHMS 3aBUXPCHHOCTH BHYTPh OOTEKaEMBIX TOBEPXHOCTEH;

®  PECTPYKTypH3aIHs BUXPEBOTO CIE/A.

B abcomoTHOM OONBIIMHCTBE MyOJIHMKALMHA 1O BUXPEBBIM METOAAM aBTOPHI yJEISIFOT BHUMAaHHE

JMIIb OTAENBHBIM BOIIPOCAM, Yallle BCETO — PEATM3aH aJrOPUTMOB MOJECIUPOBAHMS JABMKECHHS

BUXPEBBIX JACTHII, a TAKXKE CXEMaM AWUCKPETH3AIlMH TPAHUYHOTO MHTErpajIbHOrO ypaBHeHHs. He

HoZBEprasi COMHEHHIO TOT (haKT, YTO JaHHBIE BOIIPOCHI SIBISIIOTCS HamOoJiee CIOXKHBIMHU M, Kak

CJIC/ICTBHE, UHTEPECHBIMU ISl HCCIENIOBAaHHS, OTMETHM, YTO B OOJACTH PEIICHUS YKa3aHHBIX

npoOJieM K HAcTOAIIEMY BPEMEHH HAKOIUICH 3HAYHUTENbHBIH ONBIT M JOCTUIHYT CYIIECTBEHHBIN

nporpecc: B JINTEPAType N3BECTHBI NPHOIMIKEHHBIE OBICTPbIE METO/IbI, HMEIOINE KBa3UINHEHHYIO

BBIYHCIIUTEIBHYIO CJI0XXHOCTb, IMO3BOJISIOIINE S()(EKTHBHO PAaCCUMTHIBATH B3aUMHOE BIMSHUC

BUXPEBBIX YaCTHI], a TaKKe pa3paboTaHbl BeCbMa TOYHBIE, pOOACTHBIC, U IIPU 3TOM oONagaromme

HEBBICOKOH BBIYHCIUTEILHOM CIIOXKHOCTBIO CXEMBI IS YruciIeHHoro pemenns [ NY (pacmmndposku

9TOI M OCTaNbHBIX HCIIOJB3YEMBIX B CTaThe aOOpeBHATyp, MCKIIOYas Ha3BaHWS OPTaHW3ALUHA U

Ha3BaHUs KOHKPETHBIX KOJOB, €CIIH MOCIECAHNE HE UMEIOT HEITOCPEACTBEHHON pacIun(poBKy, 11

ynoOcTBa CBEJCHHI B TAaOIMIly B KOHIIE CTaThbM). TeM He MEHee, NEePEeUNCICHHBIC alTOPUTMBI BO

MHOTHX CIydYasX IIOKa HaXOJiITCS Ha pa3HBIX CTagusIX METOIUYECKHX WCCICIOBAHUNA |

«OTPabOTKM», U TAJIEKO He BCET/Ia MOTYT OBITh BKIIOUEHBI B IPOIPaMMHbBIE pean3aliiy.

3. [lpoepamMMHbIe peanu3ayuu euxpesbix memodoe

Hecmotpst Ha TO, 4TO BUXpEBBIE METOABI UMEIOT 110 KpaitHel Mepe 60-1eTHIO0 HCTOPHIO Pa3BUTHS,
KaKk B Hallleil CTpaHe, TaKk W 3a pPyOeXoM, UX COBpEeMEHHbIE MOAM(PUKALMU IMPAKTHYECKH HE
pea30BaHbl B MPOrPAMMHBIX KOMIUIEKCaX, KOTOpPBIE OBUIM OBl JOCTYHHBIMH IIHPOKOMY KPYTY
uccuenoBarenei. VI3BecTHBI peanu3aiy TaK Ha3bIBAEMBIX ITAHEIBHBIX METOJIOB, KOTOPHIE MOYKHO
paccMaTpuBaTh JIMIIb KaK CaMble IPOCThIE BEPCHH BUXPEBBIX METO/I0OB, OTHAKO OHU HE PACKPBIBAIOT
UCTHHHBI TIOTEHIMAJ COBPEMEHHBIX MaTeMaTHUeCKHMX Mojeneil um amroputmoB. I[lomoGHoe
MOJIOXKEHHUE Jiell, 0e3yCIIOBHO, HETaTUBHO CKa3bIBAETCS Ha TOMYJIIPHOCTH BUXPEBBIX METOIOB CPEaU
uccieoBaTeNIel 1 pacueTYNKOB.

[IporpamMmHbIe peann3aliiii BUXPEBBIX METOJOB CTalM MOSBIATHCS JIMIIb B IOCIETHEE BpeMs,
HaumnHas npuMepHo ¢ 2017-2018 roja, HEKOTOPbIE U3 HUX MOJIEP)KUBAIOTCS U PA3BUBAIOTCSI, IIPU
9TOM NPAKTHYECKH BCE OHHU NPEJICTABIEHBI C OTKPHITBIM HMCXOAHBIM KOJIOM, YTO BIHCBHIBAaeTCS B
aKTyaJIbHYIO TEH/ICHINIO 0TKa3a OT MCIIOJIb30BaHNSI KOMMEPUYECKOT0 MPOrPaMMHOT0 00eCIICUeHHUS
JUIS MOZIEITMPOBAHUS B MEXaHMKE CIUIOMIHON CPe/bl M Tepexo/ia K CBOOOIHO paclpoCTpaHsIeMOMY
I1O ¢ OTKPBITBIMU UCXOTHBIMHU KOJJAMH.

OpHOMl W3 HEMHOTMX [JOCTYNHBIX peadu3alliii BHUXPEBBIX METOJOB MPUMEHHUTEIBHO K
MOJICTIMPOBAHUIO TUIOCKUX TEUYEHWH sBJIsgeTcs omyOnukoBaHHBIN B 2018 romy mporpaMMHBINH
xomiieke vvflow, moctymubii mo ccwuike https://packagecloud.io/vvflow/stable, B koTtopom
peann30BaH METOJ BS3KHX BHXPEBBIX JOMEHOB, paspaboranubiid mpod. I'.5. piHHuKOBOH [5, 8-
10]. Bo3MOXHOCTH IPOTrPaMMHOTO KOMITIEKCA MO3BOJISIIOT, B TOM YHWCIIE PELIaTh CONPSHKEHHBIC
3a/a4d B THAPOYIPYTOW TOCTaHOBKE JUII CHCTEM HelehOpMHpPYEeMBIX Mpoduieil ¢ ynpyrumu
CBSA3IMH MEXAY HUMHU. VI3 TeXHOJIOTHIA apajlIebHBIX BRIYHACIEHUH B vvilow HcIionp30BaHa IHIIH
OpenMP, 4T0 MO3BOJISIET TPOBOJMUTH PACUETHI TOJBKO HA CHCTEMaX C 001l MaMsThIO.

B 2018 romy mosiBUIHCH MakeThl ¢ OTKPHITHIM KomoM Omega2D u Omega3D, (moctymHbie
COOTBETCTBEHHO u3 perosutopues http://github.com/Applied-Scientific-Research/Omega2D wu
http://github.com/Applied-Scientific-Research/Omega3D), peanusyromue METOABl BHXPEBBIX
YaCTHII U1 MOAETHPOBAHNUS IJIOCKUX M IPOCTPAHCTBEHHBIX TeUeHHH 1 onvcaHHbIe B [11]. JlanHbIe
KOJIbI TIO3UIMOHUPYIOTCS pa3paboTuMkaMM Kak IIaropMmbl Uil pa3paObOTKM M peann3alun
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PA3IMYHBIX MOJU(HKALNKA BUXPEBBIX METOMOB; CYIIECTBEHHOC BHHUMAHHE YIEICHO BOIPOCAM
Bu3yanu3anuu. Ha naHHBI MOMEHT B yKa3aHHBIX NaKETaxX HET BO3MOXHOCTH MOJECIHPOBAHHMS
0o0TEeKaHMs TOJBIKHBIX IPOQHICH/TEN, HE BIIOJHE SCEH BONPOC O TOYHOCTH BBIYHCICHHSA
JIEMCTBYIOIINX Ha 00TEKaeMble TOBEPXHOCTH THAPOANHAMUYECKHX HArpy30K (M0 yMOJTYAHHUIO MX
BBIYHCIIEHHE BOOOIIE He pou3BoaAnTcs). Kpome Toro, npu pacuere B3anMHOTO BIIMSTHHS BUXPEBBIX
YaCTHIl HCIIOJB3YETCs TOJNBKO «IpsiMasi» peaiu3anus 3akoHa buo — CaBapa (T.e. aaroputm
KBaJIpaTUYHON BBHIYUCIHMTEILHON CII0KHOCTH), YCKOPEHUE BBIYMCICHUH MOXXET OBITH JOCTUTHYTO
JUIIb 32 CYET IOJAKJIIOYEHUS BHENIHMX OWOJIMOTEK, MO3BOJSIONIMX BBIIOJHITE YacTh
BBIYHCIIATEIHHON PaOOTHI HA TPAQUICCKUX YCKOPHUTEISX.

B 2019 roay mosBuics xkon FLOWVPM, sBnsromuiics 4acTeio 0ojiee KPYIMHOTO MPOCKTa
FLOWUnsteady (http://github.com/byuflowlab/flowunsteady), cBo601HO HOCTYITHBIH ¢ HCXOAHBIM
KOJIOM, HalMcaHHbIM Ha si3bike Julia. [lakeT mo3BoJIsieT MOAEINPOBATh MPOCTPAHCTBEHHBIE TCUCHUS
n oOTEeKaHWe Tel, B TOM YHCIE IIOABI)KHBIX, CIOKHON TeoMeTpudecKoil (opmbl; ommcaHue
peaan30BaHHBIX B HEM MOJEIEH M METOJOB NpuBeAeHO B [12]. TexHOmoruu pacmapamieTnBaHus
BBIYHCIICHUH B JIOCTYITHOH BEPCHH KOZA B SIBHOM BHJE HE HCIOIB3YIOTCS (OHAKO CPEICTBA A3bIKa
Julia mo3BoOJIAIOT 3TO HenmaTh HESBHO); U pacdeTa CKOPOCTeH BHXPEBBIX YaCTHI] HUCIOIB30BaH
OBICTPBI METOA MYNBTHIIONECH. B KauecTBe BUXPEBBIX YaCTHUIl HCIIOIB3YIOTCS BUXPEBBIE CI'YCTKH
(vortex blobs), TakuM oOpazoMm, TOJie 3aBHXPEHHOCTH B OOIIEM ciy4dae sIBISACTCS
HECOJICHOUJAIbHBIM.

B nuccepranumsx [13, 14] omrcaHs! porpaMMHBIE TAKETHI, PEaTU3YIOIINE METO] BA3KUX BUXPEBBIX
JIOMEHOB JJIsI MOJIETUPOBAHUSA IJIOCKUX TEUCHUH, OJHAKO HEJOCTYIHBIE Ui LIMPOKOTO Kpyra
MOTEHIMATBHBIX MONb30BaTeneit. M3BecTHO Takke o pazpaboranHom mpod. G. Morgenthal (©PI)
u aKTUBHO HCIOJIb3YEMOM B €ero Hay4yHOU LIKOJIE nakere VXflow
(https://www.igorkav.com/category/vxflow/), cozmanHom mis pemnieHust 3ajad MPOMBIILIEHHON
a9POJUHAMUKY 3JJaHUI U COOPYKEHUH B IBYMEPHOH U KBa3U-TPEXMEPHOM IIOCTAHOBKE; B JAHHOM
MaKeTe peajiM30BaH METOJl CIIy4ailHbIX OyxaaHuii [15] u opurnHaigpHas MoIUQUKAIHsL OBICTPOTO
METO0/1a pacdyeTa CKOPOCTeH BUXPEBBIX YacTull [ 16]; oOCHOBHBIE MOJIENIN U QJITOPUTMBI, TTOJIOKEHHbIC
B OCHOBY KOZa, OIHcaHbl B [17]. ANTOpUTMEI pacriapajuleIMBaHNs BBIYMCICHUH Ha KJIACTEPHBIX
cHUcTeMaX M BO3MOXKHOCTH BBIIIOJIHEHHSI pacueToB Ha rpadudecknx kaprax B VXflow He
MIPEIYCMOTPEHBL.

[To myGnukanmsM M3BECTHO TaKKe O CYIIECTBOBAHMH KOJIOB, PEAIM3YIOMINX BHXPEBBIC METOJIBI
(MeTox ANCKPETHBIX BUXPEH B PA3IMYHBIX MOIU(PUKAINAX, METO 3AMKHYTBIX BUXPEBBIX PAMOK), B
BBUA um. H.E. XKykosckoro, MI'Y um. M.B. JlomonocoBa, HUU [Napamtoroctpoenus, LIATU
uMm. H.E. Xykosckoro, Caskrt-IleTepOyprckoM rocynapcTBEHHOM MOPCKOM —TEXHHYECKOM
yHuBepcurere, WHcTuTyre MammHoBeneHuss uM. A.A. buaronpaBoBa PAH, Wacrutyte
maremaTuku uM. C.JI. CoboneBa CO PAH u HEKOTOpBIX APYTHX POCCUHCKHUX OpPTaHHM3AIMIX; U3
3apyOeXHBIX pa3pab0TOK OTMETHM OPUTHMHAIBHBIE METOJbI MOJICIMPOBAHUS ABYMEPHBIX BSI3KHUX
TEYCHH, OTIMCAHHBIC W PEANN30BaHHBIC B KOXE, Pa3pabOTaHHOM UTANBIHCKAMHU aBTropamu [18];
JIAaBHO ¥ YCIICIIHO Pa3BUBAIOTCSI METO/bI MOJEINPOBAHUS POCTPAHCTBEHHBIX TeueHHH B SIMOHUU
B Hay4HO# 1ikoiue npod. K. Kamemoto [19].

3HAYMTEbHBIH BKJIaJ Kak B Pa3BUTHE BUXPEBBIX METOIOB, OCOOCHHO MNPUMEHHUTENBHO K
MOJICIMPOBAHHUIO TEYEHUI B NPOCTPAHCTBEHHOW MOCTAaHOBKE, TaK M B pELIEHHE IMpoOJIeM WX
s dexTrBHON mporpammHon peanuzanuu BHecnu G.-H. Cottet (@pannus), P.D. Koumoutsakos
(I'peuns, IBefinapus), G. Winkelmans (benbrus) u np. Tem He MeHee, 0 pa3pabOTaHHBIX UMHU
KOJIaX M3BECTHO JIMIIb MO IyOJIMKAIMsM, JUIi CBOOOIHOTO JOCTyIla OHM HEJIOCTYIHBI. [13BecTHO
Takxe 0 co3gannu nporpamm asropamiu J.S. Uhlman, J.S. Marshal (CIIIA) u npyrumu.
KosmrexktBom aBtopoB [20, 21] paspaboran maker VM2D, cBOOOIHO NOCTYNHBIH MO CCBUIKE
https://github.com/vortexmethods/VM2D ¢ ucxoaubiM kojoMm Ha si3bike C++. OH npepHa3zHaYeH
JUISl pelIeHus IIHMPOKOTo Kpyra IUIOCKMX 337ad, B TOM YHCJIE B CONPSDKCHHOW THIPOYIPYTOH
MIOCTaHOBKE. B oTim4ne OT OCTaNbHBIX KOJOB B HEM PEaJIM30BaHbl YCOBEPIIEHCTBOBAHHBIE CXEMBI
MOBBIILICHHOH TOYHOCTH [Tl MOJCITUPOBAHUS TeHEPALUK 3aBUXPEHHOCTH [22], uMeeTrcs ynoOHbIit
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uHTep(deiic Ui pemenus: OONBIIOro Yuciaa OOHOTHUITHBIX 33a4 Ha KJIACTEpHBIX cucteMax. Kox
pacnapasurener ¢ npuMeHenneM texHonoruit OpenMP, MPI u CUDA, Bkiio49ast BO3MOXHOCTh UX
COBMECTHOTO HCTONIB30BaHusL. OTHAKO MHOTHE M3 PEATH30BAHHBIX B HEM aJITOPUTMOB SIBIISIOTCS
«TPUBUAIBHBIMUY, T.€. PEATU3YIOT HauOoJiee OYEBHHBIE, HO, K COXAJICHHUIO, JAaJeKO HE caMble
3¢ GeKTUBHBIE CIIOCOOBI BBIITOIHEHHUS COOTBETCTBYIOIINX ONEpanuii.

AHAJIOTHIHBIM 00pa30M YCTPOEH U paspabarsiBaeMblii aBTopamu ko1 VM3D [23], peammsyrommit
OpPUTMHAIIBHYI0 MOJU(UKAIMIO BHUXPEBOTO METOAA JUIS MOJEIUPOBAaHMS IPOCTPAHCTBEHHBIX
TeyeHHH. OTMETUM, 4YTO MJIsl pEIICHHs IPOCTPaHCTBEHHBIX 3anadu B VM3D peanuszoBan
OpPUTMHAIIBHBIA  aJITOPUTM TOCTPOEHHsI JUCKPETHOTO aHajlora TPaHWYHOTO HWHTETPajbHOTO
ypaBHEHHS (TaK)Ke 3alMCHIBAEMOT0 HE TaK, KaK B OOJBIIMHCTBE U3BECTHBIX pean3aliii), B OCHOBE
KoTOporo — cxema [anepkuna. J{yist BBIYHMCIICHHS] BOSHUKAIOIIKMX IIPH ATOM JABOMHBIX CHHTYJISIPHBIX
HHTErPajIoB MO TPEYTOJIbHBIM MaHESIM MOXKHO BMECTO aBTOPCKOTO airoputMma [24] ucrmonb3oBath
HECKOJIBKO MeHee »(QEeKTHBHBIN, HO BechMa YHHUBepcanbHBIH Metox Teimopa — addm,
JIOCTAaTOYHO MOApOOHO OMUCAHHBIN B [25]; cBOOOAHAS M OTKPHITAs peaNnu3alis JAHHOTO alTOPUTMAa
uMeeTcst B cocTaBe koma Scuff-em, mpenHasHaueHHOTO Ul peLICHHs 3aad JJIEKTPOCTATHKH H
JNEKTPOJMHAMHUKHA W JOCTyMHOro u3 pernosutopus https://github.com/HomerReid/scuff-em non
muuensueii  GPL-3  (momynsr TaylorDuffy; mnpumep BbidmCleHHS WHTErpajoB HMEETCS B
JIOKyMEHTAllUU K KOAY).

Jlanee paccMOTPUM IyTH ONTHMHU3AINN OOCY)KIABIIMXCS BBIIIEC BBIYUCIUTEIBHBIX aJTOPUTMOB, B
OCHOBE KOTOPBIX JIS)KUT HUCIIOJIb30BaHNE CTOPOHHUX OnbOmmotek. [Ipu aTOM OyznemM roBOpHTH JINIIB
0 BBICOKOYPOBHEBBIX, WM TIPHUKJIATHBIX OMOIHOTEKaX, HE «CIYCKasCh» Ha YPOBEHb, K MIPUMEDY,
6ubnmorek trma OpenMP wmm Intel TBB, xortopsie, 6e3 coMmHeHHii, MOTYT OBITH KpaiiHe
3¢ GEeKTUBHBI TIPH BBITIOJIHEHUH OT/IENIBHBIX YaCTHBIX ONEpalnil CPABHUTEIBHO «HU3KOTO» YPOBHS
(mapansenbHOE UCIOMHEHUE BUTKOB IMKIIOB, IapajuiefibHas COPTUPOBKA, ONEpalli PEAyKIUU U
KOHKYPEHTHOTO JI0CTyna K JaHHbIM M T.1.). He Oynmem Taxke 00CYyKAaTh HCIIOJIb30BaHUE
«CEpBUCHBIX» OMOIHOTEK, 00ECIeYUBaIOIINX, K IPUMEpPYy, HHUIHAIU3AIHIO 337a4 U COXpaHEHHe
PE3yJIbTATOB PACUYETOB. YKa)KEM JIHIIb, YTO JJISI YTEHHS UCXOIHBIX JaHHBIX, IIAPAMETPOB PAacUEeTOB
U pa3HOOOpa3HBIX HACTPOEK, OOBIYHO XPAHMMBIX B TEKCTOBBIX (haiiax, yJ0OHO HMCHOIB30BATh
KaKoi-mnbo yHUBEpcalbHBIA Tapcep, Hampumep, tomlll, nocTymHbI W3 pemo3uTOpUS
https://github.com/ToruNiina/toml11 (nunensus MIT). Tlpu coxpaneHun pe3yIbTaTOB pacyeToB, B
TOM 4YHCJE C IEIbI0 BH3YyaJM3aldH IEeIecO00pPa3HO IOJIb30BATHCS BO3MOKHOCTSAMH OTKPBITON
oubmmoreku VTK (https://www.vtk.org, nunensust BSD) u yHHBepcalbHOTO MOCTIPOIECCOPA
Paraview (https://www.paraview.org, mumensust BSD)

4. Onepayuu nuHelHOU aneebpbi

HecMoTpst Ha OTHOCHTEIBHYIO IPOCTOTY BHITTOJIHAEMBIX B BUXPEBBIX METO/IaX ONEPaIi JIMHEHHOM
anreOpsl (K MpUMepy, pelleHHe JUHEHHOW CHCTEMBI C 3allOJIHEHHOH XOpoIIo 00yCIOBICHHOM
MaTpuield win oOpalleHne TaKoW MaTpPHIIbI), CPaBHHUTEIHHO OOJbINas pPa3MEpPHOCTh 3aJauw,
JIOCTHUTAIOMIasi, OCOOCHHO INPH MOJEIHMPOBAHUM MPOCTPAHCTBEHHOTO OOTEKaHUS Tel, JECATKOB
TBICSY, TpeOyeT 3(h(heKTUBHOTO BBHITIOJIHEHUS] COOTBETCTBYIOIIUX MPOLETYD.

4.1 BeinonHeHue pacyetoB Ha CPU. bubnuoteka Eigen

IIpr mpoBeneHWM BBIYUCICHUHA Ha IHEHTPAIBLHOM IIpOIleccope MpPeACTaBisIeTcs A(PQPEKTHBHBIM
ucrons3oBanne Oubmmorekn Eigen. bubnmorteka passuBaetrcs ¢ 2006 roma coobImecTBOM
TuxFamily wu Inria, mocmemmme Bepcwm noctymHbl Ha caiite https://eigen.tuxfamily.org u
pacnpocTpaHstoTcs o cBo6oaHo# munensueit MPL 2.0. Oco0eHHOCTh OMOJIMOTEKH — OTCYTCTBHE
HEOOXOIMMOCTH €€ OTIEIbHOW KOMIMISIMK: MCXOMHBIH KOA TIpeAcTaBisieT coOoil Habop
3aroJI0BOYHBIX (DailJIoB, HEMOCPENCTBEHHO BKIFOYaeMbIX nupektuBamu #include B HeoOxoqumble
MO/IyJiu noJib3oBaTenbekoro T10.
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K ee mpenmMyIecTBaM cieayeT OTHECTH IPOCTOTY HHTETPALMH B KOJ, OTCYTCTBHE 3aBUCHUMOCTEH C
IPYrUMH  OUOIMOTeKaMH, OOJBIIOE KOJUYECTBO pPEaTr30BaHHBIX aJIrOPUTMOB, OJU3KYI0 K
€CTECTBEHHOW MAaTeMaTU4ECKOW HOTALMIO 3alUCH BhIpaKeHUH. BaskHOE 3HaUeHNE HMeeT Haaudue
Ka4eCTBEHHO IOJrOTOBJICHHOH OOCTOATENbHOM JOoKyMeHTauumu. lmeeTcs BO3MOXKHOCTD
BBINIOJTHEHUS HEKOTOPhIX omnepanuii B mapamiensHoM OpenMP-pexxuve Ha OBM ¢ oOeit
MaMATBHIO: K TAaKOBBIM OTHOCSITCS YMHOKeHHME Marpul, LU-pasnoskeHne ¢ 4acTH4YHBIM BBEIOOpPOM
Beaymero siementa (PartialPivLU), nTepanuoHHOE penieHHE IJUHEHHBIX CHCTEM METOJaMHU
CONpsDKEHHBIX U OucompsbkeHHBbIX rpamueHTtoB (ConjugateGradients, BiCGStab), peanmzaums
METO/la HAaWMEHBIIMX KBaJIpaTOB C WCIIOJB30BAHHEM METOAa COINPSHKEHHBIX T'PaJUCHTOB
(LeastSquaresConjugateGradient). Ilpy HaimuuMK YCTAHOBICHHBIX HA KOMITBIOTEPE MOJIB30BATEIIA
peammsarmiit BLAS/LAPACK 6utnnoreka Eigen MokeT BICTYIIATh B KauecTBe HHTEpdeiica K HIM;
TO xe otHOocuTes k Intel MKL.
Beicokast IpoM3BOMUTENIBHOCTD Eigen mocTuraercst 6aromapst TIOTHKE MOCTPOCHHUST OUOINOTEKH Ha
OCHOBE T.H. (JICHUBBIX)» IIA0JIOHOB: 3TO O3HAYaeT (He MOTPYKasich B HOAPOOHOCTH), YTO HA BBIXOZC
mory4aeTcsi abCTpakTHOE CHHTAKCHYECKOE JIEPEeBO MPABON YaCTH MCXOMAHOTO BBIPAKCHUS B BUIC
I1a0OHHBIX OOBEKTOB, WM3BECTHBHIX HA CTAAWA KOMIIIAIMHA. JTO JEPEBO IMPEBpamiacTcs B
pearbHBIN HCTIONMHSIEMBIH KOJX TONBKO ITIPH HCIOJHEHWH omepaTopa mnpucBamBaHus. OOpaTHOM
CTOPOHOW TAaKOTO MOJXO0JA SBISETCS «IUIOXOIPENICKA3yeMOoey IMOBEeICHUE TIPH HAIIMCaHUH KOJa, B
KOTOPOM HCHOJIB3YIOTCA ON€pallii HEABHOI'O MPHUBCACHUA THUIIOB WJIM aBTOMAaTHU4YCCKOI'0 BBIBOJA
tuna. K npumepy, ucnonneHmne koaa

Eigen::MatrixXd A({ { 1.0, 2.0 }, { 3.0, 4.0 } });

Eigen::MatrixXd B({ { 1.0, 0.0 }, { 0.0, 1.0 } 1});

auto C = A * B;

Eigen::MatrixXd R1 = C;

B(0,0) = B(1,1) = 2.0;

Eigen::MatrixXd R2 = C;

I4

IIpUBEJIET K TOMY, uTo Marpuisl R1 u R2 OynyT oTimuarscs B 2 pa3a, HOCKOJIBKY B JaHHOM Cllydae
nepeMeHHass C UMeeT THIT HE MaTpHIIBl, @ HEKOTOPOTO «JICHUBOTOY» IIA0JIOHHOTO BBIPAXKEHHUS, T.C.
TIPY €€ OTIpeieIeHNH HUKAKOTO TIEPEMHO)KEHN S MATPHII B PEaTbHOCTH HE TPOUCXOANT. PermTs a1y
npobiieMy MOXHO 100 siBHBIM YykazanueMm tuna nepemenHod C (Eigen::MatrixXd), mmbo
MoauGbHUKAIMEH CTPOKH:

auto C = (A * B).eval():;
CMBICIT KOTOPOU MOHSITEH U3 COKPAIICHHOTO Ha3BaHMs omepanuu «evaluatey.
AHanornyHoe, Ha TEPBBI B3] HEKOPPEKTHOE IOBEAEHHE, MOXKET HAOIIONAThCs IIpH
UCIOJIb30BAaHUU TEPHAPHOTO OIEPaTopa, a TaKKe HMpH 00pabOTKe BBIPAXKEHUH, B KOTOPBIX OJMH U
TOT k€ 00OBEKT BCTpEUaeTcs U CIIeBa, U CIpaBa OT 3HaKa PUCBAUBAHUSI.
TakuM 06pa3oM, 0COOEHHOCTH BHYTPEHHErO YCTpoiicTBa OHONIMOTEKH JMHEWHOH anreOpsr Eigen,
MOJYYUTh  IEPBOHAYAIBHOE IMPEACTABICHHE O KOTOPBIX MOXHO M3  JIOKYMEHTAIL[UH
(https://eigen.tuxfamily.org/dox/UserManual_UnderstandingEigen.html), Heo6xoaumo y4uThIBaTH
MIpY HAMMCAHUW KOJa, 9TOOBI obecneunTh Hamboliee MmoyiHoe U 3PPEKTUBHOE UCTIOIh30BAHUE €€
BO3MOKHOCTEH.

4.2 BbinonHeHue pacyetoB Ha GPU. Bubnuortekn CUDA

Bo3MoxHOCTH HCTONB30BaHus OnbnnoTekn Eigen mpu BBIMONHEHHH PacueToB Ha TPapUIECKHUX
KapTax, ucnons3ys Texnonoruto Nvidia CUDA, orpanudens! paboToi ¢ MaTpHUIIaMH ¥ BEKTOPaMH
(bukcHpoBaHHOW pasmepHOCTH — 1...4-MepHBIMH. B 310 cBsfi3u ucmons3oBanue Eigen st
HCTIOTHEHUS] OCHOBHOM MacChl HEOOXOIMMBIX ONEpannii OKa3bIBaeTCsl HEBOSMOXKHBIM. 3aMEHOH e
MOXeT Ciyxuth Oubimmoreka CUBLAS wmmm CUSPARSE (s pabGoThl € 3alOJHEHHBIMH |
pa3peKeHHBIMU MATPHUIIAMHU COOTBETCTBEHHO); 00e BxosaT B coctaB Nvidia Toolkit. Yxo6cTBo ux
UCIIONIb30BAHMS 3aKIII0YAeTCsl B OTCYTCTBHM HEOOXOAMMOCTH IUCATh KOJ, KOMIMIMPYEMbIH UIst
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YCTPOWCTBA KOMIIMILITOPOM NVCC, T.€. BCE MCMONb3yeMble QYHKIHHN SBIAIOTCS hOSt-byHKImsMu.
Taxoke yka3zaHHble OMOTHOTEKN CHAOKEHBI TOAPOOHON TOKyMEHTAIIUEH.

Henocrarok ucnions3oanust CUBLAS/CUSPARSE ¢ Touku 3peHHs MONb30BATENs, HE BIIAICIOIIETO
«HU3KOYPOBHEBOW» TexHosorueil padborsl ¢ GPU, — HeHarnsgHas M HE WHTYWTHBHO-TIOHSTHAs
HOTaIlMs NpH HamucaHud komga. B omimume ot Eigen, Oubmuorexku mns pa6otet ¢ CUDA He
MPEIOCTABISIOT IOJIH30BATEII0 COOCTBEHHYIO «IKOCHCTEMY» THIIOB M CTPYKTYp JaHHBIX, a
UCTIONB3YIOTCS JIMIIB AJIS BBIIIOHEHNS BEIYUCINTENBHO TPYAOEMKHX onepanuil. [Ipu aTom cnexyer
UMETh B BUAY, YTO BBINOJHEHHE ACHCTBUII Ha yCTpOHCTBE (BHAEOKApTe) TpeOyeT HaKIaJHBIX
pacxo0B — KOMMPOBAHMS Ha YCTPOHCTBO NCXOJHBIX AAHHBIX, a 3aT€M KOIMPOBAHUS PE3yabTaTa B
oOpatHOM HampaBieHud. ['oBopst 00 omepammsax BLAS yporus 3 (pemieHne THHEHHBIX CHCTEM,
YMHOXEHHE M OOpallleHHE 3aloJHEHHBIX MaTpHIl), HEOOXOAUMO IOMHHUTBH, YTO HX CIO0XHOCTb
MPOTIOPIHOHATRHA KyOy pa3MepHOCTH MaTpHIl, a 00beM 0O0padaThIBaeMbBIX JAHHBIX — €€ KBaapary,
MOATOMY BBIIIOJIHEHUE TaKUX OIEpaliii Ha YCTPOWCTBE ONpPAaBIaHO JHMIIb ISl JIOCTATOYHO
«Oonpmmx» 3axad. K npumepy, s MaTpHll, UMEIOIIMX pa3Mep MOpsiika HECKOJIBKUX IECSTKOB
TBICSIY, BBIUTPBILI OT PEIICHUs TMHEWHON CUCTEMBI HA YCTPOUCTBE, B 3aBUCUMOCTH OT COOTHOLIECHHS
MPOU3BOJUTENFHOCTE KOHKPETHOTO HpOLiEccopa M BHIACOKAPTHI, MOKET JOCTUIaTh HECKOJIBKHX
JIECSATKOB Pas.

Hcnonnenue Ha yctpoiictBe omnepauuii BLAS ypoBHs 2 enBa Ju MOXET OBITH ONpPaBIaHHBIM,
HCKJTIOYas ciIydaii, Kora MaTpHna y)ke 3arpy’keHa B IaMsATh yCTpOicTBa.

4.3 PeweHue 3agaum Tuna N ten

«[Ipsmoii» anroput™ pemenus 3aaaun N Tea peann3yercst HCKIIOYUTENBHO MPocTo (0€3 pa3HULIbL,
st CPU mmn GPU) u mpakTHYecKd uaeasbHO Macuitabupyercs. [aBHBINH ero HeIOCTaTOK —
KBaJIpaTUYHasi BBIYUCIUTENbHAS CIOXHOCTb, YTO INPHU KOJMWYECTBE BHXPEBBIX YaCTHIl MOPSIKA
COTEH THICSY WJIM MIJIJTMOHOB MIPUBOJNT K HEIPUEMIIEMBIM 3aTpaTaM BPEMCEHH.

DddexkTuBHOE pelIcHHE TAHHOW MPOOIEMBI — B HCIOJH30BAHUU MPUOIMIKEHHBIX OBICTPHIX
JITOPUTMOB, BCE MHOT000pa3ue KOTOPBIX MOXXHO pPa3ZeiMTh Ha JiBa KJacca: METOAbI, B OCHOBE
KOTOPBIX MOCTPOCHHE HEepapXHUecKo MPOCTPAHCTBEHHOW CTPYKTYphl jaepeBa (treecodes), u
METOBI, MpeaIoiaralline BEIONHEHHE OBICTporo mpeobpasoBanus Dypee (FFT). K mepBbM
otHOcsATcs Metof bapaca — Xara, OpicTpeiil MeTox mynbtunionei (FMM) u MHOTOUNCTICHHBIE X
BapUalnK; UMEHHO 3TH METOJIbI, CY/Isl 1O MyOJIMKALIUSIM, 32aBOECBAIIM HAHOOJIBIIYIO MTOMYJISIPHOCTb.
Bospioli mHTEpeC NpeACTaBISET JOCTAaTOYHO OOCTOSATENBHOE METOAMYECKOE HCCIeOBaHME,
MpOBEAEHHOE AJIsl IAHHOM 3a/1a4il aHOHUMHBIM aBTOPOM [26], TTosrydeHHbIe TaM pe3yJIbTaThl BEChbMa
HarJIAHBl ¥ OTPAXKalOT OCHOBHBIC TEHAEHIIMHU: B YACTHOCTH, TJIABHBIM BBIBOZOM SBISIETCS TO, YTO
HanOOIBIIYO IPOU3BOANTENEHOCTE oOecmeunBaecT CUDA-peamm3anums anmropurma metona bapaca
— Xara, Ipu 3TOM CJIelyeT yAeJSATh CaMOe NMPUCTAIFHOE BHUMAHUE IPOIPAaMMHON pean3aliy C
y4eTOM CHeli(UKY BBITIONHEHHS BBIYMCICHUI M opranmsanuu namstd Ha GPU. Tam xe [26]
NpUBEJIEHA CChIJIKA Ha penozuTopuit https://github.com/drons/nbody (coGoaroe T10, nuieH3us He
yKa3aHa), IJie MPeACTaBICHbl peaiM3allii BCeX OMUCAHHBIX alrOpUTMOB. [IpejcTaBieHHbIH KOA
tpebyer bubmorex Qt, Boost, OpenCL, OpenGL, CUDA Toolkit.

K cosanenuto, jaxe TOT aJIrOPUTM, YTO IIPHU3HAH AaBTOPOM ONITHMAIIbHBIM, PEaln30BaH B yKa3aHHOMN
6ubnnorexe He caMbIM (P GEKTHBHBIM 00pa3oM (TI0 KpaiHell Mepe, eciii TpedyeTcsi o0ecTiednBaTh
JIOCTATOYHO BBICOKYIO TOYHOCTH PAacyeroB); 3TO CTAHOBUTCS SICHO M3 COIOCTABIICHHUS YKa3aHHOW
peammsaiuu ¢ komom ECL-BH astopa M.Burcher, moctymubiM Ha ero mepcoHansHO# cTpaHuie
http://www.cs.txstate.edu/~burtscher/research/ECL-BH/ (iuniensus BSD) u neTanbHO ONMCAHHBIM
B [27]: Ipy MACHTHYHBIX HCXOJHBIX TAHHBIX U OJMHAKOBON TOYHOCTH BpEMsI BEIYUCIICHHI Ha OTHOU
U TOW ’XKe BUAEOKApTE OTIMYAeTCs MpUMeEpHO Ha mnopsiok (B 10 pa3). CinemyeT oTMETHTD, YTO
ykazaHHbIil ko ECL-BH He numieH HenoCTAaTKOB: Ha NMPOM3BOAMTENBHBIX BHAEOKApTaxX THIIA
Nvidia Titan V, Tesla V100, Tesla A100, umeromux Mmopsiika COTHH MYJIbTHIPOIECCOPOB,
HaOJII01aeTCsl «rOHKA IAHHBIX», KOTOpas, BIPOYEM, MOXKET ObITh YCTpaHEHa MOcJie BHUMATEIbHOTO
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M3YYCHUS U aHAIIM3a CTPYKTYPhI KOJA IyTeM J00aBJIeHUs B HEOOXOJUMBIX MeCTaX KBaTU(HUKATOPA
volatile. Koxg ECL-BH Bxmouen B mpoekr Lonestar (mocTymeH u3 pernmosuTopus
https://github.com/chenxuhao/lonestaromp, mumensus MIT), a Takke ucnons3yercs B psage “in-
house”-pa3paboTok, B KOTOPBIX MPUXOAUTCS PENIaTh TpaBUTAHOHHY0 3a1ady N tei. [Ipu aToM TOT
(aKT, 4TO OCHOBHASI XapaKTEPUCTHKA KAXKIOTO Tela — ero Macca — 3TO CKaJISPHAs MOJIOKHUTEIbHAS
BEJIMYMHA, CYIIECTBEHHO HCIONB3YETCSl B JAHHOM KOJE, U JJIs ero OO0OOILICHUs Jaxke Ha 3aJa4u
B3aUMO/ICHCTBUS TOYCYHBIX 3apsiIOB (MOJOKUTEIHHOTO M OTPULATEILHOIO 3HAKOB), U TeM Ooliee
Ha 3aJaYd B3aMMOJCHCTBHS BHXPEBBIX YACTHI[, TpeOyeTcsi HeTpUBHalbHAs MoauduUKanus,
NPUBOJSIAS K HEKOTOPOMY CHIDKEHHIO MNPOU3BOMUTENBHOCTH. CpaBHUTEIBHYIO MPOCTOTY
Mo udUKaIMU Kojia 00eCceYrBaeT ero BecbMa sICHasl, XOTsI U HECKOJIBKO I'POMO3/IKasi CTPYKTYypa, ’
OTCYTCTBHE 3aBUCHMOCTEN OT IPYrux OUOIMNOTEK, HE CUUTAsT CTAaHIAPTHBIX.

JlpyruM  TIpezcTaBUTENleM ceMmeiicTBa  treecodes siBisieTcss  ceMecTBO - OBICTPBIX  METOJOB
Mmysabtunonei. [To MeTomam MynbTHIONEH B pa3iUYHBIX MOAU(QHKALMIX HMEETCS OTPOMHOE
KOJIMYECTBO MyOIUKAIMi, Cpeld KOTOPBIX OTMETHM MoHorpaduio [28] u cepuio padot [29, 30]
MEXAYHapOIHOTO KOJJIEKTHBA, B cocTaB Kotoporo Bxoasar L. Barba (CILIA), R. Yokota (SInonus),
H. I'ymepoB (Poccust, CIIIA), mocBsIICHHBIX OOJbIICH YaCThI0 KMEHHO IPOOIeMaM UCIIOJIb30BaHHUS
OBICTPOrO0 METOJa MYJIBTHIIOJEH COBMECTHO C METOJOM BHXPEBBIX 4dacTull. Kak cienyer u3
yKa3aHHBIX, a TAKIKE IPYTUX UX ITyOJIMKaIMi, TaHHBIMU aBTOpaMH pa3paboTaHbl COOTBETCTBYIOIUE
KOJIbI, JOMYCKAMIIME B TOM YHCIIE MPOBEJCHHE PACUETOB C HCIOJB30BaHHEM rpaduIecKux
yckopuTteseid. IMEHHO 3TH KOkl B CBOOOHOM JIOCTYIIE OTCYTCTBYIOT, OJTHAKO HAa B PEMO3UTOPUHU
https://github.com/barbagroup/gemsfmm npucyrcrByet kon gemsfmm Tex e aBTOpOB, B KOTOPOM
peann30BaH OBICTPBIA METOJ MYJIBTHUIONEH JUIS PEIICHHs [UIOCKOW U MPOCTPAHCTBEHHOM 3aa4n
N ten, npudem kak mis CPU, tak u mis GPU.

B ochoBe meroga bapruca — Xara, ObICTPOro METO/Aa MYJBTHIIONCH M HUX MHOTOYHCICHHBIX
Bapuanuii — uepapxuueckoe pa3oreHre NpocTpaHcTBa u nocrtpoenue aepesa. s FMM tpebdyercs
quad/oct-nepeBo, mist anroputma baprca — Xarta moxxoaut Takke W K-d mepeBo. Hammenee
TPUBHATIBHOM siBIIsieTCst 3 (DEKTUBHAS pean3alisl MPoIeayphl mocTpoeHus aepesa Ha GPU. Oxna
U3 peanusaiuii umeercs B BoimeynomsiaytoMm koge ECL-BH, ognako Gosee addexkruBHbIM, MO
KpaitHe#n Mepe s peanusaiuii Ha GPU, okasbiBaeTcs ajaroputM, OCHOBAHHBIM Ha JIMHEHHOM
YIOPSIIOYMBAHUH PACIIOJIOKEHHBIX Ha IUIOCKOCTH WJIM B MPOCTPAHCTBE YACTHUI[ MPU ITOMOIIH
¢pakranpHoi KpuBoi Moprona [31]. Ero peammsamms B Buae kozxa lbvh, onmparonierocst Ha
6ubnuoteky thrust, nocrymua u3 pemozuropus https://github.com/ToruNiina/lbvh (muuensus MIT).
ITpu 3TOM OTMETHM, YTO Uil COPTHPOBKU YACTHI IO UX KojaM MOPTOHA MOXHO HCIIOJIb30BATh
6onee abdexkTuBHy0 GyHKIMIO opaspsaHoi coprtupoBku DeviceRadixSort::SortPairs  wus3
6ubnuorekn CUB, Bxoasmeir c¢ onpenenenHoro womenta B cocraB CUDA  Toolkit
(https://nvlabs.github.io/cub/structcub_1_1_device_radix_sort.html). DddexruBHbiit  anropurm
BBIYKCIIEHUS MPE(PUKCHBIX CyMM OIHCaH B [32]; COOTBETCTBYIOIMINI KO JOCTYIIEH B PEIO3UTOPUH
https://github.com/TVycas/CUDA-Parallel-Prefix-Sum.

ANTOpUTMBI IPUOJIMIKEHHOTO penieHus 3a1adu N Tes, OCHOBaHHBIE Ha OBICTPOM IPE0Opa3OBaHUH
dypre, pacpocTpaHeHbl 3HAYUTEILHO MEHbIIE; IPUMEHUTEIBHO K BUXPEBBIM METO/IaM Hanbosee
n3BecTHa pabora [16], monokeHHass B OCHOBY yrmoMHuHaBmierocs Beiire koga VXflow. HauGomee
TPyJIOEMKasi ONepanusi TaM — 3TO COOCTBEHHO IBYMEpPHOE OBICTPOE AMCKPETHOE Mpeodpa3oBaHue
®dypbe, BBHIMOIHIEMOE [UIsI JABYX TMEPEMHOXAEMBIX MaTpull, W oOpaTHOe IpeoOpa3oBaHUe,
BBINIOJIHAEMOE Uil MaTpHlbl-pe3ynbTata. Jlius ero onTuMansHOM peannszanun na CPU
MPENCTaBILIETCS TIEIECO00Pa3HBIM HCIIONB30BaHNe 00CY K aaBIeiics Boie oubmmorexu Eigen wmn
mWUpOKO u3BecTHOW OubOauorekn FFTW (mmnensuss GPL-2.0). Jns GPU mnpakruuecku
0e3aJbTepHATUBHBIM BapUaHTOM SIBIISICTCS UCHONB30BaHue OnOnmoreku CUFFT (cocraBHas yacTh
CUDA Toolkit).
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5. dopmupoeaHue euxpeebix neme’sib

[pu perreHny IByMEpHBIX 3a7a4, B KOTOPBIX PaCcCUMTHIBACTCS IIOCKOE 00TeKaHHe NPpoduIIeil mim
cucTeM npo¢uiedl, Iocie pelIeHHs TI'PaHUYHOTO HHTErPATBHOTO YPaBHEHMS OIPEACIACTCS
BENIMYMHA MHTCHCUBHOCTH BHXPEBOTO CIIOS Ha OOTEKAaeMBIX KOHTYpaX, 3aTeM 3aBHXPEHHOCTb,
COZIepIKAILAsCS B 3TOM CIIOE, «CTATHBACTCS) B TOUEUHBIC BUXPH, KOTOPHIC «IIOTOJIHSIIOT» BUXPEBOI
ciies1. JlaHHast mpouieiypa ¢ BBIYUCIUTENLHON TOYKH 3PSHUS SBISIETCS KpalfHe IPOCTOH.

B TpexMepHBIX 3amayax IpU pacyeTe INPOCTPAHCTBEHHOTO OOTEKaHHWsS TENl pPeai30BaTh
QHAJIIOTHYHBII aJrOPUTM HENB3s, IOCKOJNBKY TpeOyercs O0O0ecleynTh COJICHOMAAIBHOCTD
NPE/ICTABICHUS. 3aBUXPEHHOCTH B OOJIACTH TEUYEHWs; U1 DTOrO JOCTaTOYHO MPEICTaBIATh
3aBUXPEHHOCTh B BUJIE 3aMKHYTBHIX CTPYKTYp (meresb). UToObl ONpeneiuTh IOJIOKESHUS BHOBb
TeHEPUPYEMBIX Ha MOBEPXHOCTH TeJla MEeTEeNb CIEAYET PEIINTh 0OpaTHYIO 3aa4y BOCCTaHOBJICHUS
NOTEHIMajla JBOMHOTO CJOS Ha IOBEPXHOCTHM II0 HW3BECTHOMY 3HAUCHHMIO €ro TpajHeHTa
(MHTEHCHBHOCTh BHUXPEBOTO CJOS €CTh pa3BepHYTHIH Ha 7/2 BOKpYr BHEIIHEH HOpMaH
MOBEPXHOCTHBIH I'PaIMeHT ITOTEHIMANa JABOMHOTO ciios). C y4eToM TOro, 4To 3ajavya peniaeTcs Ha
TPUAHTYJIMPOBAHHOM MOBEPXHOCTH, YHCJIO sTYEEK KOTOPOU MPaKTHYECKH TOYHO B JIBa pa3a Ooible
yrcia BepuinH (Kak crieayet u3 Gopmynsr Diinepa, F = 2V — 4), u MOXKHO cYHTaTh, 4TO B IIEHTPE
Ka)XIOH sYCHKH U3BECTHO 3HAYCHHE MOBEPXHOCTHOTO TpajMeHTa (HYHKIHUH, 3a7a4a ONPEACICHUS
€c y3JIOBBIX 3HAUCHHUIl CBOAUTCS K MOMCKY ICEBIOPEIICHUS CUCTEMBI C Pa3peKeHHOM Marpuuei,
4TO, B CBOIO OYEpE/lb, IKBUBAJIEHTHO MPOLIEAYPE METOIa HAMMEHBILNX KBaJIPaTOB, PHC. 2.

Puc. 2. Ilosepxnocmuas cemxa Ha Mooenu Kpulia (cieéa) u niomHOCHbs NOMEHYUALA O80UHO20 COS,
60CCMAHOBNEHHAsL nymeMm peuterus cunepcunyisipnozo IHY (8 yenmpe) u npu nomowu npoyedypvl memooa
HaumeHvuiux K@a()pamoe nocine onpe()eﬂeﬂuﬂ UHMEHCUBHOCMU BUXPEBO2O CII0A (cnpa@a)

Fig. 2. The surface mesh on the wing model (left) and the double layer potential density reconstructed by
solving the hypersingular integral equation (center) and using the least squares procedure that follows the
reconstruction of the vortex sheet intensity (right)

Jus  peammzami  METO/Ja HAaWMCHBIIMX KBAaJPaTOB MOTYT OBITH HCIIONB30BAHBI  yKE

obcyxmasmmecs: 6ubnorexu Eigen (st CPU) u CUSPARSE (st GPU).

ITocne BoccraHOBIIEHUSI MOTEHLMANA MO €ro JHMHMUSIM YPOBHS 3aJal0TCSl MOJIOKEHUS BUXPEBBIX
nerenb. Kaxkaas netis 3agaercs y3iaMu, Py 3TOM JIB)KEHUE METIN ONpeesieTcs IBUKEHUEM ee
y3110B. [Ipu 3TOM MOCIIe BBITOTHEHHUS IIIara pacueTa OTACIbHEIC Y3JIbl ST CONMKAIOTCS, APYTHE
YAAISIOTCA IPYT OT Jipyra. HepaBHOMEPHOCTb AUCKPETU3ALIMH MIETEND BEAET K UX HEECTECTBEHHOMY
«BBITHOAHUIO» W 3aKIAJBIBACT HCTOYHUK BBIYUCIUTEIBHON HEYCTOWYHBOCTH. YTOOBI 3TOTO
I/I36e)l<aTB, Ha KaXXJIO0M HIare pacdyera HYXHO MPOU3BOAWUTH PCANCKPECTU3ANNIO BUXPEBBIX NETCIIb,
T.€. 3aHOBO PACCTaBJSITh Y3JbI BJOJbL METHAH. [Ipu 3TOM 10 3TOHM mpoueaypsl IienecooOpasHo
HCKJIFOYATh M3 PACCMOTPECHHUS WA OOBEIUHATH COTM3UBINUECS Y3IIbI (pHC. 3).

Puc. 3. Cxema ucknrouenus u 00veouHenus cOTUUBUIUXCA Y3108 BUXPEBOL Nemau
Fig. 3. Scheme of exclusion and merging of closely placed nodes of the vortex loop
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CoOCTBEHHO PEIUCKPETU3ANNI0 HYXHO IMPOM3BOAUTH TaK, YTOOBI HACKOIBKO 3TO BO3MOXKHO
COXpaHATh IJIMHY HETIH. DTO MOXKHO OOECHEUYHTh, €CIM MO TEKYLIEMY IIOJIOKCHUIO Y3IIOB
BOCCTAHOBHTH KPHBYIO B BHJE CIUIaifHA, a 3aTeM Pa3OWTh IMOydeHHBIH CIDIaifH Ha JYTH PaBHOW
JUTMHBL. XOTsI HOCTPOEHUE U paboTa Co CIIaifHaMU — JOBOJIBHO IIPOCTast ONepanus, Uit 3TUX Lesei
yI00HO HUCIIONB30BaTh CYIIECTBYIONIIE OUOIMOTeKH, HanpuMep, 6ubmroTexy spline, mocTynuyro u3
penosuropus https://github.com/ttk592/spline u omy6nukoBannyo mnox munensueir GPL-2.0.
OTMeTHM, 4TO B YKa3aHHOW OMOINOTEKe HET BOBMOYKHOCTH MOCTPOCHHS IIMKIMYECKOTO CIIIaiiHa (¢
MepUOANYECKUMHU TPAHUYHBIMH YCIOBUSAMH, pUC. 4, UTO MO3BOJISIET N30€kKaTh MOSBICHHS YIIIOBOH
TOYKH), OJHAKO TaKyl0 BO3MOXKHOCTh MOXXHO CpaBHUTEJBHO JIETKO a00aBuTh. bubnmoreka
UCKJIIOYNTEIHHO JIETKOBECHA (OIMH 3ar0JI0BOYHBIN (haiii), 3aBHCUMOCTH OTCYTCTBYIOT.

Puc. 4. @opma suxpe6oii nemiu, 60CCMAHOBIEHHAS KIACCUYECKUM (CNe8a) U YUKTUYECKUM(CNpAasa) CRAAUHOM
Fig. 4. Vortex loop smooth shape reconstruction with classical (left) and periodic (right) splines

6. Anneopummbl eblvyuciumesnbHoU 2eomMempuu

B TpexmepHOM cilydae BO3HHKAe€T HEOOXOIWMOCTh DEHICHUS psifa 3a1ad BBUHCIUTEIHHON
TeOMETPHUH, Yallle BCEro MPOCTHIX M HOHSTHBIX MO MOCTaHOBKE, HO HETPUBHAIBHBIX B CMBICIE
UCTIONb30BaHUsA A(PQPEKTUBHBIX anroputMoB. OJHa W3 HUX BO3HUKAaeT, Koraa (parMeHThI
BBILICYIIOMSHYTHIX BUXPEBBIX IIE€TEJIb PACIIONIaraloTcsi BOIM3M 00TeKaeMol MOBEPXHOCTH U TOCTe
UX TNEepeMElICHUs] Ha Iare pacyera BCJIEACTBHE HEM30EXKHBIX IOTPELIHOCTEH MOJIEIUPOBAHUS
OKa3bIBAIOTCSl BHYTPH Tena. B aTOM ciydae mpencraBisieTcss Haubosee eCTeCTBEHHBIM OTHICKATh
KpaT4ailui MyTh HA TIOBEPXHOCTH MEXIY TOYKAMH IEPECeUSHHUs METIIN C HeH U «IPOJIOKUTHY
BHUXPEBYIO METIO0 MO 3TOMY IyTH. 3AeCh K€ C OYCBHIHOCTHIO BO3HHUKACT W BTOpas 3a/adva:
YCTaHOBHUTH (DaKT TEPECCUCHUS BHXPEBBIX IETENh C TPUAHTYIUPOBAHHOW MOBEPXHOCTBHIO.
OTMeTnM, 9TO CXOAHAS 3a7jada aKTyalbHa U B IBYMEPHOM cirydae: TpeOyeTcss HACHTHQHINPOBAT
MOTIA/IAaHKsI TOUSUHBIX BUXPEBBIX YACTHI] BHYTPb KOHTYpa 00TeKaeMoro npodus.

DTH ¥ MHOTHE JIPYTHE 3a/1a4d MOTYT OBITh 3(p(pEeKTUBHO peIIeHBI ¢ MCIOIb30BaHHEM OMOIHOTEKH
anroput™MoB BeruuciuTenbHON Teomerpun CGAL, HammcanHo# Ha C++ W oOecredmBaromIei
yHOOHBIA IOCTYyNm K 3(QQEKTHBHBIM pealn3alusiM MHOXKECTBA TEOMETPHUSCKHUX U CMEKHBIX
anroputMoB. bubnmnoreka CGAL cBoO0IHO TOCTYITHA BMECTE C HCXOAHBIMH KOJaMHU T10 JINIICH3HH
LGPL-v3; oHa paspuBaercsa ¢ 1996 roma kak KpymHash cOBMeCTHas pa3paboTka YHHBEpCHTETa
r. Ympext, ETH (r. ILiopux), CBobomHoro yHuBepcuTeTa bepnuHa, YHHBepcuTeTa MapTuHa
Jlrotepa (r. I'anne), Yausepcurera Moranna Kemnepa (r. JIunam), Tens-ABUBCKOTO YHUBEPCUTETA,
a rtawke Mucturyra Makca [Tmanka u INRIA. CnemyeTr oTMeTuTh, 4TO OHMOJIMOTEKa BechbMa
rpomo3zika, ocHoBaHa Ha Boost, Qt u Eigen; tpebyet ormensHoM Kommusiiun. DakTHIECKH OHA
COCTOHUT M3 MHOYKECTBa TEMAaTHYECKH OOBEAMHEHHBIX TAKETOB, KAX/IBIH U3 KOTOPHIX OTBEYAET 3a
CTPYKTYpPBI JIAaHHBIX M 0a30BbIe aqreOpanveckue, reOMETPHUUYECKHe, JIOTHYECKUE ONEpaluy WIN
ITOPUTMBI, BKIIIOYAIOIINE IIOCTPOCHUE, IEPECTPOCHHWE W ONTHMHU3AIMIO ITOBEPXHOCTHBIX H
00BbEMHBIX CETOK, PEKOHCTPYKIHIO IIOBEPXHOCTEH, a TAKXKE PElIeHHEe OTACIbHBIX 3a/1a4.

B koHTekcTe 00Cy)KJaeMBIX BOIIPOCOB INPECTABISIOT HHTEPEC AITOPUTMBI MOMCKA KpaTdaiimero
IyTH Ha TPHAHTYJIUPOBAHHOM IOBEPXHOCTH. 3ayacTyl0 CJIOXXHOCTb JaHHOM  3ajaun
HEJIOOIIEHUBAIOT, OMIMOOYHO Iojaras, 4To /s €€ pEIIeHUs] MOTYyT OBbITh NPUMEHEHBI MHOTHE
«CTaHIAPTHBIE)» XOPOLIO M3BECTHBIC AITOPUTMBI Ha rpadax: aaroputmsl [lelkcTpsl, Dmoiina —
Yopuenna, beruimana — @oppa u 1p. DT0 BEpHO JHUIIb OTYACTH: TOJIBKO B CIydae, €CIM B KAYeCTBE
peLIeHus IOIyCTUM IyTh Ha IIOBEPXHOCTH, NMPOXOJAIMHA 1Mo ee peOpam. Takod myTb OOBIYHO
OKa3bIBACTCSI BECbMa «YTJIOBATBIM», YTO MOXET CTAaTh MPHYMHON Pa3BUTHUS BBIYHCIUTEIHHOU
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HEYCTOMYMBOCTH B BHXPEBBIX METOJAX, IIO3TOMY TPEOYeTCsl €r0 HEKOTOPBIM 00pa3oM CIIIaAWTh.
SIcHO, YTO HUKAKOW MyTh, JICKAIINH HAa TPUAHTYIUPOBAHHOI IMOBEPXHOCTH (E€CIH TOJIBKO OHA HE
ABJISIETCS TIJIOCKOCTBIO) HE MOJKET OBITh TJIaZIKMM B MaTEMaTHIECKOM CMBICIIE, TIO3TOMY B TaHHOM
MOXHO TIPEJUIOKHUTH CIEYIOoIlee HECTPOroe, HO MHTYUTHBHO TIOHATHOE OIpeIeIeHUE «I0CTaTOUYHO
TJIJIKOTOY» IyTH: €CIIM CHeNIaTh Pa3BepTKy I TeX rpaHel, 10 KOTOPBIM MPOXOAUT IyTh, TO YIJIbI
MEK/Iy COOTBETCTBYIOILECH eMy JIOMAHOHM HE JOJDKHBI IPEBHIIATh (10 KpallHel Mepe, 10 NOPSIAKY
BEJIMUMHBI) JIBYTPAHHBIX YTJIBI MEXy 3TUMH K€ TPaHsAIMH Ha MCXOJIHOM noBepxHocTH. Hambonee
IJIAJKNM B yKa3aHHOM CMBbICIe OyAeT KpaTyaWliuii IyTh, MOUCK KOTOPOTO MOXKET OBITh
OCYILIECTBIICH ¢ ucmoab3oBanueM Monyieit The Heat Method u Triangulated Surface Mesh Shortest
Paths 6ubmmorexn CGAL. Yo6cTBO M IPOCTOTa UCTIONB30BaHIA OMOIMOTEKH B HEKOTOPOIl Mepe
HUBEIHNPYIOTCA HE CIMIIKOM BBICOKOH MPOM3BOIUTEIBHOCTHIO: BO BCEX alrOPUTMax TAKOTO THIIA
Hauboiee > PEeKTHBHO MOTYT OBITH PEIICHEI 331241 B IOCTAHOBKE HAUTH ITyTh OT (PUKCHPOBAHHON
TOYKH Ha TIOBEPXHOCTH JJ0 MHOXKECTBA APYTUX TOUEK», IPUUEM YBEIHNUCHHE, JasKe 3HATUTEIHHOE,
yrcna «(QUHATBHBIX» TOYEK MaJI0 CKa3bIBACTCS HA POCTE BBIYMCINUTEIBHON CIOKHOCTH. B naHHOM
XKe ciaydae TpeOyeTcs pemiats 3afady AJIs MHOXKECTBA PA3IMYHBIX Map TOYEK «HA4YaJIo — KOHEIl

MapuipyTay (puc. 5).

Puc. 5. Ilpumep noucka kpamuaiiue2o nymu mex#coy 08yMs mouKamu Ha NOBEPXHOCMU
Fig. 5. Example of the shortest path from one fixed point to another on the surface
HeobOxonuMo OTMETHTH, YTO HAa MPAKTUKE MOXKHO OTPAHUYUATHCS IMOWCKOM ITyTH, OCTATOYHO
TJIAAKOTO B YKa3aHHOM BBIIIE CMBICIE, HO HE 00sA3aTENFHO CaMOro KOPOTKOTO W3 BO3MOXKHEIX.
Aunroput™ Takoro tumna [33], 0cobeHHO eciu OH 00ecreunBaeT XOPOUIYI0 SKOHOMHUIO BPEMEHH
BEIYUCIICHUIA, TIPEICTABIISIICS OBl BEChbMa ITOJIC3HBIM, IIPHU STOM HAMIEHHBIH ITyTh MOXET OBITh KakK
BeChMa OJIM3KUM K KpaTdalleMy, Tak ¥ 3HAUUTEIbHO OTINYAIOIIUMCS OT HEeTo (puc. 6).

Puc. 6. Kpamuaiiwuii nymov mesncoy moukamu Ha NOGEPXHOCU (CUHAS TUHUSL), NYMb HAUIOEHHbIL NO
aneopummy Jetikempol (KpacHas TuHUsA) U pe3yabmam «1oKansHou onmumusayuuy nymu [33] (3enenasn
JUHUS) 018 08YX NAP CAVHAUHBIM 0OPA30M 8blOPAHHBIX MOYEK HA MPUAH2YIUPOBAHHOU chepe
Fig. 6. The shortest path between points on the surface (blue line), the path found by Dijkstra's algorithm (red
line) and the result of “local optimization” of the path (green line) for two pairs of randomly selected points
on a triangulated sphere

Ecimm roBoputh 0 3amade MAEHTH(UKAUN TOYEK, NMPOHUKIINX BHYTPh TPHAHTYIHPOBAHHOW
MTOBEPXHOCTH WJIM MHOTOYT'OJIbHOTO KOHTYpa, KOTOPYIO OOBIYHO MOKHO nepedopMynupoBarh Kak
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3a/1a9y IIOMCKA TOYEK NepeceUeHHs CUCTEMbI OTPE3KOB ¢ MHOKECTBOM TPEYTOJIBHUKOB MM BTOPOI
CHCTEMOI1 OTPE3KOB, TO OHA JIOJDKHA OBITh PEIIeHa MaKCHMAJIBHO TOYHO, OIIMOKH B €€ PELICHHH,
KaK [OKa3bIBAET OMBIT, BEIYT K Pa3BUTHIO HEYCTOMYMBOCTH B aJIrOPUTMaX BUXPEBBIX METOHOB. {1
pelieHus 3TOH 3aJa41 MOXKHO UCIIONB30BaTh Takue Moayiu oubnunoteku CGAL kak 2D Intersection
of Curves u 3D Fast Intersection and Distance Computation, a Taxsxe Intersecting Sequences of dD
Iso-oriented Boxes. B ocHOBe peann3oBaHHBIX TaM aJITOPUTMOB — IOCTPOCHUE HEPAPXHUYECKOTO
AABB-nepeBa u ero 006xoa. BpeMeHHble 3aTpaThl Ha peLICHUE 33Ja4d MOTYT OBITh CHU)KEHBI 32
CYEeT ONTUMAJIBHOW OpraHM3allid [polecca, MPaBWIBHOIO BBIOOpAa TOTO  MHOXKECTBA
TEOMETPUYECKUX OOBEKTOB, MO KOTOPBIM 3TO JEPEBO CTPOUTCSA: TPEYTOJbHBIC MAHENH WIH
HepeceKarolie uX OTpe3Ky, u ap. [IpuMep BUXpeBOro ciiesa, MOACIUPYEMOro CHCTEMOI BUXPEBBIX
HeTenb 3a KPhUIOM KOHEYHOTO pa3Maxa, NMPEACTaBICHHBIM TPHAHTYJIHPOBAHHOH IOBEPXHOCTHIO,
IOKa3aH Ha puc. 7. B nmpouecce MogennpoBaHus Ha KaXKIOM LIare pacyera HaOIJal0TCs ASCATKH
Clly4acB NPOHUKHOBEHHS (DParMEHTOB IIETENb BHYTPH IOBEPXHOCTH, KOTOPHIE JOJDKHBI OBITH
UICHTUQUIUPOBAHEL, M IPOM3BEACHO IIEPECTPOCHHE IMEeTeNIb IO KpaTYallluM IyTsAM Ha
MIOBEPXHOCTH.

Puc. 7. Dopmuposarue 8uxpegozo cieda 3a KpbLioM KOHEUHO20 PA3ZMAaxd
Fig. 7. Vortex wake formation after the wing of finite span

OTMeTHM, 4TO AJS IUIOCKMX 3a/ad JIaHHBIH alrOpHTM IOMCKa IHEepecedeHuit OTPE3KOB, BOOOIIE
TOBOPSI, YCTyMaeT 1o 3QQeKTUBHOCTH T.H. anroputmy bamabana [34], mo3BosiomeMy OTBHICKAaTh
TOYKH TIEPECeUCHNs] MHOXECTBA OTPE3KOB HA IIOCKOCTH, KOTOPBIM SIBISIETCS HEYITydIIaeMbIM B
CMBICIIE BBIYMCIHUTENIBHON ClOXHOCTH. Peanmsanmio storo amroputma Ha C++, BBIOIHEHHYIO
aBTOPOM, MOXHO HaiiTi B periozuropuu https://github.com/ivvaan/balaban-segments-intersections.
Tem He MeHee, 0COOEHHOCTH IIOCTAHOBKH — HAJIMUUE JIByX CHCTEM OTPE3KOB M HEOOXOAMMOCTb
HCKaTh MepeceueHust OTPE3KOB TEePBOW IPYMHIBI ¢ OTPE3KaMU BTOPOM TPYHIHBI — JENAoT 3a1ady
HECKOJIBKO OTJIMYAIOIIEHcs OT TOH, Ul KoTopoil anroput™ banabaHa sBIs€TCS ONTHMAIBHBIM.
Otmerum, aro umeroruecst B CGAL anroputmsr moctpoennst AABB u k-d nepeBbes u ux o6xoma
MIPEJCTaBIsIeT MHTEPEC M B KOHTEKCTE BBHIMOIHEHHUS HMHBIX IPOIEAYP BHUXPEBBIX METOAOB: B
YaCTHOCTH, pPEIUCKPETU3AlMM BHXPEBOrO cliela, KOrja TpeOyeTcsi OTBICKUBATH — OJIM3KO
pacroJIoKeHHbIE BUXPEBBIC YACTHUIIHI C LIENBI0 MX BO3MOXKHOTO oO0beauHerus (B 2D 3amavax) win
BBITTOJIHEHHS Tepe3aMbIKaHus BUXpeBbIX Kouel] (B 3D 3amaudax). st 3Tux ke 1esei, a Takxke mpu
BBIUUCIICHIH JU(Py3MOHHON CKOPOCTH BHXPEBBIX YAaCTHIl MOXKET OBITH MOJIE3€H aJTOPUTM ITOUCKA
ommxaimmx coceneil. [lepeuncnennsie anroputmsl o0beanHeHsl B CGAL B rpynmy Spatial
Searching and Sorting Algorithms.

7. ModenupoeaHue QuHamMuku obmekaemMbix meJsi

[pu pemeHnn CONPSHKEHHBIX 3a/1a4 THAPOYIIPYTOCTH, KOTIa 00TEKaeMbIe IIOBEPXHOCTH SIBIISIOTCS
MOJBMKHBIMUA W/WIIH  1e(OPMUPYEMBIMH, BBIYUCIUTENbHAS CIOXHOCTH MPOIEIyphl pacyera
JBIOKCHUS WK AedopManum Tei, Kak MPaBIio, CYIIECTBEHHO HIDKE TAaKOBOH MPUMEHUTEIBHO K
peLIeHHI0 TUAPOAMHAMUYEeCcKO nmoa3anaaun. Tem He MeHee, camMa MeXaHUYecKasl CHCTeMa MOXKET
OBITh HETPUBHAIBHOM, U ISl MOJCITUPOBAHUS €€ TUHAMUKH TOJ IEHCTBUEM THIPOINHAMIYECKUX
Harpy3okK, B 3aBUCUMOCTH OT KOHKPETHOM MMOCTaHOBKH 3a/layd, MOXHO C YCIEXOM HCIOJIb30BaTh
PSI U3BECTHBIX OMOIHOTEK.
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K npumepy, ecniu oOTekaeMble Tena WIH MPOPIIIN SIBISIOTCS KECTKUMU (HenehopMHUpyeMbIMHU) U
JIUIIG TEPEMEINAloTCS MPH HAIOKEHHBIX HAa HUX CBS3SAX, MOXET ObITh d(dexTuBHA CBOOOIHAS
6ubnmoreka Project Chrono, paspabGarsiBaeMass COBMECTHBIMH YCHJIMSIMH Y HHUBEpPCHTETA
Buckoncuna (Magucosn, CIIIA) u ITapmckoro yausepcurera ¢ 2008 rona. McxoaHslil ko1 1ocTyneH
B penosutopuu https://github.com/projectchrono/chrono mox nunensueit BSD. BuGnuorexa
«TSDKETIOBECHAY», TPeOYeT OTASIbHON KOMIHISIIAA CO MHOTHMH 3aBHCHMOCTSIMH (OMpPEACIAIOTCS
KOHKPETHBIM TEpevyHeM KOMITWIMPYEMBIX Mojynei), noanaepkusaer pacyersl Ha CPU u GPU.
Wnrepdeiic OMONMMOTEKM CpPaBHUTENBHO HECIOXHBIH, M3y4eHHE OOJBIIOr0 KOJIWYEcTBa
MPUIATAOIIUXCS] IPUMEPOB MO3BOJISIET OBICTPO OCBOUTH 0A30BBIE MPUHIUIIBI PAOOTHI C HEH.

Eciu >xe mox JneWcTBHEM THAPOAMHAMUYECKMX (MJIM HHBIX) HAarpy3ok oOTeKaeMoe Tejo
nedopmupyercs, TO HamOoiee IEPCHEKTUBHBIM  BHAMTCS  HUCIIOJIb30BaHME OWMOIHOTEK
KOHEYHOIJIEMEHTHOTO aHan3a, U3 YKclia KOTOPBIX MOXKHO BeiaenuTh Deal.ii — Beqymryrocs ¢ 2000
rojja COBMECTHYIO pa3paboTky yHmBepcureToB Komopamo, Kmemcona, Texaca (Bce — CIIIA),
[efinenpbeprckoro yuuepcurera (OPIY), a Takke HarmonambHON sabopatopun Oak Ridge.
HWcxoausblii koJ| mpoekTa pa3melieH B peno3utopuu https://github.com/dealii/dealii u noctynen mox
manensueii LGPL-v2. bubmmoTeka Takke BeChbMa «TSDKEJIOBECHAS», IMEET MHOTO 3aBUCHMOCTEN U
TpeOyeT oTaenpHON KoMmmwisanuu. V3 ee ocoOeHHOCTEH — OoubIioii Habop y4eOHBIX MPHUMEPOB,
CHA0XCHHBIX YPE3BBIUAIHO MOAPOOHBIMH OOBSICHCHMSIMH M KOMMEHTapusMu. bubmnoreka

MOJICP’KUBAET paclapaijielnBaHie BeUucIeHui nocpeactsoM MPI u BeimonHeHHe pacueToB Ha
GPU.

8. 3aknroyeHue

HecmoTpss Ha cCyllecTBEHHbIE TPYJHOCTU IIPU PEUICHUHM 3aJad MOJEIMPOBAHUS THUIPO- U
a3POJMHAMUYECKUX IIPOLIECCOB, INPOTEKAIOIIUX B HECTALMOHAPHBIX YCIIOBUSX, UCIIOJIb30BAHUE
BUXPEBBIX METO/I0B BEIYHUCIUTEIBHON THAPOTUHAMUKY TIO3BOJIAET JOOUTHCS YIOBIETBOPUTEIBHBIX
pe3yabTaTOB, OTBEYAIOMIMX TPEeOOBAHUSAM HWHXKEHEPHOW MpPaKTHKH, paccMaTpuBas IPH 3TOM
JIOCTaTOYHO IIPOCTbIE MOAEIU CpeAbl U 3aTpauyuBasl CPABHUTEIIBHO CKPOMHBIE BBIUYHCIUTEIbHBIC

pecypchl.
B pabore npuUMEHHTENBPHO K pealn3allisM aJrOpUTMOB BHXPEBBIX METOJOB JaHa OIEHKa
11eN1IecO00Pa3HOCTH M MEPCHEeKTHB HCIOJIb30BAHUS CTOPOHHUX OMOIMOTEK NHMHEHHOI anreOpsl,
BBIYHMCIINTEIBHOW T€OMETPHH, MapauIeNbHBIX BBIYMCICHUH U T.I. X MCmoib30BaHNE IOMOTaeT
YIPOCTUTH ¥ ONITUMH3UPOBATH AITOPUTM, OJHAKO B Psifie CIy4acB MOXKET OTPHLIATEIBHO BIUATH Ha
MPOU3BOIUTENBEHOCTh. VIHBIMH CIIOBaMH, K HWCIOJIb30BAHUIO KaXJOH W3 «CTaHAAPTHBIX)
(bubmmoreuHbIx) QYHKOME cileayeT MOAXOAWTH JOCTATOYHO OTBETCTBEHHO, TIIATEIHLHO
aHATM3UPYS T€ TOCTAHOBKHM 3ajad, JUIl KOTOPHIX COOTBETCTBYIOIIME ANTOPUTMBEI M OMOIHOTEKH
ONTUMU3UPOBAHBI, U COTIOCTABJIAA UX C KOHTCKCTOM, BOSHUKAIOIIUM B BUXPEBBIX METOAAX.
Vcxonst M3 BBINIEN3IIOKEHHOTO, CTAHOBHTCS SICHBIM OJIHO W3 BaXKHBIX HAIPABICHUH Pa3BHTHS
YIOMSHYTHIX B pabore W Oyaymux peaiau3aliii BHUXpPEBBIX MeToJ0B. (OOOCHOBaHHOE
UCIIOJIb30BAaHUE BO3MOXHOCTEH OTKPBITBIX OMOJMOTEK M WX COYETaHHH MOXKET MO3BOJIUTH HE
TONBKO ONTHMH3UPOBATh HMEIOIIHECS pPEaTW3alrdd, B TOM YHCIE 3a CYET HCIIOJIb30BaHUA
BO3MOXHOCTEH COBpEMEHHBIX DBM pa3iuuHbIX apXUTEKTYpP, HO U PACIIMPUTL UX BO3MOXKHOCTH.

Tabn. 1. Pacwugposku ucnoib306anusix 6 mekcme abopesuamyp
Table 1. Descriptions of abbreviations used in the text

Abbpesu- Pacwugposka Ilepesoo na pycckuil A3bIK ¢ NOACHEHUEM
amypa
rmy I'pannuHOE -
WuTerpanbHoe
YpaBuenue
o [Tporpammuoe -
ObecneyeHue
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5BM OneKTpoHHas -
BeraucnurenpHas
Mammuna
AABB- (Axis Aligned Bounding | IIpocTpaHcTBEHHOE AEpEBO, STYCHKH KOTOPOTO —
JIepeBO Box)-nepeso napaIeNIeUIe bl C TPaHIMHU, HapaJuleIbHBIMH KOOPIHHATHBIM
IUIOCKOCTSIM

BiCGStab | BiConjugate Gradient Mertoz GMCONPSDKEHHBIX IPaeHTOB CO CTaOHIH3aIHei
Stabilized method (MTEepaIIOHHBII METO PEIICHNUS TNHEHHBIX CHCTEM)

BLAS Basic Linear Algebra Ba3oBbIe moanporpaMMEel JIMHEHHON anreOps! (CTaHIapT jae-
Subroutines ¢axro st uHTepdetica GHOINOTEK, BEIONHIIONINX OCHOBHEIS

oTepanuy JIMHEHHON anreOpsI)

BSD Berkeley Software IporpammHast JauLeH3us yHuBepcuTeTa bepkmu (s
Distribution pacnpoctpanerus [10 ¢ OTKPBITHI KOJIOM)

CGAL Computational Brbimorexa anropuTMOB BEIYNCIUTEIHLHON TEOMETPHH
Geometry Algorithms
Library

CPU Central Processing Unit | LlenTpanbHbIil poreccop

CUDA Compute Unified ApXUTEKTYpa YHU(PHIIMPOBAHHOTO BEIYHUCIHTEILHOTO
Device Architecture yCTpoiicTBa (MporpaMMHO-anapaTHas apxUTeKTypa

NapaJIeIbHBIX BEIYUCIICHUH C UX BBIIIOJHCHUEM Ha
rpaduyeckux mporeccopax Gpupmbl Nvidia)

Deal.ii Differential equations Brbinorexa KOHEYHO-3IIEMEHTHOTO aHau3a (OHOIMoTeKa IS
analysis library (2-nd YHCJICHHOTO penreHus 1uddepeHansHpIX ypaBHeHUI B
generation) YaCTHBIX MPOM3BOHBIX METOOM KOHEUHBIX 3JIEMEHTOB)

FFT Fast Fourier Transform BricTpoe mpeobpazosanne Oypre

FFTW Fastest Fourier Camoe OwicTpoe npeobpazoBanre Oypre Ha 3anaze (oaHa U3
Transform in the West HanboJiee U3BECTHBIX M AP (EKTHBHBIX OeCIUIaTHBIX

MPOrPaMMHBIX peaiu3alnii ObICTPOro mpeodpasopanust Pyphe)

FMM Fast Multipole Method BhICTpBIi METOA MYJIBTHIIONEH

GMRES Generalized Minimal OO600IIeHHBI METO MUHIMAIIBHBIX HEBA30K (MTEPalHOHHBIN
RESidual method METO/] PeLICHHs INHEHHBIX CHCTEM)

GPL (GNU) General Public YausepcanpHas odmectenHas muneHsuss GNU (amiensus Ha
License cBOOOTHOE MTPOTPaMMHOE 0OeCTIedeHIEe, CO3JaHHas B paMKax

mpoekta GNU)

GPU Graphics Processing Unit | T'paduueckuii nponeccop (rpaguueckuil yCKOpUTEb,

BHCOKApTa)
Intel Intel Math Kernel bubimoreka maTtemarnuueckoro sypa Intel (6ubnuorexa
MKL Library ONTUMU3UPOBAHHBIX MATEMaTHUECKUX aJITOPUTMOB,
CONpoBOKAaoIas KoMnuisTops! Intel)

Intel TBB | Intel Threading Building | Kpoccruiargopmennas 6udianoreka mabnonos C++,

Blocks paspaborannast Intel 11t HapayuIeIbHOTO MPOrPAMMHPOBAHHUS

LAPACK | Linear Algebra BubnmroTexa METOI0B PEIICHHs OCHOBHBIX 33184 JTMHEHHOM
PACKage anreGpbI (C OTKPBITHIM HCXOIHBIM KOJIOM)

LGPL (GNU) Lesser General OcnaGieHHas yHUBepcanbHast o0iiecTBeHHas uieHsus GNU
Public License (7MteH3ns Ha CBOOOIHOE MPOrPaMMHOE obecreueHue,

co3JanHas B paMkax npoekra GNU)

OpenCL Open Computing OpeiiMBOPK I TApAJUIETBHOTO POTPaMMUPOBAHUS C

Language

BBINTOJTHCHUEM BBIYHCIICHUI HA IEHTPATBHBIX U TPAQHUECKUX
nporeccopax, a Takke FPGA

196




Mapuesckuit UK., U3maitnosa FO.A., Epodpeesa M.A., Ko63aps [[.}0. O6 ncrnons30BaHUM OTKPHITHIX CTOPOHHUX OUOINOTEK MpU
TPOrPaMMHO# pean3aniy BUXPEBBIX METOA0B BBIUMCIUTEIbHON THApoauHaMHKU. Tpyost UCIT PAH, Tom 35, Bem. 2, 2023 ., cTp. 181-200

OpenGL | Open Graphics Library DpeiiMBOPK I pa3paboTKU NPHIIOKEHUH, HCTIONB3YIOLINX
IBYMEPHYIO U TPEXMEPHYIO KOMITBIOTEPHYIO IpapuKy

OpenMP | Open Multi-Processing CranjapT Ui pacnapaieIMBaHus IPOrpaMM Ha CUCTEMaX C
o0mieit namMATbIO

MIT Massachusetts Institute Jlunensust MaccauyceTcKoro TeXHOJIOTHYECKOTO YHUBEPCUTETA
(license) of Technology (license) | (paspemmTensHas TUIEH3US Ha OTKPHITOES B CBOOOTIHOE
IIporpaMMHOE 00ecIIeueHHE)

MPI Message Passing WnTtepdeiic nepenaun coolimeHnit (cTavgapT 1is
Interface pacmapauieIMBaHms IPOrPaMM Ha CHCTEMax C PaclpeIeeHHON
MaMSITBIO)
MPL Mozilla Public License OOmectBennas muuensus Mozilla Foundation (muuensus Ha

OTKPBITOE M CBOOOJHOE MPOrpaMMHOE 00ecTieueHHe)

VTK Visualization Toolkit WHcTpyMmeHTapuil BU3yanu3anun (OTKpbITast
KkpoccruiarhopMeHHas OnOIMOTeKa AT TEOMETPHUUECKOTO
MOJIETMPOBaHHsL, 06PAbOTKN H300PAKEHHUN U BU3YaJU3aIlHH )
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AHHOTanus. BUxpeBbie METObI BEIMUCIUTENBFHON THAPOAMHAMUKY — 3() () EeKTHBHBINA B HH)KEHEPHO IPaKTHKE
METOJ] OIpEeAeNICHUs] TUAPOJHMHAMUYECKUX HAarpy3oK, ACHCTBYIONIMX HAa MOMENIEHHBIE B MOTOK Tema. Mx
HCTIONB30BaHUE MO3BOJISIET MPOU3BOAUTH PEHICHHE 3aJad THAPOYNPYTOCTH B CONPSHDKCHHOHW MOCTAHOBKE CO
CPaBHHUTEJIFHO MAaJBIMH 3aTpaTaMH BBIUUCIUTEIBHBIX PECYPCOB. Bo MHOTHX MPMIIOKEHHSAX paccMaTpPHBAETCS
HorepeyHoe o0TEKaHHe IIIEMEHTOB KOHCTPYKIMH, MMEIOIIMX 3HAYUTENIbHOE YHIMHEHHE, YTO HO3BOJISIET C
JIOITyCTUMOM TOYHOCTBIO MCIOJIB30BaTh METOJ] INIOCKUX CEYECHUIl, Iepexo/is K paCCMOTPEHHUIO INIOCKUX 3a/1a4.
CoBpeMeHHbIe MOAN(UKAIIMN BUXPEBEIX METOJIOB MO3BOJISIIOT MOJIEIIMPOBAThH TEUCHNUS BSI3KOI HEeCKHIMaeMoit
cpenbl. Ha ocHoBe MeTona BA3KKUX BUXPEBBIX JoMeHOB B 2017-2022 rr. 8 MI'TY um. H.D. Baymana u UCIT
uM. B.I1. iBanankoBa PAH co3nan nporpamMHsit kommmieke VM2D. JlaHHBIH KOJT TO3BOJISIET C JOCTATOYHON
TOYHOCTBIO PAacCUUTHIBATh OO0TeKaHHe MpoQuiIel MpH MalbIX 3HAYEHHUAX dncia PelfHombaca, Toraa Kak JIs
TIOBBIMIEHHBIX 4Yncen PelHonbaca BepHBIE pe3ynbTaThl HAOMIOMAIOTCS JHIIb OIS HpoduiIeld ¢ OCTPBHIMU
KPOMKaMH ¥ yTJIOBBIMH TOYKAaMH, U TOJBKO Ha PEeXKUMaX, KOTJa Hanboiee MHTCHCUBHBII OTPBIB IIPOHCXOUT
UMEHHO C YyKa3aHHBIX To4eK. IIpuunmHa NOrpelIHOCTH pe3yibTaToB AN JPYTMX PEXHMOB BUIUTCS B
HEKOPPEKTHOM MOJIEITMPOBAaHHUH OTPHIBA C TIaKOH ITOBEPXHOCTH NPOQUIISI NPH BEICOKUX Ynciax PeitHomnbca,
YTO, B CBOIO OYepe[lb, SBISIETCS CIECTBUEM HEMNPaBUIBHOTO MOJEIUPOBAHUS 3BOJIIOLUM 3aBUXPEHHOCTH B
OKPECTHOCTH TO4YeK (30H) OTpbIBa. B paboTe npHBeieHbl HEKOTOPBIE Pe3yIbTaThl MOACTUPOBAHUS OOTEKaHM
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TIPUYMHY PACCOTIIACOBAHHS PE3yIbTaTOB PAcUeTOB C JAHHBIMH AKCHEPHMEHTOB. [loka3aHO, YTO CHEKTp
KHHETHYECKOH SHepruH TypOyIeHTHOCTH COOTBETCTBYET «ABYMEPHOII TypOyICHTHOCTHY.

KniodeBble c10Ba: IIIOCKOE TEYECHHE, BUXPEBBIE METOMABI, a3POANHAMHYECKHE XapaKTEPHCTHKHU, CIIEKTP
KHHETHYECKOH SHepruH TypOyIeHTHOCTH

Jas nurupoBanusi: Kopo6osa N.A., Patuna E.I1., Xopomea A.A. O MOAETHPOBAHUHN TUIOCKUX TEUCHHN
BA3KOM HUIKOCTH BUXPEBBIMH METOIaMHU B porpammuoM kommuiekce VM2D. Tpyast UCIT PAH, Tom 35,

BB 2, 2023 1., ctp. 201-214. DOI: 10.15514/ISPRAS-2023-35(2)-14

201



Korobova I.A., Ryatina E.P., Khorosheva A.A. On Problems in 2D Viscous Flows Simulation at Higher Values of the Reynolds Numbers by
Vortex Methods Using the VM2D Code. Trudy ISP RAN/Proc. ISP RAS, vol. 35, issue 2, 2023. pp. 201-214

On Problems in 2D Viscous Flows Simulation at Higher Values of the
Reynolds Numbers by Vortex Methods Using the VM2D Code

I.A. Korobova, ORCID: 0000-0002-8701-723X <i-soldatova@bk.ru>
E.P. Ryatina, ORCID: 0000-0002-7533-3796 <evgeniya.ryatina@yandex.ru>
A.A. Khorosheva, ORCID: 0009-0009-0876-8667 <khorohevaann@gmail.com>

Bauman Moscow State Technical University,
5/1, ul. Baumanskaya 2-ya, Moscow 105005, Russia

Abstract. Vortex methods of computational fluid dynamics are an efficient tool in engineering practice for
estimating hydrodynamic loads acting on bodies placed in a flow. Their usage allows for solving of coupled
hydroelastic problems with relatively small computational cost. In many applications, the cross flow around
structural elements with large elongation is considered, that allows one to use the flat cross-sections method
providing the acceptable accuracy. Thus, flat flows simulation around airfoils is required. Modern
modifications of vortex particle methods make it possible to simulate flows of a viscous incompressible
medium. Based on the method of viscous vortex domains in 2017-2022 the VM2D code have been developed
in Bauman University and Ivannikov Institute for System Programming. This code allows for flow simulating
around airfoils with acceptable accuracy at low Reynolds numbers, while for higher Reynolds numbers, correct
results are observed only for airfoils with sharp edges and corner points, and only in regimes where the most
intensive flow separation takes place at these points. The reason for the error in the results for other regimes is
seen in incorrect modeling of the flow separation on smooth airfoil surface line at high Reynolds numbers,
which, in turn, is a consequence of incorrect modeling of vorticity evolution in the vicinity of separation points
(zones). Some results of flow simulations around different airfoils at different values of the Reynolds number
are presented and a hypothesis explaining the reason for the discrepancy between numerical results and
experimental data is proposed. It is shown that the kinetic energy spectrum of turbulence corresponds to “two-
dimensional turbulence”.

Keywords: 2D flow; vortex methods; aerodynamic characteristics; spectrum of kinetic energy of turbulence
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1. BeedeHue

Opnolt n3 HamOolee BAXHBIX B adPOTHIPOJMHAMHKE SBISETCS 3aJada O MOJCIUPOBAHUN
B3aMMOJICHICTBHSA 3JIE€MEHTOB Pa3IMYHBIX KOHCTPYKIUH C TOTOKOM. B MH)XEHEPHBIX MPUIOKEHUIX
TeueHHe CPebl Kak TAKOBOE OOBIYHO CaMOCTOSITENILHOTO MHTEpECa He MPEJCTaBIIseT, a TpedyeTcs
paccunTath IeHCTByIOIME Ha OOTEKaeMoe TeNo Harpy3KH, BEJIMYMHA W XapakTep ACHCTBHA
KOTOPBIX OMNpECISIFOT MOBE/ICHHE MOABMKHOW WM JepopMupyemoit koHcTpykimu. [lomoGHbie
3aJa4d BO3HMKAIOT IMIPU pacdeTe DJIEMEHTOB CTPOUTEIBHBIX KOHCTPYKLHUH, KaK IPaBHIIO
MPOTSDKEHHBIX, OOJBIICTIPOICTHBIX MOCTOB, Pa3HOOOPA3HBIX TPOCOBBIX KOHCTPYKLMH, MPOBOOB
BO3/IyLIHBIX JIMHUH 3IJIEKTPOIIEpEiauy, IT0BOJHBIX TPYyOOIPOBOAOB M IIUIAHTOB, 3JIEMEHTOB
KOHCTPYKIMH JIeTaTeJbHBIX aIlaparoB, TPYOOK TEIJIO0OMEHHHKOB YHEPreTHYECKHX YCTAaHOBOK
U T.II

B Hacrosimee BpeMsl CyLIECTBYET MHOXECTBO pAa3JIMYHBIX IOAXOJOB K PpEIICHUIO 3aj1ad
BBIUMCIINTENLHOM THApoauHAMHMKK. Hamboiee pacnpoCTpaHEeHHBIMH — SBISIFOTCSL  METOJBI,
OTHOCSIIMECA K KIAcCy CETOYHBIX, TAKHE KaK METOJ KOHEUHBIX Pa3HOCTEH, METOA KOHTPOIbHBIX
00bEMOB, METO/] KOHEYHBIX 3JIEMEHTOB U BCEBO3MOXKHBIE UX MOAH(PHUKanui. CTOUT OTMETHUTb, YTO
B paMKax MCHOJIb30BAHUS AJIS1 MOAEIHPOBAHUS TAKUX METOJIOB UMEETCA BO3MOXKHOCTb YUUTHIBATD,
1 BeChbMa TOYHO, ICWCTBHE MHOXKECTBA (PAKTOPOB, XapaKTEPHBIX IS MCCIETYEMBIX (H3MUECKUX
MIPOIIECCOB, UTO JeNaeT uX 00JacTe MpUMEHEHHUs BechbMa oOmmpHOH. Ilpn 3ToM naHHBIE METOABI
SBJISIFOTCSL  BBIYUCIUTENHHO TPYJOEMKHMH, OCOOEHHO €clM peyb HAeT O MOJICIHPOBAHIH
HECTallMOHAPHOT0 OOTEKAHUS MOIBIKHBIX/1e(OPMUPYEMBIX TEIL.
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Hpyroii Kacc — narpamxeBbl 6eCCeTOUHbIE METOIbI — BKIIOYAET B cebst BuxpeBble MeToas! [1-3],
o0ylacTp IIPUMEHEHHS KOTOPHIX OrpaHWYEHAa HECKMMACMBIMH TEUCHUSIMH, HO BO MHOTHX
TEXHUYECKNX MPHUIOKEHHUAX 3TO YIPOIEHNE NPEACTABIIETCS BIOJIHE AOIYCTUMbBIM. B BUXpeBBIX
METOAAaX B KauecTBe MNEPBUYHON pacueTHOIl BEIMUMHBI PACCMATPHUBAIOT 3aBUXPEHHOCTB; IO
M3BECTHOMY IIOJII0 3aBUXPEHHOCTH MOXKHO BOCCTAHOBHTH I10JI€ CKOPOCTEH B JII000HM TOYKE Cpepl,
ucronb3ysi 00o0meHHbd 3akoH buo — Casapa [4], u moje naBieHHs, MOJb3YACh aHAJIOTAMH
unterpanoB bepnymnu u Komm — Jlarpamka [5]. I'eHepaius 3aBUXpEeHHOCTH MPOUCXOAMUT Ha
MIOBEPXHOCTH OOTEKaeMbIX Tell, 00ecreYnBas TEM CaMbIM BBHIITOJHEHHE TI'PAHUYHOTO YCIOBHS
npununanus. Cieayer OTMETUTb, 4TO B BUXPEBBIX METO/1aX IIPU pacueTe BHEIIHET0 00TeKaH!s HET
HEOOXOIMMOCTH HCKYCCTBEHHO OTIPaHMYMBATh OOJACTh TEYEHHs, T.K. TPAHMYHOE YCIOBHE
3aTyXaHHs BO3MYIIEHUI Ha GECKOHEUHOCTH BBIMOIHSETCS aBTOMAaTUYECKH M TOUHO.

Ha cerogusmHuii 1eH BUXPEBBIE METOIbI AKTUBHO PAa3BHBAIOTCS M CYIIECTBYIOT MOAN(DUKALIUH,
KOTOpBIC IO3BOJITIOT PAacCMaTpPUBATh TPEXMEpPHBIE M IBYMepHbIE TeueHHs. COOTBETCTBYIOIINE
QITOPUTMBI SIBIISTIOTCS. HECOM3MEPHMBIMH IO CJIOKHOCTH, OJHAKO IIPU PEIIEHHH MHOTHX
NPaKTHIECKUX 3a7ad TeJa, B3aNMOJCHCTBYIOIINE C HOTOKOM, UMEIOT 3HAYUTEIHHOE YAIHHEHUE, U
MOATOMY BMECTO pacueTa NPOCTPAHCTBEHHOTO OOTEKaHMS MOXHO pacCMOTPETh OIHY WIIN
HECKOJIBKO 3324 O IFIOCKOM O0TeKaHUH OTIEIBHBIX CeUeHUH (METOT ITIOCKUX ceueHuit [6]). Takum
00pa3oM, aNTOPUTMBI pacdeTa IIOCKUX 3a/ad 110 MOJEIMPOBAHNIO 00TEKaHMS MPOQHIeH 10 CHX
IIOp OCTAalOTCA aKTyaJbHBIMH; IJTaBHBIM MX «KOHKYPEHTHBIM IPEUMYIIECTBOMY SBISETCS HU3Kas
BBIYHMCIINTEIIbHAS CIIOKHOCTh, @ CJIEAOBATENIbHO — BO3MOXKHOCTh CPaBHUTEIBHO OBICTPOTO
BBITIOJTHEHHS PacyeTOB.

Tem He MeHee, B cuily crienn(pUUecKUX 0COOCHHOCTEH BUXPEBBIX METOIOB HA CETOJH CYIIECTBYET
JMIIb HEOOJIBIIOE KOJIMYECTBO IPOTPaMMHBIX peajHM3alii BHUXPEBBIX METONOB, CBOOOIHO
JIOCTYIIHBIX pacyeTyukaM (B Hjeasle — C OTKPBITHIM UCXOAHBIM Ko1oM). OJHUM U3 HHUX SIBJISETCS
nporpaMMHBIH koMIulekc VM2D [7], cBoOGoHO JocTymHBIA M3 pero3utopust github mo ccbuike
https://github.com/vortexmethods/VVM2D, B ocHOBe KOTOPOTO JICKHT METOJ BSI3KHX BHXPEBBIX
JIOMEHOB [2, 8] 1 HEKOTOpBIE aBTOPCKHE MOIU(HKAINN, B OCHOBHOM CBS3aHHBIE C HCIIOJIb30BaHUEM
T-cxeM MoBBIICHHON TOYHOCTH [9] At peleHUs IPaHUYHBIX HHTETIPAIBHBIX YPaBHCHHUI, a TaKkKe
HEKOTOPBIX Jpyrux anroputMoB. Kog VM2D M0OXHO HCHONIB30BaTh U MOAEIMPOBAHHUS TNIOCKUX
TEUCHHH; OH MO3BOJIET pemaTh IMUPOKUH KIIacc 3a7ad, B TOM YHCIIE B CONPSHKEHHOH IMOCTaHOBKE,
C HCIIOJb30BaHMEM BO3MOXKHOCTEH COBPEMEHHBIX MHOTONPOIECCOPHEIX OBM  pasmuyHbIx
apxurtektyp (Bo3moxHbI pacuetsl HA CPU u GPU). Llenpro qaHHON pabOTHI SBISIETCS pACCMOTPEHHE
00J1acCTH TPUMEHHMOCTH CYIIECTBYIOIIUX aJTOPUTMOB BHUXPEBBIX METOJOB HAa OCHOBE OIBITA
HCIIOJIB30BaHMUs IPOTpaMMHOro KoMmiulekca VM2D u ompeneneHus: HEKOTOPBIX HalpaBlICHHH
Oyay1ero pa3BUTHA YKa3aHHOTO KOJIa B YaCTHOCTHU U BUXPEBBIX METOJIOB MOAETHPOBAHUS INTOCKUX
TEUEHUH B LIEJIOM.

2. YucneHHoe ModenupoeaHue 8siI3KUX me4yeHull 8 Npo2paMMHOM
komnnekce VM2D

He craBs mepen co6oii 3aady MOJIHO M BCECTOPOHHE PACCMOTPETH KIIACCHl M TOCTAHOBKH 337134,
KOTOpBIE MOT'YT OBITH PELICHBI C UCIIOIb30BaHNeM Kojia VM2D (1osy4nTs npeicTaBiIeHue 00 3TOM
MoxHO m3 [7, 10]), oOpatuMcst K Bompocy 00 ydeTe BIHSHUS BSI3KOCTH IPH MOJCIMPOBAHUU
IUIOCKUX TEYEHUH.

B ucropuueckoii nepcrnekTuBe COBPEMEHHbIE BEPCHH BUXPEBBIX METOOB JUIs PEILIEHHs] IBYMEPHBIX
3a7a4 BOCXOZAT K METOAy JUCKpeTHBbIX Buxpeid [11, 12] (B 3apyOeskHBIX MNyOIMKALUsIX
UCIIONB3YIOTCS Kak TepMuH «discrete vortex method» [13], Tak u «lumped vortex method» [14]),
KOTOPBIH, MosBUBIINCH eme B 1950-x romax, mo-BMAMMOMY CTall OJHUM U3 TNEPBBIX METOJOB
BBIUUCIIUTENbHON TUAPOJUHAMUKUA. B OCHOBE yKa3aHHOrO METOAA — YHCIEHHOE MOJEIUPOBaHHE
TEYEHUS WJCATbHONH (HEBA3KOW) J>KUAKOCTH, OIHCBIBAEMOTO YpaBHEHHMAMH Oilepa; B TaKoW
MOCTaHOBKE MOKHO MOJIETTMPOBATh OTCHIMAIIBHBIC MM, TI0 KpaiHel Mepe, 0e3BUXPEBbIEC TEUCHMUS.
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CTOHNT OTMETHTbH, YTO BO3MOXHO BOCIPOU3BEICHHE U HAMHOI'O 00JIee CJIOKHBIX HECTAILIMOHAPHBIX
OTPBIBHBIX PEXUMOB 00TEeKaHHS Mpoduiell — 3TO 0COOEHHO aKTyallbHO ISl TOHKUX MpoQuiieit
(mmacTUHOK), KPBUTOBBIX MPOGIICH 1, B IEIOM, Ui IPoduIIel ¢ OCTPEIMU KPOMKAMH U YTIIOBEIMH
ToyKkamy. VIMEHHO Ha KOHIAX IUIACTHHBI (OZHOM WIIM O0OMX, pHC. 1) WM B YIJIOBBIX TOYKax
npoduiis 3amaeTcs MOJIOKEHHWE CXOAa BUXPEBOW MEJICHBI; caMa CXOJsINas BHXpeBas IeJIeHa,
(opmMupyolIas BUXpEBOH cliell, pacCMaTpUBAETCs KaKk TOHKasi IOBEPXHOCTh pa3pblBa KacaTelbHOU
KOMIIOHEHTBI CKOPOCTH.

7%
e O

Puc. 1. Pacuemnas cxema mooenuposanus o0meKanus moHKoU NIACTUHKU MEmMOOOM OUCKDETHbIX 8UXpell
€O CX000M BUXPEBbIX neieH ¢ 000ux KoHyo8. [lokazano pazbuenue NIACMuHKY Ha NAHEIU, NONOICCHU.
KOHMPOTIbHbIX MOYeK (KDACHbIM), NPUCOCOUHEHHBIX BUXPell (3e1eHbIM), CBODO0OHBIX BUXPell (OPAHINCEEbIM) U
guUxpesvie Cledbl — MOHKUE NOBEPXHOCU PA3PbIEA, MOOCTUPYEMbLE MOYEHHBIMU GUXPSMU (CUHUM)

Fig. 1. Numerical scheme for flow simulation around a thin plate using the method of discrete vortices with
vortex sheets shedding from both ends. Plate splitting into panel is shown as well as positions of control
points (red), attached vortices (green), free vortices (orange) and vortex sheets that are modelled as thin
discontinuity surfaces, represented by point vortices
[lonoOHast Monenb XOTh M SBJISIETCS JOBOJBHO TpyOOH, HO TO3BOJIIET PEUIMTh Pl
NPEACTAaBIAIONIMX [PAKTUYECKUM MHTepec 3anad. IIpuHIUMNUANBHBI €€  HEeNOCTaTOK —
HEBO3MOXHOCTh pEIIaTh 33/laud [0 pacyeTy OOTeKaHWs INAAKUX Npoduiei, Ha KOTOPBIX
MIOJIOXKEHWE TOUYKM OTphIBA IMOTOKA AIPHUOPH 3a7aTh HEBO3MOXHO. Tarxke HET BO3MOXHOCTH
MOJICIMPOBATh TEUCHUS, XapaKTepu3yeMble HH3KHUMH 4YHCIaMH PelHONbICAa, BO MHOTOM

onpenenseMble CHIIaMH BSI3KOCTH.

Pa3Burue BUXPEBBIX METOAOB MOJAEIMPOBAHUS IIOCKHUX TEUCHWH B 3HAYMTENHHOM Mepe IMOIUIO
HMEHHO TI0 ITyTH pa3pabOTKH allTOPUTMOB pelieHus ypaBHeHui HaBbe — CTOKca ¢ y4eTOM BIHSHUS
Bs3KOCTH. Ha ceroHst m3BeCTHBI METOJ CiTydaitHbIX Onykaanuit (random walk), pazpaboTaHHEIH B
1970-x romax [15], merom oOmena wuHTeHcHBHOCTAMHU (particle strength exchange, PSE),
npeutoxkeHHbIH B 1989 romy [16], meton pactpeneneHus siapa Buxps (core spreading), BrepBbIe
npemroxkeHHbIt B 1973 1. [17] u mozxe passuteiii B 1996 romy [18], meron muddyznoHHOM
CKOpPOCTH, U3BECTHBIA B HECKOJIBKUX MOAU(DUKAIIUAX, H HEKOTOPEIE ApyrHe. IMEHHO K TTOCIeTHEMY
OTHOCHUTCSI METOJl BSI3KMX BHXPEBBIX JOMEHOB [2, 8], peamm3oBaHHBIA B kome VM2D u
00JTaaroIni, KaK MPEICTaBIACTCS, PAIOM IPEHMYIIECTB Iepe]l OCTATFHBIMI METOJaMH.

¥, P
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0.4
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Puc. 2. IIpoghunu okpysrcnoil komnonenmol ckopocmu u 0agnenusi 6 mevenuu Kysmma meacoy coocnvimu
yununopamu (snympennuti paduycom 0.5 Henoosudicen, snewnuil paouycom 1 epawjaemcs); mouxu — pacuem,
CHJIOWHAA TUHUA — MOYHOe peuleHue 8 3ad6UCUMocmu ont paccmosinus 00 ocu epauieHusl
Fig. 2. Velocity and pressure profiles for Couette flow between co-rotating cylinders (internal cylinder of
radius 0.5 is immovable, external one with radius 1 is rotating); dots indicate numerical solution; solid line
represents exact solution against the distance to the axis
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Meronndeckue SKCIIEPUMEHTHI 110 BBITIOIHEHUIO PACUYETOB MPH IMOMOIIH Kojga VM2D mokasbpIBaioT,
YTO TEUCHHS C TIpeoOIafaHnneM BI3KHX 3((PEKTOB yaaeTcss MOACIUPOBAThH TOBOJIBHO KaUeCTBEHHO:
npodumu ckopocteil B TedeHnn [lyaseiins B xaHase, B TedeHUN Ky3TTa MEXIy IBYMSI COOCHBIMH
BpAlAOIUMUCS IIIHHApPaMU (puc. 2), B MOTPaHHYHOM CJIOC Ha TOHKOW IJIACTUHE B 3a/a4e
bnasuyca (puc. 3) BOCIpOU3BOIATCS BeCbMa TOYHO, MPUYEM AK€ MPH CPABHUTEIHHO MaJloM
KOJIMYECTBE BIUXPEBBIX YACTHII.

¥
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Puc. 3. IIpogunu copusonmanvroii Vx u éepmuxanvroii \ly KoMnonenm ckopocmu 8 no2panuiHoM cioe Ha
mouKoil niacmune (3adada brasuyca); npedcmagiena 3a8Ucumocns om agmomMoOenbHOl NepemMeHHOl
(V — KUHemamudecKkas 64A3K0Cniob, Voo — CKopocnib Ha6€2¢1i0u4220 nomoxa);
mMOoYKU — pacuem, CHJIOWHAA TUHUS — MOYHOe pellerue.

Fig. 3. Horizontal Vx and vertical Vy dimensionless velocity profiles in the cross section on a thin plate
(Blasius problem); the dependency against the self-similar variable is shown (v is kinematic viscosity, Ve is
incident flow velocity); dots indicate numerical solution; solid line represents exact solution.
HamHoro cioxnee 0OCTOUT [eNI0 ¢ MOJEIUPOBAHHEM OOTEKaHUS MPOQIIICH MPHU YMEpEHHBIX H
IOBBIIICHHBIX 3HAYCHUAX YHCJIA PCﬁHOHBHC&, Koraga, € OI[HOﬁ CTOPOHBI, BJIMAHUC CHUJI BA3ZKOCTH
CpPaBHHUTEIILHO MAJIO (a BJaJIKd OT I'PaHULbL HpO(I)I/IJ'IH, B I"J'Iy6I/IH€ o0acTy Te4yeHus — B OOJIBIINHCTBE
ClIydaeB IpeHeOpexnMo!), HO TIPH 3TOM ero TpeOyeTcsl yUUTHIBAaTh KOPPEKTHO, YTOOBI MPaBHIBHO
MOJAECIUPOBATE NPOLECChI, MPOUCXOAAIIUEC B NPHUCTCHOYHOM CJIO€, U TaKUM 06pa30M paBUIILHO

BOCHPOU3BOAUTL OTPLIB IIOTOKA OT HpO(I)I/IJ'Iﬂ.

3. ModenupoeaHue HecmayuoHapHO20 o6mekKaHuUsi Kpy2068020 YusuHApa

C y4eToM TOTO, YTO MOJAETUPOBAHWE HECTAIMOHAPHBIX W MEPEXOJHBIX PEKUMOB OOTEKAHUS
SIBJISICTCSL TOM 00JIACTHIO, TJI€ MPUMEHEHHE JIJIsl PACUETOB BUXPEBBIX METO/IOB MOXKET OBITH HaHOOJICE
3¢ GEeKTHBHO, PACCMOTPUM TECTOBYIO 33/1a4y O MOJCIMPOBAHUU OOTEKAHUS IIUJIHH/PA, MTHOBEHHO
MPUBEICHHOTO B JABIDKCHHE C IIOCTOSHHOM CKOPOCTEHIO B HETIOABIKHOM cpee.

Re = 40 Re = 200

Puc. 4. Ilonoscenus BUXPEBbLX Hacmuy 3a MCHOBEHHO leu@eaeHHblM 6 0sudceHue
Kkpyeogvim yurunopom Re = 40 u Re = 200 ¢ momenm epemenu t, = 0.5
Fig. 4. Vortex particles positions in vortex wakes after the impulsively started circular cylinder at Re = 40
and Re = 200 at time moment t, = 0.5
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Pacuer HectammoHapHOW CHIIBI JIOOOBOTO CONPOTHBIICHUS, IEHCTBYIOMIEH Ha IMIMHAD TIPH
pa3IMYHBbIX 3HAYCHHX yucia PeltHonb/ca, SBIsSETCS «CTaHAAPTHON» TECTOBOM 3ajayell, KoTopas
paccMaTpuBanack MHOTUMHE HcclienoBaresiMi. Ha puc. 4 moka3aHsl BUXPEBEIE CIIEBI B HAYaIbHOM
(dase IBIKEHWS [WIMHIPA, PACCUMTAHHBIC MpH MoMonM kKoma VM2D mnpu HISHTHYHBIX
MMOCTAHOBKAX 3a/Ia4M, Pa3IUYAIOIIMXCS TOJBKO BEIUYMHAMH KOX(PQUIMEHTAa BSI3KOCTH CPEJBI,
COOTBETCTBYIOIIUMH 3HaueHMsM uncia Pefinonbnca Re = 40 u Re = 200. B kauecTBe maciraba
BpPEMEHH BHIOPAHO OTHOIICHUE AHaMeTpa MWIHHAPA K CKOPOCTH Haberaromiero moToka.

3aBHCUMOCTH CYMMAapHO# CHIIBI CONPOTHUBIICHHUS, OOYCIIOBICHHON paclpe/elicHHEeM JaBJICHUS U
BSI3KUM TPECHHUEM, OT 0e3pa3MEepHOr0 BPEMEHH IS PACCMOTPECHHBIX CIy4YacB IMOKa3aHbI Ha PHC. 5 B
cpaBHeHHMM ¢ pesyiabraTamu [19-21]. BuaHo, 4TO pe3yapTaThl MOAEIMPOBAHUS XOPOILIO
COTJIACYIOTCS C pe3yIbTaTaMH, OTYICHHBIMHU IPYTHMH HCCIICIOBATEIISMH.

Cp Cn
8 T 8

[y I I T 1 — Bar—Lev & Yang 6

\ = == Colling & Dennis
4 .
M © Konmontsakos & Leonard
o VMID fcoment stody)

3

. 01 02z 03 04 03 ® 01 02 03 04 04
Re = 40 Re = 200

Puc. 5. Hecmayuonapnultii kosguyuenm 10606020 conpomugneHus
07151 MCHOBEHHO NPUBEOEHHO20 8 O8UdICeHUe Kpyeogozo yununopa npu Re = 40 u Re = 200
Fig. 5. Unsteady drag force coefficient acting on the impulsively started circular cylinder at Re = 40 and
Re = 200
AHaNorn4HOe MOJICNIMPOBAaHKE OBUIO BHIMOJHEHO TSI CKOPOCTH JIBIDKCHUS MHJIHHIPA,
COOTBETCTBYIOIIEH Oojiee BEICOKOMY 3HaueHHmro dymcia PeiiHompaca Re = 3000. Koneunoe
Oe3pa3MepHOe BpeMsi MOJICTUPOBAHMS TeIeph ObUTO BRIOpaHO paBHbIM t, = 5.0. BuxpeBoii cien B
MoMmeHTHI BpeMenn t = 1.0, t = 2.0, t = 3.0, t = 4.0, t = 5.0 mokazaHsI Ha puc. 6.

/
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Puc. 6. Ilonooicenus 6uxpeguix yacmuy 3a MCHOBEHHO NPUBCOCHHBIM 6 OBUIICEHUE KPY2OBbIM YULUHOPOM NPU
Re = 3000 6 pasnvie momenmol epemenu
Fig. 6. Vortex particles positions in vortex wakes after the impulsively started circular cylinder at
Re = 3000 at different time moments
Ora 3amada OKa3bIBAeTCS 3HAYUTENBHO Ooiee CI0KHOM. UTOOBI 00ecrednTh COTIacOBaHHOCTH
PE3yIBTATOB MOJICIMPOBAHMUS C TIPUBEICHHBIMU B nuTepatype [21-27] nanusivu mist Re = 3000,
MOTpeOOBaJIOCh PACCMOTPEHHE BEChbMa THIATENBHOM JAMCKpETH3alK MPOGMIIs, MaJoro Iuara mno
BPEMEHH, TOCTATOYHO OOJIBIIOTO KOJIHMYECTBA BUXPEBBIX YaCTHI] (nop;unca HOJ'[yMI/IJ'IJ'II/IOHa) B
obmactu TedeHHs (TOpsAaKa MOTyMIULIHOHA). CTONB MOAPOOHOE pa3penieHne B COBOKYITHOCTH C
HCTIONB30BaHUEM |-CXEM PEUICHHUS TPAHWIHOTO WHTETPAIHHOTO YPAaBHEHHS TO3BOJIMIHN M30€kKaTh

h
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BO3HMKHOBEHHS OCHMIIISIIUH IE€HCTBYIOIMNX CHJI, XapaKTEPHBIX IJIsI MHOTHX PEATU3alNil BUXPEBBIX
MeTonoB. Ha prc. 7 moka3aHsl pe3ysIbTaThl pacueTa HECTAIIMOHAPHON 3aBUCHMOCTH CHIIBI TOO0BOTO
CONPOTHUBJICHHUSI OT BPEMEHH, INMOIYYEHHbIC NPH HCIONIb30BaHMM Koiaa VM2D B cpaBHeHHH C
pe3yapTaTaMu IpyTUX aBTOPOB.
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Puc. 7. Hecmayuonaphuiii ko3pguyuenm 10606020 conpomueieHus 0is

MEHOBEHHO NPUBEOEHHO20 8 08uUdiCeHue Kpyeoso2o yununopa npu Re = 3000
Fig. 7. Unsteady drag force coefficient acting the impulsively started circular cylinder at Re = 3000
[TombITKK MOJCTUPOBAHKS TCUCHUHA BOKPYT KPYTOBOTO MPOGMIIA, XapaKTEPU3yeMbIX OOJIBITUMH
3HaYeHUsAMHU 4ucia PeiiHosblca, IpUBOAST K HEXKENATEIbHOMY pe3yJbTaTy: C MCIOJIb30BaHUEM
VM2D npu MOAETHUpOBaHMU KBA3UCTALMOHAPHOTO PEXHMMa OOTEKAaHUS pe3yNbTaT OKa3bIBaeTCA
Ka4eCTBEHHO NpaBMIBHBIM (00pa3yercs BuxpeBas Iopokka KapmaHa ¢ HOOUYEpeHBIM CPBIBOM
BHXpEii), HO KOJTMIECTBCHHO HEBEPHBIM.
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fo.70 5 " /){:} cylinders n air.
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T - ‘4_3 Phys. Zeit, 19!
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d = Diomefter of eylinder
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V- Kir nemalic viscosily

Drog coefficient, Cp= 2DjpV2S

0 0% 0°
nofds Nu/r'b("‘ ﬂ Vd/v

Puc. 8. Cmayuonapnwiii ko3¢hpuyuenm cunvt 10606020 conpomueierusl, oeicmsyiouyell
Ha KpY2060U yurunop, 6 3asucumocmu om uucia Petinonvoca [28]
Fig.8. Stationary drag coefficient acting on a circular cylinder in dependence to Reynolds number [28].

K mpumepy, He ymaercsi BOCIPOM3BECTH H3BECTHBIH 3PdekT «cradbummzamum» kodddummenTta
J000BOTO COMPOTUBJICHHS, B COOTBETCTBUU C KOTOPHIM CTAaIlMOHAPHBIN (OCpEeIHEHHBIN)
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K03 (HHUIIIEHT JIOOOBOTO CONMPOTHBIICHUS IIITUHAPA 0CTACTCS OJIM3KUM K 1.2 B IIMPOKOM JTHATIa30He
grcen PeitHonbca, a B oomactu Re =~ 1000 gaxke omyckaeTcst HUXKe eAMHUYHOTO 3HaueHUs (puc. 8).
[Ipu mpoBeneHNH pacdeToB K€ BUXPEBEIMH METOIaMH KO PHUIINEHT COMTPOTUBIICHHUS OKAa3bIBACTCA
CYIIECTBEHHO 3aBHIMICHHBIM, Onm3kiM K 1.5...1.6. Kpome Toro, u3 puc. 8 BumHO, 9TO 3HAUCHUE
Re = 2-10° cOOTBETCTBYeT TaK Ha3blBAEMOMY «KPU3UCY OOTEKaHHs», I0CIE KOTOPOTO
Ha0Io1aeTcs pe3Koe CHIKeHHe K03 dunnenTa 1000Boro conpoTuieHus. KauecTBeHHbIH ekt
«KpH3HCa CONPOTUBIICHHS» HAONIIOAAETCs U B pacyeTax BUXPEBBIM METOJIOM (Ha 3TO TaK)Ke yKa3aHO
B pabote [29]), oaHaKo oH HAGIIONAETCS paHbIIe, IpuMepHO pu Re = 105,

4. ModenupoeaHue obmekaHusi Kpbisio8bIx npogusnel

PaccmoTtpum 3aauy MojenupoBaHusi 0OTEKaHHs KPBUIOBBIX HMPOdMIICH NMpH CpeJHUX 3HAUCHUSIX
yucna PeitHonbaca. Ha puc. 9 nokasan BUXpeBO# cliesl 32 CHMMETPUYHBIM KPBUIOBBIM IIPOdUIIeM
NACA-0012, ycTaHOBJICHHBIM TIOJ] YTJIIOM aTakd @ = 6° B YCTaHOBHBIIEMCS PEXHME OOTCKaHUS
npu Re = 10* u Re = 10° [10]. [TapameTpsl pacueTa GbUIH BHIOPAHbI AHATOTHYHBIMU TAKOBBIM ISl
PAacCMOTPEHHOTO B MIPEABLAYIIEM pa3Jielie Cllydast O0TeKaHUs UINHpA.

Re = 10%:

TR LE L

=

r - - x "'J /ﬁm j«:v ;
Re = 10”: w_‘,} \\;‘g‘.,ﬁ,"—’ Y "‘\ &, \J}Q“

9

Puc. 9. Buxpeguvie cpedwt 3a npodunem NACA-0012 ons yena amaxu @ = 6° npu Re = 10* u Re = 10°
Fig. 9. Vortex wake after the NACA-0012 airfoil for angle of incidence @ = 6° at Re = 10* and Re = 10°
Iony4yeHHBIC B pacyeTe 3aBUCUMOCTH CTAIIMOHAPHBIX (OCPEAHEHHBIX) KOG (DHUIIMEHTOB JT000BOrO
COIPOTHUBIICHHS U MOJbEMHO# cHJIbl OT yria ataku (puc. 10) yJI0BIETBOPUTEIHHO COTTACYIOTCS C

SKCHEPUMEHTAIbHBIMU TAHHBIMH.
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npoguna NACA-0012 om yena amaxu
Fig. 10. Drag and lift force coefficients against the angle of incidence for NACA-0012 airfoil

HecMmoTps Ha TO, 4TO 3HaYeHUS KOIPPHUITEHTA T0OOBOTO COMPOTUBIIEHUS B pacUeTe MOITYIAr0TCSI
HECKOJIBKO 3aBBIIICHHBIMH, 3TO HE SIBJISETCS KPUTHUYHBIM B CHJIy UX MajlocTH. B memom MoxxHO
cIieNiaTh BBIBOJ, O TOM, YTO OOTEKaHWE MOJENHPYETCs MPABMIILHO JIa)Ke MPU BBICOKUX 3HAUYCHHSIX
yucna Pelinonbca.

Ecnmu mpogomkath yBeIMYUBATE YIoJl aTakd KpbUIa, TO pe3yiabTaThl pacdyeta B VM2D HauuHarOT
CYIIECTBEHHO OTIMYATHCSA OT JaHHBIX SKCIEPHUMEHTA — IMIABHBIM 00pa3oM, HaOII0aeTcs CHIIBHO
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3aBBIIIEHHOE 3HaueHne K03 dunmenta nogpeMHoON cuibl. [Ipy 3TOM ¢ yBenHW4YeHHEM yrila aTaku
MEHSIETCS ¥ PEKUM OOTEKaHUS: OTPHIB MMPOUCXOAUT HE TOIBKO Ha 3aJHEH OCTPOH KPOMKE, HO U C
TIIAAKON BepxHeW moBepxHOCTH npodmist. [To-BuauMomy, IMEHHO 3TH 3(P(GEKTH MOICIUPYIOTCS
HEI0CTaTOYHO KaueCTBEHHO.

5. O modenupoeaHue NM/IOCKUX mMeYyeHUll 8 sUxpe8biX Memodax C y4emom
aghgpekmoe mypb6yneHmHocmu

Ha ocHoBe mpencTaBieHHBIX BBIIIE PE3YyJIbTaTOB MOXKHO CJIeNaTh CIEAYIOUUN BbIBOA. Perienue
3a/1a4¥ B IJIOCKOM MOCTaHOBKE MO3BOJISIET MOJYyYaTh KOPPEKTHBIE PE3YIbTAThI B ABYX CIydasx: MPU
HU3KUX 3HAYCHUAX 4mcia PeitHonbaca — 6e3 pasHuUIpl, Ui Tiaakux npoduied wiu npoduiei ¢
KPOMKaMH 1 YTJIOBBIMU TOYKaMH, a TAK)Ke MIPU BBICOKHUX 3HAYEHHSIX unciia PeitHombaca, HO TOJIBKO
B CITy4asX, KOT/Ia He MOJIEIHPYETCS OTPHIB C TITaJKOH TOBEPXHOCTH.

B 9T0if CcBsI3M KaxKeTCs OMpaBIaHHOM Cleayrollias TMIOTe3a: B YKa3aHHBIX CIydasX peabHOe
(TpexmMepHOe) 00TeKaHKE KOHCTPYKIIMU Ha CAMOM JISJIE IO CYIIECTBY SBISACTCS IIOCKUM; IIpH OoJiee
BBICOKMX YHCIIaX PeifHONbCca TeUeHNe ec 0CTaeTCs INIOCKUM, TO TOJIBKO Ha «MaKpoMaciTadaxy,
TOTAa KaK MHKpPOMACINTaOHBIC TEYCHHS OKA3BIBAIOTCS CYIIECTBEHHO TPEXMEPHBIMH, TPH 3TOM
JaHHAs «MHKpoMaciTaOHas TPEXMEPHOCTH» OKAa3hIBACT BIMSIHHE HAa TCUCHHE B IEJIOM. DTOT
3¢ eKxT XOpoIIo N3BECTECH, U B IMTUPOKO PACIIPOCTPAHEHHBIX CETOYHBIX METOJaX BOCIIPOU3BOIUTCS
C TIPUBJICYCHUEM T.H. MOJeJIeH TypOyleHTHOCTH, B pamKax moaxomoB RANS mmm LES. Mmenno
ocpenHeHHOE (OT(QHIBTPOBAHHOE) TCUCHHE SIBISICTCSA IUIOCKHM, TOTAa KaK IyJIbCAl[HOHHAS
KOMITOHEHTA TI0JISI CKOPOCTEH — TPEXMEPHOM, OHAKO HE pa3pelacMoii B SBHOM BHJIE.

Kak wu3BecTHO, HEOOXOAWMOCTH BBEICHHS B PACCMOTPEHHE CIEUHANBHBIX 3aMBIKAFOIINX
COOTHOIIICHHI, COOCTBEHHO, W BBIPAXKAIOIIUX COOOM CcoOJEp)KaHME TOW WIM HHOM MOIeTH
TypOYJICHTHOCTH, CBS3aHO C HEBO3MOXKHOCTHIO OOCCIEYHTh HEOOXOAUMOE pa3pelicHUe He
pacueTHOM ceTke. Eciu mpou3BOIUTh MPsIMOE YHCIEHHOE MOJIEIMPOBAHKE, TO XOPOIIO U3BECTHO,
YTO XapaKTEePHBIA MPOCTPAHCTBEHHBIX MACIITA0 CTPYKTYp B 00JaCTH TE€UEHHS, KOTOPBIA JOIHKEH
ObITh pa3pelieH, HOCHUT Ha3BaHHWE KOJMOTOPOBCKOrO0 Maciutaba U SBISIETCS OOpaTHO
nponopuuoHansHEIM  BenmunHe Re¥*. Tosops mpo MenkomacmrTa®Hele 3(GEKTH, CleayeT
YIOMSHYTB, YTO B CPABHUTEIHHO MPOCTHIX MOJACIISIX TYPOYJICHTHOCTh IPUHIMAETCSI H30TPOITHOH B
TpeX MPOCTPAHCTBEHHBIX HampaBieHUAX. CaMa «TypOyIECHTHOCTE)» OTPEACISIETCS KaK TPEXMEPHOE
HECTAal[MOHApHOE [BIDKEHHE, B KOTOPOM BCIEACTBHE pACTSDKEHHS BHXpEH co3maercs
pacripeielieHie IMyJIbcalluii CKOPOCTH B MHTEPBAJIC IUTHH BOJH OT MHUHHMAIBHOTO, OTIPEACIIEMOT0
KOJIMOTOPOBCKHM MacIITabOM, 0 MAaKCUMAaJIbHOTO, OTPEASIIEMOT0 Pa3MepoM OOJIACTH TCUCHHS.
IIpu 3TOM CcHeKTpanpHOE paclpelneieHHe KHHETHYSCKOH SHEprud TYpOYICHTHOCTH UMEET Tak
HA3bIBAEMYIO MHEPIIMOHHYIO (TPOMEXKYTOUHYIO MEXIY OOJIACThIO KPYITHBIX SHEPTOCOIEPIKAIINX
BUXpel M 00JacThIO JMCCHUIAINY, B KOTOPBIX DHEPrHsl BHUXpPEW NpeBpaliaercs B TEIUIOTY B
pe3yabTaTe JeHCTBUS CUII BI3KOCTH) 0071aCTh, B KOTOPOH TYpOYJICHTHOCTH U SIBIISICTCS OJHOPOIHOM
W M30TPOMHOH, a CIEeKTpaJibHas IUIOTHOCTh KHHETHYECKOW JHepruu TypOymneHtHocTH E B
COOTBETCTBHH ¢ 3akoHOM Konmoroposa — O6yxoBa nponopuuoHansha k—>/3, rne k — BonHOBOE
yucio [30].

B BuxpeBbIX METOIaX MOJCIMPOBAHUS IFIOCKMX TEUCHUN «IPSIMOE» BOCTIPOU3BEICHUE YKa3aHHBIX
3¢pdexToB B MpUHIHMIIE HEBO3MOXXKHO TOTOMY, UYTO TMIEPBUYHAS pacueTHas BeJIMYUHA —
3aBUXPEHHOCTh AMpPHOPH TMPUHUMAETCS OPTOTOHANBHON 00NacTH TEYeHHUs, 4TO, COOCTBEHHO,
WCKJII0YaeT BO3MOXKHOCTh MOJENMPOBaHUs Mpoliecca pacTshkeHus Buxpeil. Tem He MeHee, eciu
MPOJEIIbIBaTh BCE BBIKJIAAKU, UMESI B BUJLy CYLIECTBEHHO IUIOCKUI XapakTep TeUYEeHHsI, TO MOXKHO
MOJYYHTh OICHKH, XapaKTePU3YIOIINE «IBYMEPHYIO TYpOYJICHTHOCTBY»: WHEPIMOHHAS OO0JACTh
3[IECh COCTOUT U3 JIBYX MOJOOJIACTEH: s OONBIINX BOJHOBBIX YHCEI CIIPABEUINBA ACUMIITOTHKA
E ~ k73, a3akon E ~ k~5/3 umeer mecto nuib B CpaBHUTENBHO y3KOM auanasone [31]. ImenHno
9Ta 3aBUCHMOCTh MOXKET OBITh IPOBEPCHA HA MPAKTUKE U MPAKTHICCKUX PACUCTOB TCUCHHUS B
nporpaMMHOM Komrutekce VM2D.
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B xawecTBe mIpuMepa NPOU3BOAWIOCH MOJCIHPOBAHUE OOTEKAaHHs KPYroBOIo HPOMMISL IpH
3HaueHnn umcina Peiimonsaca Re = 10°. IlomyueHnas B pacueTe BelIMYMHA CTAIMOHAPHOTO
(ocpennenHoro) koaddunreHta 1000Boro comnpoTHBiIeHNs O0mm3ka K 0.45 (cMm. obcyxmaBmmiics
BBILIIE BOMPOC O KPU3KMCE CONPOTUBIICHMS), IPpadMKH CIEKTPAIBHOIN IIOTHOCTH KHHETHYECKOM
SHEpPruM TYpOYJIEHTHOCTH TMoKa3aHbl Ha puc. 11. JleBblii rpaduk mojgydyeH myTeM NpsIMOi
00paboTKH pe3yabTaTOB MOJCIUPOBAHUS: IPOU3BOIUIIOCH BHIYMCIICHUE OISl CKOPOCTEH cpeibl Ha
PaBHOMEPHOH CETKE C MaJIbIM IIaroM B 00J1acTh, uMeroliel popmy KBaapaTa co CTOPOHOM, paBHOM
MIOJIOBHHE pajJiiyca 00TEeKaeMOro Kpyra, ¥ pacroJloXXeHHOH 1033y Hero Ha pacCTOSHUM, PABHOM
1/20 pamuyca numuHApa; qajgee BHIMONHIOCH IByMEPHOE TUCKpETHOE mpeobpazopanue Pypwe; Ha
rpadMK HaHECEHBl BEJIMYMHBI KBAaJpaTOB Moxyield kod(duunentoB dypbe B 3aBHCHMOCTH OT
MOYJIsL BOTHOBOT'O BEKTOPa; caM IpayiK MPEACTABJICH B ABOHHOM Jorapiu(MIYeckoM Macmrade.
[IpaBeiif rpaduK TONXy4eH B pe3yiapTare OOpaOOTKH BPEMEHHOH 3aBHCHMOCTH JUIS BEIWIHHBI
CKOpOCTH cpenbl B (UKCHPOBAHHOW TOYKe (ObUIa BBRIOpaHa TOYKA, OTCTOSIIAs OT TPAHUIEI
murHapa Ha 1/15 paauyca, ee mosoxkenue cootBeTcTByeT yriry 120°). [Ipon3BOAIOCH UCKPETHOE
npeodpazoBanue Dypbe, 10 TOPU30HTANBEHON OCH OTIIOXKeHa BenuuuHa k = f /U, rae f — yacrtora,
U — ckopocTh HaOeraromiero MoToKa, [0 BEPTHUKAIBHON OCH — BEIMYMHA KBajpara MOMIYJIS
COOTBETCTBYIOIIET0 K03 puyeHTa Oypre.

log(E) log(E)

log(k) log(k)
— Etk) — OP) — Ot — E(h) — O(*™P) — Ok

Puc. 11. I'pagpuku cnexmpansHoli NIOMHOCMU KUHEMUYecKoll dHepeuyu mypoyienmuocmu (cieéa — 0
npocmpaHcmeenno2o noJis cxopocmeﬁ 6 d)uKCupO@aHHblﬁ MOMEHM 6pemMenuU, cnpasa — 015 3a6UCUMOCTIU
CKOpOCMU OM 8PEMeHU 68 PUKCUPOBAHHOU MOUKe NPOCMPAHCMEA)

Fig. 11. Spectral density plots of turbulence kinetic energy (left figure — for spatial velocity field at fixed time;
right figure — for velocity dependency against time at fixed point)

BunHo, YTO CHOEKTp TUIOTHOCTH KHHETUYECKOW OHEPTUU «IBYMEPHOH TypOYJIEHTHOCTH
BOCIIPOM3BOJIMTCS B MHEPIITMOHHOM 00J1acTH BepHO 0€3 MpUBIEUSHHS KaKUX-JIH00 JOMOJTHUTENBHBIX
MOJIENIeH, YTO JaeT OCHOBAaHHE YTBEPXKIATh O JOCTATOYHON 3()h(HEKTUBHOCTH PEaTHM30BAHHBIX B
VM2D anropuTMOB MOJETUPOBAHMSA IUIOCKMX TedeHui. IlompITku monydeHHs MOZOOHOTO
pe3ynbTara ¢ UCIOJIb30BAHUEM CETOYHBIX METOJIOB, B YACTHOCTH, METOJIa KOHTPOJIBHOTO 00BhEMa,
peamuzoBanHoro B OpenFOAM, 6e3 mpuBiedeHHs Mojeneil TypOyJNIEeHTHOCTH K ycIexy He
HMPHUBOAAT (A1 ATOrO MOTpeOoBamach OBl HEMPUEMIIEMO MeEJKas CeTKa M IIar Mo BpPEMEHH, a

CJIeI0BaTeNIbHO — HeaIeKBaTHbIE 3aTPaThl BEIYUCIUTENBHBIX PECYPCOB).

OTMeTHM, 9TO Ha CErOIHS W3BECTHHI JIMIIb OTIENbHBIC PAOOTHI, B KOTOPBIX MPEIIPUHUMAIUCH
MOTBITKA «COBMEIIEHUs» BUXpeBbIX MeToJoB ¢ RANS u LES nonxomamu kK MoJenupoBaHHIO
TypOyaenTHOCTH [32-35], 0/IHAKO MIUPOKOTO PACIPOCTPAHEHHUS TAKHME MOXO/IbI HE TIOJIYUYHITH, 10
KpaifHel Mepe, IpU MOJCITHPOBAHUH MPUCTCHOYHBIX TedeHUi. OTYacTh 3TO MOXKHO OOBSCHHUTH
AMEBITUMHUCS 10 IOCJICTHETO BPEMEHH CIIOKHOCTSIMH C O00eCleYeHHeM TOYHOCTH PEIICHH
TPaHUYHOTO HWHTETPAILHOTO YPaBHEHHS OTHOCHUTEIILHO HMHTEHCUBHOCTH TEHEPHUPYEMOro Ha
npoduiie BUXPEBOTO CII0S, YTO B KOHEYHOM CUETE CYIIECTBEHHO OTPaHUYMBAIIO UCCIIEOBATENeH B
JIOCTH)KEHUW BBICOKOTO pa3pelieHus XapakTepUCTUK TEUeHUST B NPHUCTEHOYHOW oOmacTh.
Hcrnonb30BaHre BBIICYNOMSHYTBIX T-CXeM MO3BOJIET PENIUTh JAaHHYIO MPOOJIeMy M OTKPHIBAET
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BO3MOXXHOCTh K TIIOCTPOCHHIO HOBBIX MOAM(DHKALUA BUXPEBBIX METOJOB, BKIIOYAIOIINX
BO3MOYXHOCTh MOJIEIUPOBAHUS TYPOYIEeHTHBIX 3D PEeKTOB.

6. 3aksroyeHue

C nucnonp30BaHHEM MPOTPaMMHOTO KoMmIuiekca VM2D paccMoTpeHa BO3MOKHOCTH NMPUMEHEHHS
BUXPEBBIX METO/IOB, OCHOBAHHOTO HA METOIE BSI3KNX BUXPEBBIX JJOMEHOB, K PEIICHUIO MOAEIBHBIX
3aa4 0 MOAEIMPOBAHUH OOTEKaHWS MPOQUICH MPU CPEIHUX W MOBBIIICHHBIX 3HAUCHHUAX UHCIA
PeiiHonbaca: pe3ynbTaThl pacyeTOB MpPU  MajbIX 3HAYEHUSAX uuciaa PelHonbAca XOopoulio
COIJIACYIOTCSl C OKCIIEPUMEHTAIbHBIMU, OJHAKO NpU OOJBIIMX 3HAYCHUSX 4duciia PeliHonbpiaca
HaOJI0aeTcs CyIECTBEHHAS TIOTPEIIHOCTb.

[IpuBeeHHBIE 3aBUCUMOCTH CHIIBI JIOOOBOTO CONPOTHUBIICHUS U IOABEMHON CHIIBI JJ1s1 KPBUIOBOTO
npoduns mpu uucnax Peitmomsaca Re = 10* m Re = 10° ais ManbIx yriaoB aTaku ONHM3KH
K pe3yibTaTaM JKcrepuMeHToB. OJHAaKO TpH YBEIWMYCHWH YIJla aTakd CHOBA HaOJromaeTcs
pacxokaeHue B pe3yjbTaraXx. ITO MOXET ObITh OOBSICHEHO TE€M, YTO C YBEJIHUCHHUEM yIJa aTakH
MPONCXOJUT OTPHIB MOTOKA HE TOJIBKO HAa OCTPOIl KPOMKE, HO M HA CIIMHKE NPO(mIIs, 1 Takoi OTphIB
Ha TJIaJIKOW TIOBEPXHOCTH, KaK M AT CiIydast KpyrOBOTO IPOQUISL, MOACIUPYETCS HEIOCTATOUHO
KoppekTHO. [TocnenHee cBA3aHO ¢ TeM, UTO MPH BBHICOKUX 3HAUCHMAX uucia PelHonb/ca TeueHue
MOXET MOJICTPOBAThCS KaK IUIOCKOE, HO TOJIBKO Ha «MakpoMacimTadax», Torma Kak
MHUKpPOMAacCIITa0HbIC TCUCHHS SIBISIFOTCS CYLIECTBEHHO TPEXMEPHBIMHU, OCOOCHHO B 30HE OTPHIBA C
TJIAJKOM TOBEPXHOCTH, M Takas «MHKpPOMAacIITa0Has» TPEXMEPHOCTh, IPUHINIHAIEHO
HCBOCIIPOU3BOAUMAA B JABYMEPHBIX aJIlOPUTMaX BUXPEBBLIX MCETOJ0B, OKa3bIBACT CYIIECTBECHHOC
BIIMSTHUE HA TEUCHHUE B IICJIOM.

B TO ke BpeMs aHanM3 CIEKTpa KHHETHYECKOW 3HEPIHH TypOYJICHTHOCTH IOKa3bIBACT, YTO OH C
BBICOKOI TOYHOCTBIO COOTBETCTBYET «IBYMEPHOH TYpOYJIEHTHOCTH», M3 Yero MOXHO CIeJaTh
BBIBOJI O JIOCTaTOYHOW 3(p(heKTHBHOCTH pealm30BaHHBIX B VM2D ajnropurmMoB MonelUpOBaHHs
IUIOCKUX TEYCHHH.
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AnHOTammsi.  PaccMaTpuBaroTcsi  BONPOCHI ~ MaTeMaTHYeCKOTO  MOJCIHPOBAHHS  TYpOYJICHTHOTO
TEIIONPOBOAHOTO TEUCHUSI CKMMAEMOH BA3KOH Cpellbl BO BHYTPEHHEM 00beMe KOpITyca BO3IYIIHO-TEIUIOBOH
3aBeChl, OCHAIICHHOW TaHI'€HIIMAILHBIM BEHTHUIISITOPOM. PelieHne 3a1auu IOCTPOSHO Ha OCHOBE OCPEIHEHHBIX
no PeiiHonbacy (Paspy) ypaBHenuit HaBbe-Crokca. Pemenne 3amaun moiydeHO ¢ IPHMEHEHHEM MOAX0Ma
MRF (Multiple Reference Frame), KoTOpblIii HCIIONB3YET BPAIAIONIYIOCS CHCTEMY OTCUETa, H C IPUMEHEHUEM
npeoOpa3oBaHusl OCHOBHBIX ypaBHeHHH HaBbe-CTokca B 30HE BpamieHHs. I KOPPEKTHOTO OIHMCAHUS
MPOTEKAOIIMX BO BHYTPEHHEM 00BeME BO3/YLIHO-TEIUIOBOM 3aBEChl M B OKpYyXkKaromel cpene pabouux
MPOLIECCOB B pab0OTE NPUMEHSIOTCS MOJYJIBHBIE MHOTOOJIOYHBIC CETKH, B TOM YHCIIC TI03BOJISIOIIHE PA3/ICIUTh
Bpalllafolvecss M HENoJBIKHBIE oOynacTH. PelleHue MOCTaBIEHHBIX 3a/ad CTPOMTCS C HCIIOJIb30BaHUEM
uHcTpymentoB nakera OpenFOAM. B pesymbrate paboThl MOAPOOHO OMHCAHBI OCOOEHHOCTH CTPYKTYPBI
MOTOKa B MPOTOYHOW YacTH BO3YLIHO-TEIUIOBOHM 3aBEChl, OILCHEHBI CKOPOCTH rasa, JOCTHIaeMble IpHU
Pa3IMYHBIX CKOPOCTSIX BpallleHHs1 BEHTHIIsITOpa. [loka3aHa aBTOMOAEIBEHOCTD MPOQHIIeH CKOPOCTH Ha BBIXO/E
U3 COIIA 3aBECHI.

KiioueBble cj10Ba: MaTeMaTHYECKOE MOJCIIMPOBAHNUE; Ta30Bas AWHAMMKA, BO3QYIIHO-TCILIOBAsA 3aBECa;
TaHTCHITHATbHBIN BCHTUJIATOP,; JUWHAMHUYCCKHAC CCTKH
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Abstract. The issues of mathematical modeling of turbulent heat-conductive flow of compressible viscous
medium in the internal volume of the body of an air-thermal curtain equipped with a tangential fan are
considered. The solution of the problem is constructed on the basis of averaged Reynolds (Favre) Navier-Stokes
equations. The solution of the problem is obtained using the MRF (Multiple Reference Frame) approach, which
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uses a rotating reference frame, and using a transformation of the basic Navier-Stokes equations in the rotation
zone. In order to correctly describe the working processes occurring in the internal volume of the air-thermal
curtain and in the environment, modular multiblock meshes are applied in the work, including those allowing
to separate rotating and stationary areas. The solution of the set tasks is constructed using the tools of the
OpenFOAM package. As a result of the work, the peculiarities of the flow structure in the flowing part of the
air-heat curtain are described in detail, and the gas velocities achieved at different fan speeds are estimated.
The self-similarity of velocity profiles at the air curtain nozzle outlet is shown.

Keywords: mathematical modeling; gas dynamics; air-heat curtain; tangential fan; dynamic mesh.
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1. BeedeHue

OKcrulyaTanusi TMOMEIIeHHH ¢ OOJBLIMM IIOTOKOM IPOXOJSIIMX JIFOJEH WJIM TpaHCIopTa
COIIPOBOXKIAETCS OTEPSIMU TEILIa Y€PE3 OTKPHIBAIOLINECS IIPOEMBI Pa3rpy30uHbIE OKHA, IPOXOIbI,
BXOJ/IHBIE JIBEpH M BOpoTa. K TaKMM NMOMEIIEHHUSAM OTHOCATCS OOJIBHMIIBI, IIKOJBI, JETCKUE Cajbl,
CHOPTHBHBIE OOBEKTHI, a3POMOPTHI, BOK3AJbl M APYTHE OpraHM3amuu cdepsl ycIyr (MaraswHbI,
TeaTpbl, TOCTHHUIIBI, PECTOPaHbI), OOIIECTBEHHBIH TPAHCIIOPT, NPONU3BOJACTBEHHBIE M CKJIAJICKUE
nomemnienus. [lonaepkanne TeMneparypsl BO3lyXa B IOMELIEHHH B 3alaHHBIX TIPeesiaX BO3ZMOXKHO
C WCIOJB30BAHUEM 3JIEKTPOMEXaHHYECKOTO YCTPOMCTBA — BO3AYNIHOM TEIUIOBOM 3aBechl. B
HEKOTOPBIX ClIydasiX UCITIOJIb30BAHUE TCIIJIOBBIX 3aBE€C ITO3BOJIACT 00CCIEUNTh BEIMTOJIHEHUE 0COOBIX
TEXHOJIOTHUECKUX TpeOOBaHUil, HampuUMep, K XpaHEHUIO MPOJYKTOB MUTAHU, T.K. 3aBECHl MOTYT
OrpaHUYUBATL KaK IMOCTYIJICHHUE XOJOJHOI'0 BO3AyXa B MOMEIICHHUE B 3UMHUMN nepuon, Tak u
IoJlauy ropsiuero Bo3ayxa jgetoMm. Kpome 3Toro, 3aBecsl NpensaTCTBYIOT IPOHUKHOBEHUIO BHYTPb
HAaCCKOMBbIX, IIbUIX, AbIMa, HCIIPUATHBIX 3al1aX0B U T.[. Ho no 60J'II)IH€I>1 4JacCcTHU BO3AYIIHO-TCIJIOBBIC
3aBECHl MCIIOJB3YHOTCS Ul Pa3felieHUs. 30H C Pa3iIu4HOM TEeMIEpaTypodl BO3AYIIHOH Cpeabl 110
pa3HbIe CTOPOHBI OTKPBITHIX IPOEMOB.

BozaymmHo TermnoBbie 3aBECHl Pa3NYalOTCs M0 Ha3HAYCHHIO, HCTOYHUKY TeIlIa (B TOM YHCIE IO
TUIy HarpeBaTelisl), TUITY YCTAHOBKH, IO PacXo/ay BO3AyXa, PACHOJI0KEHUIO M TEOMETPHH (CedeHne
Kopmyca, Gpopma coruia). OJHUM U3 OCHOBHBIX JIEMEHTOB TEIIJIOBOH 3aBECHI SIBISIETCSI BEHTUIIATOP.
Kak mnpaBuio, B yCTpOHCTBaX MJaHHOTO THINA MWCIONB3YyeTCs JHOO paauaibHBIA, JHO0
TaHFeHHHaHBHBIﬁ BCHTUJIATOP.

TaHreHIMaNbHBIN, WM AMAMETPAIbHBIA BEHTWIATOP IpPEACTaBIsieT cOOOW THUN yCTpOWCTBa, B
KOTOPOM TIEPEIBHKEHHE BO3JYIIHOW MAacChl MPOM3BOAWTCS IEPIEHINKYISIPHO OCH JIBHXKCHHS
pabodero koneca. Kopmyc n3nenus MMeeT CXOJICTBO C KOPIIYCOM aHAJIOTHYHOTO YCTPOWMCTBA
neHTpoOexxHoro Thma. Pabodee Kojeco AMAMETPAIbHOIO BEHTHIIATOPA NPEJCTABIECHO B BHIE
LWJIMHIPA, BHEHIHAS ITOBEPXHOCTH KOTOPOro (opmupyercss HabOpoM NpoQHUIMPOBAaHHBIX IO
MOTOKY Jiomatok [1-3], uTo obecneunBaeT TpeOyeMOe HaArHETAHUE BO3LYIITHON MACCHhI B IUIOCKOCTH,
MEPIICHANKYIIIPHOI K OCH BEHTWJIATOpa. BcachiBaromieil mOBEpXHOCTBIO, TAKUM 00pa3zom, OyaeT
ABJISTHCSA BEPXHSA TOPU3OHTAIBHAS IJIOCKOCTh YCTPOMCTBA (INTMHA KOTOPOM COBMAAAET C JIMHOU
YCTpOWCTBa), a HE TOpIEBas MOBEPXHOCTh. Bo3mymHas macca mepeMelaercsi JOMacTAMH, a
i dy30p yBEIMUMBaET CKOPOCTh MEPENBIKEHHS B TpeOyeMOM HampasieHuu [4].

HpI/IHHI/IH pa6OTBI TaHTCHIIUAJIbHOTO0 BCHTHUJIIATOPA OCHOBBIBACTCA HA MOBTOPHOM HNPOXOKIACHUU
BO3Iyxa depe3 paboume mapaulesbHBIC JIOTIATKH B IIOTIEPEYHOM HANpaBIICHUH, YTO SBISETCS
XapakTepHOH TeOMETPHUECKON 0COOCHHOCTRIO ATOH KOHCTPYKINH. COTJIaCHO SKCIIEPUMEHTAIHLHBIM
JAaHHBIM JBMXCHUC rasa BHYTPU TEIJIOBOM 3aBECHhI, OCHaH_[eHHOfI TaKUM BCHTUJIATOPOM, MOXKET
XapaKTepU30BaThCsl BBICOKOH cTeneHblo TypOysieHTHOCTH [5-8]. Ha paboTy KOHCTpYKIMHU B IEIOM
OKa3bIBAaeT CYIIECTBEHHOE BIMSHUE MECTO YCTAHOBKH BEHTWIIITOPA ¥ TEOMETPHUS KOPITyca 3aBECHI.
OKCHEepUMEHTAIBHbIE WCCIEJOBAaHMS IO3BOJIIIOT MOJYYUTb OrPOMHBIH HaboOp JIaHHBIX,
XapaKTepU3ylOUUX paboTy TaHTeHIHMAIbHBIX BEHTHJISTOPOB, OJHAKO BCE OHM KacaroTcs
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KOHKPETHOM MOJEIM HCCIENyEMONW BO3AYLIHO-TEIUIOBOM 3aBEChl W HE MOAXONAT A Lenel
YCOBEPIICHCTBOBAHMS CYIIECTBYIOIIMX M IPOSKTUPOBAHUS HOBBIX yCTpoiicTB. B sToMm ciydae
LeTIeCO00Pa3HO HCIOIb30BATH METOJBI BHIYUCIUTEILHOM Ia30BOH IMHAMUKH, KOTOPBIE LIHPOKO
NPUMEHSIOTCS 1T MOJEIMPOBAHUS a3pPOAMHAMUYECKMX TEYCHUIH B Pa3IMYHBIX TEXHHYECKUX
YCTpOMCTBAaX.

YncneHHOe MOJCNMPOBAHHE HCHOJB3YeTCS KAk JUld  HCCICNOBaHMA  HECTAIIMOHAPHOU
a’pOJMHAMUKH U TETUIO0OMEHA, MPOTEKAIONINX B pab04MX (BHYTPEHHUX) 00JIaCcTSIX yCTPOUCTB [5,7,
9-11], Tak u mns pacuyera GOPMBI U TPACKTOPUH OCH BO3AYLIHBIX CTPYH B MOMEIICHHH TOCTE HX
HCTEYCHUsI U3 BO3MYIITHO-TEIUIOBO#M 3aBechl [12].

B Hacrosimeid paboTe Ha OCHOBE METO/OB BBIYMCIHMTENHLHON Ia30BOI TMHAMHUKH aHAIN3UPYETCS
TEUEHHE BSI3KOTO, C)KMMAaeMOro, TEIJIONPOBOIHOIO ra3a B paboueM o0beMe BO3AYIIHO-TEIUIOBOH
3aBechl. /|11 YNCIICHHOTO MO/IECIUPOBAHUS HCIIONIB3YIOTCS! ONOIMOTEKN OTKPBITOH MHTETPUPYEMOM
mathopMbl sl PELICHHS 3aqad MEXaHWKH CIUiolnHbix cpen OpenFOAM 2.0 [13], a rtaxxke
BO3MOXXHOCTH OTKPBITOM HHTETpUpyeMoii mratdopmer Salome 8.3.0 [14].

2. Mamemamu4eckass nocmaHo8Ka

B paboTe BBINONHEHO MOJEIUPOBAHHE TEUYCHUS CXKMMAeMOW BS3KOW CpeAbl Ha OCHOBE
ocpenHeHHbIX 1o PeitHonpacy (Paspy) ypaBHeHuit HaBre-CToKca BO BHyTpeHHEM 00BbeMe KOpITyca
BO3JYIITHO-TEIUIOBOM  3aBeChl, OCHAIIEHHOW TAHTEHIMAIbHBIM BEHTWIITOpOM (puc. 1).
PaccmaTpuBaeTcs TaHTE€HIMAIBHBIH BEHTWIATOP, COCTOSIIMKA M3 pabodero koieca 1, BXOTHOTO
naTpyOka 2, BerxogHoro auddysopa 3 u kopiyca 4. Pabodee konmeco comepxut 36 paBHOMEPHO
pa3MeIIeHHBIX JIONAacTeH, MPOQHIMPOBAHHBIX 110 TOTOKY.

L 2.17d
r 0.12d 0.15d,, o |
N

W

(0)
Puc. 1. I'eomempus pacuemnoii obracmu.: npocmpaHcmeeHHas Mooens (a) u pacyemuas obracmo (6)
Fig. 1. Geometry of the computational domain: spatial model (a) and computational domain (b)
HpI/I MOACIUPOBAHNU UCTIOJIB3YIOTCA CICAYIOINE TOMYMICHUA U YIIPOIICHUA:
— pabodee Koeco BpamaeTcst ¢ 3aIaHHOM MOCTOSTHHOM CKOPOCTBIO;
— 3aJ]a4a pelraeTcs B INIOCKOW MOCTaHOBKE;

— Ta3 XapakTepU3yeTcs MOCTOSTHHBIMA K03(HITMeHTaMH BSI3KOCTH H TETIONIPOBOIHOCTH.

B wuccnenoBanum [15] yTBepikmaeTcs, YTO Ha BBIXOJE BO3AYIIHOW 3aBEeCHl (POpPMHpPYETCS
PaBHOMEpHBIA TPO(MIP HATHETAEMOTO BO3IyXa, HE 3aBUCSIIIUH OT OCEBOW KOOPIMHATHI,
HATIPaBJICHHOW BIOJb OCH pabodero koieca BeHTWIITOpa. OUeBUAHOE NBYMEpPHOE TCUCHHE HA
BBIXOJIC HE MOXKET CYIIIECTBOBAThH O€3 IBYMEPHOTO TEUCHHS BO BCEil 007aCTH, U 3TO MO3BOJIIET HAM
HCCIIEA0BATh ra30JUHAMUKY BHyTpeHHeﬁ BOS}IyH.IHOﬁ 3aBECHI B leyMepHoﬁ IIOCTAHOBKE.

Takum 00pa3om, MOCTaBIeHHAs 3a7a4a MOXKET OBITh OIMCaHa CUCTEMON YpaBHEHH:
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dp dpuy
at ax; 0, ¢))
opw; dpuaw;  dp 0 [ (0u;  Ow\ 2 Ouy
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ot " Tox, | ox om\M\aw Tax) 3Max Ut @
dpE O0pEu; dpu; oOw;t;; 0q;
p n P }=_p}+ l”+i+Fiui, 3)
ot ax] 6x] ax] ax]
p = pRT. (4_)

B mpuBenenubix Boimie Gopmynax (1)-(4) npusTel cienyroie 0003HAUYEHUS: P — IIOTHOCTD;
U; - KOMIIOHCHTHI BEKTOpa CKOPOCTH U; P — AABJICHHUE; [ - TMHAMHYCCKUA KO3 PHUIUCHT BI3KOCTH;

F; — Buemmnss obbemuas cuna; E = C,T + 0.5u? — nonuas yjensHas sueprus; H = E +p/p =

2 Oug
Su=—=68;; — TeHso
#Bxk ij p

C,T +0.5uf = h+ 0.5uf — monHas ynenbHAs SHTANBINS;, T;j = 2US;; — 2

. 1(0u; , Ouj . . oT .
BA3KHMX HANPSUKEHHUH; S; j = 3 (E + 6_xl> - TEH30p CKOpOCTEN nedopManuid; q; = Aa—xj - TETUIOBOM
moToK; A - ko3 durment rernonposogaocty; T — Temreparypa; R = 287 x/(xr-K) — ynensHast
ra3oBast OCTOSTHHASL.

Hccnenyemoe TedyeHWe HE TMpeAroyiaracT OOJBIINX IEpPEerafgoB TEMIEpaTyphl, I03TOMY
KO3(h(UIMEHTHI MOJEKYJISIPHOH BSI3KOCTH M TEIUIONPOBOJHOCTH CUMTAIOTCS HMOCTOSHHBIMU WL =
1,85-107° Ia-c, A = 0,0259 Br/(m-K).

Hcxomuas cucrema ypasaenuit (1)-(4) ocpennsiercs mo ®aspy u Peiinonsacy [2, 17]. Bemnuunant
npecTaBIAoTCs B Buae cymMmsl 0 = 0 + 6", tae 6 = E/ p, TIe E, p - OCpPEIHEHHBIE COTJIACHO
npouenype ocpeaHeHus PeiiHonbaca mapameTpbl. s 3aMbIKaHHUsT OCpPEAHEHHON CHCTEMBI
ypaBHEHUI TIpUMeHsieTcst Moieltb TypOyaenTHocTr SST [18]. Bee KOHCTAHTB MOJIENH PaCCUNTAHBI
B cootBercTBHH [18, 19] co 3HAaUEHUAME U3 CTAaHAAPTHBIX Moneneit k — € m kK — w ¥ peACTaBICHHI
B[2, 4,9, 18].

JIJIst aZieKBaTHOTO ONMCAaHUS BCACHIBAHUS BO3/yXa M3 OKPYXKAIOIIEH cpeabl U ero BeIOpoca depes
BBIXO/IHOE COTIIO 3aBEChI OblIa IIOCTPOECHA CIIOKHAS MHOTOOJI04Hasi KOHEYHO-00bEeMHas CeTKa (pHC.
2), KoTopasi coJepxHuT 4 30HbL: 1 — 30Ha BXoza (3a00p BO3/1yXa), 2 — BHYTPESHHHI 00BEM TEIIOBOI
3aBeChl, 3 — BEHTHIATOp, 4 — 30Ha BbIXoja (BBIOpoc Bo3myxa). 1, 2 um 4 30HBI ABIAIOTCA
HENOJBIXHBIMK, 3 30HA — BpallaeTcsi C 3aJaHHONM yriuoBoil ckopocthio (). CeTka BO
Bpallatolieiics ¥ HENOABMKHBIX O0JIACTSX HECTPYKTYPHPOBAHHAs M COCTOMT W3 TPEYrOJIbHBIX
aneMeHToB. O0Iee KOMMYECTBO 3IeMeHTOB — 18366 siueex cymmapHo Jutst obnacteit u 4677 sueek
Ut obiactu 3.

Puc. 2. Koneuno-obvemnasn cemka u epanuyHvle YCio8us
Fig. 2. Finite volume grid and boundary conditions
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B pabote mpu pemieHuu 3amadw ObUT Hcrosb3oBaH monxox [11,15], koTopblit ucmomb3yer
JIOKTbHYIO BPAIAIONTYIOCS CHCTEMY OTcUeTa B 00acTu pabodero koseca (30Ha 3). DT0 MPUBOIUT
K IIpeo0pazoBaHNIO0 OCHOBHBIX ypaBHeHHH HaBre-CToKca B 30HE BpaIleHH - 9TOOBI YIeCTh P PEKT
BpallleHus HUCXOAHble ypaBHeHus (6) u (7) B JaHHOM 30HE JONOJHSAIOTCS —CIIaracMbIM,
yuuTtbiBatoium cuiry Kopuonuca F = 2 X u.

JlaHHBII TOIXO/ UCTIONB3YETCS YISl MOJICTIMPOBAHUS YCTAHOBUBIIMXCS TeueHUH. Takum oOpazom,
TEJI0O W CeTKa BOKPYT HEro B 30HE BpallleHHs (U3MYECKH HE BpallaloTcs. Takod momxon c
BBIYHMCIINTEIILHOW TOYKM 3pEHHsS MEHee TpeOoBaTelieH IO CPAaBHEHHIO C HECTAI[IOHAPHBIM
MOJICTIMPOBAaHUEM, W TPU KOPPEKTHO MOCTAaBJICHHOM 3ajaue O00OecredrBacT XOpPOIIYIO
aNIMPOKCUMAIIHIO C MEHBIIMMH BBEIYUCIUTEIbHBIMHU 3aTPAaTaMH U 3HAUYUTEIEHO MEHBIITMM BPEMEHEM
pacuera.

I'paHnyHBIe YCIOBUS JUIs IOCTABJICHHOM 33/1a4 TIpeICTaBIeHbI B Tabmuie 1.

Tabn. 1. I panuunsie ycnogus
Table 1. Boundary conditions

ITapameTp YciaoBue
ap oT
Bpamaromasics 30Ha Jlomactu BeHTHIIATOpA =0 5= 0O,u=0
I'panunpst Drotal = 10°TIa,
obnactu Bxon OTa= 313K
— 105
HenoasuxHbie 30HBI Boixon Pour = 10°Ila
ap aT
Crenka Kopryca m=05-=0u=0
CKOpOCTb BpamieHust 250-1500 06/Mun

BOHpOCI)I MOCTPOCHUA METOJIa KOHTPOJIbHBIX O6’BCMOB, YHCJICHHBIX CXEM W pAla paCYCTHBIX
aNrOpuTMOB TOJPOOHO ocBemeHsl B pabote [16]. CdopmupoBaHHass TakuM 00pazom
MareMaTuueckas MOJIeNb peain30BaHa ¢ UCroyb3oBanueM pemarens rhoPimpleDyMFoam.

3. AHasnu3 pe3ysibmamoe YucrieHHo20 ModesiupoeaHusi

B pe3ynbTare UNCICHHOTO MOJEIUPOBAHUS IBH)KEHHUSI BO3/lyXa BO BHYTPEHHEM 00beMe TeIIOBOH
3aBeChl MOJYYeHbl CTPYKTYpa TE4eHHs B BUJE JIMHUHA TOKa, IMOJs AABJICHUH, TeMIEpaTypbl W
CKOpPOCTH Ta3a NpHU BpaIleHHH BEHTHWIATOPA CO CKOpOcThI0 OoT 250 o6/mMmH mo 1500 o6/MuH.
JlonoHUTENEHO TTOCTPOCHBI MPOQUIN CKOPOCTH M TEMIIEPATYpPhI ra3a Ha BHIXOHOM IrpaHMIe — Ha
cpe3e BbIXOAHOTO coruia. OmpeneneHa 3aBUCUMOCTh NMPOM3BOAMTEIHLHOCTH BO3IYIIHO-TEIUIOBOH
3aBeckl (BT3) 1o BO3IyXy OT CKOPOCTH BpaIeHHUS.

CpaBHeHHe JIMHAH TOKa M TOJICH paclpeieeHus OCHOBHBIX IapaMeTpoB IOTOKa IT0Ka3alo, 4To
CTPYKTYpa TEUYEHHS HE 3aBUCHT OT CKOPOCTH BpallCHUs JIONAcTed BEHTWIATOPA W SBISETCS
OJIMHAKOBOM JUIS BCEX paccMaTpHBAaEMbIX pPEKHUMOB pPabOThl. XapakTepHble Uil BceX
PacCMOTPEHHBIX CKOPOCTEH BpallleHHs] TAHTEHIMAILHOTO BEHTUIIATOPA MOJIsl QU3MUECKUX BETUUUH
(ckopocTH, TeMIepaTypbl U JIaBJICHHs1) TPUBEJCHBI HA puc. 3. BUIHBI JIOKanbHBIE OCOOCHHOCTH
pacnpeieneHus JaBJICHUs 1 TEMIIEPATYPBI 110 MONEPEYHOMY CEYEHHIO BO3/IYIIIHO-TEILIOBO 3aBECHI,
00YCIIOBIICHHbIE CTPYKTYpOil TedeHus. Tak JIOKaJbHBIH MHUHUMYM JaBJICHUS U TEMIEpaTyphbl ra3a
COOTBECTBYET MECTOIIOJIOKECHUIO BHUXpeBOl 30HbI 3 Ha puc. 4. [loHMWXKeHHE AaBJICHUS PO
OTHOIIECHHIO K aTMOC(EPHOMY 3aBHCHT OT CKOPOCTH JIBHKEHS pabodero kKojeca u cocTasisier ot 20
ITa mpu 250 06/muH 1o 1000 ITa npu ckopocTu BpammeHust 1500 06/MuH.

PaccMoTpum ocobeHHOCTH TeueHHs rasa B pabodeM oObeme 3aBechl (puc. 3, 4). 3a cuer paboOTHI
BEHTWJIITOPA, BO3/LyX BcachlBaeTcs B pabounii 00beM BO31yLIHO-TEIIOBON 3aBECHI, HAIPABIISACH
0 BXOJJHOMY IaTpyOKy K padouemy kosiecy. YacTb OTOKa MPOXOJIUT IO 33JHEH CTEHKE 3aBECHI, a
Jpyras 4yacTh CHa4aja IonajaeT BHYTpb pabouero Kojeca, a 3aTeM U3HYTPU HapyxKy, 4TO IPUBOIHUT
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K 3HAYUTEIHHOMY YCKOpEHHIO raza. /lajee MOTOK HAIPABISICTCS B HIDKHIOI TOJOCTH 3aBECHI,
OTKyZa BEIOpackIBaeTCs B aTMochepy.

U Magnitude 1 P
000 702 1’2 22y 047 9299 2% 303 00 ol 99500 99714 9040 95902 00116
(a) (6) (8)

Puc. 3. [lons ckopocmu (a), 0asnenus (6) u memnepamypul (8), xapaxmepHule 0Ji1 PACCMOMPEHHBIX
pexHcUMO8 pabomuvl 8030V UIHO-MENTI0B0U 3A46eChl
Fig. 3. Fields of velocity (a), pressure (b) and temperature (c), typical for the considered modes of operation
of the air-heat curtain

OpHako yacTb OCHOBHOI'O IOTOKA rasa, He ycleBasi IOCTYIUTh B Y3KHM 3a30p MEXKAY JIONACTIMHU
pabodero koileca W IMepeqHE CTEHKOW 3aBEeCHl CHOBA IIOCTYIIAeT BHYTPH pabodero koieca, H,
MTOTYHHSSACH BPAIICHHIO JIOIACTEH BEHTHIISITOPA, 00pa3yeT Bo3BpaTHOE TeueHue 3 (puc. 4), KoTopoe
B pe3yibTaTe B3aUMOJEUCTBUS C IMOCTOSIHHO IMOCTYNAIOLUIMM M3 BXOAHOIO CEYEHHS] INOTOKOM
BO3/lyXa, CMEIAeTCsi OT OCH BEHTWJISTOpa BHU3 K JomacTsaMm. dopMmupyemas TakuM 0Opazom
CTallMOHAPHAs BUXPEBas 30Ha 3 SIBISICTCS KOHCTPYKTHBHBIM pasJeiUTeIeM 00JIacTell BCaChIBaHUS
U HarHeTaHus BO3Jyxa. B3aumojeilcTBHe BO3BPaTHOTO TEUEHUS C OCHOBHBIM IOTOKOM,
HATPABJISIONUMCS B COILIO, IPUBOIMUT K 00PA30BAHUIO TMHUH PA3ICIICHIS IIOTOKA HA BXOJIE B COILIO
5 (puc. 4) n xk 00pa30BaHMIO NMPHKATON K BEpXHEH CTeHKe comuia cTpyd. dopMUpoBaHKe CTPYHU B
BBIXOJTHOM CEYCHHH COIUIA COMPOBOXKIACTCSA OTPHIBOM IOTOKA U, KaK CJICICTBHE, 00pa3oBaHHEM
00J1acTy ¢ MOHMKEHHBIM JaBICHHEM M BO3BPATHBIM TeueHueM 4 (puc. 4).

0.00 762 15.2 229 3047

Puc. 4. Cmpykmypa nomoxka 6 ude 6eKmopo8 ckopocmu
Fig. 4. Flow structure in the form of velocity vectors
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Pazgenenne moToka COMPOBOXKIASTCS TaKKe MEPECTPOUKON TeUeHHUs BOJIM3M BEPXHEH CTEHKH
BBIXO/IHOTO COIUIA M TEPEOpUEHTAlMell TedeHus. B Touke couneHEeHWs BXOJHOTO marpyOka C
nepexneii crenkoi BT3, B pe3ynpraTe B3aMMOACHCTBHS BUXPEBOTO TCUCHHS C ITOCTYIAIONINM U3
aTMoc(epbl BO3IyXoM, 00pa3yeTcsi CHCTeMa HECUMMETPHUYHBIX MTapHBIX BUXpeit 2 (puc. 5).

Eme onHOM XapakTepHOH 0COOCHHOCTBIO TEUEHHMS SIBISETCS 00pa3oBaHHE yCTOHYMBOIO BHXpS 1
(puc. 5) BO BXOJHOM CEUCHUM BOJIM3M 3aJHEH CTEHKH, PAcIOJIOKEHHE KOTOPOro O0O0YyCIOBICHO
reoMeTpuel BXOJHOTO CEeUeHHUs BO3YIIIHO-TEIUIOBOM 3aBEChl M KOHCTPYKIMEH KopITyca.

JlaHHas KapTUHA TeUeHMsl BO3JlyXa XapaKTepHa JUIl BCEX PACCMOTPEHHBIX CKOPOCTEH BpallleHHs
BeHTHIIsITOpa. I[lapamMeTpbl BBIXOJHOM CTPYHM OTIMYAIOTCS TOJIBKO 3HAYEHHWEM MAaKCUMaJbHOU
CKOpOCTH, KOoTOpasi m3MmeHseTcs ot 4,6 m/c (250 o6/muu) 1o 25 m/c (1500 o6/mun). IIpu 3TOM
BIIMSTHUE Ha pa3Mep, IOJIOKECHUE M (OpPMy BHXPEBBIX 30H CKOPOCTh BPAIEHHS BEHTHISATOpa HE
OKa3bIBACT.

Ha pucynke 5a mokaszansl mpo(WIN MPOJOIBHOW KOMIOHEHTHI CKOPOCTH Ha CPE3€ BBIXOJHOTO
coIula BO3YIIHO-TEIUIOBOM 3aBeChl NPH pa3IMUHBIX CKOPOCTAX BpamieHus. Buano, dTO
pacroNoXXeHHe 30HBI BO3BPATHOTO TEYEHHS OJMHAKOBO MIJIsI BCEX CKOPOCTEH, a 3HA4YCHUS
MaKCHMyMa CKOPOCTH (OTPUIATENIFHOM M MOJOXUTEIbHOHW) TeM OOJbIle, YeM BBIIE CKOPOCTh
BpameHus. [Ipu BpalieHHH BEHTHIIATOPA CO CKOPOCThIO 250 00/MMH MAaKCHMyM CKOPOCTH PaBEeH
3,62 m/c, mpu BpamieHuu co ckopocThio 1500 o6/MuH — 24,56 M/c. AHanm3 npoduieii CKOPOCTH
MOKa3aJl aBTOMOJEIFHOCTh Oe3pa3MepHOit CKOPOCTH Ta3a (puc. 50).

30 15

20 /‘—\' 1 / ~
u p——

lOX A U0’5

X /
0 — 0 A"
00 04 o6 o0 10 05

-10 0,0 0,5 1,0
y

(a) (6)

Puc. 5. IIpogunv npodonvrotll KOMROHEHMbI CKOPOCMU HA CPe3e CONLA NPU PA3TUYHBIX CKOPOCMAX 8PAUeHUs
BEHMUAAMOpA: a) pazmepHule, O) be3pasmepHsie npopuu
Fig. 5. Longitudinal velocity component profile in the nozzle cross- section at different fan rotation rates: a)
dimensional, b) dimensionless profiles

4. 3aknroyeHue

B pabote Ha OCHOBE METOAOB MAaTEMaTHYECKOIO MOAEIUPOBAHUS HCCIIENYeTCsl TeUEHUE BA3KOTIO,
CKMMaeMOoro, TeIUIONPOBOJHOTO Ta3a B pabouyeM o0beMe BO3AYLIHO-TEIUIOBOH 3aBechl. s yyera
3¢ ¢eKToB BpallleHHs] JIOMAaCTeld TAHTCHIHAJIbHOIO BEHTWJISATOPA IMPUMEHEHBI MHOTOOJIOYHbIC
pacuetHble ceTkH ¢ npuMmeHeHneM noaxona MRF. [lonydena crpykrypa TedeHHs B BUIE JIMHUH
TOKa, TIOJIsl JIaBJICHUH, TEMIIEpaTyphl U CKOPOCTH Ta3a MpH BPaIIEHUH BEHTHWIISTOPA CO CKOPOCTHIO
ot 250 06/mMuH 10 1500 06/muH. ITocTpoeHB! MPOQUIN CKOPOCTH T'a3a Ha BEIXOJHOM I'paHMIE — Ha
Cpe3e BBIXOJHOTO COILIA.

[TokazaHo, YTO CTPYKTypa TEUEHHUs] HE 3aBUCHT OT CKOPOCTH BpAILCHUS BEHTHWIATOPA U SIBISETCS
OJIMHAKOBOM Ui BCEX PAaCCMATPHUBAEMBIX PEKUMOB pabOThl, MPOQMIN CKOPOCTH SIBISIOTCS
ABTOMO/ICJIbHBIMH.

W3ydeHs! Tomonorndyeckue 0coOEHHOCTH TEYCHUS Ta3a B paboueM obbveme 3aBechl. [lokazaHo, 4TO
CTPYKTYpa TEUYEHHsI XapaKTepHa Juisi paboThl TAHI€HIIMAIbHBIX BEHTHIISITOPOB U COOTBETCTBYET
IKCMEPUMEHTAIIbHBIM JaHHbBIM.
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ITokazaHo, YTO JIOKaJIbHBIE OCOOCHHOCTH pACHpENENICHHs MAABICHUS M TEMIEpaTypsl IO
MONIEPEYHOMY CEUCHHIO BO3AYIIHO-TEIUIOBOH 3aBECHl OOYCIIOBICHHBI CTPYKTYypoW TeueHus. Ilpu
9TOM IOHIKCHHE JIaBJICHHS MPO OTHOIIECHHIO K aTMOC(HEPHOMY 3aBHCHUT OT CKOPOCTH JIBIKCHHUS
paboyero koneca u coctasisier o 20 [1a npu 250 06/mMuH no 1000 Ila mpu ckopocTH BparuieHHs
1500 06/muH.
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AnHoTanmsi. PaboTa mocBsIIeHa IapaMeTPUUECKUM HCCIECHOBAHHMSM TEUCHHS! KPUITOHA B KOHHYECKOM
MHKpOCOIUIE TPH HCTEYEHHH B OONACTh C HHU3KMM JaBIeHHEM. I3ydeHbl OCOOCHHOCTH TEUCHUH IIpH
Pa3IUYHBIX 3HAYECHUAX AABJICHUS TOPMOXKEHUS B MPEACOINIOBOM 00BEMe, B TOM YHCIIE PH BOSHUKHOBEHHU
KOHJICHCHPOBAaHHOM (ha3bl B OTOKe. MaTeMaTinueckoe MOASTUPOBAaHNE IIPOBOIMIOCH HA OCHOBE YHCICHHOTO
pelieHus TOMHOW cucTeMbl ypaBHeHHH HaBpe-CToOKkca, MOMONHEHHOW YpaBHEHHEM MAacCOBOW JIOIH
KOHZIEHCATa W ClIaraéMbIMH B YPaBHEHHH COXPAaHEHUs JHEPTUM, OTBEYAOIIMMH 3a TEIUIOTY (ha30BOro
nepexona. B MaremaTuyeckoif MoJieIM YIUTHIBAIOCH H3MEHEHNE KO (GHUIIEHTOB TUHAMHIECKOH BI3KOCTH 1
TEIIONPOBOAHOCTH OT TeMIepaTyphl ra3a. PacueTHas o0nacTh BKiro4aiga B cebsl caMO MHKPOCOIUIO U 4acTh
MPOCTPAHCTBA 32 HUM. 3a3j1aua peragach METOJOM KOHTPOJIBEHOTO 00beMa Ha OIIOYHO-CTPYKTYPHUPOBAHHON
PETYISPHOM CeTKE U3 YETHIPEXYTOJIbHBIX JIEMEHTOB C HCTIOIb30BAHMUEM CXEM BTOPOTO MOPA/KA TOUHOCTH. [1o
BPEMEHM HHTETPUPOBAHUE YpPaBHEHMH NPOBOJMIIOCH C HCHOJIb30BaHHeM Meroaa Pynre-Kyrrel. Pacuerst
MIPOBOJMINCH NPU 3HAYCHUAX HaBICHUS TopMoxkeHus 5, 10 m 15 atm mis omHOogasHoro m AByX(azHOTO
TeueHui. [IpuBeneHBI OIS pacHpeeNieH s TeMIlepaTyphl 1 9rciia Maxa B cOIlIe U B IPOCTPAHCTBE 33 HHM.
H3yyeHo oceBoe paclpeielieHUe MAaBIEHUs, TemmepaTypbl M uuciaa Maxa. IlokaszaHo, uTo B ciyuae
0HO(a3HOTO MOTOKA HAOJIOIACTCS aBTOMOJCIBHOCTh TeueHHi rasa. [lonsi maBneHuii ObLIM MOJOOHBI, a B
6e3pa3MepHOM BHUJIE COBMAJAIN MeXAy coOoi. [Ipu sToM Habmronanack MISHTHYHOCTH MOJEH CKOPOCTH U
TeMIepaTypbl MPHU Pa3IMYHBIX 3HAYCHHUSX JaBICHHS TOPMOXKEHUs. ABTOMOJEIBHOCTh TSUSHHUS HapyIIaeTcs B
30He ()OPMHUPOBAHUS KOHJICHCHPOBAHHBIX YAacTHI. Pa3Mepsl 30H JIOKAIBLHOTO MOBBIMICHUS TEMIeparyp, a
Tarxke MHTEHCHBHOCTH TETIIOBBIISNICHHUS 3aBHCST OT 33JlaHHOTO JAaBIECHHS TOPMOXKEHUS, YTO OTpakaeTcs Ha
CKOPOCTHBIX XapaKTePUCTUKAX TCUCHUS.
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Parametric investigations of flows in micronozzles
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Abstract. The work is devoted to parametric investigations of the krypton flow in a conical micronozzle when
flowing into a region with low pressure. The features of the flows are studied at various values of the stagnation
pressure in the pre-nozzle volume, including the occurrence of a condensed phase in the flow. Mathematical
modeling was carried out on the basis of a numerical solution of the complete system of Navier-Stokes
equations, supplemented by the equation for the mass fraction of the condensate. The mathematical model takes
into account the change in the coefficients of dynamic viscosity and thermal conductivity depending on the gas
temperature. The problem was solved by the control volume method on a block-structured regular grid of
quadrangular elements using schemes of the second order of accuracy. The equations were integrated with
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respect to time using the Runge-Kutta method. The calculations were carried out at stagnation pressures of 5,
10, and 15 atm for single-phase and two-phase flows. The distribution fields of temperature and Mach number
in the nozzle and in the space behind it are presented. The axial distribution of pressure, temperature, and Mach
number has been studied. It is shown that in the case of a single-phase flow, self-similarity of gas flows is
observed. The pressure fields were similar, but in a dimensionless form they coincided to each other. In this
case, the identity of the velocity and temperature fields was observed at different values of the stagnation
pressure. The self-similarity of the flow is violated in the zone of formation of condensed particles. The
dimensions of the zones of local temperature increase, as well as the intensity of heat release, depend on the
given stagnation pressure, which is reflected in the velocity characteristics of the flow.

Keywords: micronozzle; krypton; Navier—Stokes equations; condensed phase; mathematical modeling.
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1. BeedeHue

MukpomacmtabHble BHYTPEHHHE TEUCHHS XHIKOCTEH M Ta30B SBISIOTCS NPEIMETOM MHOTHX
COBpEMEHHBIX HccienoBanuii [ 1-10]. MukporunpoanHaMuKa, I MUKPOQITIOUINKA BEIIEIICTCS B
OTACTBbHYI0O HAyKy, 3aHMMAOLIYIOCS H3YYEHHEM MAJIBIX JABIKYIIMXCS OOBEMOB JKHAKOCTH H
crocoOBl yIpaBiieHUS TAKUMHU MHKporoTokamu [4-10]. MukpoTedeHns )KUIKOCTEH BCTpedaroTCs
KaK B €CTECTBCHHBIX YCJIOBHAX, HAapuUMep, NpH (MIbTPANWU depe3 MOPUCTHIE CPEenbl, TaKk U B
HCKYCCTBEHHBIX MuKpocucrteMax. Illupokoe pacmpocTpaHeHHe MMKPOTHAPOIMHAMUYECKUX
YCTPOMCTB CBA3aHO C MHHHATIOPU3AIMed TEXHHYECKUX KOHCTPYKUHMH M JTUKTYyeTCs
HEOOXOJMMOCTBIO CHIDKEHUSI JHEpProlnoTPeOJIeHUs, YBEIHUCHUS! OBICTPOJACHCTBYS, TOBBILICHHS
YyBCTBUTEIBHOCTH, PacUIMpeHHs (YHKIMOHAIBLHBIX BO3MOXXHOCTEH W JPYTHMMH HanpaBICHUSIMU
COBEpPILICHCTBOBAHUS YCTPOMCTB.

MuxkporupoiuHaMu4eckass TeXHHKa (MHUKPOHACOCHl, MMKpOKJIANaHa, MHUKPOMHUKCEPHI M T.IL.)
HCIIONB3yeTCs MHTCHCUBHO B MeauiuHe ((papmareBtuke) [1-4], xumun (HaHomarepuainsi) [4, 5],
ouonoruu [1-3] u mukposnekrpoHuke [4, 6-10]. HasHaueHnem MHKPOTHAPOJMHAMHUYECKUX
ycrporicte (MI']Y) sBisieTcst TpaHCIOpPTHpOBKa (Iepekadka) OZHO(A3HBIX I MHOTO(a3HBIX
TeTepOreHHBIX MJIM TOMOTEHHBIX CpeJl MO KaHallaM, XapaKTEePHbIE Pa3Mephl KOTOPHIX OTPaHUIEHBI
HECKOJIBKUMH JIECATKAMU MUKPOMETPOB.

Marble pa3Mepsl MOTOKOB INPHUBOIAT K TOMY, YTO 4acTb (HM3MUYECKUX SBICHMH, HIPaIOIINX
3HAUUTEJIBbHYIO POJIb B MAaKpPOCKOITMYECKHX TEUECHUSIX, MepecTaroT ObITh 3HAYMMBIMH, HalpUMeEp
rpaButanus. B To >ke BpeMs MaJlO3HauMMbIe Ui MaKpOHOTOKOB (u3uueckne 3>(PQeKTs B
MHUKPOTEUEHHSIX CTAHOBSTCS OCHOBOTIONIATAIOIIUMHE, HAIPUMED, KaMWUIIPHBIE 3P QEKTHI.
MuKpoTedeHNsI UIMEIOT HECKOJIBKO 0coOeHHOCTENH. Bo-TIepBhIX, HECMOTPS Ha MaJlble XapaKTepHbIC
pasmepsl MI'J1Y, uzyuaemble (pu3nNKO-MEXaHUYECKHE MPOLECCH HaXOASTCS B paMKax THIOTE3bI
CIUIOIIHOW CpeJibl, T.€. JJSI X ONMUCAHHUS NPUMEHHMBI OCHOBHBIC 3aKOHBI COXPAaHEHUs] MEXaHUKH
KHUIKOCTH M Ta3a. Bo-BTOPBIX, MUKpPOpa3MEpHBIE TIOTOKH XapaKTEPHU3YIOTCS MaJbIMH YHCIAMH
PeitHonb/ica BBULy MalbIX 3HAYCHMI XapaKTEpHBIX T€OMETPHUYECKHX Pa3MEpOB KaHAJIOB M, Kak
MIPaBUJIIO, SBJSIOTCSA JJAMHHAPHBIMH. DTO MO3BOJIIET HE YCIOXKHATh MATEMaTHIECKYIO IOCTAHOBKY
3aJa4d MOJEIAMHU TypOyJNEeHTHOCTH. B mepByro odepens 3TO KacaeTcsl HEC)KUMAEMBIX Cpef,
BA3KOCTh KOTOPBIX MMEET TOT XK€ TMOPSANOK, 9TO M XapakTepHBIC pa3Mepbl KaHajoB. Ilpu s3Tom
CKOPOCTH JIBMKEHUS JKHUAKOCTH OTIpaHWYEHBl [1aBJICHHEM HACHIIIEHHBIX MapoB. JKHIKOCTHBIE
MHKPOKaHAJIBI MOTYT UMETh Pa3IMIHYI0 apXUTEKTypy. DTO MOTYT OBITH MPSMOJIMHEHHBIE KaHAIIbI
npsiMoyrosnbHoro cedeHus. Jpyrue MIZIY moryr ObITh mpeicTaBiieHbl B BHIE JIPEBOBUIHON
CUCTEMBl  PA3BETBISIOIIMXCS KaHANOB. Takue KaHalmbl HCIOJB3YHOTCS, HampuMep, B
MUKpOpaguaTopax B MHKpo3aekTpoHuke [9, 11]. [lng cMmemmuBaHUS IKHAKOCTEH MOryT
HCTIOJIB30BaTHCSI MUKPOMHUKCEDHI B BAZIE T-00pa3HO COSIMHEHHBIX KaHANOB [12].
MukpomacmTabHble TEUEHUS CKMMAEMBIX Ta30B MOTYT OTJIIMYAThCA OT CBOMX MaKPOCKOIMYECKUX
aHaJOTOB TEM, YTO OJHOBPEMEHHO C HU3KMMHM 4HCIaMH PeiiHoiblca B HUX MOTYT JIOCTHIaThCS
BbICOKME uncia Maxa, maxe eciad KaHal NPsIMOJIMHEHHBIA. B CBEpX3BYKOBBIX MHUKPOCOILTAX
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yCcKOpeHHe rasza emie Oojee omryTuMmoe. Takue comia MOTYT HCIIOJIb30BaThCs Ul MOJy4EHHS
BBICOKOCKOPOCTHBIX C()OKYCHPOBaHHBIX Iy4koB Mukpodactun [13, 14]. B stom ciyuae ras
BBICTYIIA€T KaK HECyIlas cpela, PasTOHSIOUIAscs JI0 CBEPX3BYKOBBIX CKOPOCTEH W Jaromias
HEOOXOANMYIO MHEPLHIO THUCIIEPCHBIM YacThuiaM. CHIIBl BSA3KOTO TPEHHUS BOJM3U CTEHOK COILIA
3HAYHUTENBHO CYKAalOT CBEPX3BYKOBYIO 00JIACTb TEUCHHUS U TOMOTAIOT CKOHLCHTPHPOBATH YaCTUIIBI
B IIGHTpE COILIA.

Hacrosimass paboTa IOCBSIEHA NapaMETPUYSCKUM HCCICHOBAaHHMAM TEUGHHS KpPUITOHA B
KOHMYECKOM MHKPOCOIUIE ITPH UCTEYCHUH B O0JACTH ¢ HU3KMM JaBJieHHEM. L{enbio poBOANMEIX
HCCIICIOBAHUH SIBIAETCS ONpEeAeeHHe OCOOCHHOCTeH TeUeHHH B MHUKPOCOIUIE IIPU Pa3IMYHBIX
3HAYCHUSX AaBJICHUS TOPMOXKCHHUS B MPEACOINIOBOM 00BEME, B TOM YHCIIC NPH BOSHUKHOBEHHHU
KOH/ICHCHPOBAaHHOH (a3bl B IOTOKe. PaboTa sBIsieTCs NpOJOJDKEeHHEM, TPOBOIMBIINXCS paHee B
paborax [10, 14-16] o n3y4eHUIO0 TeUCHUH HHEPTHBIX Fa30B B MUKPOCOILIAX.

2. MocmaHoeka 3ada4yu u Mamemamu4eckasi MoOesib

B pabore umcieHHO WCCIeAyeTcss TeUeHHE KPHUITOHA B OCECHMMETPHYHOM KOHHYECKOM
MuKpocoruie (puc. 1). 3amaga pemaercs B OCECHMMETPHYHOH MmocTaHOBKe. CxeMa pacueTHOH
obnacTu mokazaHa Ha pucyHke 1. Paguyc KpuTU4eckoro ce4eHus corma cocTaBisieT R . =250 MkM,
yroJj mnosypactBopa konyca 4,3°, IiuHbI KOHQY30pHO# 1 1udPy30pHOIt yacTeil paBHBI 5 U 7 MM,
COOTBETCTBEHHO, M 00lIas JUIMHAa comuia paBHa L,,, = 12 mm. [y moiydeHHs KOPPEKTHOTO
pacrpeie/ieHisl TapaMeTpoB B COIUIE PACCUMTHIBAIACH TAKKe YacTh HMPOCTPAHCTBA 3a COILIOM.
Pamyc cBobomHOTO 00BEMA 32 COIUIOM COCTABIACT R,,pg = 25 MM, a HA Ly,eg = 20 MM.

Puc. 1. Cxema pacuemnoii obracmu
Fig. 1. Sketch of the calculation domain
MaremaTiueckoe MOJAEIMPOBAHUE MPOBOAMUIOCH HA OCHOBE UHMCJIEHHOIO PELIEHUS MOJIHOM
cuctembl ypaBHeHuH HaBpe-Crokca, TONOJHEHHON ypaBHEHHMEM MAcCOBOM J10JIM KOHJAEHcaTa U
cllaraeMbIMU B YPaBHCHUW COXPaHCHHS HEPTUH, OTBEYAIOIINMH 32 TEIUIOTY (pa3oBoro mepexona.
CucreMa ypaBHEHUH, COOTBETCTBYIOILAs 3aKOHAM COXPAaHEHHUS MAacCChl, UMIIYJIbCA, YHEPTUM U
MacCoBO¥l 0 KOHICHCATA 3allUChIBaeTCs cieayomum obpazom [10, 14]:

9Q OF, OF, oL, oL,
at+ax+a—T+Fee—§+a—r+Lee+Lcona, )
[P pu pv v
pu® +p puv uv
Q=|pv| E, = puv | F =|pv®+p| Fpy = Pl , 2
lpe | puh | | puh r vh
pG | puG | | pvG |
O
Txx | | Trx |
L,= Tor L, = Trr
UTye + VT + qu lum v, + qu
3 0
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0 0 ®
[ 1
1 [ 0 ] | 0 |
Log =~ Trr — Tog Leona = | 0 |l
lurm +vT,, + qu lm’AHSJ
0 m'

IZIe U UMV TPOSKIUH CKOPOCTH HAa OCH KOOPIUHAT, Tyy, Tyr, Trr Tgg — TCH30PBI CKOPOCTEH, p -
IUIOTHOCTH Ta3a, e — yAelbHas JHeprus, h sBisercs obmieil sHTambImed, G — mMaccoBas IO
KOHJIeHCcaTa, M’ - Macca CBEPXKPUTHUECKUX KIacTepoB, AH, — Temno (pa3oBoro mepexoga , q =
(9r, Q) — BEKTOp IJIOTHOCTH TEILJIOBOTO MMOTOKA.

Cuctema ypaBHenuii coxpanenus (1)-(3) 3aMbIkagach COOTHOIICHUSMH, BBIPAKAIOIIUMHE
0000mIeHHBI 3ak0H HplorToHa, 3akoH Dyphe, SHEPrHIO M SHTAIBIIHMIO Tra3a W ypaBHCHUEM
COCTOSIHHUS, YIUTHIBAIOIINM HAJIMIHe KOHJICHCHPOBAHHOI (Da3bl B TOTOKE.

du 2 v 2 2
Ty = 27;5 - gndwﬂ, Tpp = 2175 - gndwﬂ, Tgp = —gndwﬂ,

v | a ou | 8 )

v, ivQ =LY = (u:

Tyr = Trx _n($+a_r)' divQl = nton T A= (w; v),
u? + v? u? + v?

e=T+C,,T, h=T+CpT, (5)
p =pRT(1-G), (6)

rae 7 —Kodppuiment nuHaMHYeckod BaskocTh (7), C, — ynenbHas TETIOEMKOCTh Taza, R —
YHHUBEpCalbHas Ta30Bast IOCTOSHHASL.

BBuay OOJBIIMX TEMIEPATYPHBIX TPATUCHTOB KOIPQPHUIMEHTH IMHAMHYCCKOW BS3KOCTH U
TEMJIONPOBOIHOCTH Ta3a onpeaensiercs o Gopmynam [17, 18]:

JAT

n(T) = 26.69 T (7)
20(%)
U SBISIETCS. MOJIAPHOM Maccod rasa, 0 — NOTEeHUualbHbI napamerp JlenHapaa-IlkoHca,

XapaKTepU3YIOIINH PacCTOSIHAE HYJIEBOTO MEXMOJICKYIISIPHOTO B3aUMOAEHCTBUS, (1 — MHTErpan
CTOJIKHOBEHHS (), 3aBHUCSIINI OT 3aKOHa B3aNMO/ICHCTBUSL.

1.16 0.52 2.16
TO0.15 + eo.77T + 62.447"' (8)

T =

T saBnsercst GespasMepHOH TeMIepaTypoii, KOTopas MOXKeT ObITh ONpejeieHa dHEPreTHUeCKUM
napameTpoM notennuana Jlennapa-JIxonca u nocrosiHuoi bonbimana k = 1.38 - 10723 J/K.
ar) =105, ©
Pr

A — k03 puIHEeHT TEMIONPOBOIHOCTH, ONpeAeIIsomuniics k03(GUIHEeHTOM BA3KOCTH, Pr — umcio
IIpanaTis.

Cucrema ypaBHenuit (1)-(9) nomonmHsnach ypaBHCHHUSMH, OIMCBHIBAIOLIMMH  MPOLECC
(OopMHpPOBaHUST M POCTAa KOHAECHCHPOBAHHBIX YACTHUI] B IEPEOXIAXKJICHHOM IIOTOKE KPHIITOHA.
[MoapoOHas MaTeMaTH4YecKast MOJIENb JAHHOTO mpolecca onucana B padore [14]. JanHbii noaxon
paHee ObUI YCNEIIHO TPHMEHEH /Ui OIMCAaHWS HEIOpAacUIMPEHHbIX CTPyH KpHUNTOHa 32
MHKpPOCOIUTaMH. Pe3ynbTaTsl pacdeToB COTIACYIOTCS C IKCIIEPUMEHTAIBHBIMY JaHHBIMH [ 15].
3agaya pelaeTcs MeETOJOM KOHTPOJbHBIX 00bemMoB [19] Ha ocHoBe aBTOpcKOro koxa. Jlis
pacdeTHOl 00JacTH, NMOKa3aHHOW Ha pHC. | MOCTpoeHa OJIOYHO-CTPYKTYpHpOBaHHAs KOHEYHO-
o0beMHas CeTKa, 3aloJIHEHHAs YeTHIPEXyIOJIBHBIMH 3JIEMEHTAaMH, KOTOpPBIE B 3aCOINIOBOM
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NPOCTPAHCTBE NPUHUMAIOT (hOpMY HPSIMOYToNIbHUKOB (puc. 2). Cerka B 650kax 1 u 2 paBHOMEpHas,
0e3 crymenus, B O10Ke 3 IIar pacyeTHOH CETKH YBEJIMYMBAETCS 0 MEpe YAAJICHHs OT HUXKHEH
rpanunpl. OOIIee KOJMYECTBO CETOYHBIX DJIEMEHTOB cocTaBisieT 355 Teicsiu syeek. CeTouHas
CXOJMMOCTh HCCIEIOBANACh Ha 3ajade ABIKEHHS BSI3KOTO TEIUIONPOBOIHOTO Tasza 0e3 ydera
3¢ (exToB KOHIEHCAINN Ha OCHOBE CPaBHEHHS TPadKOB pacpeeNIeHU TEMIIEPaTypPhl, CKOPOCTH
¥ JJaBJICHUS HA OCH COIUIA C COOTBECTBYIOIIUMH PAaCIPEICICHUSIMHI, XaPAKTEPHBIMH IS TEUCHUS
HEBS3KOTO M HETENJIONPOBOJHOTO ra3a. B mpHMeHseMOM IOAXOAE KOHTPOJIBHBIE OOBEMBI
COBIIAJIAIOT C IEMEHTaMH ceTKH. OCHOBHBIE TIEPEMEHHBIE ONPECISIOTCS B IEHTPAIBHBIX TOUKaX
SYEEK.

Haxoxnenne KOHBEKTHBHOTO M An(QY3MOHHOTO MOTOKOB Ha TPAHMIE KOHTPOJIBHOH SUCHKH
OCYLIECTBJISIETCS MIPU IOMOIIY JUHENHON allIPOKCHMALlUU PEIIECHUS B K01 suelike. Bennuuna
KOHBEKTHBHOTO TIOTOKa 4epe3 TPaHHMIy SUCHKH OINpeAeseTcss NPU MOMOIIM NPOTHBONOTOYHOU
cxembl. OnpenesieHHe 3HAUCHHWH MapaMeTpoOB IOTOKa B IIEHTpax sUEeK I03BOJISAET H30eKaTh
npoOJIeMBI ICNICHHUSI Ha HOJIb [TPHU Peau3aliii YUCICHHOTO anroputMa 1yt ypaBHeHui (1) — (9), tak
Kak B 9TOM Clly4ae 3Ha4eHHUEe paanyca He oOparaercst B Houb. /i1 HHTErpupOBaHUs ypaBHEHHUH 11O
BpeMeHU ucnoib3oBaicsi meron Pynre-Kyrra. Illar mo BpeMeHH, MCHONB3yeMBId Uil pacdeTa
rasoBoii ¢asbl coctaBnger 10710 ¢, nna pacuera Teuenus rasa ¢ konaencarom — 107%2 c¢. Pacuer
onxoro BapuaHTa Ha [1K (mpomeccop AMD Ryzen 5 1600, omepatnBHas maMsats 64 1'0) 3annmaet
oxoJ10 500 yacos.

(@ ©

Puc. 2. Broku pacuemnoui cemxu (a) u cxema cemounvix nunuii (0)
Fig. 2. Calculation mesh blocks (a) and sketch of the mesh lines (b)

PacyerHast o6iacTh OrpaHHuYeHa 4YETHIPbMSA BHJAMM TPAaHUI: BXOAHAs TpPaHUIlA B COIUIO,
HETIPOHHUI[aeMbIe CTEHKH, OCb CHMMETPHH U I'paHMIa BBIXO/a B KaMepy C HU3KUM JaBieHneM. Ha
BXOJHOI rpaHuIie 3a1aBaiuch remmneparypa ropmoxkenns T = 300 K u naBineHue TopMoxxkeHus raza
Do, KOTOpoe 3a7aBajioch paBHbIM 5, 10 1 15 atM. CTeHKH comjia M BEpTHKAIbHBIE CTEHKU BaKyyMHOU
KaMephl 3a HUM — HEIIPOHMIaeMble ajiabaTHYeCKUe CTEHKH, Ha KOTOPBIX BBIMOJHSETCS YCIOBHE
NPWINIIAHKUA TTOTOKA. B BBIXOJHBIX CEUCHHMSX B CIIydae JO3BYKOBOTO MCTEUCHHUS MOJJICPKHUBACTCS
nocrosuHoe naasnenue 1072 Ila, B ciyd4ae CBEPX3BYKOBOTO HCTEUYEHHUS PEAIM3YETCS CHOC
napaMeTpoB MOTOKAa. B HauanbHBI MOMEHT BPEMEHM ra3 CUUTAETCsl HEMOABMXKHBIM, MO BCEH
00JTacTH MHTErPUPOBAHUSA 3aJAIOTCS TapaMeTpbl TOPMOXKEHHUS. TepMOIMHAMHUYECKHE CBOMCTBA
KPHUITOHA OTpeIeNAtoTcs B cooteTcTBun ¢ [18, 19]: €, = 246 JIx/(xr-K), C,, = 147 ix/(xr-K),

R =99 x/(xr-K),y = f:—” =1.67,0 =3.542 A, e/k=178.9K, Pr =0.7.

3. Pe3ynbsmamabl yucrieHHO20 ModesiupogaHusi

YucneHHOE MOJENMPOBAaHKE MTPOBOIMIOCH MMO3TAanmHO. Ha mepBoM 3Tame MeTOIOM YCTaHOBIJICHHS
paccUMTHIBANINCh MapaMeTpsl TEUCHHWS KpHUNTOHAa Oe3 ydera KOHACHCHPOBAaHHOH (asbl.
Pacnpenenenue uncia Maxa u Temiiepatypsl ra3a npejcrasieHsl Ha puc. 3. CieBa BBepxy Ooiee
JIeTalIbHO MOKa3aHa KapTUHA TEUEHUs B pacIIUPAIOLIEHica 4acTH COIIa M Ha BbIXoJe U3 Hero. Ha
pUcyHKax Oemnast IMHUS OTIEISET JO3BYKOBYIO YacTh [IOTOKA OT CBEPX3BYKOBOW. MOXHO yBHJIETH,
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YTO BOJIM3M CTEHKHM COIUIA M3-32 HAIMYMUS BSI3KOTO TPEHHs, (POPMHPYETCSl TOCTATOYHO MIMPOKast
30Ha JI03BYKOBBIX CKOPOCTEH, KOTOpasl yBEJIMUMBACTCS BBEPX 110 OTOKY. B camoMm 1mmpokom mecte
9Ta 30Ha 3aHMMaeT 17.7% OT pajnanbHOro pa3mMepa NoToka. TemrepaTypHoe I0JIe COOTBETCTBYET
SHEPreTUYECKOMY paclpeieleHnio. B mpucTeHOYHOW 00JacTH  TE4eHHWs TeMIepaTrypa
mpuOIIKaeTCA K TEMIIEpaType TOPMOKEHHS, a TT0 MEpEe MPHONIMHKEHHS K OCH KaHalla — K UIeaIbHON
KPUBOH HEBSA3KOTO TEYEHHUS. 3a COIUIOM II0 Kparo HeIOpacIIMpEeHHOW CBEPX3BYKOBOH CTpyH
(dopmupyeTcs 06JacTh MOBHIIIICHHOH TeMItepaTypsl. B cTpye Temneparypa omyckaercs Hivke 10 K.
B pesynbrate yncna Maxa B cTpye ZOCTUTAIOT 3Ha4eHHUH Bhie 22. CieqyeT OTMETHTb, YTO YHCIIO
Peiinonbaca, paccuuTaHHble MO CPEOHEN CKOPOCTH MOTOKA B TOPJIOBMHE COIUIA HE MPEBBILIAIOT
Benuuuny 2190, a MakcumanbHoe uuciao Knyacena pasao 9.4-107%, JlaHHbIe yiciIa HOATBEPKIAOT
NPUMEHUMOCTh JIAMHHAPHOW MOJIENIM TEYEHUs M INPaBOMEPHOCTh HCIIOJIb30BAHMS ypaBHEHHH
Hasbe-Crokca ai1st onMcaHus TeUeHHs B CCIIEyeMOM MUKPOCIIOJIE.

M: 14 71013161922

T: 10 50 90 130 170 210 250 290

()

Puc. 3. Pacnpedenenue yucna Maxa (a) u memnepamypwi (6) 00Hoghasno2o nomoxa
Fig. 3. Mach number distribution (a) and temperature field (b) for single phase flow

Kak u B cimyuyae HEBA3KOro, HETEIUIONPOBOAHOIO Ta3a, TEUEHMs MNP Pa3IMYHBIX JaBJICHUIX
TOPMOXKEHHSI OKa3aJCh aBTOMOJIENBHBIMU - IOJISI Oe3pa3MEpHBIX JaBIeHHH (OTHECEHHBIX K
JIaBJICHUIO TOPMOXKEHHSI) COBIAIN MeX 1ty co00ii. [Ipu 3TOM, 10JI CKOPOCTH M TEMIIepaTyphl ObLTH
a0COJIIOTHO MICHTHYHBIMU IUISl PA3IMYHBIX Py. OTO MOKHO YBHAETh Ha pHc. 4., HA KOTOPOM
MI0Ka3aHO U3MEHEHHUE AaBJICHUs, TEMIIEPATyphl U unciaa Maxa BIOJIb OCH PacCUeTHON 00JIaCTH.
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Ha puc.4a mpuBeneHo pacrpenerneHue oceBoro nasieHus B MIla. OOo3HaueHHUs Ha TaHHOM
PHUCYHKE COOTBETCTBYIOT PA3IHMYHBIM JaBICHISIM TOPMOKEHUS B IIPEIICOILIOBOM o0beMe: 1 — 5 aT™,
2 — 10 atMm, 3 — 15 ar™ (Ha Bcex pucyHKax). Ha puc.4 6 moka3aHO yke IaBJI€HHE, OTHECCHHOE K
JABIICHUIO TOPMOXKeHUs. KpHBBIe ISl pa3ianyHBIX pAacueTOB COBIANAIOT MexOy coboif. Ha Bcex
rpadukax BepTHKaIbHAS MyHKTHPHAS TUHUS OTMEYAET CPe3 COILIa.

ABTOMOJIETILHOCTh TE€UEHMsI HapyllaeTcsl, KOrJa Ha BTOPOM JTale MCCIEAO0BAaHUS MOAKIIOYAETCS
MoJIe)Tb (POPMUPOBAHHS M POCTA KOHICHCUPOBAHHBIX YaCTHII. JIaHHBIN TAIl TAKXKE PACCUUTHIBACTCS
METOJIOM YCTaHOBJICHHS. Pe3ybTaThl MOJIEIMPOBAHUS IBYX(Pa3HBIX TEUSHUH MOKa3aHbl HA PUC.S,
6.

[NosiBireHME YacTHIl BTOPO# (ha3bl MPUBOIUT K 3aIyCKy IPOIIEcca TEILIOBBIIEICHUS, a TOT B CBOIO
odepeib K TOBBIIICHUIO TEMIIEPATYPhl. PUC. 5 COOTBETCTBYET NaBIEHUIO TOPMOKEHHUS paBHOMY 15
atMm. Jlydrre Bcero 1ot 3¢ ekt mpocnekuBaeTcs Ha TOJIe TEMIIEPaTyp.
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Ha BBIXOne M3 corula mexay obsactsmu ¢ Temmeparypoir 80 K mosiBisiercst jokanbHas 30Ha
nporpertast 10 90 K. B aroii obnactu notok 3ameznisiercs. Jlydie Bcero 3To BUAHO Ha rpadukax Ha
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puc. 6. IlapaMeTpbl JIOKQJILHOW OOJACTH TMOBBINICHUS TEMIIEPATYPHI 3aBUCIT OT JABJICHUS
TOPMOXKEHHS. DTO CBS3aHO, MPEXKAE BCEro, C TEM, UYTO Pa3HbIM 3HAYEHUSIM P, COOTBETCTBYIOT
pa3Hble 3HAYEHUS TEMIIEPATypbhl, NMPHU KOTOPHIX KPUNTOH HAYWHAET KOHJEHCHpOBaThcs. [lpu
JABJICHUH TOPMOXKEHHUS 5 aT™M, CTapTOBas TeMIeparypa KoHaercanuu pasaa 60 K, a mpu nasneHnn
15 atm — okono 75 K. VIHTEHCHBHOCTbH TEIUIOBBIAECJIECHUS TakXe paszHasd. bosbluee naBieHue
TOPMOJKCHHSI TIPUBOJTUT K OOJiee MHTCHCHBHOMY IIPOTPEBY Ta3a B 30HE KOHAeHcamwu. [Iporecc
KOHJICHCAIINH TIPEKPaIIaeTcsl B OJHOM U TOW e TOYKe JJIS BCeX BapuaHToB, B Touke X = 0.015 m.
B pe3ynbTaTe HEpaBHOMEPHOTO paclpelesieHus: TeMIEepaTrypbl B 3THX 30HaX MPOUCXOIUT
nedopmanms kpuBoi unciaa Maxa (puc.60). [Ipu naBienusix Topmoxkenus 10 u 15 atm xoporo
BUJIHBI 30HBI TOpMO)keHUs. [Ipu gaBieHHM 5 aTM SIBHOTO TOPMOXKCHHS HE HAOIIOMAeTCs, HO
pas3roHseTCs MOTOK TOpa3Io MeAJIeHHee, YeM B 01HO(a3HOM ciydae.

4. 3aknro4yeHue

B pabore mpoBeneHbl NapaMeTpUYECKUE HWCCIENOBAaHMS TEUEHHs KPUNTOHA B KOHHYECKOM
MHUKpPOCOIUIE NPH UCTEYEHHUU B 007aCTh ¢ HU3KUM JAaBleHHEeM. V3yueHbl 0COOEHHOCTH TEUeHUil B
IIPY Pa3IMYHbIX 3HAYCHUAX JABJICHUS TOPMOXKEHHUS B MPEICOIUIOBOM OOBEME, B TOM YMCIIE MPU
BO3HMKHOBEHHHU KOHAECHCHPOBAaHHOW (ha3bl B MOTOKE. MccienoBanust MpoBeeHBI IpH Py = 5, 10
15 atm. ITokaszaHo, 94TO B cifydae OZHO(]A3HOTO NMOTOKA HAOJIOAACTCS aBTOMOJECIBHOCTh TCUCHHI
raza. [Ipm 3TOM, MOJSI CKOPOCTH M TEMIEPATyphl SBIAIOTCS a0CONIOTHO HACHTUYHBIMH JUISA
pa3sNMYHBIX 3HAYEHHUN NABICHHUS TOPMOXKEHHUsS. ABTOMOIEIBHOCTh TE€UEHHS HApPYyIIAeTCs, KOrjaa
MOAKIIIOYAeTC MOAeNb (OPMUPOBAHUS M pPOCTa KOHICHCHPOBAHHBIX dacTul. Pa3mepsl 30H
JIOKaJbHOTO IOBBIIIEHHUSA TEMIEPATyp, a TaKK€ WHTEHCUBHOCTb TEIUIOBBIAECNICHHS 3aBHCAT OT
3aJIJaHHOTO JIaBJICHUS TOPMOKEHHS. DTO OTpaXkaeTcss Ha CKOPOCTHBIX XapaKTePUCTHKAX TCUCHHUS.

Cnucok nutepartypbl / References

[1] Pomuenkosa B., IllaxnoBud V. MukpoduironaHbIe YUbl — KOHCTPYKTOP IUIsl pa3paboruuka. PemieHns
komnanun Dolomite. Amanurtuka, Bem. 3, 2017 r., crtp. 60-69 / Rodchenkova V., Shakhnovich. I.
Microfluidic chips are a designer for developers. Dolomite solutions. Analytics, issue 3, 2017, pp. 60-69
(in Russian).

[2] 3umuna T.M. MuHHATIOpHBIE AaHATUTHYECKHE CHCTEMbI OMOMETUIIMHCKOTO Ha3HAYCHUS — J1abopaTopun
Ha uure. buorexHocdepa, Boim. 1, 2009 r., crp. 11-17 / Zimina T.M. Miniature analytical systems for
biomedical purposes — laboratories on a chip. Biotechnosphere, issue 1, 2009, pp. 11-17 (in Russian).

[3] Anekcaunpor B.A., TonkoB JI.E. DkcrepuMeHTanbHAs MHKPOTHAPOIMHAMUKA KaIUTH KHIKOCTH Ha
BUOpPUPYIOIIEH MOJMMEPHOHN MOoIoXKe. XuMudeckast ¢pu3uka 1 Me3ockomnus, Tom 18, B, 4, 2016 .,
ctp. 620-633 / Aleksandrov V.A., Tonkov L.E. Experimental microhydrodynamics of liquid drop on a
vibrating polymeric substrate. Chemical Physics and Mesoscopics, vol. 18, issue 4, 2016, pp. 620-633 (in
Russian).

[4] Jemozepckuii B.E., 3umuna T.M. u ap. Pa3paboTka WHTErpupyeMOro B MHKPOQDIIOHIHYIO CHCTEMY
JNIEKTPOAKYCTHUECKOTO  AKTIOATOPHOTO ~ MOJIYJSL Ul OKCIPECC-MIOATOTOBKM  (pakuuii  KPOBH.
Buorexnocdepa, Boim. 3, 2017 r., crp. 16-28 / Lemozersky V.E., Zimina T.M. et al. Development of an
electroacoustic actuator module integrated into a microfluidic system for express preparation of blood
fractions. Biotechnosphere, issue 3, 2017, pp. 16-28 (in Russian).

[5] AxmeroB A.T., BammeB A.A. u ap. MUKpOrHapoIMHAMHKA KPOBH TPH CTEHO3e cOCymoB Tpyums
WNucruryra Mexanuku uMm. P.P. Masmrorosa, Tom. 11, Bemm. 2, 2016 r., ctp. 210-217 / Akhmetov A.T.,
Valiev A.A. et al. Microfluidics of blood in blood vessels stenosis. Proceedings of the Mavlyutov Institute
of Mechanics, vol. 11, issue 2, 2016, pp. 210-217 (in Russian).

[6] Bamabanos A.B., Kacumos A.M. Pa3paboTka u uccieioBaHre pabovnx XapaKTepUCTHK MUKPOCTPYHHOTO
rerepatopa JlaTuuku U cucteMsl, Beim. 7-8, 2019 r., crp. 34-40 / Balabanov A. V., Kasimov A. M.
Development and investigation tests of microfluidic generator. Sensors and Systems, issue 7-8, 2019, pp.
34-40 (in Russian).

[7] Conubiukuna O.A., Barsipmma 2.C., Iutiox FO.A. HccnenoBanue THApOJMHAMUYECKUX OTOKOB B
MHUKPOMOJIESIX Cpel C JBOMHON mopucTtocThio. M3Bectus Poccuiickoit akagemun Hayk. MexaHuka
JKHIKOCTH U Ta3a, B 4, 2021 r., ctp. 9-18 / Solnyshkina O.A., Batyrshin E.S., Pityuk Y.A. Investigation

233



Mitryukova E.A. Parametric studies of flows in microsoples. Trudy ISP RAN/Proc. ISP RAS, vol. 35, issue 2, 2023. pp. 225-234

of hydrodynamic flows in micromodels of double porosity media. Fluid Dynamics, vol. 56, issue 4, pp.
451-459.

[8] Tapsie A.B., Ilpyn O.E., Kiimenko A.B. OnpezeneHue ONTHMAIbHOTO COOTHOLICHUSI XapaKTePHCTHK
MHUKpPOKaHaJIbHBIX TEINIOOOMEHHBIX anmnaparoB. Temnodusnka u aspoMexaHuka, Tom 22, Bei. 6, 2015 r.,
crp. 751-760 / Garyaev A.B., Prun O.E., Klimenko A.V. Evaluation of Optimal Thermal-Hydraulic
Characteristics Ratio in Microchannel Heat Exchangers. Thermophysics and Aeromechanics, vol. 22, issue
6, 2015, pp. 723-732 (in Russian).

[9] DumumonoB C.A., Jlektepe A.A. u ap. MoneaupoBaHHe CONPSHKEHHOTO TEIUIOOOMEHA B CHCTEME
MHKpPOKaHAJIOB IIPH TIOMONIM THOpuAHOro anroput™a. CHOMPCKHH JKypHalI HWHIYCTpHAIbHON
maremaTuky, Tom 18, Beim. 3, 2015 r., crp. 86-97 / Filimonov S.A., Dekterev A.A. Simulation of conjugate
heat transfer in a microchannel system by a hybrid algorithm. Journal of Applied and Industrial
Mathematics, vol. 9, issue 4, 2015, pp. 469-479 (in Russian).

[10] Korepanov M.A., Koroleva M.R., Mitrukova E.A. Numerical Investigation of Flows with Condenation in
Micronozzles. Journal of Physics: Conference Series, vol. 2057, 2021, article no. 012016, 6 pp.

[11] Barrot C., Colin S. Design of Tree-Shaped Microchannel Networks Submitted to Simultaneous Pressure
Driven and Electro-Osmotic Flows. In Proc. of the 10th International Conference on Nanochannels,
Microchannels and Minichannels, 2012, pp. 113-121.

[12] Lobasov A.S., Shebeleva A.A., Minakov A.V. The Study of Ethanol and Water Mixing Modes in the T-
shaped Micromixers. Journal of Siberian Federal University. Mathematics & Physics, vol. 12, issue 2,
2019, pp. 202-212.

[13] Shershnev A.A., Kudryavtsev A.N. Numerical simulation of particle beam focusing in a supersonic nozzle
with rectangular cross-section. Journal of Physics. Conference Series, vol. 1404, 2019, article no. 012042,
4p.

[14] Korepanov M.A., Koroleva M.R. et al. Nonlinear Effects of Krypton Flow in a Micronozzle with a
Cylindrical Tube. Russian Journal of Nonlinear Dynamics, vol. 18, issue 3, 2022, pp. 411-422.

[15] Nechay A.N., Perekalov A.A. et al. Emission properties of targets based on shock waves excited by pulsed
laser radiation. Optics & Laser Technology, vol. 142, 2021, article no. 107250.

[16] KopemanoB M.A., Mopap I'., Anbec M.IO. MojenupoBaHiue TOMOTEHHONW KOHCHCAIMH KPHUITOHA B
CBEPX3BYKOBOM COIUIE. XMMHYECKasi (pU3NKa ¥ Me3ockonus, ToM 22, Beim. 2, 2020 r., ctp. 155-163 /
Korepanov M.A., Morar G., Alies M.Yu. Modeling of Homogeneous Condensation of Crypton in the
Supersonic Nozzle. Chemical physics and mesoscopy, vol. 22, issue 2, 2020, pp. 155-163 (in Russian).

[17] PabunoBuu B.A., Baccepman A.A. u jap. Temnodusuueckue CBOICTBa HEOHa, aproHa, KPHUITOHA U
kceHoHa. M., M3n-Bo cranmaproB, 1975 r., 636 crp. / Rabinovich V.A., Vasserman A.A. et al.
Thermophysical properties of neon, argon, krypton and xenon. M., Publishing house of standards, 1975,
636 p. (in Russian).

[18] R.C. Reid, Prausnitz J.M., Sherwood T.K. The Properties of Gases and Liquids. McGraw-Hill, 1977, 688

p.
[19] Chernova A.A. Validation of RANS turbulence models for the conjugate heat exchange problem. Russian
Journal of Nonlinear Dynamics, vol. 18, issue 1, 2022, pp. 61-82.

Undopmauumsa 06 aBTopax / Information about authors

Exatepuna AnexcanaposHa MUTPIOKOBA — acnupanTka xadenps! «TemoBble OBUTATENN U
ycraHoBku». Cdepa HaydHBIX HHTEPECOB. MaTEMaTHUECKOE MOJISIMPOBAHNE, Ta30Basi TUHAMUKA.

Ekaterina Alexandrovna MITRYUKOVA is a post-graduate student of the Department of Heat
Engines and Installations. Research interests: mathematical modeling, gas dynamics.

234


https://iopscience.iop.org/journal/1742-6596

Tpyowr UCIT PAH, mom 35, evin. 2, 2023 2. // Trudy ISP RAN/Proc. ISP RAS, vol. 35, issue 2, 2023

DOI: 10.15514/ISPRAS-2023-35(2)-17 toclqu

Mopaudumkauma anroputma
BblpaBHMBAHUA KOPOTKUX NMPOYTEHUUN ANS
NoBbILIEHNA Ka4yecTBa navunnamHa oopadboTku
AaHHbIX NOFIHOreHOMHOro0 CeKBeHUpPOBaHUS
yesrioBeka

Y E.I1.Tyeyuxun, ORCID: 0000-0001-7885-9892 <guguchkin@ispras.ru>
! E.A.Kapnynesuu, ORCID: 0000-0002-6771-2163 <karpulevich@ispras.ru=>
Y Unemumym cucmemnozo npozpammuposanus PAH,
109004, Poccus, . Mockea, yn. A. Conxcenuysvina, 0. 25.

AHHoTaums. JlaHHOE MCCIIEI0BaHNUE TI0[YEPKUBACT BAKHOCTh BHIPABHUBAHHS KOPOTKHX MPOYTEHHI (PUIOB)
B aHaju3e JAHHBIX IOJHOTEHOMHOIO CEKBCHMPOBAHHUs 4eNOBeKa. lIpomecc BBIPaBHHBAaHHS COCTOMT B
OIIPE/ICJICHNH TIO3MLUH KOPOTKUX T'€HETHYECKUX I0CIIE0BAaTEeIbHOCTEH OTHOCHTEIBHO 3apaHee M3BECTHOM
pedepeHcHOl mocIe10BaTeIbHOCTH I'eHOMA YelloBeKa. TpaJiIHOHHBIE METO/IbI BBIPAaBHUBAHUS HCIIONB3YIOT
JMHEHHYI0 pedepeHCHYIO IT0CIeA0BaTeNbHOCTD, HO 3TO MOJKET IIPUBECTH K HEKOPPEKTHOMY BHIPABHHBAHUIO,
0COOCHHO €CIM B pHIax IMPUCYTCTBYIOT I'€HETHYEeCKHe BapHaHTHl. B naHHOW paboTe ObLIa IpoBeneHa
MOIU(HKALNA HHIEKCHOTO (aiiia peepeHCHOH MOCIeI0BaTeIFHOCTH HHCTPYMEHTa minimap2. B pesynsrare
SKCIEPHUMEHTOB OBLJIO TIOKa3aHO, YTO H0OaBJIeHHE B MHICKC WHCTPYMEHTa minimap2 MH(OpMamuu O 49acTto
BCTPEUAOIIMXCS TEHETHMYECKUX BapHaHTaX HPHBOAMT K ITOBBILICHHIO KOJIMYECTBA BEPHO BBISBICHHBIX
TeHETHYECKUX BAPHAHTOB, YTO BIMSET Ha Ka4eCTBO MOCIIEAYIONIEro aHaIN3a JaHHBIX.

KaroueBble cioBa: koHBeliep 00pabOTKM NaHHBIX, cekBeHupoBanue JIHK, BbrumcnurenbHas OHONOTHS,
METO/IbI BEIPABHUBAHUS TIOCIIEIOBATEILHOCTEH, aHATH3 TaHHBIX NGS, BEIYHCIUTELHBIC METOBI

Js muruposanus: ['yryukun E.I1., Kapnynesna E.A. Moandukanus aaroputMa BEIpaBHUBaHHS KOPOTKHX
NPOYTEHHH ISl MOBBIICHUS KadyecTBa MaimuiaiiHa oOpabOTKHM JAHHBIX IOJHOTCHOMHOTO CEKBEHHPOBAHUS
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Modification of the short read alignment algorithm to improve the
guality of the human whole genome sequencing data processing
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Abstract. This study emphasizes the importance of aligning short reads in the analysis of human whole-genome
sequencing data. The alignment process involves determining the positions of short genetic sequences relative
to a known reference genome sequence of the human genome. Traditional alignment methods use a linear
reference sequence, but this can lead to incorrect alignment, especially when short reads contain genetic
variations. In this work, the index file of the reference sequence was modified using the minimap2 tool.
Experimental results showed that adding information about frequently occurring genetic variations to the
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minimap2 index increases the number of correctly identified genetic variants, which affects the quality of
subsequent data analysis.
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1. BeedeHue

I'eHOM YenoOBeKka MpeaCcTaBIsIeT COOOH MOCIEIOBATEIEHOCTD YEThIPEX HYKICOTHIHBIX OCHOBAHUH,
obo3Hauaembix kak A(agenuH), C(umrto3un), G(ryanmH) u T(tumun). B mocnemoBarenpHOCTH
TEeHOMa YeJIOBEKa COICPXKHTCS Oojee Tpex MHUIMAPIOB HYKJICOTHIOB. B reHoMe comepkurcs
TeHeTHYecKass WHpOopManus, HeoOXomumas sl TOANEpKaHWS TPABIIBHONW pabOTHI YKHBOTO
opranu3Mma. VcciemoBaHusl TeHOMa UMEIOT MHOXKECTBO HAYYHBIX W MPAaKTHYCCKAX HMPUMEHEHUH,
BKJIIOYAs MICHTU(PHKAIMIO TeHETHUECKUX BapUaHTOB, CBS3aHHBIX ¢ OonesHsMHu [1], pa3paboTKy
MEePCOHATM3UPOBAHHBIX JIEKAPCTB, HCCIIEIOBaHIE HBOIIOLMOHHBIX IPOLECCOB U OMOJIOTHYECKOrO
pa3HooOpa3usi. CoBpeMEeHHbIE TEXHOJOTMM B 00JIacTH OHOJIOTHH, Takue KakK peIaKTUpOBaHHE
reHOMa M CUHTETHYecKas OWOJIOTHS, MOSBUBIIMECS B PE3YJIbTaTe Pa3BUTUS HCCIICAOBAHUI B
o0JIaCTH TEHETHKH, 00JajaroT OOJBLUIMM IOTEHLUUAIOM B Pa3BUTUM MEIHMLUHBL, CEICKOTO
xo3stiicTBa U mpomsbiiieHHocTH [2][3][4]. TlonHorenomuoe cexkenupoBanue (Whole Genome
Sequencing) — 3TO TEXHOJOrWsl OMpeAeieHust MonHoi mocnenoBarenapHoct JIHK rexoma
opranmsma [5].

[Iporecc NOTHOTEHOMHOTO CEKBEHUPOBAHUS MMPOUCXOIUT B HECKOIBKO ATAIOB: 00pa3el HauuHas ¢
71abopaTOpPHOTO TpoIecca 3aKaHYMBasi BHIYHCIUTEIBHBIM aHAIH30M IMONy4YeHHBIX HaHHBIX. JJHK
W3BJICKACTCS U3 OMOJIOTHYECKOTO 00pa3ia, Takoro Kak KPOBb WM TKaHb, a 3aTeM (PparMeHTHpyeTCs
U MOTOTABIIMBACTCS JJIS TIPOBEACHUS CeKBeHMpoBaHus. 3aTeM ¢pparmenTsl JJHK cexBeHHpYIOT C
UCIIOJIE30BAHUEM TEXHOJIOTHH  BBICOKOIPOM3BOIMTENEHOTO CEKBCHHPOBaHUS. Pe3ympTaToM
npoliecca cekBeHHpoBaHus cienyroiiero mokonenus (Next-Generation Sequencing, NGS) [6]
sBIsieTCss  (paii, KOTOPBIA COMEPKHUT MUJUTHOHBI KOPOTKHX moanocieaoBareiapuocrein JTHK,
Ha3BIBAEMBIX PUIAMH WM KOPOTKIMH IPOYTCHHUIMHU.

JmHa puma 3aBUCUT OT KOHKPETHON TEXHOJIOTHH CEKBEHHUPOBAHHSA, HO OOBIYHO cOCTaBIsIeT OT 50
no 250 myxieornnoB. Taxke B 3aBUCHMOCTH OT TEXHOJOTMH PHUIBI MOTYT OBITH OJAWHOYHBIMH
(single-end) wmu mapusiMu (paired-end). OMHHOYHBIE PHIIBI — 3TO PUJIBI, KOTOPBIC TEHEPUPYIOTCS
TOJIKO C OJIHOTO KOHI[a cekBeHupyemoro ¢pparmenra JJHK. Puabl ¢ napHbIMKM KOHIIAMU SIBIISIIOTCS
pe3yIbTaTOM CEKBEHHPOBAaHU 000nX KOHIOB pparmenTa JTHK.

AHaN3 TaHHBIX TOJHOTEHOMHOTO CeKBEHUPOBAHHS COCTOUT M3 CIEAYIONINX OCHOBHBIX 3Taros [7]:
KOHTPOJIb ~ KauyecTBa, BbIpaBHMBAaHME pHIOB Ha  pedepeHCHbId TeHoM  (M3BecTHas
MOCIIEI0BATEIHHOCTh HYKJIEOTHIOB, KOTOpasi NPECTaBiIsieT co00i oOpa3er] TeHoMa KaKoro-uoo
BU/IA), U TOHMCK TCHETHYECKUX BAPHUAHTOB (OTJIMYMH T€HOMa CEKBEHHPYEeMOTO OpraHu3Ma OT
pedepenca). Pusbl, mosnydeHHbIE B Pe3yJibTaTe MOJHOTEHOMHOHOIO CEKBEHHPOBAHUS MPOXOJST
IPOBEPKY KauecTBa, B pe3yJbTaTe KOTOPOH PHUIBI C HU3KUM Kaue€CTBOM MOTYT OBITh yJaJICHBI WIIN
o0pe3aHbl M0 KpasiM JUIsl TIOBBIICHHUS TOYHOCTH MOCIEAyIomero aHanuza. Ilocime 3Toro, puist
BelpaBHUBatoTcst (Puc. 1) Ha mocienoBarenbHOCTh W3 PeEpeHCHOr0 TEHOMA: KaKIOH
TMIOCJI/IOBATENILHOCTH M3 PU/a CTABUTCS B COOTBETCTBHE HEKOTOpasl MOJIIOCIIENI0BATENHLHOCTh U3
pedepeHcHOl  mocienoBaTeNbHOCTH. [l BBHIPOBHEHHBIX  PHJOB  IPOUCXOJUT  TOHMCK
HECOOTBETCTBUII MEX]Iy MOCIIEI0BATEILHOCTIO M3 PUIIOB U pedepeHCHO MoCeJ0BaTeIbHOCTHIO,
TaKUM 00pa3oM MPOMCXOAUT IOUCK TE€HETHUECKHX BapUAHTOB. | eHeTHYeCKHe BapUaHThl MOTYT I10-
pa3HOMY BIIHSITh Ha XapaKTEPUCTHKU YEIOBEKa Takhe, Kak (PU3MYECKHe 4epThl, PUCK 3a00JIeBaHus
WIN peakuus Ha JekapctBo. ['eHermueckue BapuaHThl (Puc. 2) OBIBalOT HECKOJIBKUX BHIIOB:
OJTHOHYKJICOTHITHBIC TTOJUMOP(HU3MBI, WHCEpIUU(BCTaBKU) © aenenud. OIXHOHYKIICOTHIHBIN
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nmomumopdu3m (SNP) — 3T0 THII reHETUYECKOTO BapHaHTa, B KOTOPOM MPOMCXOIHUT 3aMEHA OJTHOTO
HYKJIEOTUIHOTO OCHOBaHUS B onpeaeseHHON no3unuu nocienosareiasHoctu JJHK na nqpyroe. SNP
SIBIISICTCS. HanOoJiee PaclpOCTPAHCHHBIM THUIIOM TEHETHYCCKUX BAPUAHTOB B T'CHOME YEIIOBEKA W
BCTpEYaeTcs MPUMEPHO OIMH pa3 Ha kaxabie 300 HyxireotnnoB. MHmen (CoKpalieHne OT HHCEePITH -
JENeIHsl) — 3TO THUI T€HEeTHYEeCKOTO BapHaHTa, B KOTOPOM IIPOWCXOAUT BCTaBKa WM yNAJICHUE
OJTHOTO WJIM HECKOJIBKHX HYKJICOTHIOB B rocienoarenbHocT JJHK oTHOCHTENEHO pedepeHCHOM.
WHpens MOTYT IMETH pa3Mep OT OJHOTO O HECKONBKHUX THICSY HYKIJICOTHIOB M MOTYT BCTPEUATHCA
B JTF00OM MECTe reHOMa.

Puaw
I
——_ B
I —— | —
s N
I . /
\ -/

BripaBHMBaHWe puOoB

PethepeHcHbIR reHom

(g z '
GATCAGCAACGTACCGCCAGATACCGGGAACATACCATACGA

TAAGCGACGTA ISSNNENRN G GGCCAACTACC
Pua 1 TTACCAGATAGG | | IR
Pun 2

Puc.
1. Beipasnusanue puoos
Fig. 1 Alignment of short reads

OOHOHYKNEeoTUOHGIN ﬁCAG}_?’?‘??GTMﬁMTTm
nonumopdram TTCAGTCAGG

T(]“,A ?Aﬂ AAAAATCTTGGAC
Whoen | 111 ANANNRNNNNNNNNNN
TCACCAGTC;~AAAAATCTTGGAC

B

— -

I/I:'.!'I.'EEE‘ﬂT{.“T AMAATTTTCAGAGTAAGAGTACAAATATTACTAATTATATCTATAAAC GAATA.\'

Puc. 2. Oononyxneomuonvie nonumop@usmul u uHoenbl
Fig. 2. SNPs and indels
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I'eneTnyeckuii BapuaHT MOXET HE OBITh KOPPEKTHO OOHApYXKEH, €CIH PHUJbI, COAEPIKALIUE ITOT
TeHETHYECKUI BapuaHT, He OyAeT BHIPOBHEH B HY)KHOE MECTO Ha dTare BelpaBHUBaHUs. [Ipu aTom
pUIBI, colepiKaline IeHETHYECKUEe BapHaHThI, €CIM M OYIYT BBIDOBHEHBI, TO OIIEHKa KayecTBa
BBIPABHUBAHIS Oy/IET CHIDKEHA, YTO TAKKE MOYKET HOBIIHATH HA TOYHOCTh HAXOXKICHHUS BapuaHToB [8].
B nmanHo# pabote npeptoxkeHa MoANGHKALS aITOPUTMA BEIPABHUBAHUS PUJIOB TSI YMEHBIICHHS
KOJIMYECTBA JIO)KHO OTPHIATENBHBIX I'€HETHYECKUX BapPHAHTOB, C LEJNBI0 CHU3UTh HETaTUBHBIN
3¢ deKT, HaKIaAbIBaeMbIil IPY BHIPAaBHUBAHUH PUIOB C TeHETHYECKUMH BapUaHTaMH.

2. 0630p Memodoe ebipasHUBaHUsI pudoes Ha peghepeHc

B nmaHHOM pasnene pacCMOTPEHBI OCHOBHBIE METOIbI BBHIPABHHBAaHHS PUAOB Ha pedepeHCHYIo
HOCJIe0BATENBHOCTE. JIJI1 TOYHOrO BBIPABHUBAHHS CTPOK CYLIECTBYIOT TaKHE JTOPHTMBI Kak
anmroput™M Cmuta — VYorepmana [9] m amroputM Humnvana — Bynma [10]. Pa3nnunsie
MOAU(UKALNK STHX aJTOPHTMOB HCIIONB3YIOTCS B OOJBLIIMHCTBE WHCTPYMEHTOB BHIPABHHBAHMS,
OJIHAKO TpPH BBIPABHHBAHHH KaXIOTO pHAa Ha pedepeHCHYI0 MOCIeI0BATEIBHOCTD AMUHOM
HECKOJIbKO MWJIIMApJOB OYKB TOYHBIMH QTOPUTMaMH BBIpaBHHBaHHS HEd(D(EKTHUBHO M VIS
YCKOPEHHUs MPOIeTyphl BEIPABHUBAHMSA HUCIHOJIB3YIOTCSA JOMOJHHUTEIbHbBIE aJTOPUTMBI (Ha OCHOBE
meronoB Seed-and-Extend wim Seed-Chain-Align), koTopble MO3BOJSIOT HAUTH MPEIOIaracMble
MO3uIMM puaa B 'CHOME U YKC IOCJIC 3TOI0 MPUMCHUTH aJITOPUTMbI TOYHOT'O BbIpABHHUBAHUA.
[ToMHMO aJITOPUTMOB BBIPABHUBAHUS HA JIMHEHHBIN pedepeHc TakKe CYHIeCTBYET psijl llTOPUTMOB
BBIpAaBHUBaHUA Ha rpad [11], omHAKO OHM 3HAYHUTEIHEHO MPOHUTPHIBAIOT IO CKOPOCTH IPHBEACHHBIM
BBILIC aJITOPUTMaM.

2.1 MeTop Seed-and-Extend

OcHoBHas uzaes merona Seed-and-Extend 3aximrouaercs B TOM, YTOOBI cIepBa HAHTH KOPOTKUE
TOYHBIE COOTBETCTBHS (KOs, seeds) MEXIy IOCIeNOBaTEIbHOCTSIMH PHIOB M pedepeHcHON
MOCTEJOBATENBHOCTRIO, a 3aTeM MPOMJIUTh HANWAEHHBIE SKOpA JO pHIA A BBIITOIHEHHUS
BBIpaBHUBAHUA. MOKHO BBIJICIUTH CIEIYIONINE Talbl JaHHOTO MeToaa (Puc. 3):

1. Co3nanue uHIeKca pedepeHCHON mocienoBaTeabHocTH. Ha manHOM 3Tame co3maercs
MHJEKC pedepeHCHON MOCleNoBaTeIbHOCTH, IO3BOJIIOMIMN  OBICTPO  HAXOAWTH
OIPENIENIEHHBIE PETHOHBI MOCIEN0BATENbHOCTH. [IpMMepOM anropurMa, peaausyronuM
CO3J]aHMe WHIEKca, SBIsETCA INpeoOpazoBaHHe pedepeHca ¢ MOMOIIBIO aANTOpUTMa
Bappoy3a — Yunepa [12] B cydhdukcusiii maccus [13].

2. Bbrunciaenue sikopeii. IlocnenoBarenbHOCT W3 pHia pazOuBaercss Ha K-Mepsl
(moactpoku mmHbl k). Ilocie 3TOro MPOMCXOIWT MOMCK KaXaoro k-mepa B HHICKCE
pedepencHoii nocnenoparenbHocTH. B citywae ecim Ui k-mepa M3 puja CyliecTByeT
TOYHOE COBIaJIeHHE B peepeHCHOI MOCIe10BaTeIbHOCTH, TO Takoil k-Mep craHoBHTCS
SKOPEM.

3. Mponjenue sikopeii. Kaxaplii sikopb paciupsiercsi B 000MX HampaBCHHSX BIOJb
MOCJIC/IOBATENILHOCTH M3 PHUJa U peepeHCHOM MOCIIE0BATEILHOCTH C UCTIONb30BAHHEM
ITOPUTMOB JTMHAMHYECKOTO MporpaMMHpoBaHus (Moaupukannu anroputMa Cmura —
Barepmana), KOTOpbIe HIIYT JIy4lllee COOTBETCTBUE, HAUMHAS C KaXKJOH MO3HIMH SIKOPSI.
Pacmmpenne npoBOOUTCS A0 KOHIA IOCIENOBATEIbHOCTH W3 pHia, JHOO KOHIA
pedepencHoil mocnenoBaTenbHOCTH. IIpH OlleHKE BHIPAaBHMBAHMS YUYHTBHIBACTCSl TaKHe
(hakTOpHI KaK HECOBMAICHUE OTJACIBHBIX SIEMEHTOB TIOCJICIOBATEIFHOCTEH U MH/EIH.

4. YTouyHeHMe BhIpaBHMBaHHUs. [ocie ToT0, Kak OBLIO BRIITOTHEHO 6a30BOE BRIPABHUBAHUE,
OHO MOJKET OBITH JOTIOJHUTENFHO YTOYHEHO /ISl MOBHIMIEHUS €r0 TOYHOCTH. Y TOUHEHHE
MOJKET BKJIIOYAaTh B ceOs JOTMONHUTENbHBIE HTEPAllMd BBHIPABHMUBAHM, a TaKXKe y4eT
JIOTIONTHUTEIbHON MH(MOpMAIK, HanmpuMep, MH(GOPMAI O MOTEHIHATBHBIX OIIMOKax
CEKBEHHPOBAHUS.
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5. ®uasTpamus. [laHHblil Tan BkiodaeT B ceOs (QUIBTpAnMIO BHIPOBHEHHBIX PHJIOB C
HHU3KHM KaueCTBOM U yJaJICHHE HEOJHO3HATHO BEIPOBHEHHBIX PHIOB.
Merton BeipaBHuBaHus Seed-and-Extend peanu3oBaH B TAKMX HHCTPYMEHTaX, Kak Bowtie2 [14] u
BWA-MEM [15].

Pun

A|C|C
BoMucnedwe

‘M\ w Akoped

G|A|C|C|C MpoonexHue
< » ‘ » AKCped
MpogneHue MpogneHue MpogneHue MpogneHue

LI [lefalelefal [ [T [TT[T[I[[Is[rle[ [T[T[]]

PechepeHcHBIA reHom

Puc. 3. Boipasnusanue puoos memooom Seed-and-Extend.
Fig. 3. Read alignment using the Seed-and-Extend method.

2.2 MeTog Seed-Chain-Align

HecMoTpst Ha TO, YTO JaHHBIA METOJ HMEET OMpPEIETICHHbIE CXOACTBA ¢ MeTooM seed-and-extend,
B HEM TAKKe MMEETCS Psiji OTINYMM, BIUSIONMX HA KAYECTBO M MPOU3BOAUTENLHOCT. BaHBIM
ortmnureM Metoma Seed-Chain-Align ot meronga Seed-and-Extend, siBisieTcst MCMONB30BaHUE B
npolecce BHIPABHUBAHHS PUIOB 0osiee KOPOTKUX K-MepoB.

1. Maer AKOpER W3 pedep 2. ViHOexcaUna © NCNoNb30BaHWEM X3W-Tatnuu sl
Axops Cnvcok NosHuWA e pedeperce
«—>[ 2 [ 15 | 1
Axcpe 3 Axope 2 ~ FArope 1

T T T A T T TTE [Tz T .|
PedrepeHcHsin reHom PR
TTe{Z [ |

3. Wasnieverie AKapsi 13 pHos 4. Mowck SKoped 1 dMMETPALMR
unt (AW a[ T E[AR] T [ [ FFI¥IAL 1] G0E
P2 |T|7la| [clale] [ | [r[tir] | [r]7lr TiT]A 27 [ 234 |

|| |e|alalalele|c|ale|alc|T T|TIT]a|T[e|TAlT].

5. COCTaeneHWe Yenodek AKOPER W NpejeapuTentHan 6. EleaEHMBﬁHWE C NOMOLWbID ENTOPATMCE TOYHOMD
duneTpauna BHPABHNEAHAS
Puz 1 [T]aalalalclclalclclc[r[T[TIT/alc]e!
B it e Rl W | L AT-C AC-AG
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Puc. 4. Boipasnusanue puoos memooom Seed-Chain-Align.
Fig. 4. Read alignment using the Seed-Chain-Align method.
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PaccmoTpum ocHoBHBIE 9Tambl Metoaa Seed-Chain-Align (Puc. 4):

1.

2.

H3Bieyenue sikopeii u3 pedepenca. Ha nanHom stane aHaisoruyso merony Seed-and-
Extend BBIYHCISIOTCS BCE SIKOPSI B pehepeHCHOI MOCIIEA0BATEIILHOCTH.

HUnpexcanust pedepenca. Ha nanHOM orame cosfaercs HWHIEKC pedepeHcHoH
MIOCJIE/IOBATENILHOCTH, BEIYMCICHHBIE SIKOPS U X MO3HUIUH 3aHOCSITCS B X3UI-TaONHILy.
H3Bieuyenue sxopeii u3 puaoB. Ha 1aHHOM 3Tane BEIUUCIAIOTCS SIKOPS ISl PUIIOB.
IMonck skopeii m ¢uiabTpanus. BpimonHsercs NOWCK NO3ULMHA SIKOpeH pUIOB B
pedepence u GUIBTPALNSA N0 PA3IUIHBIM KPUTEPUAM, HapuMep, puiabTpanus Haubdoee
PacIpOCTpaHEHHBIX SIKOpEH

CocraBieHue LeNno4YeK sikopeii M mpeaBapuTeabHas GuiabTpanus. [ HAX0KICHUS
HanboJee TOYHOTO BBIPABHUBAHUS BBIYUCISIETCS OLCHKA ONTUMAIBHON LETIOYKH SKOPEH.
ANTOpuTM CHavaja MICHTU(QUIMPYET BCE BO3MOXKHBIC LIETIOUYKH COBIANAIOIMNX k-MepoB
MEXAy TOCIeI0BATeIBHOCTIMHA U3 MPOYTEHUH M pedepeHCHOH MocIeJ0BaTeIbHOCTH, a
3aTeM BBIYHCIISIET OLCHKY Ul KQKI0H LMoYk Ha OCHOBE KOJIMYECTBa COBMAAAOMuX K-
MEpOB M pa3Mepa pa3pbIBOB MEXy HUMH. [locie 3TOro ajiroputM BBIOMpAeT LENOYKY C
HanOoJbIIeH OIEHKON B KaueCTBE OCHOBHOM.

BoipaBHMBaHMe ¢ IOMOIIBIO ATTOPUTMOB TOYHOI0 BhIpaBHUBaHus. Ha nanHOM 3Tane
IMpOBOAUTCH rno6aanoe BbIpAaBHUBAHUEC MCKAY MOJYYCHHBIMH IMOCICAOBATCIBHOCTAMU
U3 sIKOper Ha peepeHCHOH MOCIIeI0BATENFHOCTH U SIKOPEH MOCIIEA0BATEIFHOCTH U3 PHIA.
I'moGanbHOE BHIpaBHMBAaHHWE MOKET NMPOM3BOAMTCS, HAPUMEP, C MOMOIIBIO AJITOPHTMA
Hunnmana — Bynma.

Meron Seed-Chain-Align peanu3oBan B HHCTpYMEHTE BbIpaBHHBaHMs minimap2 [16]. B ciyuae ¢
MHCTPYMEHTOB minimap2 B KayecTBe SIKOPEH HCIHOJIB3YIOTCS TakK Ha3bIBacMble MHUHHUMH3AaTOPEL.
MHHUMH3aTOp — 3TO KOPOTKas IOICTPOKa IJIMHBI K, KOTOpas sBIAETCS JICKCHKOrpaduuecku
MUHUMAaNbHOHN CTpoKoii B okHe W (Puc. 5).

|alelcfalefcle[r[r[T]  [a]s]c[alc[c]e]T]T]r] [a[s]c]afe]c[e]r]r]r
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Puc. 5. [Mouck munumuzamopos onunvl k=4 ¢ okne Onunvl w=>35.
Fig. 5. Finding minimizers of length k=4 in a window of length w=5.

2.3 BbiBoAabl

O6a wmeroma (Seed-Chain-Align u Seed-and-Extend) BBHIMOSHSIOT JONOJHUTEIBHBIE IIATH
00paboTKKM TOCIENOBATENLHOCTEN IEPE] WX TOYHBIM BHIPABHMBAHUEM. JIAHHBIE METOIBI
3HAYMTENBHO YCKOPSIOT BHIPABHUBAHME PUIOB HA JUHEHHBIA peepenc, OJHAKO B CIIydae €CIH B
SKOPE PHIAa KOTOPBIA MPOYUTAH C ONPEAEIEHHOMN MO3UIUH B TEHOME TPUCYTCTBYET TEHETHIECKHI
BApMAHT — JAHHBIA PUJ MOXET OIMOOYHO BBIPOBHATHLCSA B APYTYIO MO3ULUIO B T'€HOME WIIH
BBIPOBHATHCS. B TPABMIIBHYIO TMO3UIMIO, HO C MEHBIIMM KayeCTBOM. ECIHM IOTOJHUTENHHO
YUYUTHIBATE AKOPS, COJAEPIKAIINE TEHETHUECKHE BAPHAHTEI, TO BO3MOYHO IMOJIYYHTCS YBEINYHUTE
KQueCTBO CYHIECTBYIOIIETO alTOPUTMa BhIpaBHUBAHUSA. [IpHyeM MHICKC B BHIE XOUI-TaOJMIIbI, B
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oTIMYKe OT UHAeKca B popmare cy(ppUKCHOro MaccuBa, y1o0HO MOAU(UIMPOBATh 100aBICHHEM
B TaOJIMIly HOBBIX ITO3UIMI IKOpPEH ¢ TCHETHYSCKUMH BapHAHTAMHL.

3. UccnedoeaHue u nocmpoeHue peuweHusi 3adavyu

Belme ObUIM paccMOTPEHBI OCHOBHBIE METOZBI BHIPAaBHMBAHHS PHUJIOB U OblIa MpeAsioKeHa Hies
npoBecTH MO HUKALIIIO aNrOpUTMa BhIpaBHUBaHKA MeToaa Seed-Chain-Align, pearn3oBaHHOTO B
WHCTPYMEHTE BBIPAaBHUBAHUS minimap?2.

B naHHOM paszmene OyayT pacCMOTPEHBI HIard, HEOOXOJMMBIC JJISI NMPOBEICHUS MOANU(PHKALUH
JITOPUTMa BBIPABHUBAHUS TAHHBIX TIOJIHOTEHOMHOTO CEKBEHHPOBaHMs dyesioBeka. [lomumo camoit
MOJIM(UKAMK HEOOXOJMMO IPOBECTH OKCIIEPUMEHTHI JUIS OLEHKH KadyecTBa pPe3yJIbTaToB,
HOJIy4EHHBIX B pe3yibTaTe IPUMEHEHNS pa3paboTaHHOH MOIU(UKALIH.

3.1 Moaudukaumsa anropuTma BbipaBHUBaAHMA minimap2

Mopunduxkanus anropurma BeipaBHuBaHus (Prc. 6) 3aKiodaeTcsi B TOM UTO Ha TaIle IOMCKa IKopen
minimap2 uAESHTUGULUPYET KOPOTKHE MOCIEeI0BATEIbHOCTH — MUHHMMH3AaTOpPbl B pHIAX H
pedepence ¢ noOaBileHHMEM TEHETHYECKMX BapHaHTOB. B maHHON pabore MomuduKaims
BEINIONTHSACTCA JOOABIICHHEM OIHOHYKJICOTHAHBIX moiamMmopdmmoB (SNP) B pedepeHcHyro
nocieoBatenbHOCTh.Ha 3Tane moncka onTMManbHEIX NEMOYEK minimap2 YYUTHIBAET HAIWUHE
TeHEeTHIECKUX BapHaHTOB Takux kak SNP B pedepeHcHON mocnenoBaTenbHOCTH. B wacTHOCTH,
minimap2 HCIOJB3yeT CHCTEMY IOJCYETa OYKOB, KOTOpas YYUTHIBAET BEPOSTHOCTH JAHHOTO
BBIPDABHUBAHUSI HA OCHOBE HAJINYMs TEHETHUECKUX BapHaHTOB. ECiM puJ cONEpKUT reHeTHYECKHUI
BapHaHT, OTCYTCTBYIOIIHH B pehepeHCHOM TeHOMe, minimap2 BCE €Ille MOXKET BBIPOBHATH TAHHBIH
pua Ha pedepeHCHYI0 NOCIIeI0BaTeIbHOCTh, JOMYCKas pa3pbiBbl HJIM HECOOTBETCTBHUS B
BbIpaBHUBaHUKM. OJHAKO HaJIM4YME TI'CHETHYECKOrO BapHaHTa MOXKET HEraTHMBHO IOBJIMATH Ha
UTOTOBYIO OLICHKY KauecTBa BBHIPABHUBAHUS, YTO B JAIIBHEHIIIEM MPUBEIET K YXYALICHUIO TOMCKa
TeHETHYECKMX BApHAHTOB B JIAHHOM PETHOHE MOciienoBaTesibHoCcTH. OCOOCHHO 3aMeTHBIM Oyzer
3¢ deKT, B cIydae eciii TeHeTHYECKHH BapHaHT OyAeT pacIoiiokKeH B MO3HIMH MOTEHIINAIBHOTO
SKOpSI, YTO MPUBENET K YXYAIICHWIO OIEHKH KauyecTBA COCTABJICHHUS IIETIOYKH W BO3MOXXHOMY
BBIOOPY APYTOH IIETIOUYKH BMECTO HEOOXOAUMOM.

1. Maenevesne akopen n3 pugos 2. Momck AkopeR v dunsTpauua
X v v
AAae—> 2 | 15 | 158
punt1 | |alalal | [efale]l T T [ [TiTial | .
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clala alele[e]afclalc[T[TIT]T
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Puc. 6. IMouck sikopetl ¢ MOOUDPUYUPOBAHHOM UHOEKCe
Fig. 6. Finding seeds in a modified index

JobaBneHre 49acTO  BCTPEYAIOMIMXCS  TIEHETHYSCKHX  BapHaHTOB B pedepencuyro
MIOCJIE/IOBATENILHOCTE MOKET OBITh PEANN30BAHO C IOMOIIBIO JOIOJHUTEIFHOH MOIU(UKANN
MHJIeKca ped)epeHCHOM TOCIeI0BaTeIbHOCTH, COAEP KA XAMI-TabaHIly M3 Pe3yJIbTaTOB X3II-
(yHKIMH OT MEHUMH3ATOPOB M UX MO3HUINH B peepeHCHON MOCTIEI0BATENEHOCTH.

B ucxoxHoM Koze MHCTpyMeHTa minimap2 coxepskurcsi Gpynkuuss mm_sketch (daitn sketch.c),
KOTOpasi NMPUHUMAET Ha BXOJ IOCJIEAOBATEIBHOCTh HYKJICOTHIOB W CTPOUT BCE BO3MOXKHBIC
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MHHUMM3ATOPbI JIMHBI Kk B OKHE JumHBI W. DyHKIMS BO3BpallaeT MacCUB, COJACPKAIIMN Mapbl
KJII0Y-3HaY€HHE: COOTBETCTBYIOIINE PE3YJbTaThl XJMI-(YHKIMH OT IIOCIEIOBATEIBHOCTH U €€
MO3UIMK B MOCJIEA0BAaTeNIbHOCTH. OpraHusanus X3uI-TabiuIpl pealn3oBaHa ¢ MCHOIb30BaHUEM
oubmmotexu klib.

Jdns Momudukanmm HHAEKCAZ HEOOXOAWMO MOJITrOTOBHTH KOPOTKHE MOAINOCIENOBATEIbHOCTH
pedepeHCHOi Mmocne0BaTeIbHOCTH, J00aBUTh B HUX T€HETHUECKUI BApUAHT (B Cily4yae JOOaBICHUS
SNP kak B maHHOW paboTe — 3aMEHHTh CHUMBOJ), 3aHOBO BBIYHCIUTh MHHHMH3ATOPHI B
MOAN(GUIMPOBAHHON MOCIIEIOBATEILHOCTH, CONOCTABUTh MO3ULUH B IOMIOCICIOBATEIBHOCTAX
pedepeHCHO MoCIe0BaTeIFHOCTH H, ¢ IOMOIIBI0 MeTo0B U3 klib, JONOIHATE CyIIecTBYIONIYIO
X31I-TabJIUIy HOBBIMA MHUHHUMHU3aTOpaMH. B pesynbraTe, IBa pra, MOCIEIOBATEIILHOCTh OQHOTO
U3 KOTOPBIX HE COAEPKHUT TEHETUYSCKUH BapUaHT B SKOpe, a BTOPOrO COACPXKHUT, OydyT
BBIPABHUBATHCA B OJWHAKOBYIO ITO3MLMIO ped)epeHCHOH IOCIeNOBATEIBHOCTH U OYyAyT HMETh
OJIMHAKOBYIO OLIEHKY KauecTBa BHIPAaBHUBAHMSI.

3.2 MnaH 3KCNepuMeHToB aHanu3sa AaHHbIX NONMHOreHOMHOro
CeKBeHUPOBaAHUS YenoBekKka

s oneHku 3¢ dekTa, MoaydyaeMoro mpu MoAU(UKAIUH HHICKCA, HEOOXOAUMO MPOBECTH P
SKCIEPUMEHTOB aHalIM3a JaHHBIX IIOJJHOTEHOMHOI'O CEKBEHHpPOBAaHHUA. OTO IOApa3yMeBacT
MPOBEJCHUE HECKOJIBKHUX Pa3IMYHbIX 3TAlOB, 8 UMCHHO: BEIPABHUBAHUE PUIOB, IOUCK NTYOIMKATOB,
BBIYHCIICHHIE TAOIHIBI TOBTOPHOI KAIMOPOBKH, IIOMCK T€HETHYECKUX BapHaHTOB. Bee atamns! cTout
TpoBeCTU B cooTBeTcTBHU ¢ pekomeHmanmssmMun GATK Best Practices [17].

B kauecTBe mepBOro 3KCHEPHUMEHTA IUITAHUPYETCS B3STh HECKOJIBKO HAOOPOB PEalbHBIX JAaHHBIX,
MOJIYYEHHBIX C TIOMOIIBI0O TEXHOJOTHH CEKBEHUpPOBaHUS clieayromero mnokoieHus (NGS).
HeoOxonumo B3sITh JJaHHBIE C pa3HBIM HOKpbITHEM s ofgHoro oOpasua. Ilox mokpbiTHeM
NOApa3syMeBaeTCs  CpeJHee  KOJMYECTBO  PHUAOB Ui KaXIOIO  ydacTKa TI'eHOMHOMU
MOCJIEIOBATEIbHOCTH. Pa3Hoe TMOKPBITHE IO3BOJHUT CYAUTh 00 3ddexre, MONydeHHOM IpU
MOI(DUKAIINN HUHIEKCA.

COOTBeTCTBeHHO, JJIA KaXaoro Ha6opa JaHHBIX H€O6XO}II/IMO MPOBECTU JABEC UTCpallUM aHaJIn3a
JaHHBIX IMOJTHOICHOMHOI'O CCKBECHUPOBAHUA:

1) AmnHanu3 JaHHBIX TOJHOIGHOMHOTO CEKBEHHPOBAaHHs, IpU KOTOPOM Ha 3Tale
BBIPDABHUBAHUS PHJIOB HCIOJIB3YeTCS HEMOAW(GHUIMPOBAHHBI HHAEKC pedepeHCHOMH
MOCJIEI0BATEIbHOCTH;

2) AHanu3 JaHHBIX [OJHOTEHOMHOTO CEKBEHHPOBaHHS, B KOTOPOM HCIOJB3YETCS
MOJM(UIMPOBAHHBIN HHIEKC C 100aBICHUEM OJJHOHYKJICOTUIHBIX TTOJINUMOP(HU3MOB;

Bo BTOpOM 53KCIlepUMEHTE IUIAaHMPYETCSl HCIOJB30BaTh HECKOJIBKO HAOOPOB CHHTETHYECKHX
JaHHbIX. CHHTETHYECKUE PHUJIBI — 3TO CTEHEPUPOBAHHBIE KOMIIBIOTEPOM MOCIEI0BATENBHOCTH,
KOTOpBI€ IIPEIHA3HAYCHBl I MMMTALMM XapaKTEPUCTUK PEAIbHBIX DHIOB, BKIIOYas JIMHY
CUNTBHIBAHUS, YAacTOTy OIMMOOK CEKBEHHMPOBAaHMWA W HAJIUYHWE TE€HETHYECKOH WM3MEHYHBOCTH.
AHaJIOTHYHO TEPBOMY SKCIEPUMEHTY IUIAHHUPYETCS INPOBECTH HECKOJBKO HTEpanuii aHamm3a
JIaHHBIX [IOJTHOT€HOMHOT'O CEKBEHUPOBaHUSI.

4. OnucaHue npakmu4eckou Yacmu

4.1 OnucaHue BbINONHEeHHON MoanduKauum

Jis MoanduKanuy anropuTMa BRIpaBHMBaHUS Obuta HamucaHa (yHKmus mm_idx manipulate,
KOTOpasi BBI3BIBAETCS IIOCIIE CO3JaHUs WHJIEKca peepeHCHOH IocienoBaTenbHOCTH. [laHHas
¢yHKIMA cunThIBaeT CTpokn M3 ykazaHHoro VCF caiina [18] n ans Kakmoro reHeTH4ecKoro
BapuaHnTa(SNP), 3anmucaHHOTO B OT/IEIBHOM CTPOKE, MPOBOSTCS CIEAYIOIIUE MIATH:
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1. B oTxmenpHbIC IEpEeMEHHBIE 3alMCHIBAIOTCS CIICAYIONIINE JaHHbIE: HOMEP XPOMOCOMBI,
MO3UIMS Ha XPOMOCOME, 3HAUCHHE HYKJICOTHJIOB B pepepeHCHON MOCIIeI0BaTEILHOCTH U
TeHETHYECKUI BapUaHT.

2. W3 pedepeHCHOI MocnenoBaTeIbHOCTH (KOTOpask TakyKe XpaHUTCA B MHIEKCHOM (aiine)
cunthiBaetTcs 2 * (k + w) — 1 cHMBOJIOB TIOCIIEIOBATENFHOCTH, TJ€ IEHTPAIBEHBIN CHMBOIT
— 3TO I€HETUYECKUI BapuaHT.

3. BsempBaercs ¢yHkums mm_sketch, xkoTopas BBIYHCIIET MHHUMH3ATOPHI ITOJy4CHHOM
MOCJIEI0BATENILHOCTH.

4. Tlomy4eHHbIE MHHHMH3ATOPBl  (UIBTPYIOTCS, Yy OCTaBIIMXCA MHHHMH3aTOPOB
KOPPEKTHPYETCsl HOMEpa MO3UIMH B OCIJIEI0BATEILHOCTH.

5. BbBbBaercst HanucanHas QyHKuums mm idx push, koTopas moGaBisieT HOBBIE
MHHHUMH3ATOPbI B MHJECKCHYIO X3II-TA0JIHILY.

[Nonydennas MmoauduKanys UMEET JIMHEHHYIO BBIYUCIUTEIBHYIO CI0KHOCTD C HE3HAYUTEIIbHBIMHU
JIOTIOJTHUTENBHBIME 3aTpaTaMM mamsTu nopsaka O(n) mpu BEIYUCICHHH KaXKIOW MeHETHYECKOTO
BapHaHTa. 3aTpaThl Ha 100aBJICHUE HIEMEHTOB B X3II-TaOJIUILy MOXKHO OLIEHUTH B cpenHeM O(1) mo
BpeMeHn U O(n) mo mamsatu. Bpemst paboTel anropuT™a BEIpaBHHUBAHUS M 3aTPaThl MaMsTh MPU
MoIu(UKaIMK HWHAEKCa YBEIMUYMBAIOTCI Ha o(m), rae m — JUIMHa pedepeHCHOH
MOCJICIOBATENIBHOCTU.  Tarke, CTOMT J00aBHTh, 4YTO BBIYMCIATH HWHICKC pedepeHCHON
TIOCJICIOBATENILHOCTH HY>KHO BCErO OJUH Pas.

4.2 O6paboTka n 0630p AaHHbIX

Pedepencubliii renom

B xozxe manHOU paboTHI HCIONB30BaNIACh TEHOMHAs pedepeHcHas nocienoBaTenbHOcTh GRCh38,
BemmymeHHass Genome Reference Consortium B 2013 romy [19]. daHHas pedepeHcHas
MOCJIeJOBATEIFHOCTE TpeAcTaBieHa 23-mMs xpomocoMamu (oT 1-off mo 22-oif, a Takke X-
XpOMOCOMa) U COCTOUT NPUOIU3UTEIBHO U3 3 MIJIIHAP0B HYKJICOTHIIOB.

JlaHHbI€ 0 TeHETHYECKHX BAPHAHTAX B MOMYJISIIMH

JlaHHbIe 0 reHeTHYeCKUX BapuaHTax ObuTH B3aThl 13 rpoekra 1000 Genomes Project [20]. [anusbrii
MPOEKT COJEPXKHUT CBEACHUS O T€HETHYECKHUX BapHaHTax A 2504 denoBek U3 26 MOMYISAIHHA.
Hannsie npencraBneHsl B Gopmate VCF, KOTOPEIH ABISIETCS CTAHAAPTHBIM (PaiyIOBEIM (OPMAaTOM
JUISL aHAJIN3a TeHETHYECKUX JTaHHBIX.

Jnst 00paboTKM 3THX JAHHBIX MCIHOJNB30BAJICSI MHCTPYMEHT beftools, KOTOpBIi sBIsieTCsl 4acThio
nakera samtools [21]. C ero nomomisio ObUTH OTPHUIBTPOBAHBI TEHETHYECKNE BAPHAHTHI, KOTOPbIE
BCTPEYAIOTCS Y TOCTATOYHOTO YHCIIA IIPeICTaBUTeNeH B momysinuu (minor allele frequency > 0.05),
a TaKXKE MWCIIOJIB30BAJICA [UIS YyIaJeHUs] TeHETHYECKUX BAPHAHTOB TEX JIIOJCH, ISl KOTOPBIX
MPOBOJIMIICS aHAJIN3 TaHHBIX TOJIHOTEHOMHOT'O CEKBEHUPOBaHMs YeioBeka. [Tomumo atoro, beftools
OBLJT UCTIONB30BAH TSI BBIZIeNIeHUsT KOHKpeTHOH nomynsauuu u3 VCF daiina.

JlanHble 0 pugax

Hannsie ¢ punamu 6sumn B3aTHI U3 The precisionFDA Truth Challenge — wucmbeiTannm, measbo
KOTOpOTO OBIIO yIydlleHWe KadecTBa pe3yIbTaTOB aHalu3a JaHHBIX MOJHOT€HOMHOTO
cekBeHupoBanus [22]. A Takxke naHHbIe, coOpaHHble opranu3armeii National Institute of Standards
and Technology. [Tatacet coctostn u3 map ¢aiinos ¢ punamu B popmare FASTQ [23] anst 2 yenosek:
NA12878, NA24631 (ceiH w3 Habopa manHbIX Chinese Trio). [y mpoBeneHHs AadbHEHIINX
SKCIICPUMEHTOB OBUIM HCIOJB30BAaHBI pa3Hble HAOOpPHI JaHHBIX, OTIUYAIONIUXCS Pa3HBIM
MOKPBITHEM — CPEAHMM  KOJMYECTBOM pHIOB Ha BCIO pedepeHCHYH TIeHOMHYIO
MocJie10BaTeNbHOCTh. bpln Hcnonb3oBaHbl AaHHbIe ¢ MOKpbiTHEM 30X 1 60X.
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“¥YBepeHHbIE” PernOHbI M ITAJIOHHbIE TeHeTHYeCKHe BAPUAHTBI

U3 The precisionFDA Truth Challenge Obuin B3siTBI faHHBIE 00 “yBEpEHHBIX PETHOHAX IS
Ka)XJIOr0 4YeJIOBeKa. DTH PErnOHBI MCIOIb30BAIMCh BO BpeMsl BCEro IalIuiaiiHa aHajau3a JaHHbBIX
HOJIHOTCHOMHOTO CEKBCHHUPOBAHUS, a TAKKe HCIIOIB30BAINCH NPH BaIUJAUUH C DTaJOHHBIMH
(aiinaMu reHeTHUECKNX BapHaHTOB (KoTopbie Osutn B3aTHI M3 The precisionFDA Truth Challenge).
CrouT OTMETHTH, YTO U YMEHBIICHUS BIUSHUSA KpaeBoro 3(d¢dexra Ha KOHIAX “YBEpPEHHBIX
PETHOHOB, 3TH PETHOHBI OBUIM pacurupeHsl mo kpasMm Ha 1000 HyxieotnmoB. Pacmmmpennsie
“yBepeHHBIC” PETMOHBI HCIOJIB30BAIMCh TOJBKO BO BpeMs IOJCYETa, BO BPEMs BaJWAAlUH
UCIIOJIB30BAIICH W3HAYaJbHbIE BepcHU. [N pacliMpeHus pPerHoHOB OBUI HAamUCaH CKPHIT
interval _expander.py. A ans mocienyroleil KOHKAaTeHAl[MM PaCIIMPEHHBIX IEPECEeKaIOMINXCs
peruoHoB — ckpunr interval concater.py.

CuHTeTHYeCKHe JaHHbIe

s reHepanMu CUHTETHYECKUX JIaHHBIM CiIydaiiHBIM oOpa3oMm Obuto BbIOpaHo 10 oOpasioB u3
npoekra 1000 Genomes Project. beutn BbiOpansl o6pasus: HG00472, HG01205, HGO1578,
HGO01680, HG02252, HG02301, HGO02536, HG02603, HG03485, HG03520. AHamorunvso
peanbHBIM JaHHBIM CO31aBAIMCh HAOOPHI MAPHBIN PUIOB C [UIMHOM Ka’kKAOH IOCIEeI0BATEIbHOCTH
u3 puaa B 100 HykneotupoB. JlanHble co3naBanuch C HOKpeiTheM 26X. Ilpu cozmanum
CHHTETHYECKUX JTaHHBIX HCIIOIB30BANCH HHCTPYMEHTHI beftools m maCTpyMeHT ART [24]. beftools
UCTIONB30BAJICS Ul CO3/1aHMS TE€HOMHOM MOCIIEOBATENFHOCTH, COJEpIKAIlell TI'eHETHIECKUE
BapHaHTHl KOHKPETHOTO 00pasiia, 1o KoTopbiM HHCTpYMEeHT ART co3naBan HaGOpHI MapHBIX PUIOB.

4.3 MeTpuKa oLeHKU Ka4yecTBa

'eHeTnyeckne BapHaHTHI, IONYyYCHHBIC B pE3yJbTaTeé aHalN3a, MOXKHO Ppa3AeiInTh Ha TPH
KaTEerOpuu:

®  HaiileHHbIe BEpHO TeHEeTHYECKUE BapUAHTHI

®  He HaliIecHHBbIE TeHEeTUYECKHEe BapUaHThI

®  Haii/leHHbIe HEBEPHO FeHETHUECKNE BAPHUAHTHI
Hns punbTpaumu FP, cyuiecTBylOT pa3jiiuHble HHCTPYMEHTBI, KOTOPbIE HE PacCMaTpPHBAJIHCh B
JaHHOU paboTe. [TOCKOIBKY [T MOJHOTEHOMHOTO CEKBEHHPOBAHUS HE CYIIECTBYET true negative
JAHHBIX, TO OBLIO pElIeHO UCIONb30BaTh MeTpuKky recall: RECALL = TP / (TP + FN)
st cpaBaenust monrydenHbIx VCF ¢aitios, conepkaimx reHeTHIecKnue BapuaHThl, HCIOIb30BaJICS
uHCTpyMeHT hap.py [25]. hap.py — HMHCTpYMEHT Al CpaBHEHMs IUIUIOMIHBIX T'€HOTHIIOB Ha
ypOBHE TamoTunos. Bmecto Toro, uto0s! cpaBHuBaTh 3anmcu VCF nmocrpouHo, hap.py reaepupyer
W CpPaBHMBACT IOCJIEIOBATENLHOCTH B cynepiiokyce. Cymnepiokyc — 3T0 HEOOJNBIIONH yJ4acTOK
reaoma (pazmepom oT 1 mo 1000 s37eMeHTOB), KOTOPBIH COMNCPKHUT OAWH WA HECKOIBKO
TeHEeTHYECKUX BapUAHTOB.

4.4 MNpoBeAeHHbIe 3KCNEPUMEHTbI

Jns nposepku 3¢ dexkTHBHOCTH MOANW(HKALMKM aJrOpUTMa BHIPABHUBAHUS OBUI NPOBENCH PsA
SKCHEPUMEHTOB, OIMCAHHBIX HIDKE.
Bbutn BEIIOTHEHB! [Ba SKCIIEPUMEHTA!
1. CraHaapTHBI: ¢ WCIOJB30BaHUEM CTAaHJAPTHOTO WHJIEKCHOTO aitna pedepeHcHOTO
TeHOMa, TeHEPHUPYEMBIif HHCTPYMEHTOM minimap2
2. MoauduuupoBaHHBI: C HCIOIB30BAHUEM MOAU(DHUIIMPOBAHHOTO HHICKCHOTO (aiiia, B
KOTOPBIH OBl 100aBIEHB! OTHOHYKICOTHAHBIE TonMopu3Mbl u3 6a3sl 1000 Genomes
Project, npessimaroniue nopor MAF>0.05

NA12878 30X

Punst nast NA12878 ¢ 30-kpaTHBIM MOKPBITHEM I'€HOMA U C PACIIUPEHHEM “YBEPEHHBIX PETUOHOB
Ha 100 nyxsieotnnoB aiust SNP(Tab6m. 1).
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Tabn. 1. Pezynomamol noaHozeHoMHO20 cekeenuposanust 0as oopaszya NA12878. [lokpeimue 30X, SNP.
Table 1. Whole genome sequencing results for sample NA12878. Coverage 30X, SNP.

DKCIepUMEHT TP FN FP Recall Precision F1
CraHaapTHbIi 3206999 47387 15190 0.985439 0.995285 0.990338
MoaudunrpoBaHHbIi 3210000 44386 15681 0.986361 0.995138 0.990730
NA12878 60X

Punst nast NA12878 ¢ 60-kpaTHBIM MOKPHITHEM T'€HOMA U C PACIIUPEHHEM “YBEPEHHBIX PETHOHOB
Ha 100 nykneotunoB aimst SNP(Tabm. 2).

Tabn. 2. Pesynomamvl NOIHO2EHOMHO20 CeKgeHuposanus oas oopasya NA12878. [loxkpvimue 60X, SNP.
Table 2. Whole genome sequencing results for sample NA12878. Coverage 60X, SNP.

DKCMEePpUMEHT TP FN FP Recall Precision F1
CrangapTHslii 3218108 36278 16990 0.988853 0.994748 0.991791
Mo nubuirpoBaHHbIi 3219938 34448 17577 0.989415 0.994570 0.991986
NA24631 30X

Punsr ms NA24631 (ceia n3 ChineseTrio) ¢ 30-KpaTHBIM IMOKPEITHEM T€HOMA U C pacIIipeHHuEeM
“yBepeHHBIX pernoHoB” Ha 100 Hykimeotunos it SNP(Ta6m.3).

Tabn. 3. Pesynomamsi NOIHO2EHOMHO20 ceKgeHUuposanus 0as oopasya NA24631. Ilokpvimue 30X, SNP.
Table 3. Whole genome sequencing results for sample NA24631. Coverage 30X, SNP.

IKcnepuMeHT TP FN FP Recall Precision F1
CranmapTHbIit 3218619 57012 15758 0.982595 0.995128 0.988822
MopanuunpoBaHHbIi 3221458 54173 16406 0.983462 0.994933 0.989164

B pe3yiibTaTe MNPOBEACHHBLIX SKCIECPUMCHTOB OBLIO IMOKa3aHO, 4YTO IIpU ,IlO6aBJ'ICHI/II/I TOJIBKO
OAHOHYKJICOTUAHBIX HOJ'II/IMOp(i)I/I?:MOB JOCTUTracTCA HauOOoJIbIIEe KOJIMYECTBO HCTHUHHO
TMOJIOKUTECIIbHBIX TCHECTUYCCKUX BAPUAHTOB, OJTHAKO, B TAKOM CJIy4Yac TaKK€ BO3paCTACT KOJIMYECTBO
JIOKHO MOJIOKUTEJIBbHBIX TCHETUUCCKUX BApHUAHTOB.

DKCMEePUMEHT ¢ CHHTETHYECKUMH TaHHBIMU

JIJist CHHTETHYECKUX TaHHBIX OBLIO MPOBECHO 10 IBE UTEPAIIUU aHAN3a JAHHBIX IOJTHOT€HOMHOTO
CCKBECHHPOBAHUS: aHAIHM3a MJAaHHBIX, B KOTOPOM Ha OJTalle BBHIPABHUBAHUS HCIOIH30BAICA
CTaHJAPTHBI WHACKC peepeHCHON MOCIEOBATEIEHOCTH M MOIU(PHIMPOBAHHBIN WHIEKC VIS
SNP(Tabn. 4). B xome MmaHHOrO OSKCIIEPUMEHTa B HMHICKC OBUIM JOOABICHBI JIMIIb
OTHOHYKJICOTUAHbIE MOMUMOPPU3MBI. [IpM 3TOM HWCHIONB30BANCS OMUHAKOBHIA  HAOOD
nomMopdu3MoB, COBNaAaIOMINi ¢ Habopamu B skcnepuMenTax amst NA12878 u NA24631.

Tabn. 4. Pe3ynbmambl NOTHO2EHOMHO20 CeK8eHUPOBaHUs cunmemudeckux oannvix. Ioxpwimue 26X, SNP.
Table 4. Results of whole genome sequencing of synthetic data. Coverage 26X, SNP.

Recall with Recall with
Oxcnepument  default index modified index

HG00472 0.989396 0.990893
HG01205 0.989052 0.990597
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HG01578 0.989461 0.990957
HG01680 0.989332 0.990890
HG02252 0.989665 0.991100
HG02301 0.989426 0.990878
HG02536 0.989446 0.990892
HG02603 0.989307 0.990850
HG03485 0.989463 0.990870
HG03520 0.989239 0.990716

Jns cnydaiiHO BBIOpaHHBIX CT€HEPUPOBAHHBIX 00pa3lOB OBUIO YCTaHOBJICHO, YTO MOJM(UKAIs
uHJeKca pedepeHCHOM MOCIIe0BaTEIbHOCTH, TAK)KE KaK U B OCTaJIbHBIX 3KCIICPUMEHTAX, TPUBOJIUT
K YBEJIMYEHHIO UTOTOBOH MeTpukH recall.

3aknroyeHue

PeanzoBana ¢yHKIMS, MO3BOJISIONIAS 00pabaThIBaTh reHETHUECKHE BapUaHTHI U3 ykazaHHoro VCF
(aiina u BHEAPATH UX B MHACKC pe(ePEHCHO MOCIe0BATENbHOCTH, YTO IIPUBOUT K YIIYUIICHUIO
TOYHOCTH BBIPABHMBaHUS. Pe3ynbpTaTel MpOBEICHHBIX dKcrepuMeHTOB Ha NA12878 nu NA24631
YKa3bIBAIOT Ha Ba)XHOCTb M I(P(PEKTUBHOCTh aNropuTMa MOIU(UKAIMU MHJICKCA NPH PELICHUH
3a/aud  aHaJgM3a JIaHHBIX IIOJJHOTGHOMHOTO CEKBEHHPOBaHMs 4YeloBeka. lcmonb3oBaHHE
OJHOHYKJICOTHIHBIX IOJUMOPGU3MOB MNpH NOOABICHNM TCHETHYECKHX BApHAHTOB IIOKA3aJI0
HaWIydIIne pe3yJbTaThl B OTHOIIEHWM HCTHHHO IIOJOXKUTEIBHBIX T'€HETHYECKHX BapHaHTOB.
OnHako, cieayeT OTMETHTh, YTO 3TO TaKKEe MNPUBOAWT K YBEIMUYCHUIO KOJIWYECTBA JIOKHO
TIOJIO>KUTEIBHBIX TEHETHUECKUX BapHaHTOB. KpoMe Toro, SKCIIepUMEHTHI ¢ CITy4aiiHO BEIOpaHHBIMHA
Cr€HEpHPOBaHHBIMH  O0Opa3mamMH IOKa3ajdM, 4YTO MOXU(HKAMSA HHAEKCAa pedepeHCHOH
MOCJIC/IOBATENILHOCTH TAaKKe NPUBOAMT K IIOBBIIICHWIO MeTpuKu recall, uto moarBepxnmaer
yIIy4dIIeHHe CIIOCOOHOCTH OOHAPYXKEHUS T€HEeTHYECKHX BApUAHTOB C HCIIOJIB30BAaHHEM ITaHHOTO
anroputMma. [lanpHeilme uccnea0BaHus U ONTUMHU3AIMHM MOTYT IIOMOYb CAENaTh aJrOPUTM €Ile
6osiee H3PPEKTUBHBIM AT MPAKTHYECKOTO NPUMEHEHHS B AHAJIN3€ TEHOMHBIX JITaHHBIX.
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