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NEURAL NETWORK MODEL FOR OVERCOMING TIME GAP
OF SENTIMENT CLASSIFICATION

Y.V. Rubtsova

A.P. Ershov Institute of Informatics Systems, Novosibirsk State University,
630090, Novosibirsk, Russia

This paper presents a neural network model to improve sentiment classi�cation in dynamically
updated text collections in natural language. As social networks are constantly updated by users there
is essential to take into account new jargons, crucial discussed topics while solving classi�cation task.
Therefore neural network modelfor solutionthis problem is suggested along with supervised machine
learning method and unsupervised machine learning method all of them were used for sentiment
analysis. It was shown in the paper that the quality of text classi�cation by sentiment is reduced
up to 15 % according to F-measure over one and a half year. Therefore the aim of the approach
is to minimise the decrease according toF-measure while classifying text collections that are spaced
over time. Experiments were made on su�ciently representative text collections, which were brie�y
described in the paper.

Automatic sentiment classi�cation is rather a topical subject. The great amount of information
contained in social networks is represented as text in natural language. Therefore it is requires
computational linguistics methods to proceed all this information. Over the about past ten years,
a lot of researcher worldwide were involved in the task of automatically extracting and analysing the
texts of social media. Moreover as one of the main tasks was consideredthe problem of sentiment
classi�cation of texts in natural language.

Researches and experiments on automatic text classi�cation show that the �nal results of
classi�cation highly depend on the training text set and also the subjectare that the training collection
corresponds to. Great amount of projects centred onfeature engineering and the involvement of
additional data, such as externaltext collections (that do not overlap with the training collection)
or sentimentvocabulary. Additional information can reduce the reliance on the training collectionand
improve classi�cation results. In order to successfully classify texts by sentiment, it is necessary
to havetagged by sentiment text collections. Moreover, in order to improve sentimentclassi�cation
in dynamically updated text collections, it is necessary to have severalcollections identical by their
properties, compiled in di�erent periods of time.

The prepared text collections formed the basis for training and test collections of Twitter posts used
to assess the sentiments of tweets towards a given subject at classi�er competition at SentiRuEvalin
2015 and 2016. It was shown that the collections are complete and su�ciently representative

Previously author showsquite good results of the models builded on feature space for training
the classi�er based on the training collection and is therefore highly dependent on the quality
andcompleteness of this collection. Describedabove, there are no semantic relationships between the
terms, and the addition of new terms leads to an increase in the dimension of feature vectorspace.
Another way to overcome the obsolescence of a lexicon is the use of thedistributed word representations
as features to train the classi�er. So this paper was focused on distributed word representations.

In the basis of this approach is the concept of a distributed word representation and the Skip-gram
neural language model. External resources were used here. The distributed word representationspace
was built on an untagged collection of tweets gathered in 2013 that was many times largerthan the
automatically tagged training collection. It is important to mention that the length of thevector space

© Y.V. Rubtsova, 2018



Þ.Â. Ðóáöîâà 5

was only 300 this is the �rst advantage of the approach. A second advantage of this approach is the
classi�cation results: the di�erence between

Collection of 2013 and of 2015 years is 0.26 % according to F-measure.
In summary, proposed approached can reduce the deterioration of sentiment classi�cation results

for collections staggered over time.

Key words: natural language processing, sentiment analysis, sentiment classi�cation, machine
learning.
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ÌÎÄÅËÜ ÍÅÉÐÎÍÍÎÉ ÑÅÒÈ ÄËß ÏÐÅÎÄÎËÅÍÈß
ÄÅÃÐÀÄÀÖÈÈ ÐÅÇÓËÜÒÀÒÎÂ ÊËÀÑÑÈÔÈÊÀÖÈÈ

ÒÅÊÑÒÎÂ ÏÎ ÒÎÍÀËÜÍÎÑÒÈ

Þ.Â. Ðóáöîâà

Èíñòèòóò ñèñòåì èíôîðìàòèêè ÑÎ ÐÀÍ,
Íîâîñèáèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò,

630090, Íîâîñèáèðñê, Ðîññèÿ

ÓÄÊ 004.912

Â äàííîé ðàáîòå îïèñàí àëãîðèòì ïîñòðîåíèÿ êëàññèôèêàòîðà òåêñòîâ ïî òîíàëüíîñòè, èñ-
ïîëüçóþùèé ïðîñòðàíñòâî ðàñïðåäåëåííûõ ïðåäñòàâëåíèé ñëîâ è íåéðîííóþ ÿçûêîâóþ ìîäåëü
Skip-gram. Ýêñïåðèìåíòàëüíî ïîêàçàíî, ÷òî ïîñòðîåííàÿ ìîäåëü êëàññèôèêàòîðà òåêñòîâ ìî-
æåò áûòü ïåðåíåñåíà íà êîëëåêöèè, ñîáðàííûå â äðóãîé âðåìåííîé ïðîìåæóòîê áåç ïîòåðè
êà÷åñòâà êëàññèôèêàöèè.

Êëþ÷åâûå ñëîâà: àíàëèç òîíàëüíîñòè, êëàññèôèêàöèÿ òåêñòîâ, ìàøèííîå îáó÷åíèå.

Ââåäåíèå. Â ñåòè Èíòåðíåò ñîäåðæèòñÿ îãðîìíîå êîëè÷åñòâî òåêñòîâîé èíôîðìàöèè.
Áîëüøàÿ ÷àñòü èíôîðìàöèè ïðåäñòàâëåíà â íåñòðóêòóðèðîâàííîì âèäå íà åñòåñòâåííîì
ÿçûêå, ÷òî óñëîæíÿåò åå îáðàáîòêó. Ïîïûòêè ñòðóêòóðèðîâàòü èíôîðìàöèþ è èçâëå÷ü
èç íåå ïîëüçó èíòåðåñíû êàê êîììåð÷åñêîìó ñåêòîðó, òàê è èññëåäîâàòåëÿì. Ïîýòîìó çà
ïîñëåäíèå íåñêîëüêî ëåò óâåëè÷èëîñü êîëè÷åñòâî èññëåäîâàíèé, ïîñâÿùåííûõ ëèíãâèñòè-
÷åñêèì çàäà÷àì. Òàêæå âîçðîñëî ÷èñëî ïðîãðàììíûõ ñèñòåì, êîòîðûå èçâëåêàþò ôàêòû èç
íåñòðóêòóðèðîâàííûõ ìàññèâîâ òåêñòîâîé èíôîðìàöèè, êëàññèôèöèðóþò è êëàñòåðèçèðó-
þò èíôîðìàöèþ. Ðàçðàáàòûâàþòñÿ ñèñòåìû, íàöåëåííûå êàê íà àíàëèç ñàìèõ ñîîáùåíèé
â ñåòè, òàê è íà âûÿâëåíèå èñòî÷íèêîâ ðàñïðîñòðàíÿåìîé èíôîðìàöèè è ëèäåðîâ ìíåíèé.
Â íàñòîÿùåå âðåìÿ çàäà÷åé àâòîìàòè÷åñêîãî èçâëå÷åíèÿ è àíàëèçà îòçûâîâ è ìíåíèé èç
ñîöèàëüíûõ ìåäèà çàíèìàåòñÿ äîñòàòî÷íî áîëüøîå êîëè÷åñòâî ó÷åíûõ è èññëåäîâàòåëåé
ïî âñåìó ìèðó. Îäíîé èç ãëàâíûõ ðåøàåìûõ çàäà÷ ðàññìàòðèâàåòñÿ çàäà÷à êëàññèôèêàöèè
òåêñòîâ ïî òîíàëüíîñòè.

Òåìà àâòîìàòè÷åñêîé êëàññèôèêàöèè òåêñòîâ ïî òîíàëüíîñòè àêòóàëüíà â Ðîññèè è
çà ðóáåæîì. Åæåãîäíî ïðîâîäÿòñÿ ñîðåâíîâàíèÿ ñèñòåì è ïðîãðàììíûõ êîìïëåêñîâ ïî
àâòîìàòè÷åñêîé êëàññèôèêàöèè òåêñòîâ ïî òîíàëüíîñòè [1�8].

Êëàññèôèêàöèÿ òåêñòîâûõ äîêóìåíòîâ ïî òîíàëüíîñòè íà ðàçíûõ óðîâíÿõ èññëåäóåòñÿ
â òðóäàõ ðîññèéñêèõ è çàðóáåæíûõ ó÷åíûõ. Êëàññèôèêàöèÿ íà óðîâíå âñåãî äîêóìåíòà
öåëèêîì îïèñûâàåòñÿ â ðàáîòàõ [9, 10]. ×óòü ïîçæå êëàññèôèêàöèþ íà óðîâíå êîðîòêèõ
ôðàç è âûðàæåíèé, à íå íà óðîâíå àáçàöåâ èëè öåëûõ äîêóìåíòîâ, ïðîâîäèëè Wilson,
Wiebe è Ho�mann [11]. Åùå îäèí âèä êëàññèôèêàöèè òåêñòîâ � ýòî êëàññèôèêàöèÿ îòíî-
ñèòåëüíî çàäàííîãî îáúåêòà. Â îäíîì òåêñòå ìîæåò áûòü óïîìÿíóòî íåñêîëüêî ñóùíîñòåé,
è àâòîð ñîîáùåíèÿ ìîæåò âûñêàçûâàòü ðàçëè÷íûå ìíåíèÿ îòíîñèòåëüíî êàæäîé èç óïîìÿ-
íóòûõ ñóùíîñòåé, ïîýòîìó ñòàëà àêòóàëüíîé çàäà÷à àíàëèçà òîíàëüíîñòè ïî îòíîøåíèþ
ê çàäàííûì îáúåêòàì, óïîìÿíóòûì â òåêñòå [2, 5, 7, 12�14].

©Þ.Â. Ðóáöîâà, 2018
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Îäíàêî, ïðàêòè÷åñêè âñå èññëåäîâàíèÿ ñâîäÿòñÿ ê ïîñòðîåíèþ è îöåíêå êëàññèôèêàòî-
ðîâ íà òåêñòîâûõ êîëëåêöèÿõ, ñîáðàííûõ â îäèí âðåìåííîé ïðîìåæóòîê, íå ðàññìàòðèâà-
þòñÿ íà òåêñòîâûõ êîëëåêöèÿõ, ñîáðàííûõ â ðàçíûå âðåìåííûå èíòåðâàëû. Â ýòîé ðàáîòå
ïðèâîäÿòñÿ àëãîðèòì è ðåçóëüòàòû ðàáîòû êëàññèôèêàòîðà, êîòîðûé áûë îáó÷åí íà òåê-
ñòîâîé êîëëåêöèè, ñîáðàííîé â 2013 ãîäó, è ïðîòåñòèðîâàííûé íà êîëëåêöèÿõ, ñîáðàííûõ
â 2014 è 2015 ãîäàõ. Ïðåäëîæåí ìåòîä âûäåëåíèÿ ïðèçíàêîâ, îñíîâàííûé íà íåéðîííîé ñå-
òè, êîòîðûé ïîêàçàë ñòàáèëüíûå ðåçóëüòàòû íà âñåõ òåêñòîâûõ êîëëåêöèÿõ, ðàçíåñåííûõ
âî âðåìåíè.

1. Òåêñòîâûå êîëëåêöèè. Èññëåäîâàíèÿ ïî àâòîìàòè÷åñêîé êëàññèôèêàöèè òåêñòîâ
ïîêàçûâàþò, ÷òî ðåçóëüòàòû êëàññèôèêàöèè, êàê ïðàâèëî, çàâèñÿò îò îáó÷àþùåé òåêñòî-
âîé âûáîðêè è ïðåäìåòíîé îáëàñòè, ê êîòîðîé îòíîñèòñÿ îáó÷àþùàÿ êîëëåêöèÿ. Êëàññè-
ôèêàòîð ìîæåò ïîêàçûâàòü îòëè÷íûå ðåçóëüòàòû íà îäíîé êîëëåêöèè òåêñòîâ è ñîâåð-
øåííî íå ñïðàâèòüñÿ ñ òàêîé æå çàäà÷åé íà äðóãîé êîëëåêöèè.

Äëÿ êà÷åñòâåííîãî ðåøåíèÿ çàäà÷è êëàññèôèêàöèè òåêñòîâ ïî òîíàëüíîñòè íåîáõîäèìî
èìåòü ðàçìå÷åííûå êîëëåêöèè òåêñòîâ. Áîëåå òîãî, äëÿ ðåøåíèÿ çàäà÷è óëó÷øåíèÿ êëàñ-
ñèôèêàöèè ïî òîíàëüíîñòè â äèíàìè÷åñêè îáíîâëÿåìûõ êîëëåêöèÿõ, íåîáõîäèìî èìåòü
íåñêîëüêî òåêñòîâûõ êîëëåêöèé, êîòîðûå áûëè ñîáðàíû â ðàçíûå âðåìåííûå ïðîìåæóò-
êè.

Ñáîð ïåðâîãî êîðïóñà òåêñòîâ ïðîõîäèë â äåêàáðå 2013 ãîäà � ôåâðàëå 2014 ãîäà, äëÿ
êðàòêîñòè áóäåì íàçûâàòü åå êîëëåêöèåé 2013 ãîäà. Â ñîîòâåòñòâèè ñ ïèñüìåííûì îáî-
çíà÷åíèåì ýìîöèé áûë ïðîèçâåäåí ïîèñê ïîçèòèâíî è íåãàòèâíî îêðàøåííûõ ñîîáùåíèé.
Òàêèì îáðàçîì, èç êîëëåêöèè 2013 ãîäà ñôîðìèðîâàíî äâå êîëëåêöèè: êîëëåêöèÿ ïîëî-
æèòåëüíûõ òâèòîâ è êîëëåêöèÿ íåãàòèâíûõ òâèòîâ. Íåéòðàëüíàÿ êîëëåêöèÿ áûëà ñôîð-
ìèðîâàíà èç ñîîáùåíèé íîâîñòíûõ è îôèöèàëüíûõ àêêàóíòîâ twitter. Ñ ïîìîùüþ ìåòîäà
[15] è ïðåäëîæåííîé àâòîðîì ôèëüòðàöèè [16] èç òåêñòîâ 2013 ãîäà áûëà ñôîðìèðîâàíà
îáó÷àþùàÿ êîëëåêöèÿ.

Ñáîð âòîðîãî êîðïóñà, êîòîðûé ñîñòîèò èç îêîëî 10 ìèëëèîíîâ êîðîòêèõ ñîîáùåíèé,
ïðîõîäèë â èþëå-àâãóñòå 2014 ãîäà. Òðåòèé êîðïóñ, ñîñòîÿùèé èç îêîëî 20 ìëí. ñîîáùåíèé,
áûë ñîáðàí â èþëå è íîÿáðå 2015 ãîäà.

Èç òåêñòîâ 2014 è 2015 ãã. ñôîðìèðîâàíû äâå òåñòîâûå êîëëåêöèè. Òåêñòû 2014 è 2015
ãîäîâ ïîäâåðãëèñü èäåíòè÷íîé ôèëüòðàöèè, ÷òî è îáó÷àþùàÿ êîëëåêöèÿ 2013 ãîäà. Ôîð-
ìèðîâàíèå òåñòîâûõ êîëëåêöèé ïî êëàññàì òîíàëüíîñòè ïðîèñõîäèëî àíàëîãè÷íî îáó÷àþ-
ùåé êîëëåêöèè. Ðàñïðåäåëåíèå êîëè÷åñòâà ñîîáùåíèé ïî êëàññàì òîíàëüíîñòè â êîëëåê-
öèÿõ ïðåäñòàâëåíî â òàáë. 1. Âñå òðè êîëëåêöèè ÿâëÿþòñÿ ïðåäìåòíî íåçàâèñèìûìè, òî
åñòü íå îòíîñÿòñÿ íè ê êàêîé çàðàíåå îïðåäåëåííîé ïðåäìåòíîé îáëàñòè.

Ðàíåå â ðàáîòàõ [17, 18] àâòîðîì áûëî ïîêàçàíî, ÷òî ñîáðàííûå êîëëåêöèè ÿâëÿþòñÿ
ïîëíûìè è äîñòàòî÷íî ïðåäñòàâèòåëüíûìè.

2. Èñïîëüçîâàíèå ðàñïðåäåëåííûõ ïðåäñòàâëåíèé ñëîâ â êà÷åñòâå ïðèçíà-
êîâ. Â ïðåäûäóùèõ ðàáîòàõ [19, 20] áûëî ïîêàçàíî, ÷òî åñëè ïðîñòðàíñòâî ïðèçíàêîâ
äëÿ îáó÷åíèÿ êëàññèôèêàòîðà ñòðîèòñÿ íà îñíîâå îáó÷àþùåé êîëëåêöèè, òî ðåçóëüòàòû
ðàáîòû êëàññèôèêàòîðà ñèëüíî çàâèñÿò îò êà÷åñòâà è ïîëíîòû ýòîé êîëëåêöèè. Áîëåå òî-
ãî, èñïîëüçîâàíèå â êà÷åñòâå ïðèçíàêîâ âñåõ ñëîâ, âõîäÿùèõ â îáó÷àþùóþ êîëëåêöèþ,
ïðèâîäèò ê òîìó, ÷òî ïðîñòðàíñòâî ïðèçíàêîâ èñ÷èñëÿåòñÿ ñîòíÿìè òûñÿ÷.

Îäíèì ñïîñîáîì ïðåîäîëåíèÿ óñòàðåâàíèÿ ëåêñèêîíà ÿâëÿåòñÿ èñïîëüçîâàíèå ïðî-
ñòðàíñòâà ðàñïðåäåëåííûõ ïðåäñòàâëåíèé ñëîâ â êà÷åñòâå ïðèçíàêîâ äëÿ îáó÷åíèÿ êëàñ-
ñèôèêàòîðà òåêñòîâ ïî òîíàëüíîñòè.
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Òàáëèöà 1

Ðàñïðåäåëåíèå ñîîáùåíèé â êîëëåêöèÿõ ïî êëàññàì òîíàëüíîñòè

Ïîëîæèòåëüíûå Îòðèöàòåëüíûå Íåéòðàëüíûå
ñîîáùåíèÿ ñîîáùåíèÿ ñîîáùåíèÿ

2013 ãîä 114 911 111 922 107 990
2014 ãîä 5 000 5 000 4 293
2015 ãîä 10 000 10 000 9 595

3. Ïðîñòðàíñòâî ðàñïðåäåëåííûõ ïðåäñòàâëåíèé ñëîâ. Ðàñïðåäåëåííîå ïðåä-
ñòàâëåíèå ñëîâà (àíãë. distributed word representation, word embedding) � ýòî k-ìåðíûé
âåêòîð ïðèçíàêîâ w=(w1,. . . ,wk), ãäå wi∈R � ýòî êîìïîíåíòû âåêòîðà [21]. Êîëè÷åñòâî êî-
îðäèíàò k òàêîãî âåêòîðà ñóùåñòâåííî ìåíüøå. Îáû÷íî ýòî ÷èñëî íå ïðåâîñõîäèò íåñêîëü-
êèõ ñîòåí, ñîîòâåòñòâåííî, ïðîñòðàíñòâî ïðèçíàêîâ èìååò ñðàâíèòåëüíî íåáîëüøóþ ðàç-
ìåðíîñòü.

Îñíîâíàÿ èäåÿ âåêòîðíîãî ðàñïðåäåëåííîãî ïðåäñòàâëåíèÿ ñëîâ çàêëþ÷àåòñÿ â íàõîæ-
äåíèè ñâÿçåé ìåæäó êîíòåêñòàìè ñëîâ. Èäåÿ çàêëþ÷àåòñÿ â òîì, ÷òî íàõîäÿùèåñÿ â ïî-
õîæèõ êîíòåêñòàõ ñëîâà, ñêîðåå âñåãî, îçíà÷àþò èëè îïèñûâàþò ïîõîæèå ïðåäìåòû èëè
ÿâëåíèÿ, ò. å. ÿâëÿþòñÿ ñåìàíòè÷åñêè ñõîæèìè. Äëÿ ýòîãî êàæäûé òåðìèí ïðåäñòàâëÿåòñÿ
â âèäå âåêòîðà èç k êîîðäèíàò, â êîòîðûõ çàêîäèðîâàíû ïîëåçíûå ïðèçíàêè, õàðàêòåðèçó-
þùèå ýòîò òåðìèí è ïîçâîëÿþùèå îïðåäåëÿòü ñõîäñòâî ýòîãî òåðìèíà ñ ïîõîæèìè òåðìè-
íàìè â êîëëåêöèè. Ôîðìàëüíî ïðåäñòàâëåíèå òåðìèíîâ ÿâëÿåòñÿ çàäà÷åé ìàêñèìèçàöèè
êîñèíóñíîé áëèçîñòè ìåæäó âåêòîðàìè ñëîâ, êîòîðûå ïîÿâëÿþòñÿ ðÿäîì äðóã ñ äðóãîì â
áëèçêèõ êîíòåêñòàõ, è ìèíèìèçàöèÿ êîñèíóñíîé áëèçîñòè ìåæäó âåêòîðàìè ñëîâ, êîòîðûå
íå ïîÿâëÿþòñÿ â áëèçêèõ êîíòåêñòàõ. Êîñèíóñíàÿ ìåðà áëèçîñòè ìåæäó âåêòîðàìè, cos(θ),
ìîæåò áûòü ïðåäñòàâëåíà ñëåäóþùèì îáðàçîì (ôîðìóëà 1):

cos(θ) =

n∑
i=1

Ai ×Bi√
n∑
i=1

(Ai)2 ×
√

n∑
i=1

(Bi)2
, (1)

ãäå Ai è Bi � êîîðäèíàòû âåêòîðîâ A è B ñîîòâåòñòâåííî.
Ïîìèìî ñîêðàùåíèÿ ðàçìåðíîñòè âåêòîðà ïðèçíàêîâ, ðàñïðåäåëåííîå ïðåäñòàâëåíèå

ñëîâ ó÷èòûâàåò ñìûñë ñëîâà â êîíòåêñòå. Òî åñòü ðàñïðåäåëåííîå ïðåäñòàâëåíèå ñëîâ
ïîçâîëÿåò îáîáùèòü, íàïðèìåð,

”
áûñòðûé àâòîìîáèëü“ íà îòñóòñòâóþùåå â îáó÷àþùåé

âûáîðêå
”
øóñòðàÿ ìàøèíà“, ÷òî ïîçâîëÿåò ñíèçèòü çàâèñèìîñòü îò îáó÷àþùåé âûáîðêè.

Ðåçóëüòàòû èññëåäîâàíèé ïîêàçûâàþò [22], ÷òî íåéðîííàÿ ÿçûêîâàÿ ìîäåëü Skip-gram
ïðåâîñõîäèò äðóãèå ìîäåëè ïî êà÷åñòâó ïîëó÷àåìûõ âåêòîðíûõ ïðåäñòàâëåíèé. Ïîýòîìó
â äàííîé ðàáîòå èñïîëüçóåòñÿ ìîäåëü Skip-Gram.

4. Ìîäåëü Skip-Gram. Ìîäåëü Skip-Gram áûëà ïðåäëîæåíà Òîìàñîì Ìèêîëîâûì ñ
ñîàâòîðàìè â 2013 ãîäó [23]. Íà âõîä ìîäåëè ïîäàåòñÿ íåðàçìå÷åííûé êîðïóñ òåêñòîâ, äëÿ
êàæäîãî ñëîâà ðàññ÷èòûâàåòñÿ êîëè÷åñòâî âñòðå÷àåìîñòè ýòîãî ñëîâà â êîðïóñå. Ìàññèâ
ñëîâ ñîðòèðóåòñÿ ïî ÷àñòîòå, ðåäêèå ñëîâà óäàëÿþòñÿ. Êàê ïðàâèëî, ìîæíî óñòàíàâëè-
âàòü ïîðîã âñòðå÷àåìîñòè ñëîâà, ïðè êîòîðîì ñëîâî ìîæíî ñ÷èòàòü ðåäêèì è äî êîòîðîãî
âñå ðåäêî âñòðå÷àþùèåñÿ ñëîâà áóäóò óäàëåíû. Äëÿ òîãî ÷òîáû ñíèçèòü âû÷èñëèòåëüíóþ
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Ðèñ. 1. Àðõèòåêòóðà ìîäåëè Skip-gram

ñëîæíîñòü àëãîðèòìà, ñòðîèòñÿ äåðåâî Õàôôìàíà (àíãë. Hu�man Binary Tree). Äàëåå àë-
ãîðèòì ïðîõîäèò çàðàíåå çàäàííûì ðàçìåðîì îêíà ïî âûáðàííîìó îòðåçêó òåêñòà. Ðàçìåð
îêíà çàäàåòñÿ êàê ïàðàìåòð àëãîðèòìà. Ïîä îêíîì ïîäðàçóìåâàåòñÿ ìàêñèìàëüíàÿ äèñòàí-
öèÿ ìåæäó òåêóùèì è ïðåäñêàçûâàåìûì ñëîâîì â ïðåäëîæåíèè. Òî åñòü åñëè îêíî ðàâíî
òðåì, òî äëÿ ïðåäëîæåíèÿ

”
ß âèäåë õîðîøèé ôèëüì“ ïðèìåíåíèå àëãîðèòìà Skip-gram áó-

äåò ïðîõîäèò âíóòðè áëîêà, ñîñòîÿùåãî èç òðåõ ñëîâ:
”
ß âèäåë õîðîøèé“,

”
âèäåë õîðîøèé

ôèëüì“. Äàëåå ïðèìåíÿåòñÿ íåéðîííàÿ ñåòü ïðÿìîãî ðàñïðîñòðàíåíèÿ (àíãë. Feedforward
Neural Network) ñ ìíîãî ïåðåìåííîé ëîãèñòè÷åñêîé ôóíêöèåé.

Ñõåìàòè÷åñêè ìîäåëü Skip-gramm ïðåäñòàâëÿåòñÿ â âèäå íåéðîííîé ñåòè (ðèñ. 1):
Èçîáðàæåííàÿ íà ðèñ. 1 íåéðîííàÿ ñåòü ñîñòîèò èç òðåõ ñëîåâ: âõîäíîé (àíãë. input),

âûõîäíîé (àíãë. output) è ñêðûòûé (àíãë. projection). Ñëîâî, ïîäàâàåìîå íà âõîä, îáîçíà÷å-
íî w(t), â âûõîäíîì ñëîå ñëîâà w(t-2), w(t-1), w(t+1) è w(t+2) � ñëîâà êîíòåêñòà, êîòîðûå
ïûòàåòñÿ ïðåäñêàçàòü íåéðîííàÿ ñåòü. Èíûìè ñëîâàìè, ìîäåëü skip-gram ïðåäñêàçûâàåò
êîíòåêñò ïðè çàäàííîì ñëîâå.

4.1. Ôîðìàëüíàÿ çàïèñü ìîäåëè Skip-gram ïðåäñòàâëÿåòñÿ ñëåäóþùèì: ïóñòü çàäàíà
òåêñòîâàÿ êîëëåêöèÿ, ñîñòîÿùàÿ èç ñëîâ w è èõ êîíòåêñòîâ c. Çàäà÷à ìîäåëè ñîñòîèò â
òîì, ÷òîáû ïîäîáðàòü âåêòîð ïàðàìåòðîâ θ ìîäåëè òàêèì îáðàçîì, ÷òîáû ìàêñèìèçèðîâàòü
óñëîâíóþ âåðîÿòíîñòü âñåé êîëëåêöèè p(c|w) äëÿ âñåõ âîçìîæíûõ ïàð êîíòåêñòîâ è ñëîâ
(ôîðìóëà 2):

arg max
θ

∏
(w,c)∈D

p(c|w; θ), (2)

ãäå D � ìíîæåñòâî âñåõ âîçìîæíûõ ñî÷åòàíèé ñëîâà è êîíòåêñòà.
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Îäèí èç ñïîñîáîâ ïàðàìåòðèçàöèè ìîäåëè (ôîðìóëà 2) � ýòî èñïîëüçîâàíèå
ëîãèñòè÷åñêîé ôóíêöèè (àíãë. Soft-max-function) äëÿ îïðåäåëåíèÿ âåðîÿòíîñòè p(w|c,θ)
(ôîðìóëà 3):

p(c|w; θ) =
evc·vw∑

c′∈C
evc′ ·vw

, (3)

ãäå vc è vw∈Rd � âåêòîðíûå ðàñïðåäåëåííûå ïðåäñòàâëåíèÿ êîíòåêñòà è ñëîâà. C � ýòî
ìíîæåñòâî âñåõ êîíòåêñòîâ. Â ÷èñëèòåëå çàïèñàíà ñåìàíòè÷åñêàÿ áëèçîñòü ñëîâ êîíòåêñòà
(vc) è âûáðàííîãî öåëåâîãî ñëîâà (vw), â çíàìåíàòåëå � áëèçîñòü âñåõ äðóãèõ êîíòåêñòîâ
êîëëåêöèè (vc′) è âûáðàííîãî öåëåâîãî ñëîâà (vw).

Äàëåå öåëåâàÿ ôóíêöèè ëîãàðèôìèðóåòñÿ (ôîðìóëà 2) è ïîäñòàâëÿåòñÿ çíà÷åíèå âå-
ðîÿòíîñòåé (ôîðìóëà 3), â ðåçóëüòàòå èìååì:

arg max
θ

∑
(w,c)∈D

logp(c|w) =
∑

(w,c)∈D

(logevc·vw − log
∑
c′

evc′ ·vw). (4)

Öåëåâàÿ ôóíêöèÿ (ôîðìóëà 4) âû÷èñëèìà, îäíàêî îíà ïðåäñòàâëÿåò ñîáîé âû÷èñ-
ëèòåëüíî ñëîæíóþ çàäà÷ó, òàê êàê äëÿ âû÷èñëåíèÿ p(w|c,θ) òðåáóåòñÿ ñóììèðîâàíèå∑

c′∈C e
vc′ ·vwïî âñåì âîçìîæíûì êîíòåêñòàì òåðìèíà, êîòîðûõ ìîæåò áûòü îãðîìíîå ìíî-

æåñòâî.
Ñ öåëüþ îïòèìèçàöèè ôóíêöèè ôîðìóëû 4 ïðåäëàãàåòñÿ çàìåíèòü îáû÷íóþ ëîãèñòè-

÷åñêóþ ôóíêöèþ (ôîðìóëà 3) íà èåðàðõè÷åñêóþ ñîôòìàêñ (àíãë. Hierarchical Softmax)
èëè èñïîëüçîâàòü íåãàòèâíîå ñýìïëèðîâàíèå (àíãë. Negative Sampling).

Äëÿ êàæäîãî ñëîâà ìîæåò ñóùåñòâîâàòü áîëüøîå êîëè÷åñòâî êîíòåêñòîâ. Îäèí èç ñïî-
ñîáîâ ïðåîäîëåíèÿ ýòîé ïðîáëåìû � ýòî íåãàòèâíîå ñýìïëèðîâàíèå. Åãî ïðèíöèï çàêëþ-
÷àåòñÿ â òîì, ÷òî äëÿ âûáðàííîãî òåðìèíà ñ÷èòàþòñÿ íå âñå âîçìîæíûå êîíòåêñòû, íî
ñëó÷àéíûì îáðàçîì âûáèðàåòñÿ íåñêîëüêî êîíòåêñòîâ (vc′). Íàïðèìåð, åñëè ñëîâî ”

ôèëüì“
ïîÿâëÿåòñÿ â êîíòåêñòå ðàçâëå÷åíèé, òî âåêòîð ñëîâà

”
ðàçâëå÷åíèÿ“ áóäåò áëèæå ê âåêòî-

ðó ñëîâà
”
ôèëüì“, ÷åì âåêòîðû íåêîòîðûõ äðóãèõ ñëó÷àéíî âûáðàííûõ ñëîâ (òàêèõ êàê

ñòâîë, òâîðîã èëè ðàíåö), è íå íóæíî ïðîâåðÿòü âñå ñëîâà èç îáó÷àþùåé êîëëåêöèè. Òàêîé
ïîäõîä ñóùåñòâåííî îáëåã÷àåò ïîñòðîåíèå ìîäåëè.

5. Èñïîëüçîâàíèå ìîäåëè Skip-Gramm äëÿ ñíèæåíèÿ çàâèñèìîñòè îò îáó-
÷àþùåé êîëëåêöèè. Äëÿ îáó÷åíèÿ ìîäåëè Skip-Gramm ïðîèçâîëüíûì îáðàçîì áûëî
âûáðàíî 5 ìèëëèîíîâ òåêñòîâ èç ïåðâîíà÷àëüíîé, íå ðàçäåëåííîé ïî êëàññàì òîíàëüíîñòè
êîëëåêöèè 2013 ãîäà. Êîëëåêöèè 2014 è 2015 ãîäîâ â îáó÷åíèè íå ó÷àñòâîâàëè, òàê êàê äå-
ëàåòñÿ ïðåäïîëîæåíèå, ÷òî îáó÷åííàÿ ìîäåëü äîëæíà áûòü ïåðåíîñèìà íà áîëåå ïîçäíèå
êîëëåêöèè.

Â êà÷åñòâå ïðîãðàììíîé ðåàëèçàöèè ìîäåëè Skip-gram áûë èñïîëüçîâàí ïðîãðàììíûé
èíñòðóìåíò Word2Vec [24].

Îäíîé èç îñîáåííîñòåé Word2Vec ÿâëÿåòñÿ òî, ÷òî àëãîðèòì ðàçäåëÿåò òåðìèíû ìåæäó
ñîáîé, åñëè ìåæäó íèìè ñòîèò ïðîáåë. Äëÿ çàäà÷è êëàññèôèêàöèè òåêñòîâ ïî òîíàëüíîñòè
âàæíû ÷àñòèöû íå è íè, ïîýòîìó, ÷òîáû

”
íå + ñëîâî“ íå áûëî ðàçäåëåíî íà äâà ðàçëè÷íûõ

òåðìèíà, ïðîáåë ìåæäó ÷àñòèöàìè íå è íè áûë çàìåíåí íèæíèì ïîä÷åðêèâàíèåì (íàïð.

”
íè_ðàçó“,

”
íå_õîòåë“).

Êàæäûé òåêñò èç îáó÷àþùåé è òåñòîâûõ êîëëåêöèé áûë ïðåäñòàâëåí â âèäå óñðåäíåí-
íîãî âåêòîðà âõîäÿùèõ â íåãî ñëîâ (ôîðìóëà 5):
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Òàáëèöà 2

Ðåçóëüòàòû êëàññèôèêàöèè òåêñòîâ ïî òîíàëüíîñòè ñ èñïîëüçîâàíèåì âåêòîðîâ ñëîâ,
ïîëó÷åííûõ ïðè èñïîëüçîâàíèè ðàñïðåäåëåííûõ ïðåäñòàâëåíèé ñëîâ â êà÷åñòâå ïðèçíàêîâ

Acc. Pecision Recall F-ìåðà

2013 0,7206 0,7250 0,7221 0,7226
2014 0,7756 0,7763 0,7836 0,7787
2015 0,7289 0,7250 0,7317 0,7252

d =

∑
wi

n
, (5)

ãäå wi � âåêòîðíîå ïðåäñòàâëåíèå i -ãî ñëîâà, âõîäÿùåãî â èññëåäóåìûé òåêñò, i=(1,..,n).
n � ÷èñëî ñëîâ èç ñëîâàðÿ, âõîäÿùèõ â èññëåäóåìûé òåêñò.

Êëàññèôèêàòîð áûë îáó÷åí íà êîëëåêöèè 2013 ãîäà, äàëåå îáó÷åííàÿ ìîäåëü êëàññè-
ôèêàòîðà ïðèìåíÿëàñü äëÿ òåñòèðîâàíèÿ íà êîëëåêöèÿõ 2014 è 2015 ãîäîâ. Ðåçóëüòàòû
ðàáîòû êëàññèôèêàòîðà ïðåäñòàâëåíû â òàáë. 2. Â êà÷åñòâå ìåòðèê îöåíêè êà÷åñòâà êëàñ-
ñèôèêàöèè âûáðàíû ñòàíäàðòíûå ìåòðèêè: ïðàâèëüíîñòè � accuracy, ïîëíîòû � recall,
òî÷íîñòè � precision, ãàðìîíè÷åñêîãî ñðåäíåãî � F-ìåðà.

Çàêëþ÷åíèå. Ïðè èñïîëüçîâàíèè ðàñïðåäåëåííîãî ïðåäñòàâëåíèÿ ñëîâ â êà÷åñòâå
ïðèçíàêîâ äëÿ êëàññèôèêàòîðà òåêñòîâ ïî òîíàëüíîñòè êà÷åñòâî êëàññèôèêàöèè íà òðè
êëàññà íå òîëüêî íå ñíèæàåòñÿ íà êîëëåêöèÿõ, ñîáðàííûõ ñ ðàçíèöåé â ïîëãîäà�ãîä, íî
è äåðæèòñÿ íà óðîâíå ëó÷øèõ çíà÷åíèé, çàôèêñèðîâàííûõ â èññëåäîâàíèÿõ [3]. Âàæíî
òàêæå îòìåòèòü, ÷òî ÷èñëî êîîðäèíàò â âåêòîðå ïðèçíàêîâ � ðîâíî 300 (çàäàâàåìûé ïàðà-
ìåòð), à íå íåñêîëüêî ñîòåí òûñÿ÷, êàê â áóëåâîé ìîäåëè äëÿ ýòîé æå òåñòîâîé êîëëåêöèè.

Äàííûé ìåòîä õîðîøî ïîäõîäèò äëÿ ïðèìåíåíèÿ ïðè íàëè÷èè âíåøíåé äîñòàòî÷íî
ïðåäñòàâèòåëüíîé êîëëåêöèè òåêñòîâ, ñõîæåé ïî ëåêñèêå ñ îáó÷àþùåé è òåñòîâîé êîë-
ëåêöèÿìè. Îäíàêî, êàê äëÿ äðóãèõ íåéðîííûõ ñåòåé, â ýòîì ñëó÷àå òðåáóåòñÿ áîëüøàÿ
îáó÷àþùàÿ âûáîðêà òåêñòîâ. Ìåòîä ïîçâîëÿåò ïîëó÷èòü óñòîé÷èâûå è ñòàáèëüíûå
ðåçóëüòàòû.
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By way of analysis of a group of the radar-imagery statistical information, we determine an optimal
level of �ltration for automatic allocation of main objects of the observed surface. This analysis has
been made based on the satellite data TerraSAR-X in both parallel and cross-polarization modes (VV,
VH). Some pre-radiometric calibration values for the magnitudes are required since the radar imagery
is performed under an angle. For this, we need to extract the value of sigma naught (radiometric
calibration). To eliminate the high-frequency noise could be used many di�erent �lters; a simplest one
is the average �lter. To determine the degree of averaging, it is possible to calculate the analytical form
of relationship between the size of the signature smoothing and residual values of magnitudes of radar
data. The radar ability to detect texture is a major advantage over other types of imagery where the
texture is not a quantitative characteristic. Filtration methods can distinguish an object component
of the signal.

There are three main groups of image processing algorithms on computers: (a) initial (pre-) image
processing algorithms for restoration, cleaning from random noise, improve the quality, correction
of geometric distortion of radar systems; (b) thematic image processing and pattern recognition
algorithms; they are performed to determine the parameters of image detail and include: �nding the
homogeneity of the image in terms of light and color areas, extract the feature forms, identify the
coordinates of the singular points of objects and so on; (c) algorithms of the target isolation of speci�c
objects by binarization methods of the image; in accordance with the predetermined threshold, the
values of separate elements will be identi�ed, which are suitable under the conditions of the task we
discuss.

In the work, we show that by regular applying �ltration methods to radar data, the area covered
by vegetation has the maximum di�erence in the cross polarization image in comparison with that of
classi�ed forest area.

Key words: radar satellite data, forest classi�cation.
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Íà îñíîâå àíàëèçà íàáîðà ñòàòèñòè÷åñêîé èíôîðìàöèè ïî äàííûì ðàäèîëîêàöèîííîé ñúåì-
êè îïðåäåëåí îïòèìàëüíûé óðîâåíü ôèëüòðàöèè äëÿ àâòîìàòè÷åñêîãî âûäåëåíèÿ îñíîâíûõ
îáúåêòîâ íàáëþäàåìîé ïîâåðõíîñòè. Àíàëèç ïðîèçâîäèëñÿ ïî äàííûì ñ êîñìè÷åñêîãî àïïàðà-
òà TerraSAR-X â ñîãëàñîâàííîé è êðîññ-ïîëÿðèçàöèÿõ (VV, VH). Ïîêàçàíî, ÷òî òåððèòîðèÿ,
ïîêðûòàÿ ðàñòèòåëüíîñòüþ, èìååò ìàêñèìàëüíûå ðàçëè÷èÿ â êðîññ-ïîëÿðèçàöèîííûõ èçîáðà-
æåíèÿõ, âûäåëåíû êîíòóðû ëåñíîãî ìàññèâà.

Êëþ÷åâûå ñëîâà: ðàäèîëîêàöèîííûå ñïóòíèêîâûå äàííûå, ëåñíîé ìàññèâ, êëàññèôèêà-
öèÿ.

Ìèêðîâîëíîâàÿ ñúåìêà ïåðñïåêòèâíà äëÿ êàðòèðîâàíèÿ è ìîíèòîðèíãà ëåñíûõ òåð-
ðèòîðèé, îáíàðóæåíèÿ çîí ïðèðîäíûõ è àíòðîïîãåííûõ âîçäåéñòâèé íà ëåñíîé ïîêðîâ,
à òàêæå ïðè îïðåäåëåíèè áèîìàññû è ñîìêíóòîñòè äðåâîñòîåâ. Ñïóòíèêîâûå äàííûå îï-
òè÷åñêîãî äàò÷èêà øèðîêî èñïîëüçîâàëèñü äëÿ îöåíêè ñòðóêòóðíûõ õàðàêòåðèñòèê ëåñà.
Îäíàêî ïðèìåíåíèå îïòè÷åñêèõ äàííûõ äëÿ îöåíêè ëåñíîé áèîìàññû ñëîæíî ÷àñòûìè
ïðèñóòñòâóþùèìè îáëà÷íûìè ïîêðîâàìè. Ðàäèîëîêàöèîííûå èìïóëüñû â âèäå äëèííî-
âîëíîâûõ ìèêðîâîëí ñïîñîáíûõ ðàáîòàòü äíåì è íî÷üþ, â ëþáûõ àòìîñôåðíûõ óñëîâèÿõ,
ìîãóò ïðîíèêàòü ÷åðåç ñòðóêòóðó äåðåâüåâ. Òåì íå ìåíåå, îáðàòíîå ðàññåÿíèå ðàäàðîâ,
ïîëó÷åííîå èç ëåñîâ, ÿâëÿåòñÿ ñëîæíûì èç-çà òîãî, ÷òî ðàçëè÷íûå òèïû ðàññåèâàíèÿ, êî-
òîðûå óäâàèâàþòñÿ, âûçûâàþò ðàññåÿíèå îò ïîâåðõíîñòè, ðàññåÿíèå îò ñòðóêòóðû ñòâîëà
äåðåâà, ðàññåÿíèå îò êóïîëà è ò. ä. Ïðåäûäóùèå èññëåäîâàíèÿ ïîêàçàëè, ÷òî íà ðàññåÿíèå
âëèÿþò ðàçëè÷íûå ôàêòîðû, òàêèå êàê ðåëüåô, òåìïåðàòóðà, äèýëåêòðè÷åñêàÿ ïîñòîÿííàÿ
è ñîäåðæàíèå âëàãè, à òàêæå õàðàêòåðèñòèêè ñòðóêòóðû, ïîêðûòèÿ è âèäîâ ðàñòèòåëüíî-
ñòè [1]. Â äàííîé ðàáîòå ðàäèîëîêàöèîííûå äàííûå ïðåäâàðèòåëüíî íîðìàëèçóþòñÿ îò-
íîñèòåëüíî âëèÿíèÿ ðåëüåôà. Òåððèòîðèåé èññëåäîâàíèÿ ÿâëÿåòñÿ ëåñíîé ìàññèâ âáëèçè
ãîðîäà Ñåìåé. Ðàäèîëîêàöèîííàÿ ñúåìêà ÷óâñòâèòåëüíà ê äèýëåêòðè÷åñêèì, ñòðóêòóð-
íûì è òåêñòóðíûì ñâîéñòâàì èññëåäóåìîãî îáúåêòà. Íà îñíîâå äàííûõ ðàäèîëîêàöèîííîé
ñúåìêè TerraSAR-X áûëè èññëåäîâàíû ñëåäóþùèå õàðàêòåðèñòèêè íàáëþäàåìîé ïîâåðõ-
íîñòè:

� îòðàæàþùèå ñâîéñòâà ïîâåðõíîñòè (óäåëüíàÿ ýôôåêòèâíàÿ ïëîùàäü ðàññåÿíèÿ) â
äèàïàçîíàõ âîëí ÐÑÀ ñ ó÷åòîì ïîëÿðèçàöèé íà èçëó÷åíèå è ïðèåì;

� èíôîðìàöèÿ, õàðàêòåðèçóþùàÿ èçìåíåíèå ôàçû ñèãíàëà ïðè îòðàæåíèè;
� ïðîñòðàíñòâåííî-ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè (ãèñòîãðàììû ðàñïðåäåëåíèÿ, êîð-

ðåëÿöèîííûå ôóíêöèè).

© Ì.Ã. Ðàçàêîâà, 2018
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Òàáëèöà 1

Ïðîñòðàíñòâåííîå ðàçðåøåíèå ñïóòíèêîâûõ ðàäèîëîêàöèîííûõ èçîáðàæåíèé

Êîñìè÷åñêèé àïïàðàò Ñïåêòðàëüíûé äèàïàçîí Ïðîñòðàíñòâåííîå ðàçðåøåíèå

ALOS PALSAR L 10 m
Sentinel1À C 5 m
TerraSAR-X X 1 m

Èññëåäîâàíèÿ òåððèòîðèé ëåñíûõ ìàññèâîâ ïî äàííûì ðàäèîëîêàöèîííîé ñúåìêè ïðî-
âîäèëèñü â îñíîâíîì ñ èñïîëüçîâàíèåì Ñ è L äëèí âîëí [2, 3]. Ïðèìåíåíèå æå ðàäèîëîêà-
öèîííîãî çîíäèðîâàíèÿ Õ-äèàïàçîíà äëÿ ðàñòèòåëüíîãî ïîêðîâà èìååò ñâîè íåäîñòàòêè,
îñîáåííî â ñëó÷àå èñïîëüçîâàíèÿ òàêîãî ïàðàìåòðà êàê êîãåðåíòíîñòü. Ýòî ñâÿçàíî ñ çà-
øóìëåííîñòüþ ðàäèîëîêàöèîííûõ äàííûõ Õ-äèàïàçîíà, ïîëó÷åííûõ ïðè ñúåìêå çåìíûõ
ïîâåðõíîñòåé ñ ðàñòèòåëüíîñòüþ.

Àêòèâíîå çîíäèðîâàíèå ïðè äëèíå âîëíû îêîëî 3 ñì, îòðàæàòåëüíàÿ ñïîñîáíîñòü ëèñò-
âû äåðåâüåâ, ëóãîâûõ ðàñòåíèé, à òàêæå âðåìåííàÿ èçìåí÷èâîñòü èõ â âåãåòàòèâíûé ñå-
çîí ÿâëÿþòñÿ ïðè÷èíîé çàøóìëåííîñòè ïîëó÷åííûõ äàííûõ. Îäíàêî ïðåèìóùåñòâåííûõ
ñâîéñòâ äàííûõ ñ êîñìè÷åñêîãî àïïàðàòà â ýòîì äèàïàçîíå (TerraSAR-X) áîëüøå, ýòî:

� âûñîêîå ïðîñòðàíñòâåííîå ðàçðåøåíèå (1 ì), ñðàâíèìîå ñ îïòè÷åñêèìè äàííûìè;
� âîçìîæíîñòü âû÷èñëåíèÿ ìèëëèìåòðîâûõ ñìåùåíèé çåìíîé ïîâåðõíîñòè;
� õîðîøàÿ ãåîïðèâÿçêà ñíèìêîâ (â äàííîì ñëó÷àå ñ òî÷íîñòüþ äî 1 ì);
� âîçìîæíîñòü ïîñòðîåíèÿ âûñîêîäåòàëüíûõ öèôðîâûõ ìîäåëåé ðåëüåôà.
Â äàííîé ðàáîòå ïðåäëàãàåòñÿ ìåòîä âûäåëåíèÿ ëåñíûõ ìàññèâîâ ïî äàííûì ðàäèî-

ëîêàöèîííîãî ñïóòíèêîâîãî èçîáðàæåíèÿ TerraSAR-X íà îñíîâå êîìïëåêñèðîâàíèÿ äâóõ
ïàðàìåòðîâ: èñêëþ÷åíèÿ âëèÿíèÿ ðåëüåôà è ìåðû øóìîïîäàâëåíèÿ.

Äàííûå TerraSAR-X áûëè ïîëó÷åíû çà èþëü 2014 ã. â äâóõ ïîëÿðèçàöèÿõ (VV, VH).
Ïðåäâàðèòåëüíî áûëà ïðîèçâåäåíà ðàäèîìåòðè÷åñêàÿ êàëèáðîâêà çíà÷åíèé àìïëèòóä è
âû÷èñëåíû çíà÷åíèÿ σ0. Âåëè÷èíó îòðàæåííîãî ðàäàðíîãî ñèãíàëà õàðàêòåðèçóþò êîýô-
ôèöèåíòîì îáðàòíîãî ðàññåÿíèÿ σ0 (sigma-naught). Âåëè÷èíó σ0 ìîæíî îïðåäåëèòü êàê
êîëè÷åñòâåííóþ îöåíêó, õàðàêòåðèçóþùóþ ñïîñîáíîñòü îáúåêòà ðàññåèâàòü ïàäàþùåå íà
íåãî ìèêðîâîëíîâîå èçëó÷åíèå [4]. Â ðàçëè÷íûõ ïóáëèêàöèÿõ ìîæíî âñòðåòèòü äðóãèå
îïðåäåëåíèÿ σ0. Ïîíÿòèÿ

”
ýôôåêòèâíàÿ ïëîùàäü îòðàæåíèÿ“ (ÝÏÎ, radar cross-section)

è
”
ÿðêîñòü ðàäàðíîãî èçîáðàæåíèÿ“ (radar brightness) ÿâëÿþòñÿ ïðàêòè÷åñêè îäèíàêî-

âûìè. Òàêèì îáðàçîì, óñòðàíåíû ïîìåõè, îáóñëîâëåííûå âëèÿíèåì ðåëüåôà ìåñòíîñòè è
ïîãðåøíîñòè èçìåðåíèé. Òî÷íîñòü îöåíêè ýòèõ õàðàêòåðèñòèê âî ìíîãîì çàâèñèò îò âîç-
ìîæíîñòåé óñðåäíåíèÿ äàííûõ ïî ïëîùàäè.

Ïðåäïîëîæèòåëüíî, îñíîâíàÿ ìàññà øóìà ðàäèîëîêàöèîííûõ äàííûõ ìîæåò áûòü îáú-
ÿñíåíà îòðàæàòåëüíûìè ñâîéñòâàìè Õ-äèàïàçîíà äëèí âîëí îò ðàñòèòåëüíîãî ïîêðîâà.
Äëÿ óñòðàíåíèÿ âûñîêî÷àñòîòíîãî øóìà ïðèìåíÿþòñÿ ðàçëè÷íûå ôèëüòðû, èç êîòîðûõ
ñàìûé ïðîñòîé � ôèëüòð óñðåäíåíèÿ. Ñãëàæèâàþùèé ôèëüòð îñíîâûâàåòñÿ íà ñëåäóþ-
ùåì ïðèíöèïå: íàõîäèòñÿ ñðåäíåå àðèôìåòè÷åñêîå çíà÷åíèå âñåõ ýëåìåíòîâ ðàáî÷åãî îêíà
èçîáðàæåíèÿ (îòäåëüíî ïî êàæäîìó èç êàíàëîâ), ïîñëå ÷åãî ýòî ñðåäíåå çíà÷åíèå ñòàíîâèò-
ñÿ çíà÷åíèåì ñðåäíåãî ýëåìåíòà. Îäíèì èç ïðèìåíåíèé ôèëüòðîâ ÿâëÿåòñÿ øóìîïîäàâëå-
íèå. Øóì ìåíÿåòñÿ íåçàâèñèìî îò ïèêñåëÿ ê ïèêñåëþ, è, ïðè óñëîâèè, ÷òî ìàòåìàòè÷åñêîå
îæèäàíèå çíà÷åíèÿ øóìà ðàâíî íóëþ, øóìû ñîñåäíèõ ïèêñåëåé ïðè ñóììèðîâàíèè áóäóò
êîìïåíñèðîâàòü äðóã äðóãà. ×åì áîëüøå îêíî ôèëüòðàöèè, òåì ìåíüøå áóäåò óñðåäíåí-



18 Ïðèêëàäíûå èíôîðìàöèîííûå òåõíîëîãèè

Ðèñ. 1. Ãèñòîãðàììà ñòàíäàðòíûõ îòêëîíåíèé çíà÷åíèé àìïëèòóä ðàäèîëîêàöèîííûõ äàííûõ

TerraSAR-X

Ðèñ. 2. Ãèñòîãðàììà ðàçíîñòè ñòàíäàðòíûõ îòêëîíåíèé çíà÷åíèé àìïëèòóä ðàäèîëîêàöèîííûõ äàííûõ

TerraSAR-X

íàÿ èíòåíñèâíîñòü øóìà, îäíàêî ïðè ýòîì áóäåò ïðîèñõîäèòü è ñîîòâåòñòâóþùåå ðàçìûòèå
çíà÷àùèõ äåòàëåé èçîáðàæåíèÿ. Ñóùåñòâóþò òðè îñíîâíûå ãðóïïû àëãîðèòìîâ îáðàáîòêè
èçîáðàæåíèé íà êîìïüþòåðàõ:

1. Ïåðâè÷íàÿ (ïðåäâàðèòåëüíàÿ) îáðàáîòêà èçîáðàæåíèé ñ öåëüþ ðåñòàâðàöèè, î÷èñòêè
îò ñëó÷àéíûõ øóìîâ, óëó÷øåíèÿ êà÷åñòâà, êîððåêöèè ãåîìåòðè÷åñêèõ èñêàæåíèé îïòè÷å-
ñêèõ ñèñòåì.

2. Òåìàòè÷åñêàÿ îáðàáîòêà èçîáðàæåíèé, ðàñïîçíàâàíèå îáðàçîâ. Âûïîëíÿåòñÿ äëÿ
îïðåäåëåíèÿ ïàðàìåòðîâ äåòàëåé èçîáðàæåíèÿ è âêëþ÷àåò íàõîæäåíèå îäíîðîäíûõ ïî
óðîâíþ îñâåùåííîñòè è öâåòó îáëàñòåé èçîáðàæåíèÿ, âûäåëåíèå ïðèçíàêîâ ôîðìû èçîá-
ðàæåíèé, îïðåäåëåíèå êîîðäèíàò îñîáûõ òî÷åê îáúåêòîâ è ïð.
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Òàáëèöà 2

Ñòàòèñòè÷åñêàÿ èíôîðìàöèÿ

Ðàçìåð Ðàçíîñòü Ðàçíîñòü
� Min Max Median Mode Mean ñèãíàòóðû çíà÷. ñèãí SD SD

1 1 89 29 31 29,291 225 24 8,734 0,025
2 1 96 29 31 29,425 201 44 8,759 0,234
3 1 112 29 31 29,674 157 46 8,838 0,155
4 1 139 29 31 29,939 111 36 8,993 0,221
5 1 187 29 31 30,149 75 50 9,214 0,771
6 1 354 29 24 30,453 25 9,985

3. Âûäåëåíèå îïðåäåëåííûõ öåëåâûõ îáúåêòîâ ìåòîäàìè áèíàðèçàöèè èçîáðàæåíèÿ.
Ïî çàäàííûì ïîðîãîâûì çíà÷åíèÿì âû÷ëåíÿþòñÿ îòäåëüíûå ýëåìåíòû, ñîîòâåòñòâóþùèå
óñëîâèÿì ïîñòàâëåííûõ çàäà÷.

Ñïîñîáíîñòü ðàäàðà îáíàðóæèâàòü òåêñòóðû ÿâëÿåòñÿ îñíîâíûì ïðåèìóùåñòâîì íàä
äðóãèìè âèäàìè ñúåìêè, ãäå òåêñòóðà íå ÿâëÿåòñÿ êîëè÷åñòâåííîé õàðàêòåðèñòèêîé. Ìåòî-
äàìè ôèëüòðàöèè ìîæíî âûäåëèòü îáúåêòíóþ ñîñòàâëÿþùóþ ñèãíàëà. Îáúåêòíàÿ ñîñòàâ-
ëÿþùàÿ îòðàæåííîãî ñèãíàëà ïîçâîëèò íàì âûäåëèòü îñíîâíûå êëàññû îáúåêòîâ, ðàçìåðû
êîòîðûõ ñîèçìåðèìû èëè ïðåâûøàþò ðàçìåðû ïëîùàäè îáúåêòîâ èññëåäîâàíèÿ. Âèäîâàÿ
ñîñòàâëÿþùàÿ îáóñëîâëåíà èñòî÷íèêàìè, ðàçìåðû êîòîðûõ íåâåëèêè. Ýòà ñîñòàâëÿþùàÿ
ïðåäñòàâëÿåò íàèáîëüøèé èíòåðåñ, ò. ê. íåñåò èíôîðìàöèþ î íåîäíîðîäíîñòÿõ èëè ïðè-
íàäëåæíîñòè ðàçíûì êëàññàì îáúåêòîâ, ðàçìåðû êîòîðûõ çíà÷èòåëüíî ìåíüøå ðàçìåðîâ
ïëîùàäè èññëåäîâàíèÿ.

Äëÿ îïðåäåëåíèÿ ñòåïåíè óñðåäíåíèÿ áûë âû÷èñëåí àíàëèòè÷åñêèé âèä çàâèñèìîñòè
ðàçìåðà ñèãíàòóðû ñãëàæèâàíèÿ è îñòàòî÷íîé âåëè÷èíû çíà÷åíèé àìïëèòóä ðàäèîëîêà-
öèîííûõ äàííûõ. Ïàðàìåòðîì îöåíêè îñòàòî÷íîé âåëè÷èíû çíà÷åíèé àìïëèòóä ðàäèîëî-
êàöèîííûõ äàííûõ ðàññìàòðèâàëîñü ñòàíäàðòíîå îòêëîíåíèå àìïëèòóä ðåçóëüòàòà ñãëà-
æèâàíèÿ. Íà êàæäîì ýòàïå ôèëüòðàöèè ðàäèîëîêàöèîííîãî èçîáðàæåíèÿ àâòîìàòè÷åñêè
âû÷èñëÿëñÿ ìàññèâ ñòàòèñòè÷åñêîé èíôîðìàöèè (òàáë. 2).

Ñòàòèñòè÷åñêàÿ èíôîðìàöèÿ:
Min: ìèíèìàëüíîå (íèçêîå) çíà÷åíèå ôàéëà.
Max: ìàêñèìàëüíîå (âûñîêîå) çíà÷åíèå ôàéëà.
Mean: ñðåäíåå (ñðåäíåå) çíà÷åíèå ôàéëà.
Median: ìåäèàíà çíà÷åíèé ôàéëîâ (òî÷êà, â êîòîðîé åñòü êàê ìíîãî ïèêñåëåé áîëüøèõ

çíà÷åíèé, òàê è ìåíüøèõ).
Mode: ïîêàçûâàåò (íàèáîëåå ÷àñòî âñòðå÷àþùèåñÿ) ñðåäè çíà÷åíèé ôàéëîâ.
SD: ñòàíäàðòíîå îòêëîíåíèå.
Ýòà ãðóïïà áàçèðóåòñÿ íà ñòàòèñòè÷åñêèõ äàííûõ, êîòîðûå âû÷èñëÿþòñÿ ïî öèôðîâîé

ìàòðèöå çíà÷åíèé ðàäèîëîêàöèîííîãî èçîáðàæåíèÿ. Ñòàòèñòèêà áûëà ñãåíåðèðîâàíà ïðè
ôèëüòðàöèè ðàäèîëîêàöèîííûõ äàííûõ äëÿ ðàçìåðîâ ñèãíàòóðû: 25, 75, 111, 157, 201, 225
(òàáë. 2).

Îïðåäåëåíû ïàðàìåòðû óðàâíåíèÿ ðåãðåññèè è âû÷èñëåíû çíà÷åíèÿ îáúåêòíîé ñîñòàâ-
ëÿþùåé çíà÷åíèé àìïëèòóä ðàäèîëîêàöèîííûõ äàííûõ, îöåíåíà ñòàòèñòè÷åñêàÿ çíà÷è-
ìîñòü óðàâíåíèÿ.



20 Ïðèêëàäíûå èíôîðìàöèîííûå òåõíîëîãèè

Ðèñ. 3. Ãðàôèê çàâèñèìîñòè ñòàíäàðòíûõ îòêëîíåíèé çíà÷åíèé àìïëèòóä è ðàçìåðîâ ñèãíàòóðû

óñðåäíåíèÿ ðàäèîëîêàöèîííûõ äàííûõ TerraSAR-X

Òàáëèöà 3

Ðåãðåññèîííàÿ ñòàòèñòèêà

Ìíîæåñòâåííûé R 0,9
R-êâàäðàò 0,8

Íîðìèðîâàííûé R-êâàäðàò 0,8
Ñòàíäàðòíàÿ îøèáêà 37,3

Íàáëþäåíèÿ 6

Òàáëèöà 4

Êîýôôèöèåíòû

Y-ïåðåñå÷åíèå 1448,6
Ïåðåìåííàÿ X 1 -144,8

Êîýôôèöèåíò äåòåðìèíàöèè �R2 = 0,8 ïîêàçûâàåò, ÷òî íà 81 % ðàñ÷åòíûå ïàðàìåòðû
ìîäåëè, òî åñòü ñàìà ìîäåëü, îáúÿñíÿþò çàâèñèìîñòü è èçìåíåíèÿ èçó÷àåìîãî ïàðàìåòðà �
ðàçìåðà ñèãíàòóðû (Y) îò èññëåäóåìûõ ôàêòîðà � ñòàíäàðòíîãî îòêëîíåíèÿ (X).

-144,85- a1 � êîýôôèöèåíò, êîòîðûé ïîêàçûâàåò âåñîìîñòü âëèÿíèÿ ôàêòîðà Õ1íà Y.
Óðàâíåíèå ðåãðåññèè âûãëÿäèò ñëåäóþùèì îáðàçîì:

Y = 1448,6− 144,85x

Ïîäñòàíîâêîé â ïðàâóþ ÷àñòü óðàâíåíèÿ çíà÷åíèÿ i ïîëó÷åíû òåîðåòè÷åñêèå çíà÷åíèÿ
àïïðîêñèìèðóþùåé ôóíêöèè Yi (ðèñ. 3).

Ñ óâåëè÷åíèåì ðàçìåðà ñèãíàòóðû óñðåäíåíèÿ çíà÷åíèé àìïëèòóä ðàäèîëîêàöèîííûõ
äàííûõ óìåíüøàåòñÿ ñîîòâåòñòâåííî âåëè÷èíà ñòàíäàðòíîãî îòêëîíåíèÿ àìïëèòóäû. Öèô-
ðîâàÿ ôèëüòðàöèÿ ðåàëèçóåòñÿ ìåòîäîì ñêîëüçÿùåãî îêíà. Ïðîöåäóðà óñðåäíåíèÿ çíà÷å-
íèé àìïëèòóä ðàäèîëîêàöèîííûõ äàííûõ çàâåðøàåòñÿ ïðè äîñòèæåíèè ìèíèìàëüíîãî çíà-
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Ðèñ. 4. Çíà÷åíèÿ àìïëèòóä äàííûõ TerraSAR-X (vh; vv), ïî ëèíèè ïðîôèëÿ ïåðåñåêàþùèõ ëåñíóþ ïîëîñó

à) á) â) ã)

Ðèñ. 5. Êëàññèôèêàöèÿ ðåçóëüòàòà ôèëüòðàöèè ðàäèîëîêàöèîííîãî èçîáðàæåíèÿ ïîëÿðèçàöèè VH è VV.

à, â) ìåòîäîì ñðåäíåãî; á, ã) ìåòîäîì ñòàíäàðòíîãî îòêëîíåíèÿ

÷åíèÿ ñòàíäàðòíîãî îòêëîíåíèÿ àìïëèòóäû. Äëÿ ýòîãî ñðàâíèâàþòñÿ ðàçíîñòè ñòàíäàðò-
íûõ îòêëîíåíèé àìïëèòóä íà êàæäîì øàãå ñãëàæèâàíèÿ. Â íàøåì ñëó÷àå íàáëþäàåòñÿ
ñêà÷îê çíà÷åíèé îò 0,234 äî 0,025 (òàáë. 2, ãèñòîãðàììà 2), ÷òî ñîîòâåòñòâóåò ðàçìåðó ñèã-
íàòóðû óñðåäíåíèÿ 201 (ãèñòîãðàììà 2, 1-é ñòîëáèê). Äàííûé ðåçóëüòàò óñðåäíåíèÿ çíà-
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÷åíèé àìïëèòóä ðàäèîëîêàöèîííûõ äàííûõ ïðèíèìàåì êàê îïòèìàëüíûé è áóäåì îòîæ-
äåñòâëÿòü ñ îáúåêòíîé ñîñòàâëÿþùåé çíà÷åíèé àìïëèòóä. Äåéñòâèòåëüíî, ëåñíûå ó÷àñòêè
èìåþò áîëåå âûðàæåííóþ òåêñòóðó, ÷åì ëóãà (ðèñ. 4). Ñâîéñòâà ëàíäøàôòíûõ îáúåêòîâ
õàðàêòåðèçóþò âû÷èñëÿåìûå òåêñòóðíûå ïðèçíàêè.

Ïðîèçâåäåíà êëàññèôèêàöèÿ áåç îáó÷åíèÿ ìåòîäîì Ê-ñðåäíèõ ïî äàííûì, ïîëó÷åííûì
â ðåçóëüòàòå âû÷èñëåíèé îáúåêòíûõ ñîñòàâëÿþùèõ â ïîëÿðèçàöèÿõ VH è VV ðàäèîëîêà-
öèîííûõ äàííûõ.

Ïðè ðàññìîòðåíèè êëàññèôèêàöèè, ïðèâåäåííîé íà ðèñ. 5 õîðîøî âûäåëÿþòñÿ êîíòóðû
ëåñíîãî ìàññèâà, äåøèôðèðóþòñÿ ïîëÿ, ñòðîåíèÿ: ñèíèé öâåò � ñîîòâåòñòâóåò êëàññó

”
ïî-

ëå“, çàòåì äâà îòòåíêà çåëåíîãî � îáëàñòè, ïîêðûòûå áîãàòîé ðàñòèòåëüíîñòüþ, êðàñíûé
ñîîòâåòñòâóåò êëàññàì ñòðîåíèé. Íà ëåñ ïðèõîäèòñÿ äâà êëàññà: ñâåòëî- è òåìíî-çåëåíûé
öâåòà. Êëàññèôèêàöèÿ ïðè ïîëÿðèçàöèè VV äàííûõ íå äàåò ÷åòêîãî ðàçãðàíè÷åíèÿ
êëàññîâ

”
ëåñ“ è

”
ñòðîåíèÿ“, êàê ïðè ïîëÿðèçàöèè VH. Ñîâìåñòíîå èñïîëüçîâàíèå òàêèõ

õàðàêòåðèñòèê êàê ïîëÿðèçàöèÿ è ìåòîäû ôèëüòðàöèè ïîçâîëÿþò ñäåëàòü ñèñòåìó
ïðèçíàêîâ, ÷óâñòâèòåëüíóþ êàê ê ðàçìåðàì, òàê è ê îðèåíòàöèè ýëåìåíòîâ, îáðàçóþùèõ
òåêñòóðó. Ñèíòåçèðîâàííîå èçîáðàæåíèå èç ðàçëè÷íûõ ïîëÿðèçàöèé è îòôèëüòðîâàííûõ
äàííûõ äàåò áîëåå ÷åòêóþ êëàññèôèêàöèþ ðàñòèòåëüíîñòè.
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SPECTRAL ANALYSIS OF THE JOURNAL CITATION
NETWORK

S.V.Bredikhin, V.M. Lyapunov, N.G. Shcherbakova

Institute of Computational Mathematics and Mathematical Geophysics SB RAS,
630090, Novosibirsk, Russia

In this paper we investigate methods of spectral clustering for analysis of the journal citation
networks. Clustering problem is reduced to min-cut graph partitioning: to �nd a partition of the graph
such that the edges between di�erent groups have very low weights and the edges within a group have
high weights. That means that objects in di�erent clusters are dissimilar from each other and objects
within the same cluster are similar to each other, see C. J.Alpert, S.-Z.Yao (1995). Graph partitioning
problems can be solved exactly in polynomial time, so for practical applications approximate solution
methods have been developed. One of the widely used is the spectral partitioning method. The spectral
methods usually involve taking the eigenvectors of some matrix based on relations between data
elements. Most spectral clustering algorithms cluster the data with the help of eigenvectors of graph
Laplacian matrices.

We study two major versions of spectral clustering, so called �unnormalized� and �normalized�
spectral clustering that reveal the relationship of the object function formulation and the matrix used
in the eigenvalue equation. Unnormalized spectral bi-clustering algorithms use the Laplacian matrix
L = D−A for solving the problem Lv = λv and assigning vertices to clusters according to the signs of
elements of the eigenvector v corresponding to the second smallest eigenvalue. The simpli�ed versions
of the unnormalized spectral bi-clustering method is presented as the techniques of the consistency
con�rmation of the approach. As shown in M.E. J. Newman, M.Girvan (2004) this class of spectral
clustering is only consistent under strong additional assumptions, which are not always satis�ed in real
data. Most of normalized spectral bi-clustering algorithms use the symmetric normalized Laplacian
matrix Lsym = D−1/2LD−1/2 for these purposes, see J. Shi, J.Malik (2000). As shown in M.Meila,
J. Shi (2001) the same results can be obtained by using the largest eigenvector of the matrix P = D−1A.
Spectral k-way clustering uses not only the second but also the next few eigenvectors to construct a
partition.

The journal citation network on study is built on the basis of the bibliographic information extracted
from the DB RePEc. The main component of the corresponding weighted digraph G has 1729 vertices
(journals) and 135702 arcs (citations).We analyze the work of two spectral clustering algorithms in the
context of three versions of transformation of digraph G to an undirected form. So, we examine the
graphs represented by matrices A+A> (graph GU ), AAT (graph Gbib) and A>A (graph Gcoc), where A
is the journal-journal citation matrix. Algorithm WTR P.Pons, M. Latapy (2005) is the agglomerative
algorithm based on random walk matrix P = D−1A. Algorithm LEV M.E. J.Newman (2006) is
the bi-clustering algorithm based on the modularity matrix. The algorithms are implemented with
use of the igraph packet (C library). We use NMI,RAND,ADJUSTED_RAND indexes as the
measures of similarity of two data clusterings. For GU clustering the similarity is low, as an example
ADJUSTED_RAND = 0,07. The most similarity is reached for graph Gbib. WTR clusters of small
size (less than 200) can be interpreted in terms of thematic �elds. The results are presented in the
tables (1�6). We can see that results strongly depend on the digraph transformation and the algorithm
used.
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Èññëåäóþòñÿ ñïåêòðàëüíûå ìåòîäû àíàëèçà ñåòè íàó÷íûõ ïóáëèêàöèé, îðãàíèçîâàííîé íà îò-
íîøåíèè öèòèðîâàíèÿ è ïðåäñòàâëåííîé îðãðàôîì GD = (V,E). Ñðàâíèâàþòñÿ ðåçóëüòàòû
ðàáîòû äâóõ ñïåêòðàëüíûõ àëãîðèòìîâ êëàñòåðèçàöèè. Îðãðàô GD ïðåîáðàçóåòñÿ â òðè íåîðè-
åíòèðîâàííûõ ãðàôà: A+A> (ãðàô GU ), A×A> (ãðàô Gbib) è A>×A (ãðàô Gcoc); çäåñü A �
ìàòðèöà ñìåæíîñòè GD. Êëàñòåðèçàöèè ãðàôîâ GU , Gbib è Gcoc âûïîëíåíû ñ ïîìîùüþ àëãî-
ðèòìîâWTR è LEV. Àãëîìåðàòèâíûé àëãîðèòìWTR îñíîâàí íà ìàòðèöå ñëó÷àéíîãî áëóæ-
äàíèÿ P = D−1A, àëãîðèòì áèêëàñòåðèçàöèè LEV � íà ìàòðèöå ìîäóëüíîñòè. Äëÿ ñðàâíåíèÿ
ðåçóëüòàòîâ ðàçáèåíèÿ èñïîëüçóþòñÿ èíäåêñû NMI, RAND, ADJUSTED_RAND. Â ðåçóëüòà-
òå èññëåäîâàíèÿ âûÿâëåíà çàâèñèìîñòü ðåçóëüòàòîâ êëàñòåðèçàöèè îò ñïîñîáà ïðèâåäåíèÿ GD

ê íåîðèåíòèðîâàííîìó âèäó; êëàñòåðû æóðíàëîâ, ïîñòðîåííûå ñ ïîìîùüþ àëãîðèòìà WTR,
ìîãóò áûòü ïðîèíòåðïðåòèðîâàíû â òåðìèíàõ ïðèíàäëåæíîñòè ê òåìàòè÷åñêèì îáëàñòÿì. Ðå-
çóëüòàòû ïðåäñòàâëåíû â âèäå òàáëèö.

Êëþ÷åâûå ñëîâà: ñåòü öèòèðîâàíèÿ æóðíàëîâ, ñåòü êîöèòèðîâàíèÿ, ñåòü áèáëèîãðàôè-
÷åñêîãî ñî÷åòàíèÿ, âçâåøåííûé îðèåíòèðîâàííûé ãðàô, ðàçáèåíèå ãðàôà, ñïåêòðàëüíàÿ êëà-
ñòåðèçàöèÿ.

Ââåäåíèå. Ðàññìàòðèâàåòñÿ çàäà÷à ðàçáèåíèÿ ìíîæåñòâà âåðøèí íåîðèåíòèðîâàí-
íîãî ñâÿçíîãî ãðàôà G = (V,E) íà íåïåðåñåêàþùèåñÿ ïîäìíîæåñòâà (êëàñòåðû)
Ck = {C1, . . . ,Ck}, òàêèå ÷òî ÷èñëî ðåáåð âíóòðè êëàñòåðîâ âåëèêî ïî ñðàâíåíèþ ñ ÷èñëîì
ðåáåð ìåæäó êëàñòåðàìè. Êëàñòåð Ch ìîæíî îòîæäåñòâëÿòü ñ èíäóöèðîâàííûì ïîäãðà-
ôîì G[Ch] = (Ch,E(Ch)), ãäå E(Ch) := {(u,v) ∈ E |u,v ∈ Ch}. Òîãäà E(C) := ∪hE(Ch)
(h = 1, . . . ,k) ÿâëÿåòñÿ ìíîæåñòâîì âíóòðèêëàñòåðíûõ ðåáåð, à ¬E(C) := E − E(C) �
ìíîæåñòâîì ìåæêëàñòåðíûõ ðåáåð. Ðàçáèåíèå íà äâà êëàñòåðà C2 = {C1,C2}, C2 = V −C1

íàçûâàåòñÿ ðàçðåçîì, à ÷èñëî ìåæêëàñòåðíûõ ðåáåð Cut(C1,C2) � ðàçìåðîì ðàçðåçà. Ðàç-
ðåç ñ ìèíèìàëüíûì çíà÷åíèåì Cut íàçûâàåòñÿ ìèíèìàëüíûì ðàçðåçîì [1]. Åñëè ãðàô âçâå-
øåííûé, òî Cut îïðåäåëÿåòñÿ êàê ñóììà âåñîâ ìåæêëàñòåðíûõ ðåáåð. Ðàçáèåíèå íà äâà
êëàñòåðà áóäåì íàçûâàòü áèêëàñòåðèçàöèåé. Ïî àíàëîãèè ðàçáèåíèå íà k êëàñòåðîâ ñ ìèíè-
ìàëüíûì çíà÷åíèåì Cut áóäåì íàçûâàòü ìèíèìàëüíûì k-ðàçðåçîì èëè k-êëàñòåðèçàöèåé.

Åñëè çàäà÷ó ðàçáèåíèÿ ìíîæåñòâà âåðøèí G íà êëàñòåðû ïðåäñòàâèòü êàê çàäà÷ó
îïðåäåëåíèÿ ìèíèìàëüíîãî ðàçðåçà, òî ðåøåíèå áóäåò òðèâèàëüíûì, ïîñêîëüêó Cut ìè-
íèìàëüíî, åñëè ïîìåñòèòü âñå âåðøèíû â îäèí êëàñòåð. Îòñþäà âûòåêàåò òðåáîâàíèå ê
÷èñëó êëàñòåðîâ. Êðîìå òîãî, íåæåëàòåëüíî ñîêðàùàòü ðàçìåð ðàçðåçà çà ñ÷åò äåëåíèÿ
íà íåáîëüøèå êëàñòåðû. Ïîýòîìó ïðåäëàãàåìûå àëãîðèòìû ðàçáèåíèÿ äîëæíû áàëàíñè-
ðîâàòü ìåæäó ðàçìåðîì ðàçðåçà è ÷èñëîì êëàñòåðîâ.

© Ñ.Â.Áðåäèõèí, Â.Ì.Ëÿïóíîâ, Í. Ã.Ùåðáàêîâà, 2018
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Ðåøåíèå ïîäîáíûõ çàäà÷ îïèðàåòñÿ íà ðåçóëüòàòû àíàëèçà ìàòðèöû ñìåæíîñòè G,
äëÿ èçó÷åíèÿ ñòðóêòóðíûõ ñâîéñòâ êîòîðîé, êàê ïðàâèëî, èñïîëüçóþòñÿ ñïåêòðàëüíûå
ìåòîäû. Ïóñòü A = (Aij) � ìàòðèöà ñìåæíîñòè íåîðèåíòèðîâàííîãî ãðàôà G = (V,E),
|V | = n (âåðøèíû çàíóìåðîâàíû), |E| = m. Çàäàíû æåëàåìîå ÷èñëî êëàñòåðîâ k è âåðõíÿÿ
è íèæíÿÿ ãðàíèöû ðàçìåðîâ êëàñòåðîâ: ∀ (h,1 ≤ h ≤ k) Lh ≤ |Ch| ≤ Wh. Òðåáóåòñÿ íàéòè
ñáàëàíñèðîâàííîå ðàçáèåíèå Ck, ïðè êîòîðîì ðàçìåðû êëàñòåðîâ íàõîäÿòñÿ â íóæíûõ
ãðàíèöàõ è êîòîðîå ìèíèìèçèðóåò ôóíêöèþ

Cut = f(Ck) = 1/2
k∑

h=1

Eh, ãäå Eh =
∑
vi∈Ch

∑
vj=/∈Ch

Aij, (1)

ò. å. Eh � ñóììà âåñîâ ðåáåð ðàçðåçà, ñîîòâåòñòâóþùèõ êëàñòåðó Ch [2] (ìíîæèòåëü 1/2
âîçíèêàåò èç-çà òîãî, ÷òî êàæäîå ðåáðî ó÷èòûâàåòñÿ äâàæäû). Çàäà÷à íàõîæäåíèÿ ñáàëàí-
ñèðîâàííîãî ðàçáèåíèÿ ÿâëÿåòñÿ NP-ïîëíîé [3]. Èñïîëüçîâàíèå àëãîðèòìîâ ïîëèíîìèàëü-
íîé ñëîæíîñòè íåïðèåìëåìî äëÿ áîëüøèõ ñåòåé, ïîýòîìó ðàññìàòðèâàþòñÿ ïðèáëèæåííûå
ìåòîäû ðåøåíèÿ çàäà÷è.

Ê çàäà÷å (1) äëÿ íåîðèåíòèðîâàííîãî ãðàôà ìîæåò áûòü ñâåäåíà ëþáàÿ çàäà÷à êëàñòå-
ðèçàöèè ìíîæåñòâà îáúåêòîâ x1, . . . , xn, äëÿ êîòîðûõ óñòàíîâëåíà ìåðà ïîäîáèÿ sij = s(xi,
xj), ñîãëàñíî íåêîòîðîé ôóíêöèè ïîäîáèÿ, ÿâëÿþùàÿñÿ ñèììåòðè÷íîé è íåîòðèöàòåëü-
íîé. Ñîîòâåòñòâóþùàÿ ìàòðèöà ïîäîáèÿ S = (sij). Ïðåäñòàâëåíèå äàííûõ â ôîðìå �ãðàôà
ïîäîáèÿ�: îáúåêòó xi ñîîòâåòñòâóåò âåðøèíà vi (ñ÷èòàåì, ÷òî âåðøèíû çàíóìåðîâàíû è
äàëåå ïîëüçóåìñÿ íîìåðàìè âåðøèí), åñëè sij > 0, òî ðåáðî (i,j) èìååò âåñ sij. Âçâåøåí-
íóþ ìàòðèöó ñìåæíîñòè ñîîòâåòñòâóþùåãî ãðàôà îáîçíà÷àåì A è äàëåå ðàññìàòðèâàåì
çàäà÷ó êëàñòåðèçàöèè êàê çàäà÷ó ðàçáèåíèÿ ãðàôà. Àíàëîãè÷íî, ê çàäà÷å (1) äëÿ îðãðàôà
ìîæåò áûòü ñâåäåíà çàäà÷à êëàñòåðèçàöèè îáúåêòîâ x1, . . . , xn, äëÿ êîòîðûõ óñòàíîâëåíî
íåñèììåòðè÷íîå îòíîøåíèå.

1. Êëàñòåðèçàöèÿ íà îñíîâå ìàòðèöû Ëàïëàñà. Ñóùåñòâóþò ðàçëè÷íûå âàðèàíòû
ñïåêòðàëüíîé êëàñòåðèçàöèè, îñíîâàííûå íà âû÷èñëåíèè ñîáñòâåííûõ âåêòîðîâ ìàòðèöû
ñìåæíîñòè [4�7]. Èñïîëüçîâàíèå ìàòðèöû Ëàïëàñà îáóñëîâëåíî ðÿäîì åå âàæíûõ ñâîéñòâ,
îòðàæàþùèõ ñòðóêòóðíûå îñîáåííîñòè ãðàôà [8, 9].

Ðàññìîòðèì çàäà÷ó êëàñòåðèçàöèè C2 = {C1,C2} âåðøèí íåîðèåíòèðîâàííîãî íåâçâå-
øåííîãî ñâÿçíîãî ãðàôà G = (V,E) ñ (0, 1) ìàòðèöåé ñìåæíîñòè A. Âîñïîëüçóåìñÿ ðàñ-
ñóæäåíèÿìè, ïðèâåäåííûìè â ðàáîòå [10]. Çäåñü è äàëåå ïðåäïîëàãàåì, ÷òî ãðàô íå èìååò
êðàòíûõ ðåáåð è ïåòåëü. Ðàçáèåíèå ìîæíî ïðåäñòàâèòü ñ ïîìîùüþ èíäèêàòîðíîãî âåêòîðà
(èíäåêñ-âåêòîðà) s ñ ýëåìåíòàìè

si =

{
+1, åñëè i ∈ C1

−1, åñëè i ∈ C2.
(2)

Çàìåòèì, ÷òî s>s=n. Òîãäà

1

2
(1− sisj) =

{
1, åñëè (i ∈ C1 and j ∈ C2) or (i ∈ C2 and j ∈ C1),
0, åñëè (i,j ∈ C1) or (i,j ∈ C2).

(3)

Òàêèì îáðàçîì, (1) ìîæíî ïðåäñòàâèòü â âèäå

Cut =
1

4

∑
i,j

(1− sisj)Aij.

Îïðåäåëèì ñòåïåíü âåðøèíû i:
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degi =
∑
j

Aij.

Ïðåäñòàâèì ñóììó ýëåìåíòîâ ìàòðèöû ñ ó÷åòîì òîãî, ÷òî s2i =1, êàê∑
i,j

Aij =
∑
i

degi =
∑
i

s2i degi =
∑
i,j

sisjdegiδij,

ãäå δij = 1, åñëè i = j, è δij = 0 â ïðîòèâíîì ñëó÷àå. Òîãäà

Cut =
1

4

∑
i,j

sisj(degiδij − Aij).

Îòñþäà

Cut =
1

4
s>Ls, (4)

ãäå L � ñèììåòðè÷íàÿ ìàòðèöà ñ ýëåìåíòàìè Lij = degiδij − Aij, ò. å.

Lij =


degi, i = j,
−1 i 6= j è Aij = 1,
0 â ïðîòèâíîì ñëó÷àå.

(5)

Òàêèì îáðàçîì, L � ìàòðèöà Ëàïëàñà (L = D − A, ãäå D � äèàãîíàëüíàÿ ìàòðèöà,
Dii = degi).

Ïðåäñòàâèì s êàê ñóììó íîðìàëèçîâàííûõ ñîáñòâåííûõ âåêòîðîâ vi ìàòðèöû L:

s =
n∑
i=1

αivi,

ãäå αi = v>i s, òàê êàê s
>s=n, èìååì:

n∑
i=1

α2
i = n. (6)

Îòñþäà

Cut =
∑
i

αiv
>
i L
∑
j

αjvj =
∑
i,j

αiαjλjδij =
∑
i

α2
iλi, (7)

ãäå λi � ñîáñòâåííîå çíà÷åíèå ìàòðèöû L, ñîîòâåòñòâóþùåå ñîáñòâåííîìó âåêòîðó vi ñ
ó÷åòîì òîãî, ÷òî v>i vj = δij (åñëè âåêòîðû íîðìàëèçîâàíû, òî v>i vi = 1). Áóäåì ñ÷èòàòü,
÷òî ñîáñòâåííûå çíà÷åíèÿ óïîðÿäî÷åíû ïî íåóáûâàíèþ:

λ1 ≤ λ2 ≤ . . . ≤ λn; (8)

à v1, . . . , vn � ñîîòâåòñòâóþùèå ñîáñòâåííûå âåêòîðû.
Òåïåðü çàäà÷à ìèíèìèçàöèè Cut (1) ìîæåò áûòü ñôîðìóëèðîâàíà êàê çàäà÷à âûáîðà

íåîòðèöàòåëüíûõ âåëè÷èí α2
i (ñì. (7)) òàê, ÷òîáû �áîëüøèå� çíà÷åíèÿ ñîîòâåòñòâîâàëè

�ìàëûì� ñîáñòâåííûì çíà÷åíèÿì, à �ìàëûå� � �áîëüøèì�, è â òî æå âðåìÿ âûïîëíÿëîñü (6).
Ñóììà êàæäîé ñòðîêè ìàòðèöû L ðàâíà íóëþ:
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∑
j

Lij =
∑
j

(degiδij − Aij) = degi − degi = 0.

Òàêèì îáðàçîì, âåêòîð v= (1,1, . . . ,1) ÿâëÿåòñÿ ñîáñòâåííûì âåêòîðîì ìàòðèöû L, ñî-
îòâåòñòâóþùèì ñîáñòâåííîìó çíà÷åíèþ íîëü. Ó ìàòðèöû L âñå ñîáñòâåííûå çíà÷åíèÿ
íåîòðèöàòåëüíû, ïîýòîìó çíà÷åíèå íîëü ÿâëÿåòñÿ ìèíèìàëüíûì, λ1 = 0. Òàêîé âûáîð
ýêâèâàëåíòåí ïîìåùåíèþ âñåõ âåðøèí â îäèí êëàñòåð, íî ýòî ðåøåíèå íå ïðåäñòàâëÿåò
èíòåðåñà.

Ðàññìîòðèì âàðèàíò ðàçäåëåíèÿ íà äâà êëàñòåðà ðàçìåðîâ n1 è n2, òîãäà:

α2
1 = (v>1 s)

2 =
(n1 − n2)

2

n
.

Ïîñêîëüêó íåò âîçìîæíîñòè âàðüèðîâàòü ýòîò êîýôôèöèåíò, òî îáðàùàåì âíèìàíèå íà
äðóãèå ýëåìåíòû ñóììû (7). Åñëè íåò äðóãîãî îãðàíè÷åíèÿ íà s, êðîìå s>s= n, òî Cut
ìîæåò áûòü ìèíèìèçèðîâàí âûáîðîì s, ïðîïîðöèîíàëüíûì âòîðîìó ìèíèìàëüíîìó ñîá-
ñòâåííîìó âåêòîðó v2 ìàòðèöû L. Ãðàô ñâÿçíûé, ïîýòîìó λ2 (8) îòëè÷íî îò íóëÿ (òàê êàê
êðàòíîñòü çíà÷åíèÿ íîëü ñîîòâåòñòâóåò ÷èñëó ñâÿçíûõ êîìïîíåíò [11]). Òîãäà (7) çàâèñèò
îò λ2, îñòàëüíûå ÷ëåíû ñóììû áóäóò ðàâíû íóëþ ââèäó îðòîãîíàëüíîñòè ñîáñòâåííûõ
âåêòîðîâ L. Ñîãëàñíî (2) ýëåìåíòû s ðàâíû ëèáî +1, ëèáî −1, ò. å. âåêòîð s ìîæåò áûòü íå
ïàðàëëåëåí v2. Ïóòåì àïïðîêñèìàöèè ìîæíî îïðåäåëèòü s òàê, ÷òîáû âåêòîð áûë �ïî÷òè�
ïàðàëëåëåí v2. Ýòî ýêâèâàëåíòíî ìàêñèìèçàöèè ìîäóëÿ:∣∣v>2 s∣∣ =

∣∣∣∣∣∑
i

v2(i)si

∣∣∣∣∣ ≤∑
i

|v2(i)| , (9)

ãäå v2(i) � ýëåìåíò i âåêòîðà v2. Íåðàâåíñòâî (9) ñëåäóåò èç íåðàâåíñòâà òðåóãîëüíèêà,
ðàâåíñòâî äîñòèãàåòñÿ, åñëè âñå ÷ëåíû ïåðâîé ñóììû èìåþò îäèíàêîâûé çíàê. Äðóãèìè
ñëîâàìè, ìàêñèìóì |v>2 s| äîñòèãàåòñÿ, êîãäà v2(i)si ≥ 0 äëÿ âñåõ i, ÷òî ýêâèâàëåíòíî òîìó,
÷òî ñîìíîæèòåëè èìåþò îäèí çíàê:

si =

{
+1, åñëè v2(i) ≥ 0,
−1, åñëè v2(i) < 0.

Â ñëó÷àå ïðîèçâîëüíîãî ðàçìåðà êëàñòåðîâ ðàçäåëåíèå ïðîèçâîäèòñÿ íà îñíîâàíèè çíà-
êîâ ýëåìåíòîâ âåêòîðà v2. Äëÿ êëàñòåðîâ ôèêñèðîâàííîãî ðàçìåðà n1, n2 ñëåäóåò óïî-
ðÿäî÷èòü ýëåìåíòû v2 îò íàèáîëüøèõ ïîëîæèòåëüíûõ äî íàèìåíüøèõ îòðèöàòåëüíûõ è
ðàñïðåäåëèòü ñîãëàñíî ðàçìåðàì.

Áàçîâóþ ñõåìó ñïåêòðàëüíîé áèêëàñòåðèçàöèè S1 ìîæíî ïðåäñòàâèòü â âèäå:
Øàã 1 S1. Ïîñòðîèòü ìàòðèöó Ëàïëàñà L (ñì. (5)).
Øàã 2 S1. Íàéòè âòîðîé ìèíèìàëüíûé ñîáñòâåííûé âåêòîð, ÿâëÿþùèéñÿ ðåøåíèåì

óðàâíåíèÿ Lv= λv.
Øàã 3 S1. C1 = {i; v2(i) ≥ 0};C2 = {i; v2(i) < 0}.
Óâåëè÷åíèÿ ÷èñëà êëàñòåðîâ ìîæíî äîñòè÷ü èòåðàöèîííûì ïðîöåññîì.
Ñõåìó S2 ñïåêòðàëüíîé k-êëàñòåðèçàöèè ìîæíî ïðåäñòàâèòü ñëåäóþùèì îáðàçîì:
Øàã 1 S2. Ïîñòðîèòü ìàòðèöó Ëàïëàñà L.
Øàã 2 S2. Âû÷èñëèòü k ïåðâûõ ñîáñòâåííûõ âåêòîðîâ v1, . . . ,vk ìàòðèöû L.
Øàã 3 S2. Ïîñòðîèòü ìàòðèöó M ∈ Rn×k, â êà÷åñòâå ñòîëáöîâ êîòîðîé âûñòóïàþò

âåêòîðû v1, . . . ,vk.
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Øàã 4 S2. Ïîñòðîèòü yi ∈ Rk(i = 1, . . . ,n) � âåêòîð, ñîîòâåòñòâóþùèé i-é ñòðîêå ìàòðè-
öû M . Ïðèìåíèòü àëãîðèòì êëàñòåðèçàöèè (íàïðèìåð, k-ñðåäíèõ) ê òî÷êàì yi (ñîîòâåò-
ñòâóþùèì âåðøèíàì) â ïðîñòðàíñòâå Rk äëÿ ïîëó÷åíèÿ êëàñòåðîâ C1, . . . , Ck. Ïîäîáíàÿ
ñõåìà èñïîëüçîâàëàñü, íàïðèìåð, â ðàáîòàõ [12, 13].

2. Íîðìàëèçîâàííàÿ êëàñòåðèçàöèÿ. Íîðìàëèçàöèÿ ðàçðåçà ÿâëÿåòñÿ îäíèì èç
ñïîñîáîâ ïðåäîòâðàòèòü òåíäåíöèþ ðàçäåëåíèÿ ãðàôà íà íåáîëüøèå èçîëèðîâàííûå êëà-
ñòåðû. Ñóùåñòâóþò íåñêîëüêî ïðèåìîâ íîðìàëèçàöèè, íàïðèìåð, â ðàáîòå [14] ïðåäñòàâ-

ëåíî îòíîøåíèå
Cut(C1,C2)

min(|C1|,|C2|)
, â ðàáîòå [15] � îòíîøåíèå

Cut(C1,C2)

|C1| × |C2|
. Â ðàáîòå [16] ïðåä-

ëîæåí íîðìàëèçîâàííûé ðàçðåç:

Ncut(C1,C2) =

(
1

vol(C1)
+

1

vol(C2)

)
Cut(C1,C2),

ãäå vol(C) =
∑
i∈C

degi,C ⊂ V . Ðàçðåç Ncut îöåíèâàåò äîëè ðàçìåðà ðàçðåçà îòíîñèòåëüíî

âñåõ ñâÿçåé êàæäîãî êëàñòåðà.
Êëàñòåðèçàöèÿ ïðîèçâîäèòñÿ íà îñíîâàíèè âòîðîãî ìèíèìàëüíîãî âåêòîðà, ÿâëÿþùå-

ãîñÿ ðåøåíèåì îáîáùåííîãî óðàâíåíèÿ:

Lv = λDv. (10)

Óðàâíåíèå (10) ïðèâîäèòñÿ ê ñòàíäàðòíîìó âèäó D−1/2LD−1/2v = λv, ìàòðèöà
Lsym = D−1/2LD−1/2 íàçûâàåòñÿ ñèììåòðè÷íî-íîðìàëèçîâàííîé ìàòðèöåé Ëàïëàñà. Â ðà-
áîòå [16] óòâåðæäàåòñÿ, ÷òî åñëè λL � âòîðîå ìèíèìàëüíîå (8) ñîáñòâåííîå çíà÷å-
íèå Lsym, à vL � ñîîòâåòñòâóþùèé åìó ñîáñòâåííûé âåêòîð è ñóùåñòâóåò ðàçáèåíèå
C2 = {C1,C2}, òàêîå ÷òî

vLi =

{
α, åñëè i ∈ C1,
β, åñëè i ∈ C2,

òî ðàçáèåíèå îïòèìàëüíîå è Ncut(C1,C2) = λL. Òàêèì îáðàçîì, ñõåìà íîðìàëèçîâàííîé
áèêëàñòåðèçàöèè ñîâïàäàåò ñî ñõåìîé S1 çà òåì èñêëþ÷åíèåì, ÷òî âìåñòî ìàòðèöû L èñ-
ïîëüçóåòñÿ ìàòðèöà Lsym.

Ñõåìà S3 íîðìàëèçîâàííîé k-êëàñòåðèçàöèè àíàëîãè÷íà ñõåìå S2 è îòëè÷àåòñÿ òåì, ÷òî
k ìèíèìàëüíûõ ñîáñòâåííûõ âåêòîðîâ ÿâëÿþòñÿ ðåøåíèåì îáîáùåííîãî óðàâíåíèÿ (10).

Â ðàáîòå [17] ðàññìàòðèâàåòñÿ èíòåðïðåòàöèÿ íîðìàëèçîâàííîé ñïåêòðàëüíîé êëàñòå-
ðèçàöèè ñ òî÷êè çðåíèÿ äèñêðåòíîãî ñëó÷àéíîãî áëóæäàíèÿ. Åñëè íîðìàëèçîâàòü âçâå-
øåííóþ ìàòðèöó A ïî ñòðîêàì, òî ïîëó÷èì ñòîõàñòè÷åñêóþ ìàòðèöó:

P = D−1A, (11)

êîòîðàÿ õàðàêòåðèçóåò Ìàðêîâñêèé ïðîöåññ ñëó÷àéíîãî áëóæäàíèÿ, Pij � âåðîÿòíîñòü
ïåðåõîäà èç âåðøèíû i â âåðøèíó j çà îäèí øàã. Ïðåäïîëàãàåòñÿ, ÷òî âñå âåðøèíû èìåþò
íåíóëåâûå âçâåøåííûå ñòåïåíè. Ïóñòü

λ1 ≥ λ2 ≥ . . . ≥ λn (12)

óïîðÿäî÷åííûå ïî íåâîçðàñòàíèþ ñîáñòâåííûå çíà÷åíèÿ ìàòðèöû P , à v1=1, v2, . . . , vn �
ñîîòâåòñòâóþùèå èì ñîáñòâåííûå âåêòîðû, ò. å. ðåøåíèÿ óðàâíåíèÿ



32 Ïðèêëàäíûå èíôîðìàöèîííûå òåõíîëîãèè

Pv = λv. (13)

Â ðàáîòå [17] ïîêàçàíî, ÷òî åñëè λ, v ÿâëÿþòñÿ ðåøåíèåì (13) è P = D−1A, òî ïàðà
((1−λ),v) ÿâëÿåòñÿ ðåøåíèåì (10). Äðóãèìè ñëîâàìè, ñïåêòðàëüíàÿ ïðîáëåìà, ñôîðìóëè-
ðîâàííàÿ àëãîðèòìîì Ncut, è ïðîáëåìà ñîáñòâåííûõ çíà÷åíèé/âåêòîðîâ ñòîõàñòè÷åñêîé
ìàòðèöû P ýêâèâàëåíòíû. Ïðè ýòîì ìèíèìàëüíûé âåêòîð äëÿ (10) ñîîòâåòñòâóåò ìàêñè-
ìàëüíîìó âåêòîðó (13). Òàì æå ïðèâåäåíà ñõåìà S4 íîðìàëèçîâàííîé k-êëàñòåðèçàöèè íà
îñíîâå ìàòðèöû ñëó÷àéíîãî áëóæäàíèÿ:

Øàã 1 S4. Ïîñòðîèòü ìàòðèöó P .
Øàã 2 S4. Âû÷èñëèòü k íàèáîëüøèõ ñîáñòâåííûõ âåêòîðîâ v1,. . . ,vk ìàòðèöû P .
Øàã 3 S4. Ïîñòðîèòü ìàòðèöó M ∈ Rn×k, â êà÷åñòâå ñòîëáöîâ êîòîðîé âûñòóïàþò

âåêòîðû v1,. . . ,vk.
Øàã 4 S4. Ïîñòðîèòü yi ∈ Rk (i = 1, . . . ,n) � âåêòîð, ñîîòâåòñòâóþùèé i-é ñòðîêå

ìàòðèöû M .
Øàã 5 S4. Ïðèìåíèòü àëãîðèòì êëàñòåðèçàöèè, íàïðèìåð k-ñðåäíèõ, ê yi äëÿ ïîëó÷å-

íèÿ êëàñòåðîâ C1, . . . , Ck.
Ñïåêòðàëüíàÿ êëàñòåðèçàöèÿ ñïîñîáíà ãðóïïèðîâàòü âåðøèíû ñîãëàñíî ïîäîáèþ âå-

ðîÿòíîñòåé ïåðåõîäîâ ìåæäó ïîäìíîæåñòâàìè âåðøèí. Ò. å. åñëè ìíîæåñòâî V ðàçäåëåíî
íà äâå ÷àñòè, òî ñëó÷àéíîå áëóæäàíèå, íà÷àâøååñÿ â îäíîé èç ÷àñòåé, èìååò òåíäåíöèþ
îñòàòüñÿ â íåé. Ñâÿçü ñòàöèîíàðíîãî ðàñïðåäåëåíèÿ ñ êëàñòåðèçàöèåé èñïîëüçóåòñÿ â ðàáî-
òå [18]. Ñòàöèîíàðíîå ðàñïðåäåëåíèå ðàññìàòðèâàåòñÿ êàê ïîêàçàòåëü ÷àñòîòû ïîñåùåíèÿ
êàæäîé âåðøèíû ãðàôà.

Ìàòðèöà P (11) èñïîëüçóåòñÿ òàêæå â ìåõàíèçìå k-êëàñòåðèçàöèè, ïðåäëîæåííîì â
ñòàòüå [19]. Îïðåäåëÿåòñÿ ðàññòîÿíèå ìåæäó âåðøèíàìè ãðàôà:

rij(t) =

√√√√ n∑
l=1

(P t
il − P t

jl)
2

degl
,

ãäå P t
il � âåðîÿòíîñòü ïåðåõîäà èç âåðøèíû i â âåðøèíó l çà t øàãîâ, deg l � ñòåïåíü âåð-

øèíû l. Ïîêàçàíî, ÷òî åñëè ñîáñòâåííûå çíà÷åíèÿ ìàòðèöû P óïîðÿäî÷åíû ñîãëàñíî (12),
à v1,v2, . . . ,vn � ñîîòâåòñòâóþùèå èì ñîáñòâåííûå âåêòîðû, òî äëÿ äîñòàòî÷íî áîëüøèõ t
èìååò ìåñòî ðàâåíñòâî

rij(t) =
n∑
l=2

λ2tl (vl(i)− vl(j))2 ,

ãäå vl(i) � ýëåìåíò i âåêòîðà vl. Çàòåì îïðåäåëÿåòñÿ riC � ðàññòîÿíèå ìåæäó âåðøèíîé i
è êëàñòåðîì C. Ñòðîèòñÿ èåðàðõè÷åñêèé îáúåäèíÿþùèé àëãîðèòì, îñíîâàííûé íà ìåòîäå
Óîðäà [20], ðàññìàòðèâàþùåì â êà÷åñòâå êàíäèäàòîâ íà îáúåäèíåíèå C3 = C1∪C2 �áëèçêî�
ðàñïîëîæåííûå êëàñòåðû. Â äàííîì ñëó÷àå íà êàæäîì øàãå â êà÷åñòâå òàêèõ êàíäèäàòîâ
ðàññìàòðèâàþòñÿ ïàðû ñìåæíûõ êëàñòåðîâ. Ìèíèìèçèðóåòñÿ âûðàæåíèå

1

n

(∑
i∈C3

r2iC3
−
∑
i∈C1

r2iC1
−
∑
i∈C2

r2iC2

)
.

Àëãîðèòì WTR, ïðèìåíÿåìûé â íàøåé ðàáîòå, èñïîëüçóåò ýòó òåõíèêó.
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3. Êëàñòåðèçàöèÿ íà îñíîâå ìàòðèöû ìîäóëüíîñòè. Â ðàáîòå [21] çàäà÷à îïòè-
ìàëüíîãî ðàçáèåíèÿ ãðàôà ðàññìàòðèâàåòñÿ êàê ìàêñèìèçàöèÿ ÷èñëà ðåáåð âíóòðè êëà-
ñòåðîâ. Ïîíÿòèå �ìîäóëüíîñòè� áàçèðóåòñÿ íà ïðåäïîëîæåíèè, ÷òî ñòðóêòóðà èçó÷àåìîãî
ãðàôà, êàê ïðàâèëî, îòëè÷àåòñÿ îò ñòðóêòóðû ñëó÷àéíîãî ãðàôà. Îïðåäåëÿåòñÿ ôóíêöèÿ

Q = N1 −N2, (14)

ãäå N1 � ÷èñëî ðåáåð âíóòðè êëàñòåðîâ, N2 � îæèäàåìîå ÷èñëî òàêèõ ðåáåð. Ôóíêöèÿ
Q íàçâàíà �ìîäóëüíîñòüþ�, áîëüøèå çíà÷åíèÿ óêàçûâàþò íà òåñíóþ âçàèìîñâÿçü âíóò-
ðè êëàñòåðîâ. Âû÷èñëåíèå ìîäóëüíîñòè äå-ôàêòî ÿâëÿåòñÿ ñïîñîáîì ïðîâåðêè êà÷åñòâà
ðàçáèåíèÿ âåðøèí ãðàôà, ñì. [19, 22�24].

Îæèäàåìîå ÷èñëî ðåáåð N2 âû÷èñëÿåòñÿ ñîãëàñíî �íóëü-ìîäåëè� ãðàôà, êîòîðûé èìååò
òî æå ÷èñëî âåðøèí è ìîæåò áûòü ðàçäåëåí íà òî æå ÷èñëî êëàñòåðîâ, ÷òî è àíàëèçèðóå-
ìûé ãðàô. Âåðîÿòíîñòü íàëè÷èÿ ðåáðà (i,j) â ìîäåëè îáîçíà÷èì Pij. Ôîðìóëà (14) ìîæåò
áûòü ïðåäñòàâëåíà â âèäå:

Q =
1

2m

∑
i,j

(Aij − Pij)δ(Ci,Cj), (15)

ãäå Ci � êëàñòåð, â êîòîðûé ïîïàäàåò âåðøèíà i, δ(r,s) = 1, åñëè r = s. Âûáîð Pij îãðàíè-
÷åí ïî ñëåäóþùèì ïðè÷èíàì: âî-ïåðâûõ, ïîñêîëüêó ðàññìàòðèâàåòñÿ íåîðèåíòèðîâàííûé
ãðàô, òî Pij = Pji; âî-âòîðûõ, ïðåäïîëàãàåòñÿ, ÷òî Q = 0, åñëè âñå âåðøèíû ïîïàäàþò â
îäèí êëàñòåð, ò. å. ∑

i,j

(Aij − Pij) = 0.

Îòñþäà ∑
i,j

Pij =
∑
i,j

Aij = 2m. (16)

Îæèäàåìàÿ ñòåïåíü âåðøèíû i çàäàåòñÿ âûðàæåíèåì
∑
j

Pij; â ïðåäïîëîæåíèè, ÷òî îæè-

äàåìàÿ ñòåïåíü âåðøèíû ïðèáëèæàåòñÿ ê ðåàëüíîé, èìååì:∑
j

Pij = degi.

Äàëåå â êà÷åñòâå íóëü-ìîäåëè ðàññìàòðèâàåòñÿ ìîäåëü ñëó÷àéíîãî ãðàôà ñ ôèêñèðî-
âàííîé ñòåïåííîé ïîñëåäîâàòåëüíîñòüþ (ñì. [25�27]):

Pij =
degidegj

2m
.

Ðàññìîòðèì çàäà÷ó áèêëàñòåðèçàöèè. Ñîãëàñíî (2), (3) èìååì:

δ(Ci, Cj) =
1

2
(sisj + 1).

Òåïåðü (15) ìîæíî ïðåäñòàâèòü â âèäå:



34 Ïðèêëàäíûå èíôîðìàöèîííûå òåõíîëîãèè

Q =
1

4m

∑
i,j

(Aij − Pij)(sisj + 1) =
1

4m

∑
i,j

(Aij − Pij)sisj.

Âòîðîå ðàâåíñòâî âûòåêàåò èç (16). Â ìàòðè÷íîé ôîðìå:

Q =
1

4m
s>Bs, (17)

ãäå B � ñèììåòðè÷íàÿ ìàòðèöà c ýëåìåíòàìè:

Bij = Aij − Pij.

Ìàòðèöà B íàçûâàåòñÿ ìàòðèöåé ìîäóëüíîñòè. Â ðàáîòå [10] ïðåäñòàâëåí ìåòîä ñïåê-
òðàëüíîé êëàñòåðèçàöèè íà îñíîâå ìàòðèöû B, êîòîðàÿ âûïîëíÿåò òó æå ðîëü, ÷òî è
ìàòðèöà Ëàïëàñà: óðàâíåíèå (17) ñîîòâåòñòâóåò (4). Ïîêàçàíî, ÷òî íà îñíîâå ñîáñòâåí-
íîãî âåêòîðà, ñîîòâåòñòâóþùåãî íàèáîëüøåìó ïîëîæèòåëüíîìó ñîáñòâåííîìó çíà÷åíèþ
ìàòðèöû B, ìîæíî ïðîèçâåñòè áèêëàñòåðèçàöèþ ñîãëàñíî çíàêàì ýëåìåíòîâ ñîáñòâåííîãî
âåêòîðà.

4. Âû÷èñëèòåëüíûé ýêñïåðèìåíò. Âûøå áûëà ïðåäñòàâëåíà ìåòîäèêà ñïåêòðàëü-
íîãî àíàëèçà, ïîñëóæèâøàÿ îñíîâîé äëÿ àëãîðèòìîâ êëàñòåðèçàöèè WTR è LEV. Öåëü
ýêñïåðèìåíòà ñîñòîÿëà â ñðàâíåíèè ðåçóëüòàòîâ ðàáîòû óêàçàííûõ àëãîðèòìîâ ïî âûÿâëå-
íèþ ñîîáùåñòâ â ìíîæåñòâå íàó÷íûõ æóðíàëîâ, ðàçìåùåííûõ â îäíîé áèáëèîãðàôè÷åñêîé
áàçå äàííûõ.

Â êà÷åñòâå èñõîäíûõ äàííûõ âûñòóïàåò ñåòü öèòèðîâàíèÿ æóðíàëîâ, ïîñòðîåííàÿ íà
îñíîâå èíôîðìàöèè î öèòèðîâàíèè, èçâëå÷åííîé èç ÁÄ RePEc [28]. Ñåòü ïðåäñòàâëÿåòñÿ
âçâåøåííûì îðãðàôîì áåç êðàòíûõ ðåáåð è ïåòåëü. Àíàëèçèðóåòñÿ ãëàâíàÿ êîìïîíåíòà
G = (V,E), |V | = 1729, |E| = 135702, ñ âçâåøåííîé ìàòðèöåé ñìåæíîñòè A. Ïîñêîëü-
êó àëãîðèòìû ïðåäíàçíà÷åíû äëÿ íåîðèåíòèðîâàííûõ ãðàôîâ, ïðåîáðàçóåì îðãðàô G â
íåîðèåíòèðîâàííûé òðåìÿ ñïîñîáàìè (ñì. [29]). Â ðåçóëüòàòå áûëè ïîëó÷åíû òðè íåîðè-
åíòèðîâàííûõ ãðàôà, êîòîðûå áûëè èñïîëüçîâàíû â ýêñïåðèìåíòå:

à) ãðàô GU , ïðåäñòàâëåí ìàòðèöåé ñìåæíîñòè A+A>, |E(GU)| = 116190 (ïàðû ðàçíî-
íàïðàâëåííûõ äóã çàìåíÿþòñÿ îäíèì ðåáðîì ñ ñóììàðíûì âåñîì);

á) ãðàô Gbib, ñîîòâåòñòâóþùèé �ñåòè áèáëèîãðàôè÷åñêîãî ñî÷åòàíèÿ�, ïðåäñòàâëåí íîð-
ìàëèçîâàííîé ìàòðèöåé AA>, áåç ó÷åòà îäèíî÷íûõ âåðøèí |V (Gbib)| = 1432, |E(Gbib)| =
844476;

â) ãðàô Gcoc, ñîîòâåòñòâóþùèé �ñåòè êîöèòèðîâàíèÿ�, ïðåäñòàâëåí íîðìàëèçîâàííîé
ìàòðèöåé A>A, áåç ó÷åòà îäèíî÷íûõ âåðøèí |V (Gcoc)| = 1582, |E(Gcoc)| = 820982.

Àëãîðèòì WTR ðåàëèçóåò ìåòîä, ïðåäëîæåííûé â ñòàòüå [19]. Ðàáîòà íà÷èíàåòñÿ ñ
ðàçáèåíèÿ R1 = {{v},v ∈ V }, êàæäàÿ âåðøèíà ÿâëÿåòñÿ êëàñòåðîì. Âû÷èñëÿþòñÿ âñå
ðàññòîÿíèÿ ìåæäó âñåìè ñìåæíûìè âåðøèíàìè. Íà øàãå k:

1. Âûáèðàþòñÿ äâà êëàñòåðà C1, C2, ñëèÿíèå êîòîðûõ ïðèâîäèò ê ìèíèìàëüíîìó óâå-
ëè÷åíèþ öåëåâîé ôóíêöèè (27);

2. Îáðàçóåòñÿ íîâûé êëàñòåð C3 =C1∪C2 è íîâîå ðàçáèåíèå Rk+1 =(Rk\{C1,C2})∪{C3};
3. Îáíîâëÿþòñÿ ðàññòîÿíèÿ ìåæäó ñìåæíûìè êëàñòåðàìè.
Íà øàãå n− 1 àëãîðèòì çàêàí÷èâàåò ðàáîòó, ïðè ýòîì Rn = {V }. Íà êàæäîì øàãå âû-

÷èñëÿåòñÿ Q (15). Ëó÷øèì ñ÷èòàåòñÿ ðàçáèåíèå ñ ìàêñèìàëüíûì çíà÷åíèåì Q. Ñëîæíîñòü
âû÷èñëåíèé îöåíèâàåòñÿ êàê O(|E||V |2), äëÿ ðàçðåæåííîãî ãðàôà � O(|V |2 log |V |).
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Òàáëèöà 1

Ðàçìåðû êëàñòåðîâ ãðàôà GU

WTR LEV

#Cl #J #Cl #J

1 692 1 1549

1 280 1 180

1 270

1 183

1 76

1 62

1 44

2 8

1 4

1 2

Òàáëèöà 2

Òåìàòèêà êëàñòåðîâ ãðàôà GU , àëãîðèòì WTR

#J Òåìàòèêà Êîäû Jel

183 Ñåëüñêîå õîçÿéñòâî, Q

ðåñóðñû, ýêîëîãèÿ

76 Çäðàâîîõðàíåíèå, ñîö. îáåñïå÷åíèå I

62 Òðàíñïîðòíàÿ ýêîíîìèêà, R

àäìèíèñòðèðîâàíèå

44 Ýêîíîìåòðè÷åñêèå è ñòàòèñòè÷åñêèå C1

ìåòîäû

8 Îáðàçîâàíèå A2, I2

Àëãîðèòì LEV ÿâëÿåòñÿ ðåàëèçàöèåé ìåòîäà, ïðåäëîæåííîãî â ñòàòüå [10]. Ýòî èòåðà-
öèîííûé ïðîöåññ äåëåíèÿ ìíîæåñòâà âåðøèí íà äâå ÷àñòè. Íà øàãå k:

1. Äëÿ ãðàôà/âûáðàííîãî ïîäãðàôà ñòðîèòñÿ ìàòðèöà ìîäóëüíîñòè B;
2. Âû÷èñëÿåòñÿ âåêòîð, ñîîòâåòñòâóþùèé íàèáîëüøåìó ïî àáñîëþòíîé âåëè÷èíå ñîá-

ñòâåííîìó çíà÷åíèþ; åñëè ýòî çíà÷åíèå βn ïîëîæèòåëüíî, òî ñîáñòâåííûé âåêòîð èñêîìûé;
åñëè îòðèöàòåëüíî, òî ïîâòîðÿåì âû÷èñëåíèå äëÿ ìàòðèöû B − βnI (ãäå I � åäèíè÷íàÿ
ìàòðèöà);

3. Êëàñòåð äåëèòñÿ íà äâå ÷àñòè ñîîòâåòñòâåííî çíàêàì ýëåìåíòîâ íàéäåííîãî ñîáñòâåí-
íîãî âåêòîðà.

4. Ïðîâåðÿåòñÿ, óâåëè÷èëîñü ëè çíà÷åíèå ìîäóëüíîñòè èñõîäíîãî ãðàôà; åñëè äà, òî
ñ÷èòàåì ðàçäåëåíèå ïðàâîìåðíûì è ïåðåõîäèì ê øàãó 1.

Àëãîðèòì LEV çàêàí÷èâàåò ðàáîòó, åñëè çíà÷åíèå Q íå óâåëè÷èâàåòñÿ èëè íè îäèí
êëàñòåð íåâîçìîæíî ðàçäåëèòü íà äâå ÷àñòè. Êëàñòåð íåâîçìîæíî ðàçäåëèòü íà ÷àñòè, åñ-
ëè âñå ñîáñòâåííûå çíà÷åíèÿ, êðîìå íóëåâîãî, îòðèöàòåëüíû. Ñëîæíîñòü LEV îöåíèâàåòñÿ
êàê O(|E| + |V |2×steps), ãäå steps � ÷èñëî øàãîâ äåëåíèÿ íà äâà ñîîáùåñòâà. Àëãîðèòìû
WTR è LEV ðåàëèçîâàíû ñ ïîìîùüþ áèáëèîòåêè C ïàêåòà igraph [30].

4.1. Êëàñòåðèçàöèÿ GU . Â òàáë. 1 ïðèâåäåíû ðàçìåðû êëàñòåðîâ, ïîëó÷åííûõ â ðå-
çóëüòàòå èñïîëíåíèÿ àëãîðèòìîâ WTR è LEV â ïðèìåíåíèè ê ãðàôó GU . Çäåñü è äàëåå
îäíîâåðøèííûå êëàñòåðû íå âêëþ÷àþòñÿ â òàáëèöû, òàê, ïðè êëàñòåðèçàöèèWTR ÷èñëî
îäíîâåðøèííûõ êëàñòåðîâ ðàâíî ñòà; #Cl � ÷èñëî êëàñòåðîâ ðàçìåðà #J . Äëÿ ñðàâíå-
íèÿ ðåçóëüòàòîâ êëàñòåðèçàöèè èñïîëüçîâàëèñü òðè èíäåêñà ñîãëàñîâàííîñòè: NMI [31],
RAND [32] è ADJUSTED_RAND (ARI ) [33]. Èíäåêñû ñîãëàñîâàííîñòè âûãëÿäÿò òàê:
NMI =0,12; RAND =0,38; ARI =0,07. Î÷åâèäíî, ÷òî ñõîäñòâî ìèíèìàëüíîå.

Ïðè êëàñòåðèçàöèè ñ ïîìîùüþ àëãîðèòìà LEV 89,6% æóðíàëîâ (1549) ïîïàëè â îäèí
êëàñòåð, ÷òî íå ïîçâîëÿåò èíòåðïðåòèðîâàòü ðåçóëüòàòû. Îäíàêî ñ ïîìîùüþ àëãîðèòìà
WTR áûëè âûäåëåíû òåìàòè÷åñêèå îáëàñòè (òàáë. 2.) íà îñíîâå êëþ÷åâûõ ñëîâ â íàçâà-
íèÿõ æóðíàëîâ è êëàññèôèêàòîðà Jel [34]. Èíòåðïðåòèðóåìûì ðåçóëüòàòîì áóäåì ñ÷èòàòü
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Òàáëèöà 3

Ðàçìåðû êëàñòåðîâ ãðàôà Gbib

WTR LEV

#Cl #J #Cl #J

1 718 1 486

1 369 1 339

1 288 1 316

1 30 1 291

1 25

Òàáëèöà 4

Òåìàòèêà êëàñòåðîâ ãðàôà Gbib, àëãîðèòì WTR

#J Òåìàòèêà Êîäû Jel

369 Ìàòåìàòè÷åñêèå ìåòîäû, áèçíåñ- C, M,

ýêîíîìèêà, ýêîíîìè÷åñêîå ðàçâèòèå, O, Q, R

ðåñóðñû, òðàíñïîðòíàÿ ýêîíîìèêà

288 Îáùàÿ ýêîíîìèêà, ìàòåìàòè÷åñêèå A, C, G

ìåòîäû, ôèíàíñîâàÿ ýêîíîìèêà

30 Ìàòåìàòè÷åñêèå ìåòîäû Ñ

25 Ìàòåìàòè÷åñêèå ìåòîäû, C, L

îðãàíèçàöèÿ ïðîèçâîäñòâà

êëàñòåðèçàöèþ, êîòîðàÿ ïîçâîëÿåò ñîîòíåñòè êëàñòåð ñ 1�2 òåìàòè÷åñêèìè îáëàñòÿìè.
Íåñìîòðÿ íà ðàçëè÷íûå ðåçóëüòàòû, 69% æóðíàëîâ, âõîäÿùèõ â WTR êëàñòåð, èìåþùèé
ðàçìåð 183 (ñì. òàáë. 1, ñòîëáåö 2, ñòðîêà 4) âõîäÿò â LEV êëàñòåð, èìåþùèé ðàçìåð
180 (ñì. òàáë. 1, ñòîëáåö 4, ñòðîêà 2). Åñëè ñðàâíèâàòü àëãîðèòìû ïî ðàçìåðó ðàçðåçà
ãðàôà GU , òî â ðåçóëüòàòå ðàçáèåíèÿ LEV ðàçìåð ðàçðåçà ìåíüøå. Òàêîå ñîîòíîøåíèå ñî-
õðàíÿåòñÿ äëÿ íîðìàëèçîâàííûõ ðàçðåçîâ, îïðåäåëåííûõ ñîãëàñíî [14, 16]. Íîðìàëèçàöèÿ
ñîãëàñíî [15] äàåò ìåíüøåå çíà÷åíèå äëÿ ðàçáèåíèÿ WTR.

4.2. Êëàñòåðèçàöèÿ Gbib. Ðàçìåðû êëàñòåðîâ, ïîëó÷åííûõ â ðåçóëüòàòå êëàñòåðèçàöèè
Gbib àëãîðèòìàìè WTR è LEV, ïðåäñòàâëåíû â òàáë. 3. Èíäåêñû ñîãëàñîâàííîñòè èìåþò
âèä: NMI =0,77; RAND =0,84; ARI =0,53. Åñëè ñðàâíèâàòü àëãîðèòìû WTR è LEV ïî
ðàçìåðó ðàçðåçà ãðàôà Gbib, òî â ðåçóëüòàòå ðàçáèåíèÿ WTR ðàçìåð ðàçðåçà ìåíüøå. Òà-
êîå ñîîòíîøåíèå ñîõðàíÿåòñÿ äëÿ íîðìàëèçîâàííîãî ðàçðåçà, îïðåäåëåííîãî ñîãëàñíî [15].
Íîðìàëèçàöèÿ ñîãëàñíî [14] è [16] äàåò ìåíüøåå çíà÷åíèå äëÿ ðàçáèåíèÿ LEV. Òåìàòèêà
WTR êëàñòåðîâ ïðåäñòàâëåíà â òàáë. 4.

4.3. Êëàñòåðèçàöèÿ Gcoc. Ðàçìåðû êëàñòåðîâ, ïîëó÷åííûõ â ðåçóëüòàòå êëàñòåðè-
çàöèè Gcoc ïðåäñòàâëåíû â òàáë. 5. Èíäåêñû ñîãëàñîâàííîñòè èìåþò âèä: NMI =0,57;
RAND =0,74; ARI=0,3. Ñîãëàñîâàííîñòü àëãîðèòìîâ íèæå, ÷åì ïðè êëàñòåðèçàöèè ãðà-
ôà Gbib.

Çàêëþ÷åíèå. Öåëü ðàáîòû ñîñòîÿëà â ñðàâíåíèè ñïåêòðàëüíûõ ìåòîäîâ êëàñòåðèçà-
öèè êîëëåêöèè íàó÷íûõ æóðíàëîâ ÁÄ RePEc, ñâÿçàííûõ îòíîøåíèåì öèòèðîâàíèÿ. Çàäà-
÷à êëàñòåðèçàöèè ïðåäñòàâëåíà êàê çàäà÷à ìèíèìèçàöèè ñáàëàíñèðîâàííîãî ðàçðåçà ñîîò-
âåòñòâóþùåãî ãðàôà. Ïðîàíàëèçèðîâàíà ñâÿçü îïðåäåëåíèÿ öåëåâîé ôóíêöèè è ìàòðèöû,
íà îñíîâå ñîáñòâåííûõ âåêòîðîâ êîòîðîé äîñòèãàåòñÿ îïòèìèçàöèÿ, à èìåííî, îáîñíîâàí-
íîñòü ïðèìåíåíèÿ ìàòðèö Ëàïëàñà, ñëó÷àéíîãî áëóæäàíèÿ è ìîäóëüíîñòè.

Ðåàëèçîâàíû àëãîðèòìû ñïåêòðàëüíîé êëàñòåðèçàöèè WTR è LEV. Èññëåäîâàíû
ðåçóëüòàòû èõ ðàáîòû äëÿ ãðàôîâ GU , Gbib è Gcoc. Ïðîâåäåííîå èññëåäîâàíèå ïîçâîëÿåò
çàêëþ÷èòü, ÷òî äëÿ ðàññìàòðèâàåìîé ñåòè öèòèðîâàíèÿ æóðíàëîâ áîëüøå ïîäõîäèò ñïåê-
òðàëüíàÿ êëàñòåðèçàöèÿ àëãîðèòìîì WTR íà îñíîâå ìàòðèöû ñëó÷àéíîãî áëóæäàíèÿ.
Ïðèåìëåìóþ ñîãëàñîâàííîñòü ðàññìàòðèâàåìûå àëãîðèòìû äîñòèãëè ïðè êëàñòåðèçàöèè
ãðàôà Gbib. Â ñâîþ î÷åðåäü, ãðàô GU ëó÷øå ïîääàåòñÿ êëàñòåðèçàöèè, ÷åì äâà äðóãèõ
âàðèàíòà ïðåîáðàçîâàíèÿ èñõîäíîãî îðãðàôà. Àíàëèç ïîêàçàë, ÷òî êëàñòåðû áîëüøîãî
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Òàáëèöà 5

Ðàçìåðû êëàñòåðîâ ãðàôà Gcoc

WTR LEV

#Cl #J #Cl #J

1 517 1 675

1 350 1 459

1 255 1 448

1 235

1 118

1 32

1 30

1 9

9 < 9

Òàáëèöà 6

Òåìàòèêà êëàñòåðîâ ãðàôà Gcoc, àëãîðèòì WTR

#J Òåìàòèêà Êîäû Jel

350 Ôèíàíñîâàÿ ýêîíîìèêà, áèçíåñ- E, G,

ýêîíîìèêà, òðàíñïîðòíàÿ ýêîíîìèêà M, R

255 Òðàíñïîðòíàÿ ýêîíîìèêà, R, M

áèçíåñ-ýêîíîìèêà

235 Ìàòåìàòè÷åñêèå ìåòîäû, îðãàíèçàöèÿ C, L,

ïðîèçâîäñòâà, ýêîíîìè÷åñêîå O, Q

ðàçâèòèå, ðåñóðñû

118 Âîñòî÷íàÿ Åâðîïà A, M

32 Ðóìûíèÿ

30 Ìàòåìàòè÷åñêèå ìåòîäû C

9 Âîñòî÷íàÿ Åâðîïà

ðàçìåðà (|Ci| > 200) íå óäàåòñÿ êëàññèôèöèðîâàòü ñîãëàñíî 1�2 òåìàòèêàì. Ïðè êëà-
ñòåðèçàöèè ãðàôà êîöèòèðîâàíèÿ àëãîðèòìîì WTR, êðîìå òåìàòè÷åñêèõ ñîîáùåñòâ,
âûäåëåíû ñîîáùåñòâà æóðíàëîâ, ñâÿçàííûõ ïî òåððèòîðèàëüíîìó ïðèçíàêó èçäàòåëüñòâ.
Îòìåòèì, ÷òî áîëüøèíñòâî êëàñòåðîâ, êðîìå æóðíàëîâ îñíîâíûõ òåìàòèê, ñîäåðæàò
æóðíàëû, îòíîñÿùèåñÿ ê �ìàòåìàòè÷åñêèì ìåòîäàì� (Jel êîä C). Âûÿâëåíà çàâèñèìîñòü
ðåçóëüòàòîâ êëàñòåðèçàöèè îò ïðèìåíÿåìîãî àëãîðèòìà, ñïîñîáà ïðåîáðàçîâàíèÿ îðãðàôà
â íåîðèåíòèðîâàííûé ãðàô è ñïîñîáà íîðìàëèçàöèè ðàçìåðà ðàçðåçà.
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In the article
”
Software tools for building automated control systems in the environment of the

domestic operating system“ the construction, schemes of components interrelation and the tool nucleus
of the SCADA-system on the platform of the Russian network real time operational system

”
Neutrino

KPDA.10964-01“, which is being developed and accompanied by the Russian Ltd Company
”
SVD

“Installed systems““ from St. Petersburg. Using the Russian operational system answers the task of
import substitution of the programming provision, the importance of which is increasing because of
geopolitical risks and the growing pressure of economic sanctions from unfriendly states.

The product being described in this article is the result of developing the SCADA-system

”
BLACART“, constructed at the ICT SB RAS and functioning in the environment of the operational
system QNX 4.25. The denominated SCADA-system displayed high performance in dozens of realized
systems of control in di�erent branches of industry, as a rule, in dangerous production. The certi�cate
of conformity and the resolution for its application at the mining enterprises were received.

As a result of relocating SCADA-system
”
Blacart“ onto the base of the

”
Neutrino“ operational

system the structure of the SCADA-system hasn't been changed. It was only the programming key
(code) which was changed, particularly, all applications of di�erent system libraries of subprograms
were carried out in POSIX-interoperable format. Having preserved the structure as well as the main
characteristics and functional capabilities of the SCADA-system in the process of relocating it into the
milieu of the

”
Neutrino“ system, it also became possible to keep up all of the previous product values

that prove to have been e�cient in the course of realized long-term control systems practice.
A newly-developed SCADA-system has been realized as a distributed computing technological

network, which is simultaneously a local computing network on the basis of the network protocol

”
Qnet“ of the operational system

”
Neutrino“.

The software of the SCADA-system is a hierarchical association of two subsystems: the subsystem
of the upper level and the one of the lower level, which has been put into operation at one or another
unit(s) of the technological network. The subsystem of the upper level is the automatic work position
of the operator, which includes the graphical interface of the operator and the operational and archive
databases control system. The subsystem of the lower level realizes the interface with the monitoring
and technological equipment control.
The elaboration or modi�cation of a speci�c project of the automated control system over technological
processes on the basis of newly-developed SCADA-system is reduced to the construction of the graphical
interface of the operator with the help of the system application builder (graphics editor)

”
Application

Builder Photon“ and to compiling a set of text con�guration �les of the upper and lower level
subsystems.

All automated work positions of the operator are fully equal in status display operations and
technological equipment control, their local database being synchronized between themselves. The
absence of the dedicated data server in the technological network is the �rst and major peculiarity

© A. I. Blagodarniy, 2018
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of the SCADA-system software. Such an approach realizes the principle of multiple hot backup in
automated control systems.

The described SCADA-system has been constructed and elaborated as a real time SCADA-system
and is intended for automatizing technological processes, which put tough demands on the time of
control system reaction to one or another event. A guaranteed little time of reacting to any single
event is one more major peculiarity of the SCADA-system.

The safeguard of the newly developed SCADA-system from cyber-attacks can only be reached
by tough monitoring of users' access to management in accordance with the categories as well as by
blocking all of the functions of using the operational system (by the operators). The characteristics
of the operational system

”
Neutrino“ itself also make safety possible. As for the vulnerability of the

programming provision, it can be easily detected and neutralized as the programming key of the
SCADA-system is open.

Key words: SCADA, import substitution of software, QNX, Neutrino.
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Îïèñûâàåòñÿ àðõèòåêòóðà, ñõåìû âçàèìîäåéñòâèÿ êîìïîíåíò è èíñòðóìåíòàëüíîå ÿäðî
SCADA-ñèñòåìû íà ïëàòôîðìå îòå÷åñòâåííîé çàùèùåííîé îïåðàöèîííîé ñèñòåìû ðåàëüíî-
ãî âðåìåíè

”
Íåéòðèíî ÊÏÄÀ.10964-01“. Ïðîäóêò ÿâëÿåòñÿ ðåçóëüòàòîì ðàçâèòèÿ SCADA-

ñèñòåìû
”
Áëàêàðò“, ðàçðàáîòàííîé â ÈÂÒ ÑÎ ÐÀÍ è ðàáîòàâøåé â ñðåäå ÎÑ QNX 4.25.

Óêàçàííàÿ SCADA-ñèñòåìà ïîêàçàëà âûñîêèå ýêñïëóàòàöèîííûå êà÷åñòâà â äåñÿòêàõ ðåàëèçî-
âàííûõ ñèñòåì óïðàâëåíèÿ â ðàçëè÷íûõ îòðàñëÿõ ïðîìûøëåííîñòè, êàê ïðàâèëî, íà îïàñíûõ
ïðîèçâîäñòâàõ. Èñïîëüçîâàíèå ñåðòèôèöèðîâàííîé îòå÷åñòâåííîé îïåðàöèîííîé ñèñòåìû ÿâ-
ëÿåòñÿ íóæíûì øàãîì â íàïðàâëåíèè êèáåðóñòîé÷èâîñòè.

Êëþ÷åâûå ñëîâà: SCADA, èìïîðòîçàìåùåíèå ïðîãðàììíîãî îáåñïå÷åíèÿ, QNX, Íåéòðè-
íî.

Ïîñòàíîâêà çàäà÷è. Áåçîïàñíîñòü ñîâðåìåííîãî ïðîèçâîäñòâà íå â ïîñëåäíþþ î÷å-
ðåäü îáåñïå÷èâàåòñÿ íàäåæíîñòüþ ïðèìåíÿåìîé àâòîìàòèçèðîâàííîé ñèñòåìû óïðàâëåíèÿ
òåõíîëîãè÷åñêèìè ïðîöåññàìè (ÀÑÓÒÏ). Èñïîëüçîâàíèå õîðîøèõ àðõèòåêòóðíûõ ðåøå-
íèé è ðàçóìíî âûáðàííîé îïåðàöèîííîé ñðåäû ïîçâîëÿåò ñòðîèòü ÀÑÓÒÏ, îòâå÷àþùèå
ñàìûì âûñîêèì òðåáîâàíèÿì ïî íàäåæíîñòè. Íî â ïîñëåäíåå âðåìÿ âñå áîëüøóþ îñòðî-
òó ïðèîáðåòàåò âîïðîñ óñòîé÷èâîñòè èíôîðìàöèîííûõ ñèñòåì ê êèáåðâîçäåéñòâèÿì, êàê
ñëó÷àéíûì, òàê è íàìåðåííûì [1]. Íàìåðåííûå âîçäåéñòâèÿ ìîãóò áûòü äâóõ òèïîâ: ÷èñòî
âíåøíèå, ïðîíèêàþùèå â ñèñòåìó ïî èñïîëüçóåìûì êàíàëàì ñâÿçè, è âíóòðåííèå, ÷åðåç

”
çàêëàäêè“ â ïðîãðàììíî-àïïàðàòíûõ êîìïîíåíòàõ. Ïîñëåäñòâèÿ íåñàíêöèîíèðîâàííîãî
âìåøàòåëüñòâà â äåÿòåëüíîñòü ÀÑÓÒÏ ïîñðåäñòâîì êèáåðâîçäåéñòâèé ìîãóò áûòü î÷åíü
ðàçðóøèòåëüíûìè, ïðè÷åì â ðîëè çëîóìûøëåííèêà ìîæåò îêàçàòüñÿ êàê ôèçè÷åñêîå ëè-
öî, òàê è ñïåöèàëüíî ñîçäàííàÿ ñòðóêòóðà íåäðóæåñòâåííîãî ãîñóäàðñòâà [2].

Ïî äàííûì îáçîðà [3], íàèáîëåå ÷àñòî èñïîëüçóåìûå â Ðîññèè çàðóáåæíûå SCADA-
ñèñòåìû

”
STEP7“,

”
WinCC“,

”
InTouch“,

”
Genesys“, ïîìèìî ïðèâëåêàòåëüíûõ ôóíêöèî-

íàëüíûõ õàðàêòåðèñòèê, îáëàäàþò è íàáîðîì âûÿâëåííûõ óÿçâèìîñòåé. Òî æå ñàìîå îò-
íîñèòñÿ è ê øèðîêî èñïîëüçóåìûì â Ðîññèè çàðóáåæíûì îïåðàöèîííûì ñèñòåìàì (ÎÑ),
íàïðèìåð, îïåðàöèîííûì ñèñòåìàì ñåìåéñòâà

”
Windows Microsoft“.

Ñ ó÷åòîì ýòèõ îáñòîÿòåëüñòâ åäèíñòâåííî ðàçóìíûì ðåøåíèåì ÿâëÿåòñÿ ïîñòðîåíèå
îòå÷åñòâåííîé SCADA-ñèñòåìû íà ïëàòôîðìå îòå÷åñòâåííîé æå îïåðàöèîííîé ñèñòåìû,
ïðîøåäøåé ñåðòèôèêàöèþ íàäåæíîñòè. Â êà÷åñòâå òàêîé îïåðàöèîííîé ñèñòåìû öåëå-
ñîîáðàçíî èñïîëüçîâàòü Çàùèùåííóþ ñåòåâóþ îïåðàöèîííóþ ñèñòåìó ðåàëüíîãî âðåìåíè

”
Íåéòðèíî“ ÊÏÄÀ.10964-01, êîòîðóþ ðàçâèâàåò è ñîïðîâîæäàåò îòå÷åñòâåííàÿ êîìïàíèÿ
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ÎÎÎ
”
ÑÂÄ

”
Âñòðàèâàåìûå ñèñòåìû“, ãîðîä Ñ.-Ïåòåðáóðã [4]. Èñïîëüçîâàíèå îòå÷åñòâåí-

íîé ÎÑ îòâå÷àåò çàäà÷å èìïîðòîçàìåùåíèÿ ïðîãðàììíîãî îáåñïå÷åíèÿ, àêòóàëüíîñòü êî-
òîðîé âîçðàñòàåò ââèäó ãåîïîëèòè÷åñêèõ ðèñêîâ è íàðàñòàþùåãî äàâëåíèÿ ýêîíîìè÷åñêèõ
ñàíêöèé ñî ñòîðîíû íåäðóæåñòâåííûõ ãîñóäàðñòâ.

Îïåðàöèîííàÿ ñèñòåìà
”
Íåéòðèíî“ óäîâëåòâîðÿåò òðåáîâàíèÿì ê ñðåäñòâàì âû÷èñ-

ëèòåëüíîé òåõíèêè ïî 3 êëàññó çàùèòû èíôîðìàöèè îò íåñàíêöèîíèðîâàííîãî äîñòóïà
(ñèñòåìà ìàíäàòíîé çàùèòû), 2 óðîâíþ êîíòðîëÿ îòñóòñòâèÿ íåäåêëàðèðóåìûõ âîçìîæ-
íîñòåé, ÷òî ïîçâîëÿåò èñïîëüçîâàòü óêàçàííóþ îïåðàöèîííóþ ñèñòåìó â èíôîðìàöèîííûõ
è óïðàâëÿþùèõ ñèñòåìàõ êëàññà çàùèùåííîñòè äî 1Á âêëþ÷èòåëüíî. Â ÷èñëî êëþ÷åâûõ
îñîáåííîñòåé ýòîé îïåðàöèîííîé ñèñòåìû âõîäèò øèðîêèé íàáîð íàèáîëåå ïåðåäîâûõ ñî-
âðåìåííûõ êîìïüþòåðíûõ òåõíîëîãèé, îáåñïå÷èâàþùèõ íåîáõîäèìîå êà÷åñòâî ïðîäóêòà,
â òîì ÷èñëå è âîçìîæíîñòü îðãàíèçàöèè âû÷èñëèòåëüíûõ ïðîöåññîâ â ìíîãîÿäåðíîé ñðåäå.

Â êà÷åñòâå èñõîäíîé SCADA-ñèñòåìû áûëà âçÿòà îòå÷åñòâåííàÿ SCADA-ñèñòåìà ðå-
àëüíîãî âðåìåíè

”
Áëàêàðò“, ðàáîòàþùàÿ â ñðåäå îïåðàöèîííîé ñèñòåìû ðåàëüíîãî âðå-

ìåíè
”
QNX 4.25“. Óêàçàííàÿ SCADA-ñèñòåìà ðàçðàáîòàíà â ÈÂÒ ÑÎ ÐÀÍ è ðåàëèçîâà-

íà íà ðÿäå ãîðíî-øàõòíûõ ïðåäïðèÿòèé Êóçáàññà. Ïðàêòèêà ìíîãîëåòíåé ýêñïëóàòàöèè
SCADA-ñèñòåìû ïîêàçàëà åå èñêëþ÷èòåëüíóþ íàäåæíîñòü [5, 6]. Ñîçäàííûå íà îñíîâå
SCADA-ñèñòåìû

”
Áëàêàðò“ àâòîìàòèçèðîâàííûå ñèñòåìû óïðàâëåíèÿ îõâàòûâàþò óïðàâ-

ëåíèåì ðàçíîðîäíûå òåõíîëîãè÷åñêèå ïðîöåññû: íàçåìíîå è ïîäçåìíîå ýíåðãîñíàáæåíèå,
êîíòðîëü ïåðåìåùåíèÿ ïåðñîíàëà â øàõòàõ, óïðàâëåíèå ïðîòÿæåííûìè öåïî÷êàìè ëåíòî÷-
íûõ êîíâåéåðîâ, âîäîîòëèâ è ò. ï. Áûëè ïîëó÷åíû ñåðòèôèêàò ñîîòâåòñòâèÿ è ðàçðåøåíèå
íà ïðèìåíåíèå íà ïðåäïðèÿòèÿõ ãîðíîäîáûâàþùåé ïðîìûøëåííîñòè.

Àðõèòåêòóðà SCADA-ñèñòåìû. Âíîâü ðàçðàáîòàííàÿ SCADA-ñèñòåìà ðåàëèçîâàíà
êàê ðàñïðåäåëåííàÿ âû÷èñëèòåëüíàÿ òåõíîëîãè÷åñêàÿ ñåòü, êîòîðàÿ îäíîâðåìåííî ÿâëÿåò-
ñÿ è ëîêàëüíîé âû÷èñëèòåëüíîé ñåòüþ íà îñíîâå ñåòåâîãî ïðîòîêîëà

”
Qnet“ îïåðàöèîííîé

ñèñòåìû
”
Íåéòðèíî“.

Â îáùåì ñëó÷àå ïðîãðàììíîå îáåñïå÷åíèå SCADA-ñèñòåìû ïðåäñòàâëÿåò ñîáîé èåðàð-
õè÷åñêîå îáúåäèíåíèå äâóõ ïîäñèñòåì: ïîäñèñòåìû âåðõíåãî óðîâíÿ è ïîäñèñòåìû íèæíå-
ãî óðîâíÿ, êîòîðûå çàïóùåíû íà òåõ èëè èíûõ óçëàõ òåõíîëîãè÷åñêîé ñåòè. Ïðîãðàììíîå
îáåñïå÷åíèå êàæäîé ïîäñèñòåìû â ñîñòàâå SCADA-ñèñòåìû, â ñâîþ î÷åðåäü, ñîñòîèò èç
íåêîòîðîãî íàáîðà ïðîãðàììíûõ êîìïîíåíò, îôîðìëåííûõ â âèäå íåçàâèñèìûõ çàäà÷ èëè
ïðîöåññîâ.

Ïîäñèñòåìà âåðõíåãî óðîâíÿ, çàïóùåííàÿ íà êàêîì-ëèáî óçëå òåõíîëîãè÷åñêîé ñåòè,
ïîðîæäàåò àâòîìàòèçèðîâàííîå ðàáî÷åå ìåñòî (ÀÐÌ) îïåðàòîðà, âûïîëíÿåìîå â ãðàôè-
÷åñêîé îáîëî÷êå Fhoton. Ïîñêîëüêó îïåðàöèîííàÿ ñèñòåìà

”
Íåéòðèíî“ ÿâëÿåòñÿ ñåòåâîé,

òî ñîâåðøåííî áåçðàçëè÷íî, íà êàêèõ óçëàõ òåõíîëîãè÷åñêîé ñåòè çàïóùåíî ïðîãðàììíîå
îáåñïå÷åíèå òîãî èëè èíîãî óðîâíÿ.

Îáùàÿ ñõåìà SCADA-ñèñòåìû ïðåäñòàâëÿåò ñîáîé ñåòåâóþ àðõèòåêòóðó. Îíà èçîáðà-
æåíà íà ðèñ. 1 è îòîáðàæàåò ñõåìó âçàèìîäåéñòâèÿ âñåõ îñíîâíûõ êîìïîíåíò ñ óêàçàíèåì
íàïðàâëåíèé ìåæçàäà÷íûõ ïîòîêîâ äàííûõ. Ñòðåëêàìè òåìíîãî öâåòà óêàçàíû ïóòè ïåðå-
äà÷è ñèãíàëîâ óïðàâëåíèÿ, ñòðåëêàì ñâåòëîãî öâåòà ñîîòâåòñòâóþò íàïðàâëåíèÿ ïåðåäà÷è
ñèãíàëîâ ñîñòîÿíèÿ òåõíîëîãè÷åñêèõ îáúåêòîâ.

Â ïîäñèñòåìó âåðõíåãî óðîâíÿ âõîäÿò ñëåäóþùèå êîìïîíåíòû:
� ãðàôè÷åñêèé èíòåðôåéñà îïåðàòîðà

”
ÈÔ“;

� óïðàâëåíèå áàçîé äàííûõ
”
ÁÄ“;
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Ðèñ. 1. Îáùàÿ ñõåìà SCADA-ñèñòåìû

� çàäà÷à
”
IPserver“ îáìåíà äàííûìè ñî ñìåæíûìè ÀÑÓÒÏ, ðàáîòàþùèìè ïîä óïðàâ-

ëåíèåì äðóãèõ îïåðàöèîííûõ ñèñòåì;
� çàäà÷à ïåðåäà÷è êîìàíä óïðàâëåíèÿ â ïîäñèñòåìó íèæíåãî óðîâíÿ

”
ÎÏÓ“;

� çàäà÷à ïðèåìà äàííûõ èç ïîäñèñòåìû íèæíåãî óðîâíÿ
”
ÏÊÄ“;

� çàäà÷à ïåðåäà÷è äàííûõ â ïîäñèñòåìû âåðõíåãî óðîâíÿ íà äðóãèõ óçëàõ òåõíîëîãè-
÷åñêîé ñåòè

”
ÎÏÑ“;

� çàäà÷à ïðèåìà äàííûõ èç ïîäñèñòåì âåðõíåãî óðîâíÿ íà äðóãèõ óçëàõ òåõíîëîãè÷å-
ñêîé ñåòè

”
ÏÏÑ“.

Îñíîâíûå ôóíêöèè ãðàôè÷åñêîãî èíòåðôåéñà îïåðàòîðà âêëþ÷àþò â ñåáÿ îòîáðàæåíèå
íà ýêðàíå ìîíèòîðà ñîñòîÿíèÿ òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ ñ ïîìîùüþ âûáðàííîé ñè-
ñòåìû ãðàôè÷åñêèõ çíàêîâ è óäàëåííîå óïðàâëåíèå îáúåêòàìè òåõíîëîãè÷åñêîãî îáîðóäî-
âàíèÿ ïîäà÷åé êîìàíä óïðàâëåíèÿ îïåðàòîðîì, à òàêæå êîíòðîëü âõîäà/âûõîäà ïåðñîíàëà
â ñèñòåìó.

Îñíîâíîå íàçíà÷åíèå çàäà÷è óïðàâëåíèÿ áàçîé äàííûõ
”
ÁÄ“ � íàêîïëåíèå èíôîðìà-

öèè î ñîñòîÿíèè òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ, à òàêæå êîìàíä óïðàâëåíèÿ, ïðîòîêî-
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ëèðîâàíèå äåéñòâèé îïåðàòîðà è ïðåäîñòàâëåíèå ìàêñèìàëüíî âîçìîæíîãî ñîõðàíåíèÿ è
ñïåêòðà óñëóã ïî îáðàáîòêå è âèçóàëèçàöèè ñîõðàíåííîé â áàçå äàííûõ èíôîðìàöèè.

Áàçà äàííûõ ïðåäñòàâëÿåò ñîáîé íàáîð ôàéëîâ, ñîñòîÿùèõ èç çàïèñåé ñîáûòèé â èõ
õðîíîëîãè÷åñêîì ïîðÿäêå, ò. å. óïîðÿäî÷åííûõ ïî âðåìåíè èõ ïîñòóïëåíèÿ. Êàæäûé ôàéë
ñîäåðæèò çàïèñè ñîáûòèé, ïðîèçîøåäøèõ çà îäíè ñóòêè, íà÷èíàÿ ñ 0 ÷àñîâ. Ôàéë çàïèñåé
çà òåêóùèå ñóòêè íàçûâàåòñÿ îïåðàòèâíûì, îñòàëüíûå íàçûâàþòñÿ àðõèâíûìè ôàéëàìè.
Èìåíà ôàéëîâ áàçû äàííûõ îáðàçîâàíû èç ïðåôèêñîâ

”
sPIT“ äëÿ äèñêðåòíûõ ñèãíàëîâ,

”
iPIT“ äëÿ àíàëîãîâûõ ñèãíàëîâ,

”
ePIT“ äëÿ ñâîäîê ýíåðãîñíàáæåíèÿ è

”
mPIT“ äëÿ ñèã-

íàëîâ ñèñòåìû íàáëþäåíèÿ è îïîâåùåíèÿ ïåðñîíàëà è øåñòèçíà÷íîãî ïîðÿäêîâîãî íîìåðà
ôàéëà. Â êîíöå êàæäûõ ñóòîê òåêóùèé îïåðàòèâíûé ôàéë ïåðåõîäèò â àðõèâíûé ôàéë ñ
òåì æå èìåíåì è ñîçäàåòñÿ íîâûé îïåðàòèâíûé ôàéë ñ ïîðÿäêîâûì íîìåðîì, íà åäèíèöó
áîëüøèì. Äàëåå ïðîâåðÿåòñÿ îáùåå êîëè÷åñòâî àðõèâíûõ ôàéëîâ, è åñëè îíî ïðåâûøàåò
çàäàííîå, òî ôàéë ñ ìèíèìàëüíûì ñóùåñòâóþùèì íîìåðîì óäàëÿåòñÿ.

Êîìïîíåíòû
”
ÎÏÑ“,

”
ÎÏÓ“,

”
ÏÊÄ“,

”
ÏÏÑ“ ïîäñèñòåìû âåðõíåãî óðîâíÿ ÿâëÿþòñÿ

âñïîìîãàòåëüíûìè äåìïôåðíûìè çàäà÷àìè. Îñíîâíîå íàçíà÷åíèå äåìïôåðíûõ çàäà÷ �
ïðåäîòâðàùåíèå áëîêèðîâêè èíòåðôåéñà îïåðàòîðà è áàçû äàííûõ ïî îïåðàöèÿì ïðèå-
ìà/ïåðåäà÷è äàííûõ è ðàñïàðàëëåëèâàíèå ïîòîêîâ äàííûõ íà äðóãèå çàïóùåííûå ÀÐÌ
îïåðàòîðîâ. Ìåõàíèçì ðàñïàðàëëåëèâàíèÿ îáåñïå÷èâàåò çàäà÷à

”
ÎÏÑ“, êîòîðàÿ äëÿ êàæ-

äîãî ÀÐÌ îïåðàòîðà çàïóñêàåòñÿ ñòîëüêî ðàç, ñêîëüêî èìååòñÿ äîïîëíèòåëüíûõ óçëîâ
ÀÐÌ îïåðàòîðà. Êàæäàÿ çàïóùåííàÿ çàäà÷à

”
ÎÏÑ“ ïåðåäàåò ñîîáùåíèÿ ïðîòîêîëèðîâà-

íèÿ äåéñòâèé îïåðàòîðà íà çàäà÷ó
”
ÏÏÑ“ äðóãîãî çàäàííîãî óçëà òåõíîëîãè÷åñêîé ñåòè.

Êîëè÷åñòâî ïîäêëþ÷àåìûõ ÀÐÌ îïåðàòîðà îãðàíè÷åíî ëèøü ìàêñèìàëüíî äîïóñòèìûì
êîëè÷åñòâîì óçëîâ â òåõíîëîãè÷åñêîé ñåòè.

Êëèåíòñêèå ïðèëîæåíèÿ ÀÐÌ îïåðàòîðà ìîãóò áûòü äîñòóïíû è èç äðóãèõ îïåðàöè-
îííûõ ñèñòåì, íàïðèìåð, èç

”
Windows NT/2000/XP/7/8“ ñ ïîìîùüþ óòèëèòû

”
Phindows“

óäàëåííîãî äîñòóïà, ïðè ýòîì äëÿ êàæäîãî ïîëüçîâàòåëÿ â óêàçàííûõ îïåðàöèîííûõ ñè-
ñòåìàõ SCADA-ñèñòåìà îáåñïå÷èâàåò íåçàâèñèìûé ðàçäåëüíûé äîñòóï ê êëàâèàòóðå è ðó÷-
íîìó ìàíèïóëÿòîðó (ìûøè) äëÿ óïðàâëåíèÿ ÀÐÌ îïåðàòîðà.

Ïîäñèñòåìà íèæíåãî óðîâíÿ îáðàçîâàíà äðàéâåðàìè � ïðîãðàììàìè ñîïðÿæåíèÿ ñ
äàò÷èêàìè ñîñòîÿíèÿ è èñïîëíèòåëüíûìè ðåëå óïðàâëåíèÿ òåõíîëîãè÷åñêèìè îáúåêòà-
ìè. Ñþäà æå âõîäÿò è äðàéâåðû èíòåðôåéñà ñî ñìåæíûìè ÀÑÓÒÏ � ïîäñèñòåìàìè
äðóãèõ ïðîèçâîäèòåëåé, à òàêæå âñïîìîãàòåëüíûå äåìïôåðíûå çàäà÷è (

”
ÏðÓ“,

”
ÏÏÓ“,

”
ÎÏÄ“). Ãëàâíîå íàçíà÷åíèå äåìïôåðíûõ çàäà÷ � ïðåäîòâðàùåíèå áëîêèðîâêè äðàéâå-
ðîâ ïî îïåðàöèÿì ïðèåìà/ïåðåäà÷è äàííûõ è ðàñïàðàëëåëèâàíèå ïîòîêîâ äàííûõ íà ðàç-
ëè÷íûå óçëû ïîäñèñòåìû âåðõíåãî óðîâíÿ. Ìåõàíèçì ðàñïàðàëëåëèâàíèÿ îáåñïå÷èâàåò
çàäà÷à

”
ÎÏÄ“, êîòîðàÿ äëÿ êàæäîãî äðàéâåðà çàïóñêàåòñÿ ñòîëüêî ðàç, ñêîëüêî èìååòñÿ

óçëîâ ÀÐÌ îïåðàòîðà ïðèåìà äàííûõ, ïðè÷åì êàæäàÿ çàäà÷à
”
ÎÏÄ“ ïåðåäàåò ñèãíàëû

ñîñòîÿíèÿ òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ íà çàäà÷ó
”
ÏÊÄ“ îäíîãî çàäàííîãî óçëà òåõ-

íîëîãè÷åñêîé ñåòè.
Êðîìå ðàññìîòðåííûõ âûøå çàäà÷, â ñîñòàâ ïðîãðàììíîãî îáåñïå÷åíèÿ SCADA-

ñèñòåìû âêëþ÷åíû òàêæå çàäà÷è ñèíõðîíèçàöèè áàç äàííûõ, äèàãíîñòèêè ñîñòîÿíèÿ âñåõ
âû÷èñëèòåëüíûõ ìàøèí òåõíîëîãè÷åñêîé ñåòè, äèàãíîñòèêè ñîñòîÿíèÿ ïðîãðàììíîãî îáåñ-
ïå÷åíèÿ íà âñåõ óçëàõ òîé æå òåõíîëîãè÷åñêîé ñåòè è äèàãíîñòèêè ñîñòîÿíèÿ íåïîñðåä-
ñòâåííî ñàìîé ëîêàëüíîé âû÷èñëèòåëüíîé ñåòè. Âñÿ óêàçàííàÿ äèàãíîñòèêà âûâîäèòñÿ íà
ýêðàíû ìîíèòîðîâ âñåõ ÀÐÌ îïåðàòîðà è çàïèñûâàåòñÿ âî âñå áàçû äàííûõ.
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Â ïðîöåññå ïåðåâîäà SCADA-ñèñòåìû
”
Áëàêàðò“ íà ïëàòôîðìó îïåðàöèîííîé ñèñòåìû

”
Íåéòðèíî“ àðõèòåêòóðà SCADA-ñèñòåìû íå èçìåíèëèñü. Èçìåíèëñÿ òîëüêî ïðîãðàììíûé
êîä, â ÷àñòíîñòè, âñå îáðàùåíèÿ ê ðàçëè÷íûì ñèñòåìíûì áèáëèîòåêàì ïîäïðîãðàìì ñäå-
ëàíû â POSIX-ñîâìåñòèìîì ôîðìàòå. Ñîõðàíåíèå ñòðóêòóðû, îñíîâíûõ ñâîéñòâ è ôóíê-
öèîíàëüíûõ âîçìîæíîñòåé SCADA-ñèñòåìû â ïðîöåññå åå ïåðåâîäà â ñðåäó îïåðàöèîííîé
ñèñòåìû

”
Íåéòðèíî“ ïîçâîëèëî ñîõðàíèòü âñå äîñòîèíñòâà ïðåæíåãî ïðîäóêòà, ïîäòâåð-

æäåííûå ìíîãîëåòíåé ðàáîòîé â ðåàëèçîâàííûõ ñèñòåìàõ óïðàâëåíèÿ.
Îðãàíèçàöèÿ îáìåíà äàííûìè â SCADA-ñèñòåìå. Ïðè ïîñòðîåíèè âû÷èñëè-

òåëüíîé òåõíîëîãè÷åñêîé ñåòè SCADA-ñèñòåìû íåîáõîäèìî ñòðîãî ñëåäîâàòü ñëåäóþùå-
ìó ïðàâèëó: êàæäûé êîìïüþòåð, êîòîðûé ÿâëÿåòñÿ óçëîì òåõíîëîãè÷åñêîé ñåòè SCADA-
ñèñòåìû, äîëæåí èìåòü ñòðîãî ôèêñèðîâàííîå èìÿ â ôîðìàòå

”
NodeXXX“, ãäå äåñÿòè÷íîå

÷èñëî
”
XXX“ ÿâëÿåòñÿ íîìåðîì óçëà.

Îáìåí äàííûìè ìåæäó êîìïîíåíòàìè îäíîé ïîäñèñòåìû íà îäíîì è òîì æå óçëå òåõ-
íîëîãè÷åñêîé ñåòè îñóùåñòâëÿåòñÿ ÷åðåç ðàçäåëÿåìóþ îïåðàòèâíóþ ïàìÿòü ñ èñïîëüçî-
âàíèåì êîëüöåâûõ áóôåðîâ äàííûõ. Îáìåí äàííûìè ìåæäó êîìïîíåíòàìè ïîäñèñòåì íà
ðàçëè÷íûõ óçëàõ òåõíîëîãè÷åñêîé ñåòè îñóùåñòâëÿåòñÿ ÷åðåç ñåòåâûå POSIX-ñîâìåñòèìûå
âûçîâû

”
READ/WRITE“. Äëÿ îðãàíèçàöèè òàêîãî îáìåíà êàæäàÿ êîìïîíåíòà, êîòîðàÿ

ìîæåò ïðèíèìàòü äàííûå, îôîðìëÿåòñÿ â ïðîñòðàíñòâå ïóòåâûõ èìåí òåõíîëîãè÷åñêîé
ñåòè êàê àäìèíèñòðàòîð ðåñóðñîâ ñî ñòðîãî ôèêñèðîâàííûì èìåíåì, ïðèñâàèâàåìûì êîì-
ïîíåíòå àâòîìàòè÷åñêè ïîñëå åå çàïóñêà.

Äëÿ êîìïîíåíò ïîäñèñòåìû âåðõíåãî óðîâíÿ ýòî ôèêñèðîâàííîå èìÿ èìååò âèä

”
decodXXX“, ñîîòâåòñòâåííî äëÿ êîìïîíåíò ïîäñèñòåìû íèæíåãî óðîâíÿ ýòî èìÿ èìååò
âèä

”
recvXXX“, ãäå âûðàæåíèå

”
XXX“ ÿâëÿåòñÿ äåñÿòè÷íûì íîìåðîì óçëà, íà êîòîðîì çà-

ïóùåíà ïðîãðàììíàÿ êîìïîíåíòà. Ñëåäîâàòåëüíî, äëÿ îðãàíèçàöèè îáìåíà äàííûìè ìåæ-
äó êîìïîíåíòàìè SCADA-ñèñòåìû äîñòàòî÷íî óêàçàòü ñïèñêè óçëîâ òåõíîëîãè÷åñêîé ñåòè
ïðèåìà äàííûõ, êàê â êîìàíäíîé ñòðîêå çàïóñêà êîìïîíåíò ïîäñèñòåìû íèæíåãî óðîâíÿ,
òàê è â ïàíåëÿõ íàñòðîéêè ÀÐÌ îïåðàòîðîâ ïîäñèñòåìû âåðõíåãî óðîâíÿ.

Â SCADA-ñèñòåìå íå èñïîëüçóåòñÿ êîíòðîëü ñîñòîÿíèÿ òåõíîëîãè÷åñêèõ îáúåêòîâ ìå-
òîäîì îïðîñà

”
ñâåðõó“. Èíèöèàòîðàìè ïåðåäà÷è âñåãäà âûñòóïàþò ïîäñèñòåìû íèæíåãî

óðîâíÿ, êîòîðûå ïåðåäàþò äàííûå òîëüêî â ñëó÷àå èçìåíåíèÿ òåêóùåãî ñîñòîÿíèÿ êîíòðî-
ëèðóåìîãî îáîðóäîâàíèÿ. Äîïîëíèòåëüíî, äëÿ îáåñïå÷åíèÿ íàäåæíîãî êîíòðîëÿ òåêóùåãî
ñîñòîÿíèÿ êîíòðîëèðóåìîãî îáîðóäîâàíèÿ, ïîäñèñòåìû íèæíåãî óðîâíÿ ñ íåêîòîðûì, çà-
ðàíåå çàäàííûì èíòåðâàëîì âðåìåíè ïåðåäàþò òàêæå ïîëíóþ ñîâîêóïíîñòü âñåõ ñèãíàëîâ
ñîñòîÿíèÿ òåõíîëîãè÷åñêèõ îáúåêòîâ.

Ïîñêîëüêó ñåòåâîé ïðîòîêîë
”
Qnet“ îïåðàöèîííîé ñèñòåìû

”
Íåéòðèíî“ îáåñïå÷èâàåò

íàäåæíóþ è íåèñêàæåííóþ ïåðåäà÷ó ïàêåòîâ äàííûõ, òî â SCADA-ñèñòåìå íå èñïîëüçó-
þòñÿ ïàêåòû ïîäòâåðæäåíèÿ ïðèåìà äàííûõ. Èñêëþ÷åíèå äåëàåòñÿ òîëüêî äëÿ êîìàíä
óïðàâëåíèÿ, êîòîðûå âîçâðàùàþò ïàêåò ñ êîäîì ðåçóëüòàòà âûïîëíåíèÿ êîìàíäû óïðàâ-
ëåíèÿ.

Èñïîëüçóåìûå â SCADA-ñèñòåìå ñèñòåìû êîäèðîâàíèÿ ñèãíàëîâ ðàçëè÷íû äëÿ ïîäñè-
ñòåìû íèæíåãî óðîâíÿ è ïîäñèñòåìû âåðõíåãî óðîâíÿ. Êîäèðîâêà ñèãíàëîâ â ïîäñèñòåìå
íèæíåãî óðîâíÿ îòëè÷àåòñÿ áîëüøåé êîìïàêòíîñòüþ, ÷òî ïîçâîëÿåò ñóùåñòâåííî óëó÷-
øèòü ñåòåâîé òðàôèê, ò. å. óâåëè÷èòü ñêîðîñòü äîñòàâêè ïàêåòîâ äàííûõ â ïîäñèñòåìó
âåðõíåãî óðîâíÿ. Êîäèðîâêà ñèãíàëîâ â ïîäñèñòåìå âåðõíåãî óðîâíÿ íå ÿâëÿåòñÿ êîìïàêò-
íîé, íî çàòî î÷åíü õîðîøî ïðèñïîñîáëåíà ïîä îáúåêòíî-îðèåíòèðîâàííîå ïðîãðàììèðîâà-
íèå, áëàãîäàðÿ ÷åìó óäàåòñÿ ñóùåñòâåííî óìåíüøèòü âðåìåííûå èçäåðæêè íà îáðàáîòêó
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ïîñòóïàþùèõ äàííûõ. Äëÿ îáìåíà äàííûìè ìåæäó ïîäñèñòåìàìè âåðõíåãî è íèæíåãî
óðîâíåé èñïîëüçóåòñÿ êîäèðîâêà ïîäñèñòåìû íèæíåãî óðîâíÿ. Ïåðåêîäèðîâàíèå ñèãíàëîâ
â êîäèðîâêó ïîäñèñòåìû âåðõíåãî óðîâíÿ îñóùåñòâëÿåò ïðîãðàììà ïîäñèñòåìû âåðõíåãî
óðîâíÿ

”
ÏÊÄ“.

Ìåòîäû ðàçðàáîòêè êîíêðåòíîãî ïðîåêòà ÀÑÓÒÏ. Ðàçðàáîòêà èëè ìîäèôèêà-
öèÿ êîíêðåòíîãî ïðîåêòà ÀÑÓÒÏ ñâîäèòñÿ ê òðåì îñíîâíûì îïåðàöèÿì:

� ïîñòðîåíèå ãðàôè÷åñêîãî èíòåðôåéñà îïåðàòîðà ñ ïîìîùüþ ñèñòåìíîãî ïîñòðîèòåëÿ
ïðèëîæåíèé (ãðàôè÷åñêîãî ðåäàêòîðà)

”
Application Builder Photon“;

� ñîñòàâëåíèå íåêîòîðîãî íàáîðà òåêñòîâûõ êîíôèãóðàöèîííûõ ôàéëîâ ïîäñèñòåìû
âåðõíåãî óðîâíÿ;

� ñîñòàâëåíèå ñîîòâåòñòâóþùåãî íàáîðà òåêñòîâûõ êîíôèãóðàöèîííûõ ôàéëîâ ïîäñè-
ñòåìû íèæíåãî óðîâíÿ.

Çàäà÷à èíòåðôåéñà îïåðàòîðà
”
ÈÔ“ � åäèíñòâåííàÿ çàäà÷à ïîäñèñòåìû âåðõíåãî óðîâ-

íÿ, êîòîðàÿ ïîäëåæèò ìîäèôèêàöèè è íàñòðîéêå ïðè ðàçðàáîòêå êîíêðåòíîãî ïðîåêòà
ÀÑÓÒÏ. Ãðàôè÷åñêèé èíòåðôåéñ îïåðàòîðà ïðåäñòàâëÿåò ñîáîé íàáîð âèäåîêàäðîâ, êàæ-
äûé èç êîòîðûõ ÿâëÿåòñÿ ìíåìîñõåìîé íåêîòîðîé ÷àñòè òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ
èëè âñåãî òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ (ãëàâíûé âèäåîêàäð). Ãðàôè÷åñêèé èíòåðôåéñ
îïåðàòîðà òàêæå âêëþ÷àåò â ñåáÿ íàáîð ïàíåëåé ñîñòîÿíèÿ è óïðàâëåíèÿ òåõíîëîãè÷åñêèì
îáîðóäîâàíèåì.

Ãëàâíûé âèäåîêàäð ïîñòîÿííî íàõîäèòñÿ íà ýêðàíå ìîíèòîðà. Îñòàëüíûå âèäåîêàäðû
âûçûâàþòñÿ îïåðàòîðîì ïî ìåðå íåîáõîäèìîñòè, çàìåùàÿ äðóã äðóãà è íàêëàäûâàÿñü íà
ãëàâíûé âèäåîêàäð. Îñíîâíîå îòëè÷èå ïàíåëåé ñîñòîÿíèÿ è óïðàâëåíèÿ òåõíîëîãè÷åñêèì
îáîðóäîâàíèåì îò âèäåîêàäðîâ çàêëþ÷àåòñÿ â òîì, ÷òî íà ïàíåëÿõ îòîáðàæàåòñÿ ñîñòî-
ÿíèå òîëüêî îäíîãî òåõíîëîãè÷åñêîãî îáúåêòà, è îíè âûçûâàþòñÿ íà ýêðàí ìîíèòîðà â
ëþáîì êîëè÷åñòâå è íåçàâèñèìî äðóã îò äðóãà. Íèêàêèõ îãðàíè÷åíèé íà îáùåå êîëè÷å-
ñòâî âèäåîêàäðîâ è ïàíåëåé ñîñòîÿíèÿ è óïðàâëåíèÿ è íà ðàñïðåäåëåíèå òåõíîëîãè÷åñêîãî
îáîðóäîâàíèÿ ïî âèäåîêàäðàì íå ñóùåñòâóåò. Åäèíñòâåííîå óñëîâèå � ãëàâíûé âèäåîêàäð
äîëæåí áûòü â îáÿçàòåëüíîì ïîðÿäêå è òîëüêî îäèí.

Ñèñòåìà óïðàâëåíèÿ áàçîé äàííûõ (ÑÓÁÄ) òàêæå ðåàëèçîâàíà â âèäå íåêîòîðîãî ïîä-
ìíîæåñòâà âèäåîêàäðîâ è ïàíåëåé ãðàôè÷åñêîãî èíòåðôåéñà îïåðàòîðà, íî ýòè ãðàôè÷å-
ñêèå îáúåêòû ïðè ðàçðàáîòêå êîíêðåòíîãî ïðîåêòà ÀÑÓÒÏ ìîäèôèêàöèè íå ïîäëåæàò.

Âñå ãðàôè÷åñêèå îáúåêòû â ïîñòðîèòåëå ïðèëîæåíèé
”
Application Builder Photon“, à

ê íèì îòíîñÿòñÿ êàê âèäåîêàäðû è ïàíåëè, òàê è ñîâîêóïíîñòü ãðàôè÷åñêèõ çíàêîâ íà
âèäåîêàäðàõ è ïàíåëÿõ, èìåþò èìåíà (òåãè) è îïðåäåëåííûå íàáîðû ñâîéñòâ, êîòîðûå
ìîæíî óâèäåòü â èíñïåêòîðå îáúåêòîâ ïîñòðîèòåëÿ ïðèëîæåíèé. Ãðàôè÷åñêèå çíàêè íà
âèäåîêàäðàõ è ïàíåëÿõ äåëÿòñÿ íà äâå êàòåãîðèè: çíàêè, ïðèìåíÿåìûå äëÿ îôîðìëåíèÿ,
è çíàêè, êîòîðûå èñïîëüçóþòñÿ äëÿ îòîáðàæåíèÿ ñîñòîÿíèÿ òåõíîëîãè÷åñêîãî îáîðóäî-
âàíèÿ (àêòèâíûå ãðàôè÷åñêèå çíàêè). Çíàêè, èñïîëüçóåìûå äëÿ îôîðìëåíèÿ, ÿâëÿþòñÿ
áåçûìÿííûìè, ò. å. èìåþò íåêîòîðûé ñòàíäàðòíûé äëÿ ïîñòðîèòåëÿ ïðèëîæåíèé òåã. Òåã
àêòèâíîãî ãðàôè÷åñêîãî çíàêà ìîæíî âûáèðàòü ñîâåðøåííî ïðîèçâîëüíî, íî åñëè òåã ãðà-
ôè÷åñêîãî çíàêà ñîâïàäàåò ñ êîäîì ñèãíàëà â êîäèðîâêå ïîäñèñòåìû âåðõíåãî óðîâíÿ,
ñîñòîÿíèå êîòîðîãî îí îòîáðàæàåò, òî äëÿ ýòîãî çíàêà ïðåäîñòàâëÿåòñÿ äîïîëíèòåëüíàÿ
èíôîðìàöèÿ, íàïðèìåð, ãðàôèê ñóòî÷íîãî èçìåíåíèÿ ñèãíàëà.

Âî âíîâü ðàçðàáîòàííîé SCADA-ñèñòåìå âñÿ ñîâîêóïíîñòü ñèãíàëîâ ñîñòîÿíèÿ è óïðàâ-
ëåíèÿ ðàçáèâàåòñÿ ïî òåõíîëîãè÷åñêèì îáúåêòàì, êàæäûé èç êîòîðûõ îáëàäàåò îïðåäå-
ëåííûì íàáîðîì ñèãíàëîâ ñîñòîÿíèÿ òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ è óïðàâëåíèÿ òåõíî-
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ëîãè÷åñêèì îáîðóäîâàíèåì. Â êà÷åñòâå òàêèõ òåõíîëîãè÷åñêèõ îáúåêòîâ ìîãóò âûñòóïàòü,
íàïðèìåð, ðàçëè÷íûå äâèãàòåëè ïðèâîäà, êîíâåéåðû, íàñîñû âîäîîòëèâà, ÿ÷åéêè ýíåðãî-
ñíàáæåíèÿ è ò. ï.

Â êîíôèãóðàöèîííûõ ôàéëàõ ïîäñèñòåìû âåðõíåãî óðîâíÿ óêàçûâàåòñÿ îáùèé ñïèñîê
âñåõ òåõíîëîãè÷åñêèõ îáúåêòîâ ñ óêàçàíèåì èõ êîäà â ïîäñèñòåìå âåðõíåãî óðîâíÿ, ïðèâî-
äÿòñÿ òàáëèöû ñèãíàëîâ ñîñòîÿíèÿ è óïðàâëåíèÿ ïî êàæäîìó òåõíîëîãè÷åñêîìó îáúåêòó è
îïðåäåëÿþòñÿ ìåòîäû îòîáðàæåíèÿ ñèãíàëîâ ñîñòîÿíèÿ ïî êàæäîìó âèäåîêàäðó è êàæäîé
ïàíåëè ãðàôè÷åñêîãî èíòåðôåéñà îïåðàòîðà. Êîäèðîâêà ñèãíàëîâ â ïîäñèñòåìå âåðõíåãî
óðîâíÿ ñîñòîèò èç êîäà òåõíîëîãè÷åñêîãî îáúåêòà, êîòîðîìó ïðèíàäëåæèò ñèãíàë, ñ äî-
áàâëåíèå ñèìâîëà, îïðåäåëÿþùåãî òèï ñèãíàëà, è äîáàâëåíèåì äåñÿòè÷íîãî ïîðÿäêîâîãî
íîìåðà ñèãíàëà ïî òàáëèöå ñîîòâåòñòâóþùåãî òèïà ñèãíàëîâ.

Òåêñòîâûå êîíôèãóðàöèîííûå ôàéëû ïîäñèñòåìû íèæíåãî óðîâíÿ îïðåäåëÿþò ïîñëå-
äîâàòåëüíîñòü ðàñêëþ÷åíèÿ äàò÷èêîâ ïî ñèñòåìàì ñîïðÿæåíèÿ ñ òåõíîëîãè÷åñêèì îáîðó-
äîâàíèåì è, äîïîëíèòåëüíî, çàäàþò êîäèðîâêó äàííûõ ñîñòîÿíèÿ è óïðàâëåíèÿ â êîäàõ
ïîäñèñòåìû âåðõíåãî óðîâíÿ. Äëÿ êîäèðîâàíèÿ ñèãíàëîâ ñîñòîÿíèÿ è óïðàâëåíèÿ â ïîä-
ñèñòåìå íèæíåãî óðîâíÿ èñïîëüçóþòñÿ êîìáèíàöèè èç ïÿòè öåëûõ ÷èñåë: íîìåð óçëà òåõ-
íîëîãè÷åñêîé ñåòè, íîìåð ïîðòà íà óçëå, íîìåð êàíàëà íà óçëå, òèï ñèãíàëà è ïîðÿäêîâûé
íîìåð ñèãíàëà ïî êîíôèãóðàöèîííûì ôàéëàì ïîäñèñòåìû íèæíåãî óðîâíÿ.

Ñåòåâàÿ êîíôèãóðàöèÿ òåõíîëîãè÷åñêîé ñåòè è ðàñïðåäåëåíèå ïðîãðàììíîãî îáåñïå-
÷åíèÿ ÀÑÓÒÏ ïî óçëàì çàäàþòñÿ ñîîòâåòñòâóþùèìè òåêñòîâûìè êîíôèãóðàöèîííûìè
ôàéëàìè. Ñïèñêè è ôîðìàòû ðàçëè÷íûõ ñâîäîê ñîñòîÿíèÿ îáúåêòîâ òåõíîëîãè÷åñêîãî îáî-
ðóäîâàíèÿ òàêæå îïðåäåëÿþòñÿ ñâîèìè òåêñòîâûìè êîíôèãóðàöèîííûìè ôàéëàìè ñâîäîê.

Îñíîâíûå îñîáåííîñòè SCADA-ñèñòåìû. Âñå ÀÐÌ îïåðàòîðà ÿâëÿþòñÿ àáñîëþò-
íî ðàâíîïðàâíûìè ïî îïåðàöèÿì îòîáðàæåíèÿ ñîñòîÿíèÿ êîíòðîëèðóåìîãî òåõíîëîãè÷å-
ñêîãî îáîðóäîâàíèÿ è óïðàâëåíèÿ òåõíîëîãè÷åñêèì îáîðóäîâàíèåì. Êàæäûé ÀÐÌ îïå-
ðàòîðà îáëàäàåò ñîáñòâåííîé ëîêàëüíîé àðõèâíîé áàçîé äàííûõ, ñèíõðîíèçèðîâàííîé ñ
ïðî÷èìè áàçàìè äàííûõ. Îòñóòñòâèå â òåõíîëîãè÷åñêîé ñåòè âûäåëåííîãî ñåðâåðà äàííûõ
(ñåðâåðà ïðèëîæåíèé) ÿâëÿåòñÿ ïåðâîé ãëàâíîé îñîáåííîñòüþ ïðîãðàììíîãî îáåñïå÷åíèÿ
SCADA-ñèñòåìû. Ïîäîáíûé ïîäõîä ðåàëèçóåò ìíîãîêðàòíîå ãîðÿ÷åå ðåçåðâèðîâàíèå â ñè-
ñòåìàõ àâòîìàòèçèðîâàííîãî óïðàâëåíèÿ è, òåì ñàìûì, âî-ïåðâûõ, ñóùåñòâåííî óâåëè÷è-
âàåò íàäåæíîñòü àâòîìàòèçàöèè óïðàâëåíèÿ òåõíîëîãè÷åñêèìè ïðîöåññàìè, à âî-âòîðûõ,
ñóùåñòâåííî óïðîùàåò ïðîöåññ ìîäèôèêàöèè è íàñòðîéêè ïðîãðàììíîãî îáåñïå÷åíèÿ.

Ðàññìàòðèâàåìàÿ SCADA-ñèñòåìà ñïðîåêòèðîâàíà è ðàçðàáîòàíà êàê SCADA-ñèñòåìà
ðåàëüíîãî âðåìåíè è ïðåäíàçíà÷åíà äëÿ àâòîìàòèçàöèè òåõíîëîãè÷åñêèõ ïðîöåññîâ, íà-
êëàäûâàþùèõ æåñòêèå òðåáîâàíèÿ íà âðåìÿ ðåàêöèè ñèñòåìû óïðàâëåíèÿ íà òî èëè èíîå
ñîáûòèå. Ñóùåñòâóåò âåðõíÿÿ îöåíêà âðåìåíè ðåàêöèè SCADA-ñèñòåìû íà ëþáîå îäè-
íî÷íîå ñîáûòèå, è îíà èçìåðÿåòñÿ äåñÿòêàìè ìèëëèñåêóíä. Ãàðàíòèðîâàííîå ìàëîå âðåìÿ
ðåàêöèè íà ëþáîå îäèíî÷íîå ñîáûòèå ÿâëÿåòñÿ âòîðîé îñíîâíîé îñîáåííîñòüþ SCADA-
ñèñòåìû.

Íàñòðîéêà ïðîãðàììíîãî îáåñïå÷åíèÿ SCADA-ñèñòåìû íà êîíêðåòíûé ñîñòàâ è êîí-
ôèãóðàöèþ àâòîìàòèçèðóåìîãî òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ, à òàêæå ìåòîäû îòîáðà-
æåíèÿ ñîñòîÿíèÿ òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ íà ãðàôè÷åñêîì èíòåðôåéñå îïåðàòîðà
çàäàþòñÿ òåêñòîâûìè êîíôèãóðàöèîííûìè ôàéëàìè ïîäñèñòåì âåðõíåãî è íèæíåãî óðîâ-
íåé. Íåïîñðåäñòâåííî ñàì ãðàôè÷åñêèé èíòåðôåéñ îïåðàòîðà ðàçðàáàòûâàåòñÿ ñ ïîìîùüþ
ñèñòåìíîãî ïîñòðîèòåëÿ ïðèëîæåíèé

”
Application Builder Fhoton“, ÷òî ïðåäïîëàãàåò ïå-

ðåäà÷ó çàêàç÷èêàì íå òîëüêî èñïîëíÿåìûõ ìîäóëåé SCADA-ñèñòåìû ïîäñèñòåìû íèæíå-
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ãî óðîâíÿ, íî è ïåðåäà÷ó ïî êðàéíåé ìåðå âñåé ñîâîêóïíîñòè îáúåêòíûõ ìîäóëåé ïðî-
ãðàììíîãî îáåñïå÷åíèÿ ïîäñèñòåìû âåðõíåãî óðîâíÿ. Îäíàæäû óñòàíîâëåííîå ïðîãðàìì-
íîå îáåñïå÷åíèå SCADA-ñèñòåìû ìîæåò áûòü äàëåå ñâîáîäíî ñêîïèðîâàíî íà ëþáîé íî-
ñèòåëü èíôîðìàöèè. Òàêèì îáðàçîì, ïðîãðàììíîå îáåñïå÷åíèå SCADA-ñèñòåìû ÿâëÿåòñÿ
îòêðûòûì. È ýòî îáñòîÿòåëüñòâî ÿâëÿåòñÿ òðåòüåé îñíîâíîé îñîáåííîñòüþ ïðîãðàììíîãî
îáåñïå÷åíèÿ SCADA-ñèñòåìû, è ýòî æå îáñòîÿòåëüñòâî ñóùåñòâåííî óñëîæíÿåò ïðîáëåìó
çàùèòû ïðîãðàììíîãî îáåñïå÷åíèÿ îò íåñàíêöèîíèðîâàííîãî èñïîëüçîâàíèÿ ïðîãðàììíî-
àïïàðàòíûìè ñðåäñòâàìè. Äëÿ ðåøåíèÿ óêàçàííîé ïðîáëåìû ïðåäïî÷òèòåëüíåå ïîëüçî-
âàòüñÿ ïðàâîâûìè ìåòîäàìè, êàê ýòî ïðèíÿòî â áîëüøèíñòâå ñòðàí Çàïàäà.

Çàêëþ÷åíèå. Çàùèòà òåõíîëîãè÷åñêîé ñåòè ÀÑÓÒÏ îò êèáåðàòàê äîñòèãàåòñÿ,
êàê îáû÷íî, æåñòêèì êîíòðîëåì äîñòóïà îïåðàòîðîâ ê óïðàâëåíèþ ïî êàòåãîðèÿì,
áëîêèðîâàíèåì âñåõ ôóíêöèé îáðàùåíèÿ ê îïåðàöèîííîé ñèñòåìå ñî ñòîðîíû îïåðàòîðîâ,
à òàêæå ñâîéñòâàìè ñàìîé îïåðàöèîííîé ñèñòåìû

”
Íåéòðèíî“ è ôèçè÷åñêîé ðàçâÿçêîé

òåõíîëîãè÷åñêîé è àäìèíèñòðàòèâíîé âû÷èñëèòåëüíûõ ñåòåé ïðåäïðèÿòèé. Ïðè íåîáõîäè-
ìîñòè äîñòóï èç òåõíîëîãè÷åñêîé ñåòè â àäìèíèñòðàòèâíóþ ñåòü îñóùåñòâëÿåòñÿ òîëüêî
÷åðåç äîïîëíèòåëüíûå ñåòåâûå àäàïòåðû ñ êîíòðîëåì èñïîëüçóåìûõ ñåðâèñîâ ñòåêà
ïðîòîêîëîâ TCP/IP. Âîçìîæíûå óÿçâèìîñòè ïðîãðàììíîãî îáåñïå÷åíèÿ SCADA-ñèñòåìû
ìîãóò áûòü äîñòàòî÷íî ëåãêî íàéäåíû è íåéòðàëèçîâàíû, ïîñêîëüêó ïðîãðàììíûé êîä
SCADA-ñèñòåìû ÿâëÿåòñÿ îòêðûòûì.
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GOOPHI: A NEW CODE FOR NUMERICAL MODELING OF
ASTROPHYSICAL FLOWS ON INTEL XEON PHI

SUPERCOMPUTERS

I.M. Kulikov, I. G. Chernykh

Institute of Computational Mathematics and Mathematical Geophysics SB RAS,
630090, Novosibirsk, Russia

In this paper, a new hydrodynamics code called gooPhi to simulate astrophysical �ows on
modern Intel Xeon Phi processors with KNL architecture is presented. In this paper, an astrophysical
phenomenon a “jelly�sh“ galaxy formation was considered. It is known, that the main scenarios of
formation these objects are based on the ram-pressure mechanism of intergalactic gas or based on the
galactic wind by means active galaxy nuclei. However, the ram-pressure mechanism can be obtained as
a result of collision of galaxies with di�erent masses. This scenario was investigated in the present work
using the developed code. A new vector numerical method implemented in the form of a program code
for massively parallel architectures is proposed. For the numerical solution of hydrodynamic equations,
the modi�cation of the original numerical method based on a combination of the operator splitting
method, Godunov method and HLL solver was used. This method combines all advantages of the above
methods and has a high degree of parallelism. In the base of parallel implementation is a multi-level
decomposition of computing. At the �rst level, geometric decomposition of the computational domain
by means MPI library was used. At the second level, there is a decomposition of computing between
the Intel Xeon Phi accelerator threads by means OpenMP library. In everyone thread, vectorization of
computing is carried out by means of AVX512. It should be noted, that the construction of the numerical
method allows all kinds of decomposition. The results of the veri�cation of numerical method on three
tests of Godunov and on the Sedov blast wave test are presented. The purpose of the �rst test is the
correctness of the contact discontinuity description. Most methods for solving hydrodynamics equations
yield either oscillation or di�usion of shock waves. The author's method gives the di�usion of the shock
wave, while at the same time correctly reproduces the location of the shock wave, contact discontinuity
and the waveform of the rarefaction wave. In the second test, a gas with the same thermodynamic
parameters expands in di�erent directions, forming a rari�ed region in the center. The test reveals an
ability to physically believable simulate such a situation. It is known from the literature that many
methods give an erroneous (unphysical) temperature jump in the region of strong rarefaction, and as
a result, the resulting solution is distorted. The author's method successfully simulates the rarefaction
region. The main idea of the third test is to check the stability of the numerical method. A big pressure
drop (5 decimal orders) should reveal the ability of the method to stably model strong perturbations
with the emergence of rapidly propagating shock waves. The author's method successfully simulates
a strong wave. Sedov blast wave test is a standard test that veri�es the ability of a method and its
realization to reproduce strong shock waves with large Mach numbers. The author's numerical method
reproduces quite well the position of the shock wave, as well as the density pro�le. A detailed description
is given, and a parallel implementation of the code is made. A performance of 173 giga�ops and 48
speedup are obtained on a single Intel Xeon Phi processor. A 97 per cent scalability is reached with
16 processors. In this paper, we considered the scenario of the formation of galaxies like a “jelly�sh“
on the basis of the collision of two dwarf galaxies dSph, which di�er by an order in mass. We also
considered the chemical processes taking place in the tail of galaxies by means of the complete system
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of chemical reactions and a shortened version that allow construct an analytical solution. It is worth
noting that the asymptotics of these solutions has one nature. Behind the front of a massive galaxy, a
tail is formed, in which the development of the Kelvin-Helmholtz instability develops an analog of the
turbulent �ow, due to which the tail is fragmented into tentacles observed in the “jelly�sh“ galaxies.
For characteristic temperature values, as well as the characteristic concentration of atomic neutral
hydrogen in tentacles, the behavior of the concentration of various forms of hydrogen was modeled by
means of the ChemPAK code, which in its overwhelming part was ionized and the molecular one was
several thousandths percent. It is obvious that the process of formation of molecular hydrogen plays a
smaller role than the processes leading to the ionization of hydrogen. In this connection, an analytic
solution of the ionization process is of main interest.

Key words: Numerical modeling, computational astrophysics, Intel Xeon Phi.
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GOOPHI: ÍÎÂÛÉ ÊÎÄ ÄËß ÌÎÄÅËÈÐÎÂÀÍÈß
ÀÑÒÐÎÔÈÇÈ×ÅÑÊÈÕ ÒÅ×ÅÍÈÉ ÍÀ ÑÓÏÅÐÝÂÌ,

ÎÑÍÀÙÅÍÍÛÕ ÓÑÊÎÐÈÒÅËßÌÈ INTEL XEON PHI

È.Ì. Êóëèêîâ, È. Ã. ×åðíûõ

Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ,
630090, Íîâîñèáèðñê, Ðîññèÿ

ÓÄÊ 519.6, 524.3

Â ñòàòüå èçëîæåí íîâûé ãèäðîäíàìè÷åñêèé êîä gooPhi äëÿ ìîäåëèðîâàíèÿ àñòðîôèçè÷åñêèõ
òå÷åíèé ñ èñïîëüçîâàíèåì íîâåéøèõ óñêîðèòåëåé Intel Xeon Phi ñ àðõèòåêòóðîé KNL. Â ðàì-
êàõ ñòàòüè ìû ðàññìîòðèì àñòðîôèçè÷åñêîå ÿâëåíèå: ãàëàêòèêó òèïà ìåäóçà. Èçâåñòíî, ÷òî
îñíîâíûå ñöåíàðèè îáðàçîâàíèÿ òàêèõ îáúåêòîâ îñíîâàíû íà ìåõàíèçìå íàáåãàþùåãî äàâëåíèÿ
ìåæãàëàêòè÷åñêîãî ãàçà èëè ãàëàêòè÷åñêîãî âåòðà, ñîçäàâàåìîãî àêòèâíûì ÿäðîì ãàëàêòèêè.
Îäíàêî, ìåõàíèçì íàáåãàþùåãî äàâëåíèÿ ìîæåò áûòü ïîëó÷åí â ðåçóëüòàòå ñòîëêíîâåíèÿ ãà-
ëàêòèê ðàçëè÷íîé ìàññû. Òàêîé ñöåíàðèé è áûë èññëåäîâàí â íàñòîÿùåé ðàáîòå ñ ïîìîùüþ
ðàçðàáîòàííîãî êîäà. Ïîäðîáíî îïèñàí íîâûé âåêòîðíûé ÷èñëåííûé ìåòîä, ðåàëèçîâàííûé â
âèäå ïðîãðàììíîãî êîäà äëÿ ìàññèâíî-ïàðàëëåëüíûõ àðõèòåêòóð. Äëÿ ðåøåíèÿ ãèäðîäèíàìè-
÷åñêèõ óðàâíåíèé èñïîëüçóåòñÿ ìîäèôèêàöèÿ îðèãèíàëüíîãî ÷èñëåííîãî ìåòîäà, îñíîâàííîãî
íà êîìáèíàöèè ìåòîäà ðàçäåëåíèÿ îïåðàòîðîâ, ìåòîäà Ãîäóíîâà è HLL ñõåìû. Òàêîé ìåòîä
îáúåäèíÿåò âñå äîñòîèíñòâà ïåðå÷èñëåííûõ ìåòîäîâ è îáëàäàåò âûñîêîé ñòåïåíüþ ïàðàëëåëè-
çàöèè. Â îñíîâå ïàðàëëåëüíîé ðåàëèçàöèè ëåæèò ìíîãîóðîâíåâàÿ äåêîìïîçèöèÿ âû÷èñëåíèé.
Íà ïåðâîì óðîâíå èñïîëüçóåòñÿ ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ ðàñ÷åòíîé îáëàñòè ñ ïîìîùüþ
áèáëèîòåêè MPI. Íà âòîðîì óðîâíå ïðîèñõîäèò äåêîìïîçèöèÿ âû÷èñëåíèé ìåæäó ïîòîêàìè
óñêîðèòåëÿ Intel Xeon Phi ñ ïîìîùüþ áèáëèîòåêè OpenMP. Â ðàìêàõ êàæäîãî ïîòîêà ïðîèñõî-
äèò âåêòîðèçàöèÿ âû÷èñëåíèé ñðåäñòâàìè AVX512. Ñòîèò îòìåòèòü, ÷òî êîíñòðóêöèÿ ÷èñëåí-
íîãî ìåòîäà äîïóñêàåò âñå âèäû äåêîìïîçèöèè âû÷èñëåíèé. Ïðèâåäåíû ðåçóëüòàòû âåðèôèêà-
öèè ÷èñëåííîãî ìåòîäà íà òðåõ òåñòàõ Ãîäóíîâà è íà çàäà÷å Ñåäîâà î òî÷å÷íîì âçðûâå. Öåëüþ
ïåðâîãî òåñòà ÿâëÿåòñÿ îïðåäåëåíèå ïðàâèëüíîñòè îïèñàíèÿ êîíòàêòíîãî ðàçðûâà. Áîëüøèí-
ñòâî ìåòîäîâ ðåøåíèÿ ãàçîäèíàìè÷åñêèõ óðàâíåíèé äàåò ëèáî îñöèëëÿöèþ, ëèáî äèôôóçèþ
(“ðàçìàçûâàíèå“ óäàðíûõ âîëí). Àâòîðñêèé ìåòîä äàåò ðàçìàçûâàíèå óäàðíîé âîëíû, â òî
æå âðåìÿ êîððåêòíî âîñïðîèçâîäèò ìåñòîïîëîæåíèå óäàðíîé âîëíû, êîíòàêòíîãî ðàçðûâà è
ôîðìû âîëíû ðàçðåæåíèÿ. Â õîäå âòîðîãî òåñòà, ãàç ñ îäèíàêîâûìè òåðìîäèíàìè÷åñêèìè
ïàðàìåòðàìè ðàçëåòàåòñÿ â ðàçíûå ñòîðîíû, îáðàçóÿ â öåíòðå ñóùåñòâåííóþ îáëàñòü ðàçðåæå-
íèÿ. Òåñò âûÿâëÿåò ñïîñîáíîñòü ôèçè÷åñêè ïðàâäîïîäîáíî ìîäåëèðîâàòü òàêóþ ñèòóàöèþ. Èç
ëèòåðàòóðû èçâåñòíî, ÷òî ìíîãèå ìåòîäû äàþò îøèáî÷íûé (íåôèçè÷åñêèé) ðîñò òåìïåðàòóðû
â îáëàñòè ñèëüíîãî ðàçðåæåíèÿ, è, êàê ñëåäñòâèå, ïîëó÷àåìîå ðåøåíèå èñêàæàåòñÿ. Àâòîðñêèé
ìåòîä óñïåøíî ìîäåëèðóåò îáëàñòü ðàçðåæåíèÿ.

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîññèéñêîãî íàó÷íîãî ôîíäà (ïðîåêò 18�11-00044), ïîñòðîåíèå
àíàëèòè÷åñêèõ ðåøåíèé âûïîëíåíî â ðàìêàõ áþäæåòíîé òåìàòèêè ÈÂÌèÌÃ ÑÎ ÐÀÍ 0315�2016-0009.
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Îñíîâíàÿ çàäà÷à òðåòüåãî òåñòà � ïðîâåðêà óñòîé÷èâîñòè ÷èñëåííîãî ìåòîäà. Îãðîìíûé ïåðå-
ïàä äàâëåíèÿ (5 äåñÿòè÷íûõ ïîðÿäêîâ) äîëæåí âûÿâèòü ñïîñîáíîñòü ìåòîäà óñòîé÷èâî ìîäå-
ëèðîâàòü ñèëüíûå âîçìóùåíèÿ ñ âîçíèêíîâåíèåì áûñòðî ðàñïðîñòðàíÿþùèõñÿ óäàðíûõ âîëí.
Àâòîðñêèé ìåòîä óñïåøíî ìîäåëèðóåò ñèëüíûé ðàçðûâ. Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå
ÿâëÿåòñÿ ñòàíäàðòíûì òåñòîì, ïðîâåðÿþùèì ñïîñîáíîñòü ìåòîäà è åãî ðåàëèçàöèè âîñïðî-
èçâîäèòü ñèëüíûå óäàðíûå âîëíû ñ áîëüøèìè ÷èñëàìè Ìàõà. Àâòîðñêèé ÷èñëåííûé ìåòîä
äîñòàòî÷íî õîðîøî âîñïðîèçâîäèò ïîëîæåíèå óäàðíîé âîëíû, à òàêæå ïðîôèëü ïëîòíîñòè.
Ïîäðîáíî îïèñàíû äåòàëè è èññëåäîâàíèå ïàðàëëåëüíîé ðåàëèçàöèè êîäà. Â ðàìêàõ îäíîãî
Intel Xeon Phi ïîëó÷åíà ïðîèçâîäèòåëüíîñòü 173 ÃèãàÔëîïñ è 48-êðàòíîå óñêîðåíèå, ïðè èñ-
ïîëüçîâàíèè 16 óñêîðèòåëåé ïîëó÷åíà 97-ïðîöåíòíàÿ ìàñøòàáèðóåìîñòü. Â ðàáîòå ìû ðàññìîò-
ðåëè ñöåíàðèé îáðàçîâàíèÿ ãàëàêòèê òèïà ìåäóçà íà îñíîâå ñòîëêíîâåíèÿ äâóõ êàðëèêîâûõ
ãàëàêòèê dSph, îòëè÷àþùèõñÿ íà ïîðÿäîê ïî ìàññå. Òàêæå ìû ðàññìîòðåëè õèìè÷åñêèå ïðî-
öåññû, ïðîèñõîäÿùèå â õâîñòå ãàëàêòèê ñ ïîìîùüþ ïîëíîé ñèñòåìû õèìè÷åñêèõ ðåàêöèé, è
ñîêðàùåííûé âàðèàíò, äîïóñêàþùèå àíàëèòè÷åñêîå ðåøåíèå. Ñòîèò îòìåòèòü, ÷òî àñèìïòî-
òèêè ýòèõ ðåøåíèé èìåþò îäíó ïðèðîäó. Çà ôðîíòîì ìàññèâíîé ãàëàêòèêè îáðàçóåòñÿ õâîñò,
â êîòîðîì çà ñ÷åò ðàçâèòèÿ íåóñòîé÷èâîñòè òèïà Êåëüâèíà-Ãåëüìãîëüöà ðàçâèâàåòñÿ àíàëîã
òóðáóëåíòíîãî òå÷åíèÿ, çà ñ÷åò êîòîðîãî õâîñò ôðàãìåíòèðóåòñÿ íà òåíòàêëè, íàáëþäàåìûå
â ãàëàêòèêàõ òèïà ìåäóçà. Äëÿ õàðàêòåðíûõ çíà÷åíèé òåìïåðàòóðû, à òàêæå õàðàêòåðíîé
êîíöåíòðàöèè àòîìàðíîãî íåéòðàëüíîãî âîäîðîäà â òåíòàêëÿõ ñ ïîìîùüþ ïàêåòà ChemPAK
áûëî ñìîäåëèðîâàíî ïîâåäåíèå êîíöåíòðàöèè ðàçëè÷íûõ ôîðì âîäîðîäà, êîòîðûé â ïîäàâëÿ-
þùåé ñâîåé ÷àñòè èîíèçèðîâàëñÿ, à ìîëåêóëÿðíûé ñîñòàâëÿë íåñêîëüêî òûñÿ÷íûõ ïðîöåíòà.
Î÷åâèäíî, ÷òî ïðîöåññ îáðàçîâàíèÿ ìîëåêóëÿðíîãî âîäîðîäà èãðàåò ìåíüøóþ ðîëü, ÷åì ïðî-
öåññû, ïðèâîäÿùèå ê èîíèçàöèè âîäîðîäà. Â ñâÿçè ñ ýòèì îñîáûé èíòåðåñ ïðåäñòàâëÿåò ñîáîé
àíàëèòè÷åñêîå ðåøåíèå ïðîöåññà èîíèçàöèè.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, âû÷èñëèòåëüíàÿ àñòðîôèçèêà, Intel
Xeon Phi.

Ââåäåíèå. Ïðåäìåòîì ñîâðåìåííîé àñòðîôèçèêè ÿâëÿåòñÿ èññëåäîâàíèå ôèçè÷åñêèõ
ïðîöåññîâ âî Âñåëåííîé, èõ âëèÿíèå íà ñàìîîðãàíèçàöèþ è ýâîëþöèþ àñòðîíîìè÷åñêèõ
îáúåêòîâ, à òàêæå íà äàëüíåéøóþ èõ äèíàìèêó è âçàèìîäåéñòâèå. Â îñíîâå îïèñàíèÿ
àñòðîíîìè÷åñêèõ îáúåêòîâ ëåæàò ãèäðîäèíàìè÷åñêèå ïðîöåññû. Èìåííî ãèäðîäèíàìèêà
îïðåäåëÿåò õàðàêòåð àñòðîôèçè÷åñêèõ òå÷åíèé, êîòîðûå ïðèâîäÿò ê ýâîëþöèè àñòðîíî-
ìè÷åñêèõ îáúåêòîâ. Ñóùåñòâåííîñòü ó÷åòà ãðàâèòàöèîííîãî è ìàãíèòíîãî ïîëåé, à òàêæå
ñëîæíîñòü âîñïðîèçâåäåíèÿ óñëîâèé êîñìîñà â ëàáîðàòîðíûõ óñëîâèÿõ íàêëàäûâàþò çíà-
÷èòåëüíûå îãðàíè÷åíèÿ íà ýêñïåðèìåíòàëüíîå èçó÷åíèå àñòðîíîìè÷åñêèõ îáúåêòîâ. Òà-
êèì îáðàçîì, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå � ýòî îñíîâíîé, à ÷àñòî è åäèíñòâåííûé,
ïîäõîä ê òåîðåòè÷åñêîìó èññëåäîâàíèþ àñòðîôèçè÷åñêèõ òå÷åíèé.

Â ïîñëåäíåå âðåìÿ áîëüøîé èíòåðåñ âûçûâàþò ãàëàêòèêè òèïà ìåäóçà, íàïðèìåð ãà-
ëàêòèêà ESO 137�001. Îñíîâíîé ìåõàíèçì îáðàçîâàíèÿ ïîäîáíûõ ãàëàêòèê � ìåõàíèçì
íàáåãàþùåãî äàâëåíèÿ (â çàðóáåæíîé ëèòåðàòóðå � ram-pressure) îòíîñèòåëüíî ïëîòíîãî
ìåæãàëàêòè÷åñêîãî ãàçà íà ãàëàêòèêó, â ðåçóëüòàòå ÷åãî îíà òåðÿåò çâåçäû, ãàç è ïûëü â
âèäå òåíòàêëåé. Àëüòåðíàòèâíûé ñöåíàðèé îáðàçîâàíèÿ ìåõàíèçìà èçëîæåí â ðàáîòå [1],
ãäå âûñêàçûâàåòñÿ ãèïîòåçà î ìåõàíèçìå, îñíîâàííîì íà ýâîëþöèè àêòèâíîãî ÿäðà ãàëàê-
òèêè. Îäíàêî, ïî íàøåìó ìíåíèþ, ñöåíàðèè íå îãðàíè÷åíû ýòèìè äâóìÿ è âîçíèêíîâåíèå
ìåõàíèçìà âîçìîæíî ïðè ñòîëêíîâåíèè ãàëàêòèê ðàçëè÷íûõ ìàññ [2], ÷òî â öåëîì ñîîò-
âåòñòâóåò âûâîäàì äîêëàäà íà Ãåíåðàëüíîé Àññàìáëåå Ìåæäóíàðîäíîãî àñòðîíîìè÷åñêîãî
ñîþçà â 2015 ãîäó [3] â êîñìîëîãè÷åñêîì êîíòåêñòå. Â íàñòîÿùåé ðàáîòå ìû ðàññìîòðèì
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ìîäåëüíóþ çàäà÷ó ñòîëêíîâåíèÿ äâóõ êàðëèêîâûõ ñôåðîèäàëüíûõ ãàëàêòèê (dSph) ñ ñî-
îòíîøåíèåì ìàññ 1:10. Ïðîâåäåí ðÿä èññëåäîâàíèé õèìè÷åñêîãî ñîñòàâà òåíòàêëåé â âèäå
èîíèçèðîâàííîãî è ìîëåêóëÿðíîãî âîäîðîäà [4]. Îòäåëüíûé èíòåðåñ òåíòàêëè ïðåäñòàâ-
ëÿþò ñ òî÷êè çðåíèÿ ïðîöåññà çâåçäîîáðàçîâàíèÿ [5, 6]. Òàêèì îáðàçîì, â ñòàòüå áóäåò
èçëîæåíà ïåðâè÷íàÿ ïðîâåðêà ãèïîòåçû îá îáðàçîâàíèè ãàëàêòèê òèïà ìåäóçà íà îñíîâå
ñöåíàðèÿ ñòîëêíîâåíèÿ äâóõ dSph ãàëàêòèê ñ ñîîòíîøåíèåì ìàññ 1:10 ñ ó÷åòîì õèìî-
êèíåòèêè îñíîâíûõ ôîðì âîäîðîäà [7]. Äëÿ ïðîâåðêè íàñòîÿùåé ãèïîòåçû íåîáõîäèìî
ïðîâåäåíèå ïîëíîìàñøòàáíîãî ãèäðîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ.

Çà ïîñëåäíèå 60 ëåò ðàçðàáîòàí ðÿä ÷èñëåííûõ ìåòîäîâ ðåøåíèÿ ãèäðîäèíàìè÷åñêèõ
óðàâíåíèé, èçó÷åíû èõ ñâîéñòâà (òî÷íîñòü, ñõîäèìîñòü, óñòîé÷èâîñòü) è îáëàñòè èõ ïðè-
ìåíåíèÿ. Íà÷èíàÿ ñ ìåòîäà Ãîäóíîâà [8], îñíîâàííîãî íà òî÷íîì ðåøåíèè çàäà÷è Ðèìàíà,
íà÷àëîñü ðàçâèòèå ÷èñëåííûõ ìåòîäîâ ðåøåíèÿ ãèäðîäèíàìè÷åñêèõ óðàâíåíèé. Èñïîëüçî-
âàíèå ðàçëè÷íûõ ñïîñîáîâ ëèíåàðèçàöèè çàäà÷è Ðèìàíà äàëî êëàññ ìåòîäîâ: Êóðàíòà �
Èçàêñîíà � Ðèñà [9], Roe [10], Îøåðà [11], ìåòîäà HLL [12], HLLE [13] è HLLC [14]. Òàêæå
íà îñíîâå ìåòîäà Ãîäóíîâà áûëè ñäåëàíû ðåàëèçàöèè âûñîêîãî ïîðÿäêà � ìîíîòîííàÿ
ïðîòèâîïîòîêîâàÿ ñõåìà âòîðîãî ïîðÿäêà òî÷íîñòè MUSCL [15] è TVD ñõåìû [16], òðåòüå-
ãî ïîðÿäêà êóñî÷íî-ïàðàáîëè÷åñêèé ìåòîä PPM [17] è åãî ìîäèôèêàöèÿ äëÿ êîìïàêòíîãî
øàáëîíà âû÷èñëåíèé [18�20], íåîñöèëëèðóþùèå ñõåìû ñ âåñàìè WENO [21]. Àëüòåðíà-
òèâíûì ïîäõîäîì ê ñåòî÷íûì ìåòîäàì ÿâëÿåòñÿ ìåòîä ñãëàæåííûõ ÷àñòèö SPH [22�23],
êîòîðûé èñïîëüçóåòñÿ, íî ìåíåå àêòèâíî ÷åì ðàíåå, äëÿ çàäà÷ àñòðîôèçèêè (ñì. îáçîðû
êîäîâ â ðàáîòàõ [24�25]).

Â 2015 ãîäó íàìè áûë ðàçðàáîòàí êîä AstroPhi [26�27], â åãî îñíîâå áûëà ðåàëèçà-
öèÿ îðèãèíàëüíîãî ÷èñëåííîãî ìåòîäà ñ èñïîëüçîâàíèåì o�oad ìîäåëè ïðîãðàììèðîâà-
íèÿ Intel Xeon Phi. Èñïîëüçóåìàÿ àðõèòåêòóðà óñêîðèòåëåé òàêæå íå ïîçâîëèëà íàì ðå-
àëèçîâàòü âåêòîðíûå èíñòðóêöèè, â òî æå âðåìÿ ïåðåõîä íà native ðåæèì ïîçâîëèë íàì
ïîëó÷èòü ïðîèçâîäèòåëüíîñòü êîäà â ðàçìåðå 28 ÃèãàÔëîïñ [28]. Èñïîëüçîâàíèå íèçêî-
óðîâíåâîé âåêòîðèçàöèè öèêëîâ â êîäå AstroPhi ïîçâîëèëî ïîëó÷èòü ïðèðîñò ïðîèçâî-
äèòåëüíîñòè äî âåëè÷èíû ïîðÿäêà 100 ÃèãàÔëîïñ [29]. Ñòàëî ïîíÿòíî, ÷òî íåîáõîäèìî
èñïîëüçîâàòü íèçêîóðîâíåâûå ñðåäñòâà âåêòîðèçàöèè äëÿ äîñòèæåíèÿ ìàêñèìàëüíîé ïðî-
èçâîäèòåëüíîñòè, ÷òî è áûëî ðåàëèçîâàíî â íîâîé âåðñèè êîäà íà îñíîâå HLL ìåòîäà è
ïðè èñïîëüçîâàíèè îäíîãî óñêîðèòåëÿ [30]. Â ýòîé ðåàëèçàöèè óäàëîñü äîñòèãíóòü 245 Ãè-
ãàÔëîïñ ïðîèçâîäèòåëüíîñòè íà Intel Xeon Phi 7250 è 302 ÃèãàÔëîïñ íà Intel Xeon Phi
7290. Îãðàíè÷åíèÿ HLL ìåòîäà è îäíîïðîöåññîðíûé âàðèàíò ïðîãðàììû ïîáóäèëè íàñ ê
ñîçäàíèþ íîâîãî ïàðàëëåëüíîãî êîäà gooPhi íà îñíîâå îðèãèíàëüíîãî ÷èñëåííîãî ìåòî-
äà, äîïóñêàþùåãî âåêòîðèçàöèþ âû÷èñëåíèé. Âòîðîé ðàçäåë ñòàòüè ïîñâÿùåí îïèñàíèþ
÷èñëåííîé ìîäåëè è êîíñòðóèðîâàíèþ ÷èñëåííîãî ìåòîäà. Â òðåòüåì ðàçäåëå ïðèâåäå-
íû äåòàëè ïàðàëëåëüíîé ðåàëèçàöèè. ×åòâåðòûé ðàçäåë ïîñâÿùåí âåðèôèêàöèè ìåòîäà
íà ñòàíäàðòíûõ ãèäðîäèíàìè÷åñêèõ òåñòàõ. Â ïÿòîì ðàçäåëå îïèñàíû âû÷èñëèòåëüíûå
ýêñïåðèìåíòû ïî èçó÷åíèþ ñöåíàðèÿ îáðàçîâàíèÿ ãàëàêòèê òèïà ìåäóçà íà îñíîâå ñòîëê-
íîâåíèÿ äâóõ dSph ãàëàêòèê. Â øåñòîì ðàçäåëå ñôîðìóëèðîâàíî çàêëþ÷åíèå ïî ñòàòüå.

1. Îïèñàíèå ÷èñëåííîé ìîäåëè. 1.1. Óðàâíåíèÿ ãðàâèòàöèîííîé ãàçîâîé äèíàìèêè.
Â îñíîâå ìàòåìàòè÷åñêîé ìîäåëè ëåæàò óðàâíåíèÿ ìíîãîêîìïîíåíòíîé ãðàâèòàöèîííîé
ãèäðîäèíàìèêè. Âàæíûì óñëîâèåì äëÿ ïîñëåäóþùåãî êîíñòðóèðîâàíèÿ âåêòîðèçîâàííî-
ãî ÷èñëåííîãî ìåòîäà ÿâëÿåòñÿ çàïèñü óðàâíåíèé â âåêòîðíîì âèäå. Ýòî ñîîòâåòñòâóåò
êîíöåïöèè ñî-äèçàéíà, êîòîðûé áûë ñôîðìóëèðîâàí àâòîðàìè íàñòîÿùåé ñòàòüè ðàíåå
[31]. Áóäåì èñïîëüçîâàòü ïåðåîïðåäåëåííóþ ñèñòåìó óðàâíåíèé ãèäðîäèíàìèêè ñ óðàâíå-
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íèåì ýíòðîïèè. Òàêàÿ çàïèñü ïîçâîëÿåò çàïèñàòü ñèñòåìó ãèäðîäèíàìè÷åñêèõ óðàâíåíèé
â äèâåðãåíòíîé ôîðìå, ÷òî ïîçâîëÿåò ñôîðìóëèðîâàòü âåêòîðíûé ÷èñëåííûé ìåòîä. Âî
ââåäåíèè áûëî ñêàçàíî, ÷òî, ïîìèìî ñàìîé ôîðìû òåíòàêëåé, îñîáûé èíòåðåñ ïðåäñòàâ-
ëÿþò ïðîöåññû îáðàçîâàíèÿ ìîëåêóëÿðíîãî H2 è èîíèçèðîâàííîãî H

+ âîäîðîäà. Äëÿ íèõ
è àòîìàðíîãî âîäîðîäà H çàïèøåì óðàâíåíèÿ íåðàçðûâíîñòè.

∂

∂t


ρH
ρH2

ρH+

ρ~u
ρS
ρE

+5 ·


ρH~u
ρH2~u
ρH+~u

ρ~u⊗ ~u+ p
ρS~u

(ρE + p) ~u

 =


sH
sH2

sH+

ρ5 Φ
(γ − 1) ρ1−γ (Λ− Γ)

Λ− Γ

 (1)

ãäå ρH,H2,H+ � ïëîòíîñòü àòîìàðíîãî, ìîëåêóëÿðíîãî è èîíèçèðîâàííîãî âîäîðîäà ñîîò-
âåòñòâåííî, ρ = ρH + ρH2 + ρH+ � ïëîòíîñòü ãàçîâîé ñìåñè, ~u = (ux, uy, uz) � âåêòîð
ñêîðîñòè, S � ýíòðîïèÿ, p = Sργ � äàâëåíèå, γ � ïîêàçàòåëü àäèàáàòû, ρE = ρε+ 1

2
ρ~u2 �

ïîëíàÿ ìåõàíè÷åñêàÿ ýíåðãèÿ, p = (γ − 1)ρε � óðàâíåíèå ñîñòîÿíèÿ, sH,H2,H+ � ñêîðîñòü
îáðàçîâàíèÿ ñîîòâåòñòâóþùåé ôîðìû âîäîðîäà, Φ � ãðàâèòàöèîííûé ïîòåíöèàë, óäîâëå-
òâîðÿþùèé óðàâíåíèþ Ïóàññîíà:

4Φ = 4πGρ, (2)

ãäå G � ãðàâèòàöèîííàÿ ïîñòîÿííàÿ, Λ � ôóíêöèÿ îõëàæäåíèÿ, Γ � ôóíêöèÿ íàãðåâàíèÿ.
1.2. Õèìè÷åñêèå ïðîöåññû. Ìû áóäåì ðàññìàòðèâàòü îñíîâíûå õèìè÷åñêèå ðåàêöèè,

èçëîæåííûå â ðàáîòå [32], ñêîðîñòè õèìè÷åñêèõ ðåàêöèé, à òàêæå ôóíêöèè îõëàæäåíèÿ/-
íàãðåâàíèÿ, âçÿòûå èç ðàáîò [33�38]. Ïðèâåäåì ñïèñîê õèìè÷åñêèõ è ÿäåðíûõ ðåàêöèé:

� Îáðàçîâàíèå ìîëåêóëÿðíîãî âîäîðîäà [34]:

H +H + grain→ H2 + grain;

� Ïåðâàÿ ñòîëêíîâèòåëüíàÿ äèññîöèàöèÿ ìîëåêóëÿðíîãî âîäîðîäà [33]:

H2 +H → 3H;

� Âòîðàÿ ñòîëêíîâèòåëüíàÿ äèññîöèàöèÿ ìîëåêóëÿðíîãî âîäîðîäà [34]:

H2 +H2 → 2H +H2;

� Ôîòîäèññîöèàöèÿ ìîëåêóëÿðíîãî âîäîðîäà [34]:

H2 + γ → 2H;

� Èîíèçàöèÿ êîñìè÷åñêèìè ëó÷àìè [32]:

H + c.r.→ H+ + e;

� Ñòîëêíîâèòåëüíàÿ èîíèçàöèÿ [36]:

H + e→ H+ + 2e;

� Ðåêîìáèíàöèÿ èçëó÷åíèåì [33].
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H+ + e→ H + γ;

� Ðåêîìáèíàöèÿ íà ïûëè [32]:

H+ + e+ grain→ H + grain.

Â ìàòåìàòè÷åñêîé ìîäåëå áóäåò èñïîëüçîâàòüñÿ ýôôåêòèâíûé ïîêàçàòåëü àäèàáàòû â
âèäå:

γ =
5nH + 5ne + 7nH2

3nH + 3ne + 5nH2

.

Â ìîäåëèðîâàíèè ìû òàêæå áóäåì èñïîëüçîâàòü ðàâíîâåñíóþ õèìèþ, ïîëó÷åííóþ ñ
ïîìîùüþ êîäà ChemPAK [39] èëè àíàëèòè÷åñêèå ðåøåíèÿ ïðè èñïîëüçîâàíèè îñíîâíûõ
ðåàêöèé îáðàçîâàíèÿ ìîëåêóëÿðíîãî è èîíèçèðîâàííîãî âîäîðîäà.

1.3. ×èñëåííûé ìåòîä ðåøåíèÿ óðàâíåíèé ãèäðîäèíàìèêè. Äëÿ ðåøåíèÿ ãèäðîäèíà-
ìè÷åñêèõ óðàâíåíèé áûëà èñïîëüçîâàíà ìîäèôèêàöèÿ îðèãèíàëüíîãî ÷èñëåííîãî ìåòîäà,
îñíîâàííàãî íà êîìáèíàöèè ìåòîäà ðàçäåëåíèÿ îïåðàòîðîâ, ìåòîäà Ãîäóíîâà è HLL ñõå-
ìû. Òàêîé ìåòîä îáúåäèíÿåò âñå äîñòîèíñòâà ïåðå÷èñëåííûõ ìåòîäîâ è îáëàäàåò âûñîêîé
ñòåïåíüþ ïàðàëëåëèçàöèè, íà ÷åì îñòàíîâèìñÿ ïîäðîáíåå â ñëåäóþùèõ ðàçäåëàõ.

Äëÿ äèñêðåòèçàöèè ââåäåì â òðåõìåðíîé îáëàñòè ðåøåíèÿ ðàâíîìåðíóþ ïðÿìîóãîëü-
íóþ ñåòêó ñ ÿ÷åéêàìè xi = i × hx, i = 1,..,Imax, yk = k × hy, k = 1,..,Kmax, zl = l × hz,
l = 1,..,Lmax, ãäå hx, hy, hz � øàãè ñåòêè, Imax, Kmax, Lmax � êîëè÷åñòâî óçëîâ ñåòêè ïî
íàïðàâëåíèÿì x, y, z: hx = xmax/Imax, hy = ymax/Kmax, hz = zmax/Lmax. Äëÿ ïðîñòîòû èç-
ëîæåíèÿ áóäåì ñ÷èòàòü, ÷òî hx = hy = hz = h, øàã ïî âðåìåíè τ âû÷èñëÿåòñÿ èç óñëîâèÿ
Êóðàíòà

τ × (c+ ‖~u‖)
h

= CFL < 1,

ãäå CFL � ÷èñëî Êóðàíòà, c =
√
γp/ρ � ñêîðîñòü çâóêà. Òàêæå íàïîìíèì, ÷òî óðàâíåíèÿ

ãèäðîäèíàìèêè (1) çàïèñàíû â âåêòîðíîé ôîðìå:

∂v

∂t
+5 · f(v) = 0, (3)

ãäå v� âåêòîð êîíñåðâàòèâíûõ ïåðåìåííûõ. Äëÿ óðàâíåíèÿ (3) ÷èñëåííàÿ ñõåìà ïî îäíîìó
íàïðàâëåíèþ çàïèñûâàåòñÿ â âèäå:

vn+1
i − vni

τ
+
Fi+1/2 − Fi−1/2

h
= 0, (4)

ãäå F � ðåøåíèå çàäà÷è Ðèìàíà. Äàëåå èçëîæèì èäåþ âåêòîðíîãî ÷èñëåííîãî ìåòîäà.
Äëÿ äåìîíñòðàöèè áàçîâîé èäåè ìåòîäà ðàññìîòðèì ñêàëÿðíîå óðàâíåíèå (3), çàïèñàí-

íîå â âèäå:

∂v

∂t
+
∂f(v)

∂t
= 0, (5)

íà ãðàíèöå äâóõ ÿ÷ååê (L � ëåâàÿ ÿ÷åéêà è R � ïðàâàÿ ÿ÷åéêà) ìû ìîæåì ëèíåàðèçîâàòü
óðàâíåíèå (5) è çàïèñàòü â âèäå:
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∂v

∂t
+ a

∂v

∂t
= 0

ãäå a = const � ñêîðîñòü ðàñïðîñòðàíåíèÿ ðåøåíèÿ èëè â îáùåì ñëó÷àå ìàòðèöà ßêîáè,
òàêæå èìååò ìåñòî ñîîòíîøåíèå f = a × v. Äëÿ îïðåäåëåííîñòè áóäåì ñ÷èòàòü ñêîðîñòü
a > 0, â ïðîòèâíîì ñëó÷àå èìååò ìåñòî ñõåìà âûâîäà, äàþùàÿ òîò æå ðåçóëüòàò. Â ýòîì
ñëó÷àå ïîñëåäíåå óðàâíåíèå ìîæíî çàïèñàòü â âèäå äâóõ ñîïðÿæåííûõ óðàâíåíèé:

∂

∂t

(
v +

f

a

)
+ a

∂

∂x

(
v +

f

a

)
= 0

∂

∂t

(
v − f

a

)
− a ∂

∂x

(
v − f

a

)
= 0.

Â ýòîì ñëó÷àå íà ðàçðûâå èìåþò ìåñòî ñîîòíîøåíèÿ:

vL +
fL
a

= V +
F

a
; vR −

fR
a

= V − F

a
,

èíòåðåñóþùàÿ íàñ ôóíêöèÿ ïîòîêà íà ãðàíèöå F çàïèñûâàåòñÿ ñëåäóþùèì óðàâíåíèåì:

F =
fL + fR

2
+
a

2
(vL − vR)

Ïðè îòðèöàòåëüíîì çíà÷åíèè a âûâîä àíàëîãè÷åí è èòîãîâàÿ ôîðìóëà äëÿ îïðåäåëåíèÿ
çàäà÷è Ðèìàíà ìîæåò áûòü çàïèñàíà â âèäå:

F =
f(vL) + f(vR)

2
+
‖a‖
2

(vL − vR) . (6)

Â ñëó÷àå èñïîëüçîâàíèÿ âåêòîðíûõ óðàâíåíèé â êà÷åñòâå êîíñòàíòû ðàññìàòðèâàåòñÿ
ìàêñèìàëüíîå ñîáñòâåííîå ÷èñëî.

Â îðèãèíàëüíîì ÷èñëåííîì ìåòîäå ðåøåíèå óðàâíåíèé ìû ðàçáèâàëè íà äâà ýòàïà �
ðàáîòó ñèë (ýéëåðîâ ýòàï) è àäâåêòèâíûé ïåðåíîñ (ëàãðàíæåâ ýòàï). Íà ýéëåðîâîì ýòàïå
óðàâíåíèÿ èìåëè äâå õàðàêòåðèñòèêè ±c, íà ëàãðàíæåâîì ýòàïå � ìîäóëü ñêîðîñòè. Â
ñâÿçè ñ ýòèì óðàâíåíèå äëÿ ðåøåíèÿ çàäà÷è Ðèìàíà ìîæíî ðàññìîòðåòü êàê ïîñëåäîâà-
òåëüíîñòü äâóõ ðåøåíèé ïî äâóì ýòàïàì (â ñëó÷àå èñïîëüçîâàíèÿ êîíñåðâàòèâíûõ ïåðå-
ìåííûõ � íåçàâèñèìûõ ðåøåíèé), òîãäà ôèíàëüíàÿ çàïèñü óðàâíåíèÿ äëÿ îïðåäåëåíèÿ
ïîòîêà â çàäà÷å Ðèìàíà èìååò âèä:

F =
f(vL) + f(vR)

2
+
c+ ‖~u‖

2
(vL − vR) . (7)

Î÷åâèäíî, ÷òî ñõåìà (4) ñ îïðåäåëåíèåì ïîòîêà (7) åñòåñòâåííûì îáðàçîì âåêòîðèçó-
åòñÿ. Îòìåòèì òàêæå, ÷òî ñõåìà ïî ñâîåé ñòðóêòóðå àíàëîãè÷íà ñõåìå Ðóñàíîâà, îäíàêî,
â îòëè÷èå îò ñõåìû Ðóñàíîâà [40], êîòîðàÿ ïîçèöèîíèðóåòñÿ êàê íåêîòîðîå óïðîùåíèå
HLL ìåòîäà, â îðèãèíàëüíîì ïîäõîäå èñïîëüçóåòñÿ ÿâíîå âûäåëåíèå êàæäîãî èç ýòàïîâ è
òî÷íîå âûïîëíåíèå óñëîâèÿ ñîïðÿæåíèÿ ÷èñëåííîãî ðåøåíèÿ íà ðàçðûâàõ íà êàæäîì èç
ýòàïîâ.

Îòìåòèì, ÷òî ôóíêöèè îõëàæäåíèÿ/íàãðåâàíèÿ, òàêæå êàê è õèìè÷åñêàÿ êèíåòèêà,
ðåàëèçóþòñÿ ïðîñòåéøåé ÿâíîé ñõåìîé ðåøåíèÿ ÎÄÓ.

1.4. Ðåãóëÿðèçàöèÿ ÷èñëåííîãî ðåøåíèÿ. Íà çàâåðøàþùåì ýòàïå ðåøåíèÿ ãèäðîäèíà-
ìè÷åñêèõ óðàâíåíèé ïðîèñõîäèò êîððåêòèðîâêà ðåøåíèÿ. Â ñëó÷àå ãðàíèöû ãàç-âàêóóì ñ
èñïîëüçîâàíèåì ôîðìóëû [41]:
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|~u| =
√

2(E − ε), (E − ~u2/2)/E > 10−3

â îñòàëüíîé îáëàñòè ïðîèñõîäèò êîððåêòèðîâêà, êîòîðàÿ ãàðàíòèðóåò íåóáûâàíèå ýíòðî-
ïèè [42]:

|ρε| =
(
ρE − ρ~u2

2

)
, (E − ~u2/2)/E < 10−3

Òàêàÿ ìîäèôèêàöèÿ îáåñïå÷èâàåò äåòàëüíûé áàëàíñ ýíåðãèé è ãàðàíòèðóåò íåóáûâàíèå
ýíòðîïèè.

1.5. ×èñëåííûé ìåòîä ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà. Ïîñëå ðåøåíèÿ ãèäðîäèíàìè÷å-
ñêèõ óðàâíåíèé íåîáõîäèìî âîññòàíîâèòü ãðàâèòàöèîííûé ïîòåíöèàë ïî ïëîòíîñòè ãàçî-
âîé ñìåñè. Äëÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà èñïîëüçóåì ìåòîä, îñíîâàííûé íà áûñòðîì
ïðåîáðàçîâàíèè Ôóðüå. Äëÿ ýòîãî èñïîëüçóåì 27-òî÷å÷íûé øàáëîí äëÿ àïïðîêñèìàöèè
óðàâíåíèÿ Ïóàññîíà:

−38

9
Φi,k,l +

4

9
(Φi−1,k,l + Φi+1,k,l + Φi,k−1,l + Φi,k+1,l + Φi,k,l−1 + Φi,k,l+1) +

1

9
(Φi−1,k−1,l + Φi+1,k−1,l + Φi−1,k+1,l + Φi+1,k+1,l + Φi−1,k,l−1 + Φi+1,k,l−1 +

Φi−1,k,l+1 + Φi+1,k,l+1 + Φi,k−1,l−1 + Φi,k+1,l−1 + Φi,k−1,l+1 + Φi,k+1,l+1) +

1

36
(Φi−1,k−1,l−1 + Φi−1,k+1,l−1 + Φi−1,k−1,l+1 + Φi−1,k+1,l+1 + Φi+1,k−1,l−1 + Φi+1,k+1,l−1 +

Φi+1,k−1,l+1 + Φi+1,k+1,l+1) = 4πGh2 (ρi,k,l + ni,k,l)

Ýòî ñâÿçàíî ñ îáåñïå÷åíèåì ìàêñèìàëüíîé èíâàðèàíòíîñòè ðåøåíèÿ îòíîñèòåëüíî ïîâî-
ðîòà. Àëãîðèòì ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà áóäåò ñîñòîÿòü èç íåñêîëüêèõ ýòàïîâ.

Ýòàï 1. Ïîñòàíîâêà ãðàíè÷íûõ óñëîâèé äëÿ óðàâíåíèÿ Ïóàññîíà. Äëÿ ïîñòàíîâêè ãðà-
íè÷íûõ óñëîâèé äëÿ ãðàâèòàöèîííîãî ïîòåíöèàëà íà ãðàíèöå îáëàñòè D áóäåì èñïîëüçî-
âàòü ïåðâûå ÷ëåíû ìóëüòèïîëüíîãî ðàçëîæåíèÿ � ñòàòè÷åñêèé, îñåâîé è öåíòðîáåæíûé
ìîìåíòû èíåðöèè:

Φ(x,y,z)|D = −M
r
− M

r3
(Ix + Iy + Iz − 3I0)

ãäå

I0 =
(x2Ix + y2Iy + z2Iz)− 2 (xyIxy + xzIxz + yzIyz)

r2

Ix =
∑
j

(
z2j + y2j

)
mj Iy =

∑
j

(
x2j + z2j

)
mj Iz =

∑
j

(
x2j + y2j

)
mj

Ixy =
∑
j

xjyjmj Ixz =
∑
j

xjzjmj Iyz =
∑
j

yjzjmj

ãäå x, y, z � êîîðäèíàòû öåíòðà ÿ÷ååê íà ãðàíèöå îáëàñòè, r =
√
x2 + y2 + z2 � ðàññòîÿíèå

äî öåíòðà îáëàñòè, xj,yj,zj � êîîðäèíàòà î÷åðåäíîé ÿ÷åéêè,mj � ìàññà î÷åðåäíîé ÿ÷åéêè,
M � ìàññà âñåé îáëàñòè. Êîãäà çíà÷åíèÿ ïîòåíöèàëà íà ãðàíèöå îáëàñòè îïðåäåëåíû, òî
îíè ïîäñòàâëÿþòñÿ â 27-òî÷å÷íûé øàáëîí äëÿ îïðåäåëåíèÿ èòîãîâîé ïëîòíîñòè ρi,k,l íà
ãðàíèöå D.

Ýòàï 2. Ïðåîáðàçîâàíèå ïëîòíîñòè â ïðîñòðàíñòâî ãàðìîíèê. Èòîãîâàÿ ïëîòíîñòü ïðåä-
ñòàâëÿåòñÿ â âèäå ñóïåðïîçèöèè ïî ñîáñòâåííûì ôóíêöèÿì îïåðàòîðà Ëàïëàññà:
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ρi,k,l =
∑
jmn

σjmnexp

(
~iπij

I
+
~iπkm

K
+
~iπln

L

)

ãäå I,K, L � ÷èñëî ÿ÷ååê ïî êàæäîé êîîðäèíàòå, ~i � ìíèìàÿ åäèíèöà. Äëÿ ýòîãî èñïîëü-
çóåòñÿ áûñòðîå ïðåîáðàçîâàíèå Ôóðüå.

Ýòàï 3. Ðåøåíèå óðàâíåíèÿ Ïóàññîíà â ïðîñòðàíñòâå ãàðìîíèê. Ìû ïðåäïîëàãàåì, ÷òî
ïîòåíöèàë òàêæå ïðåäñòàâëåí â âèäå ñóïåðïîçèöèè ïî ñîáñòâåííûì ôóíêöèÿì îïåðàòîðà
Ëàïëàññà:

Φi,k,l =
∑
jmn

φjmnexp

(
~iπij

I
+
~iπkm

K
+
~iπln

L

)
Ïðè ïîäñòàíîâêå òàêîãî ðàçëîæåíèÿ â ñõåìó àïïðîêñèìàöèè óðàâíåíèÿ Ïóàññîíà ìû ïî-
ëó÷àåì äîñòàòî÷íî ïðîñòóþ ôîðìóëó äëÿ âû÷èñëåíèÿ àìïëèòóä ãàðìîíèê ïîòåíöèàëà:

φjmn =
2
3
πh2σjmn

1−
(

1− 2sin2 πj
I

3

)(
1− 2sin2 πm

K

3

)(
1− 2sin2 πn

L

3

)
Ïîñëå ÷åãî íåîáõîäèìî ïðîäåëàòü îáðàòíîå áûñòðîå ïðåîáðàçîâàíèå Ôóðüå ãàðìîíèê ïî-
òåíöèàëà â ôóíêöèîíàëüíîå ïðîñòðàíñòâî ãàðìîíèê. Äëÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà,
â îñíîâå êîòîðîãî áûñòðîå ïðåîáðàçîâàíèå Ôóðüå äëÿ ñóïåðÝÂÌ ñ ðàñïðåäåëåííîé ïà-
ìÿòüþ, áûëà èñïîëüçîâàíà áèáëèîòåêà FFTW [43], êîòîðàÿ, íåñìîòðÿ íà èñïîëüçîâàíèå
êîëëåêòèâíûõ âçàèìîäåéñòâèé, ôóíêöèîíèðóåò äîñòàòî÷íî áûñòðî, ÷òîáû íå çàìåäëèòü
âðåìÿ ñ÷åòà îòíîñèòåëüíî ðåøåíèÿ óðàâíåíèé ãèäðîäèíàìèêè [44].

2. Ïàðàëëåëüíàÿ ðåàëèçàöèÿ. Â îñíîâå ïàðàëëåëüíîé ðåàëèçàöèè ëåæèò ìíîãî-
óðîâíåâàÿ äåêîìïîçèöèÿ âû÷èñëåíèé:

� îäíîìåðíàÿ äåêîìïîçèöèÿ ðàñ÷åòíîé îáëàñòè ñðåäñòâàìè MPI, êîòîðàÿ äëÿ ñîãëà-
ñîâàííîñòè ñ ðåøåíèåì óðàâíåíèÿ Ïóàññîíà çàäàåòñÿ áèáëèîòåêîé FFTW,

� îäíîìåðíàÿ äåêîìïîçèöèÿ âû÷èñëåíèé ñðåäñòâàìè OpenMP â ðàìêàõ îäíîãî ïðî-
öåññà, âûïîëíÿþùåãîñÿ íà îäíîì óñêîðèòåëå Intel Xeon Phi,

� âåêòîðèçàöèÿ âû÷èñëåíèé â ðàìêàõ îäíîé ÿ÷åéêè.
Ïåðåéäåì ê áîëåå ïîäðîáíîìó îïèñàíèþ îðãàíèçàöèè è èññëåäîâàíèÿ ïàðàëëåëüíîé

ðåàëèçàöèè.
2.1. Ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ âû÷èñëåíèé. Ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ ðàñ÷åò-

íîé îáëàñòè îñóùåñòâëÿåòñÿ ñðåäñòâàìè MPI ïî ïðîöåññàì è ñðåäñòâàìè OpenMP ïî ïîòî-
êàì. Â ñëó÷àå äåêîìïîçèöèè âû÷èñëåíèé ñðåäñòâàìè MPI íåîáõîäèìî ó÷åñòü ïåðåêðûâàþ-
ùèåñÿ ïîäîáëàñòè. Êîìïàêòíûé øàáëîí âû÷èñëåíèé ïîçâîëÿåò èñïîëüçîâàòü òîëüêî îäèí
ñëîé ïåðåêðûòèÿ. Ãðàôè÷åñêîå ïðåäñòàâëåíèå ãåîìåòðè÷åñêîé äåêîìïîçèöèè ðàñ÷åòíîé
îáëàñòè ïðåäñòàâëåíî íà ðèñ. 1.

Êàê óæå áûëî ñêàçàíî, äåêîìïîçèöèÿ âû÷èñëåíèé îñóùåñòâëÿåòñÿ ñðåäñòâàìè áèáëèî-
òåêè FFTW ñ èñïîëüçîâàíèåì ñëåäóþùåãî êîäà:

// Ñîçäàíèå ïëàíà ïðÿìîãî è îáðàòíîãî ÁÏÔ
fftwnd_mpi_plan plan = fftw3d_mpi_create_plan (
MPI_COMM_WORLD, NX, NY, NZ, FFTW_FORWARD, FFTW_ESTIMATE) ;
fftwnd_mpi_plan ip l an = fftw3d_mpi_create_plan (
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Ðèñ. 1. Ãåîìåòðè÷åñêàÿ äåêîìïîçèöèÿ âû÷èñëåíèé ñðåäñòâàìè MPI è OpenMP

MPI_COMM_WORLD, NX, NY, NZ, FFTW_BACKWARD, FFTW_ESTIMATE) ;

// Îïðåäåëåíèå ðàçìåðà ïîäîáëàñòè
fftwnd_mpi_local_sizes ( plan ,
&local_nx , // ðàçìåð ïî îñè X
&local_x_start , // ñòàðòîâûé èíäåêñ ïî îñè X
&local_ny_after_transpose , // ðàçìåð è èíäåêñ ïî îñè Y
&loca l_y_start_after_transpose , // ïîñëå òðàíñïîíèðîâàíèÿ
&to t a l_ l o ca l_s i z e ) ; // îáùåå êîëè÷åñòâî ÿ÷ååê â ïîäîáëàñòè

// Âûäåëåíèå ïàìÿòè ñ ó÷åòîì âûðàâíèâàíèÿ äàííûõ ïî 64 áàéòàì
U = ( double *)_mm_malloc(NX*NY*NZ*NHYDRO* s i z e o f ( double ) , 6 4 ) ;

// Ðàñïðåäåëåíèå âû÷èñëåíèé ñðåäñòâàìè OpenMP
#pragma omp p a r a l l e l f o r d e f au l t ( none ) shared (\ dots ) \
p r i va t e (\ dots ) num_threads (MIC_NUM_THREADS) schedu le ( dynamic )
f o r ( i =0; i<NX; i++)
\ dots

Îðãàíèçàöèÿ ìåæïðîöåññíîãî âçàèìîäåéñòâèÿ ïðèâåäåíî â ïðèëîæåíèè, òàêæå êàê è
ðåàëèçàöèÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà.

2.2. Èñïîëüçîâàíèå âåêòîðíûõ èíñòðóêöèé. Â ýòîì ïîäðàçäåëå ìû îïèøåì îñíîâíûå
èíñòðóêöèè, êîòîðûå áûëè èñïîëüçîâàíû äëÿ ðåàëèçàöèè ìåòîäà, îñòàíîâèìñÿ òîëüêî íà
äåêëàðàòèâíîì îïèñàíèè.

� _mm512_set1_pd � ôîðìèðîâàíèå âåêòîðà, âñå ýëåìåíòû êîòîðîãî ñîäåðæàò
îäíî ñêàëÿðíîå çíà÷åíèå.

� _mm512_load_pd � çàãðóçêà èç àäðåñà 8 ýëåìåíòîâ òèïà double â âåêòîð.
� _mm512_mul_pd � ïðîèçâåäåíèå âåêòîðîâ.
� _mm512_add_pd � ñëîæåíèå âåêòîðîâ.
� _mm512_sub_pd � âû÷èòàíèå âåêòîðîâ.
� _mm512_stream_pd � çàïèñü âåêòîðà â ïàìÿòü.
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Ðèñ. 2. Óñêîðåíèå (à) è ðåàëüíàÿ ïðîèçâîäèòåëüíîñòü (á) êîäà gooPhi â ðàìêàõ îäíîãî Intel Xeon Phi

Ïðèâåäåííûõ çäåñü èíñòðóêöèé äîñòàòî÷íî äëÿ ðåàëèçàöèè ÷èñëåííîãî ìåòîäà ðåøå-
íèÿ óðàâíåíèé ãèäðîäèíàìèêè. Äëÿ êîìïèëÿöèè êîäà èñïîëüçîâàëàñü ñëåäóþùàÿ ñòðîêà:

icc -xMIC-AVX512 -qopenmp -O3 -no-prec-div -o gooPhi.mic gooPhi.cpp -lm
Çäåñü ñòîèò îòìåòèòü òîëüêî óñêîðåíèå îïåðàöèè äåëåíèÿ ñ ïîìîùüþ îïöèè -no-prec-div.
Òàêàÿ îïöèÿ ÿâëÿåòñÿ ðåêîìåíäóåìîé ïðè èñïîëüçîâàíèè SSE ðàñøèðåíèé.

2.3. Èññëåäîâàíèå óñêîðåíèÿ êîäà. Ïðîâîäèëîñü èññëåäîâàíèå óñêîðåíèÿ êîäà gooPhi íà
ñåòêå 5123, äëÿ ýòîãî çàìåðÿëîñü âðåìÿ ÷èñëåííîãî ìåòîäà (Total), â ñåêóíäàõ, ïðè ðàçëè÷-
íîì ÷èñëå èñïîëüçóåìûõ ëîãè÷åñêèõ ÿäåð (Threads). Óñêîðåíèå P (Speed-Up) âû÷èñëÿëîñü
ïî ôîðìóëå 8:

P =
Total1
TotalK

(8)

ãäå Total1 � âðåìÿ âû÷èñëåíèé íà îäíîì ëîãè÷åñêîì ÿäðå, TotalK � âðåìÿ âû÷èñëåíèé ïðè
èñïîëüçîâàíèè K ëîãè÷åñêèõ ÿäåð. Òàêæå áûëà ñäåëàíà îöåíêà ðåàëüíîé ïðîèçâîäèòåëü-
íîñòè. Ðåçóëüòàòû èññëåäîâàíèé óñêîðåíèÿ è ïðîèçâîäèòåëüíîñòè íà ñåòêå 5123 ïðèâåäåíû
íà ðèñ. 2.

Â ðàìêàõ îäíîãî Intel Xeon Phi ïîëó÷åíû ïðîèçâîäèòåëüíîñòü 173 ÃèãàÔëîïñ è 48-
êðàòíîå óñêîðåíèå.

2.4. Èññëåäîâàíèå ìàñøòàáèðóåìîñòè êîäà. Ïðîâîäèëîñü èññëåäîâàíèå ìàñøòàáèðóå-
ìîñòè êîäà gooPhi íà ðàñ÷åòíîé ñåòêå 512p×512×512 ïðè èñïîëüçîâàíèè âñåõ ëîãè÷åñêèõ
ÿäåð íà êàæäûé óñêîðèòåëü, ãäå p � ÷èñëî èñïîëüçóåìûõ óñêîðèòåëåé. Òàêèì îáðàçîì,
íà êàæäûé óñêîðèòåëü ïðèõîäèòñÿ ðàçìåð ïîäîáëàñòè 5123. Äëÿ èññëåäîâàíèÿ ìàñøòàáè-
ðóåìîñòè çàìåðÿëîñü âðåìÿ ÷èñëåííîãî ìåòîäà (Total), â ñåêóíäàõ, ïðè ðàçëè÷íîì ÷èñëå
èñïîëüçóåìûõ óñêîðèòåëåé Intel Xeon Phi (KNL). Ìàñøòàáèðóåìîñòü T (Scalability) âû-
÷èñëÿëàñü ïî ôîðìóëå

T =
Total1
Totalp

(9)

ãäå Total1 � âðåìÿ âû÷èñëåíèé íà îäíîì óñêîðèòåëå ïðè èñïîëüçîâàíèè îäíîãî óñêîðèòå-
ëÿ, Totalp � âðåìÿ âû÷èñëåíèé íà îäíîì óñêîðèòåëåé ïðè èñïîëüçîâàíèè p óñêîðèòåëåé.
Ðåçóëüòàòû èññëåäîâàíèé óñêîðåíèÿ ïðèâåäåíû íà ðèñ. 3.
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Ðèñ. 3. Ìàñøòàáèðóåìîñòü êîäà gooPhi ïðè ðàçëè÷íîì ÷èñëå óñêîðèòåëåé Intel Xeon Phi

Òàáëèöà 1

Íà÷àëüíîå ñîñòîÿíèÿ äëÿ çàäà÷ îá óäàðíîé òðóáå

N ρL vL pL ρR vR pR x0 t

1 2 0 2,0 1 0 1,00 0,5 0,200
2 1 −2 0,4 1 2 0,40 0,5 0,150
3 1 0 1000,0 1 0 0,01 0,5 0,012

Òàêèì îáðàçîì, ïðè èñïîëüçîâàíèè 16 óñêîðèòåëåé ïîëó÷åíà 97-ïðîöåíòíàÿ ìàñøòàáè-
ðóåìîñòü, ÷òî ÿâëÿåòñÿ äîñòàòî÷íî âûñîêèì ðåçóëüòàòîì.

3. Âåðèôèêàöèÿ ÷èñëåííîãî ìåòîäà. 3.1. Òåñòû Ãîäóíîâà. Íà÷àëüíàÿ êîíôèãó-
ðàöèÿ äëÿ òðåõ çàäà÷ � òåñòîâ Ãîäóíîâà, ïðèâåäåíà â òàáëèöå (1), ãäå x0 � íà÷àëüíàÿ
ïîçèöèÿ ðàçäåëèòåëÿ ìåæäó äâóìÿ ñîñåäíèìè ñîñòîÿíèÿìè (L � ëåâîå, R � ïðàâîå). Äëÿ
âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ èñïîëüçîâàëîñü 200 ðàñ÷åòíûõ ÿ÷ååê.

Ïåðåéäåì ê ðåçóëüòàòàì âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ.
Öåëüþ ïåðâîãî òåñòà ÿâëÿåòñÿ îïðåäåëåíèå ïðàâèëüíîñòè îïèñàíèÿ êîíòàêòíîãî ðàçðû-

âà. Áîëüøèíñòâî ìåòîäîâ ðåøåíèÿ ãàçîäèíàìè÷åñêèõ óðàâíåíèé äàþò ëèáî îñöèëëÿöèþ,
ëèáî äèôôóçèþ (“ðàçìàçûâàíèå“ óäàðíûõ âîëí). Àâòîðñêèé ìåòîä äàåò ðàçìàçûâàíèå
óäàðíîé âîëíû, â òî æå âðåìÿ êîððåêòíî âîñïðîèçâîäèò ìåñòîïîëîæåíèå óäàðíîé âîëíû,
êîíòàêòíîãî ðàçðûâà è ôîðìû âîëíû ðàçðåæåíèÿ (ñì. ðèñ. 4).

Â õîäå âòîðîãî òåñòà, ãàç ñ îäèíàêîâûìè òåðìîäèíàìè÷åñêèìè ïàðàìåòðàìè ðàçëåòàåò-
ñÿ â ðàçíûå ñòîðîíû, îáðàçóÿ â öåíòðå ñóùåñòâåííóþ îáëàñòü ðàçðåæåíèÿ. Òåñò âûÿâëÿåò
ñïîñîáíîñòü ôèçè÷åñêè ïðàâäîïîäîáíî ìîäåëèðîâàòü òàêóþ ñèòóàöèþ. Èç ëèòåðàòóðû èç-
âåñòíî, ÷òî ìíîãèå ìåòîäû äàþò îøèáî÷íûé (íåôèçè÷åñêèé) ðîñò òåìïåðàòóðû â îáëàñòè
ñèëüíîãî ðàçðåæåíèÿ è, êàê ñëåäñòâèå, ïîëó÷àåìîå ðåøåíèå èñêàæàåòñÿ. Àâòîðñêèé ìåòîä
óñïåøíî ìîäåëèðóåò îáëàñòü ðàçðåæåíèÿ (ñì. ðèñ. 5).

Îñíîâíàÿ çàäà÷à òðåòüåãî òåñòà � ïðîâåðêà óñòîé÷èâîñòè ÷èñëåííîãî ìåòîäà. Îãðîì-
íûé ïåðåïàä äàâëåíèÿ (5 äåñÿòè÷íûõ ïîðÿäêîâ) äîëæåí âûÿâèòü ñïîñîáíîñòü ìåòîäà
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Ðèñ. 4. Ðåçóëüòàòû äëÿ ïåðâîé çàäà÷è îá óäàðíîé òðóáå
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Ðèñ. 5. Ðåçóëüòàòû äëÿ âòîðîé çàäà÷è îá óäàðíîé òðóáå
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Ðèñ. 6. Ðåçóëüòàòû äëÿ òðåòüåé çàäà÷è îá óäàðíîé òðóáå

óñòîé÷èâî ìîäåëèðîâàòü ñèëüíûå âîçìóùåíèÿ ñ âîçíèêíîâåíèåì áûñòðî ðàñïðîñòðàíÿþ-
ùèõñÿ óäàðíûõ âîëí. Àâòîðñêèé ìåòîä óñïåøíî ìîäåëèðóåò ñèëüíûé ðàçðûâ (ñì. ðèñ. 6).

3.2. Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå. Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå â àñòðîôèçè-
êå ôîðìóëèðóåòñÿ êàê çàäà÷à î âçðûâå ñâåðõíîâîé. Äëÿ ìîäåëèðîâàíèÿ çàäà÷è î òî÷å÷íîì
âçðûâå áóäåì ðàññìàòðèâàòü îáëàñòü [−0,5; 0,5]3, ïîêàçàòåëü àäèàáàòû γ = 5/3, íà÷àëüíóþ
ïëîòíîñòü â îáëàñòè ρ0 = 1 è íà÷àëüíîå äàâëåíèå p0 = 10−5. Â ìîìåíò âðåìåíè t = 0 âûäå-
ëÿåòñÿ âíóòðåííÿÿ ýíåðãèÿ E0 = 0,6. Îáëàñòü âçðûâà îãðàíè÷åíà ðàäèóñîì rcentral = 0,02.
Äëÿ âû÷èñëèòåëüíîãî ýêñïåðèìåíòà èñïîëüçîâàëàñü ðàñ÷åòíàÿ ñåòêà 1003. Ñìîäåëèðîâàí-
íûé ïðîôèëü ïëîòíîñòè è ìîìåíòà èìïóëüñà íà ìîìåíò âðåìåíè t = 0,05 èçîáðàæåí íà
ðèñ. 7).

Çàäà÷à Ñåäîâà î òî÷å÷íîì âçðûâå ÿâëÿåòñÿ ñòàíäàðòíûì òåñòîì, ïðîâåðÿþùèì ñïî-
ñîáíîñòü ìåòîäà è åãî ðåàëèçàöèè âîñïðîèçâîäèòü ñèëüíûå óäàðíûå âîëíû ñ áîëüøèìè
÷èñëàìè Ìàõà. Ñêîðîñòü çâóêà ôîíîâîé ñðåäû ïðåíåáðåæèìî ìàëà, ïîýòîìó ÷èñëî Ìàõà
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Ðèñ. 7. Ïëîòíîñòü, ïîëó÷åííàÿ ïðè ÷èñëåííîì ðåøåíèè çàäà÷è Ñåäîâà î òî÷å÷íîì âçðûâå. Ñïëîøíîé

ëèíèåé èçîáðàæåíî òî÷íîå ðåøåíèå

äîñòèãàåò çíà÷åíèÿ M = 1432. Àâòîðñêèé ÷èñëåííûé ìåòîä äîñòàòî÷íî õîðîøî âîñïðîèç-
âîäèò ïîëîæåíèå óäàðíîé âîëíû, à òàêæå ïðîôèëü ïëîòíîñòè.

4. Ìîäåëèðîâàíèå ñöåíàðèÿ îáðàçîâàíèÿ ãàëàêòèêè òèïà ìåäóçà íà îñíîâå
ñòîëêíîâåíèÿ ãàëàêòèê. Â ýòîì ðàçäåëå ìû ðàññìîòðèì ñöåíàðèé îáðàçîâàíèÿ ãàëàê-
òèê òèïà ìåäóçà íà îñíîâå ñòîëêíîâåíèÿ äâóõ êàðëèêîâûõ ãàëàêòèê dSph, îòëè÷àþùèõñÿ
íà ïîðÿäîê ïî ìàññå. Òàêæå ìû ðàññìîòðèì õèìè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå â õâîñòå
ãàëàêòèê ñ ïîìîùüþ ïîëíîé ñèñòåìû õèìè÷åñêèõ ðåàêöèé, ïðèâåäåííûõ âî âòîðîì ðàç-
äåëå, è ñîêðàùåííûé âàðèàíò, äîïóñêàþùèå àíàëèòè÷åñêîå ðåøåíèå. Ñòîèò îòìåòèòü, ÷òî
àñèìïòîòèêè ýòèõ ðåøåíèé èìåþò îäíó ïðèðîäó.

4.1. Ïîñòàíîâêà çàäà÷è. Áóäåì ìîäåëèðîâàòü öåíòðàëüíîå ñòîëêíîâåíèå äâóõ ãàëàê-
òèê ñ ìàññàìè M1 = 109M� è M2 = 108M�, èìåþùèå ñêîðîñòè vcr = 40 êì/ñ, ëèíåéíûé
ðàçìåð ãàëàêòèê ñîñòàâëÿåò L = 3 êèëîïàðñåê, êàæäàÿ èç êîòîðûõ çàäàíà äâóìÿ ñàìî-
ãðàâèòèðóþùèìè ñôåðè÷åñêèìè îáëàêàìè ñ NFW-ïðîôèëÿìè. Ãàëàêòèêè âðàùàþòñÿ â
ïðîòèâîïîëîæåííûå ñòîðîíû ñ äèôôåðåíöèàëüíûì âðàùåíèåì:

vφ =

√
r
∂Φ

∂r

Áóäåì ðàññìàòðèâàòü ýâîëþöèþ â òå÷åíèå 270 ìèëëèîíîâ ëåò. Íà÷àëüíîå ðàññòîÿíèå ìåæ-
äó ãàëàêòèêàìè ñîâïàäàåò ñ èõ ëèíåéíûì ðàçìåðîì.

4.2. Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ. Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñ-
ïåðèìåíòîâ ïðèâåäåíû íà ðèñ. 8.

Çà ôðîíòîì ìàññèâíîé ãàëàêòèêè îáðàçóåòñÿ õâîñò, â êîòîðîì çà ñ÷åò ðàçâèòèÿ
íåóñòîé÷èâîñòè òèïà Êåëüâèíà-Ãåëüìãîëüöà ðàçâèâàåòñÿ àíàëîã òóðáóëåíòíîãî òå÷åíèÿ,
çà ñ÷åò êîòîðîãî õâîñò ôðàãìåíòèðóåòñÿ íà òåíòàêëè, íàáëþäàåìûå â ãàëàêòèêàõ òèïà
ìåäóçà.
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Ðèñ. 8. Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ïî âîñïðîèçâåäåíèþ ñöåíàðèÿ îáðàçîâàíèÿ

ãàëàêòèêè òèïà ìåäóçà íà îñíîâå ñòîëêíîâåíèÿ ãàëàêòèê ðàçëè÷íîé ìàññû. Íà ðèñóíêàõ ïðèâåäåíà

ïëîòíîñòü â ñì−3 íà ìîìåíò âðåìåíè 270 ìèëëèîíîâ ëåò.

4.3. Õèìè÷åñêàÿ êèíåòèêà âîäîðîäà. Äëÿ õàðàêòåðíûõ çíà÷åíèé òåìïåðàòóðû T = 1000
K è T = 5000 K, à òàêæå õàðàêòåðíîé êîíöåíòðàöèè àòîìàðíîãî íåéòðàëüíîãî âîäîðîäà â
òåíòàêëÿõ ñ ïîìîùüþ ïàêåòà ChemPAK [39] áûëî ñìîäåëèðîâàíî ïîâåäåíèå êîíöåíòðàöèè
ðàçëè÷íûõ ôîðì âîäîðîäà, êîòîðûé â ïîäàâëÿþùåé ñâîåé ÷àñòè èîíèçèðîâàëñÿ, à ìîëå-
êóëÿðíûé ñîñòàâëÿë íåñêîëüêî òûñÿ÷íûõ ïðîöåíòà. Â èíòåðâàëå âðåìåíè 1011 < t < 1011.5

ñåêóíä ïðîèñõîäèò ðåçêèé ïðîöåññ èîíèçàöèè. Î÷åâèäíî, ÷òî ïðîöåññ îáðàçîâàíèÿ ìîëå-
êóëÿðíîãî âîäîðîäà èãðàåò ìåíüøóþ ðîëü, ÷åì ïðîöåññû, ïðèâîäÿùèå ê èîíèçàöèè âîäî-
ðîäà. Â ñâÿçè ñ ýòèì îñîáûé èíòåðåñ ïðåäñòàâëÿåò ñîáîé àíàëèòè÷åñêîå ðåøåíèå ïðîöåññà
èîíèçàöèè íà îñíîâå ñëåäóþùèõ ðåàêöèé:

� H + c.r.→ H+ + e
� H + e→ H+ + 2e
� H+ + e→ H + γ
� H+ + e+ grain→ H + grain
Â äàëüíåéøèõ ïóáëèêàöèÿõ ìû ðàññìîòðèì ýòîò âîïðîñ áîëåå ïîäðîáíî.
Çàêëþ÷åíèå. Â ñòàòüå èçëîæåí íîâûé ãèäðîäíàìè÷åñêèé êîä gooPhi äëÿ ìîäåëèðî-

âàíèÿ àñòðîôèçè÷åñêèõ òå÷åíèé ñ èñïîëüçîâàíèåì íîâåéøèõ óñêîðèòåëåé Intel Xeon Phi ñ
àðõèòåêòóðîé KNL. Ïîäðîáíî îïèñàí íîâûé âåêòîðíûé ÷èñëåííûé ìåòîä, ðåàëèçîâàííûé
â âèäå ïðîãðàììíîãî êîäà äëÿ ìàññèâíî-ïàðàëëåëüíûõ àðõèòåêòóð. Ïðèâåäåíû ðåçóëü-
òàòû âåðèôèêàöèè ÷èñëåííîãî ìåòîäà. Ïîäðîáíî îïèñàíû äåòàëè è èññëåäîâàíèå ïàðàë-
ëåëüíîé ðåàëèçàöèè êîäà. Â ðàìêàõ îäíîãî Intel Xeon Phi ïîëó÷åíà ïðîèçâîäèòåëüíîñòü
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173 ÃèãàÔëîïñ è 48-êðàòíîå óñêîðåíèå, ïðè èñïîëüçîâàíèè 16 óñêîðèòåëåé ïîëó÷åíà 97-
ïðîöåíòíàÿ ìàñøòàáèðóåìîñòü.

Ïðèëîæåíèå 1. Ìåæïðîöåññîðíûå âçàèìîäåéñòâèÿ
Pattern for MPI communications

#de f i n e COMMMPI_COMM_WORLD
#de f i n e STATUS MPI_STATUS_IGNORE
#de f i n e TR 1 // \ glqq {} to r i g h t \grqq {} communications
#de f i n e TL 2 // \ glqq {} to l e f t \ grqq {} communications
\ dots
i f ( rank == 0)
{
bu f f e r [ 0 ] = a [N−2] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TR,COMM) ;
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TL,COMM,STATUS) ;
a [N−1] = bu f f e r [ 0 ] ;
}

i f ( rank == s i z e −1)
{
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TR,COMM,STATUS) ;
a [ 0 ] = bu f f e r [ 0 ] ;
b u f f e r [ 0 ] = a [ 1 ] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TL,COMM) ;
}

i f ( rank !=0 && rank != s i z e −1)
{
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TR,COMM,STATUS) ;
a [ 0 ] = bu f f e r [ 0 ] ;
b u f f e r [ 0 ] = a [N−2] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TR,COMM) ;
MPI_Recv( bu f f e r , 1 ,MPI_DOUBLE, rank+1,

TL,COMM,STATUS) ;
a [N−1] = bu f f e r [ 0 ] ;
b u f f e r [ 0 ] = a [ 1 ] ;
MPI_Send( bu f f e r , 1 ,MPI_DOUBLE, rank−1,

TL,COMM) ;
}
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Ïðèëîæåíèå 2. Èñïîëüçîâàíèå áèáëèîòåêè FFTW
Øàáëîí ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà

/* Ïîäãîòîâêà ïðàâîé ÷àñòè óðàâíåíèÿ Ïóàññîíà ( data ) */
/* Ïîñòàíîâêà ãðàíè÷íûõ óñëîâèé ( data ) */

// Ïðÿìîå ÁÏÔ
fftwnd_mpi ( plan , 1 , data , NULL, FFTW_TRANSPOSED_ORDER) ;
/* Ðåøåíèå óðàâíåíèÿ Ïóàññîíà â ïðîñòðàíñòâå ãàðìîíèê */

// Îáðàòíîå ÁÏÔ
fftwnd_mpi ( ip lan , 1 , data , NULL, FFTW_TRANSPOSED_ORDER) ;
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êàíäèäàòà ôèçèêî-ìàòåìàòè÷åñêèõ íàóê ïî ñïå-
öèàëüíîñòè 05.13.11 �

”
Ìàòåìàòè÷åñêîå îáåñ-
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Ïðàâèëà ïðåäñòàâëåíèÿ è ïîäãîòîâêè ðóêîïèñåé äëÿ ïóáëèêàöèè â æóðíàëå

”
ÏÐÎÁËÅÌÛ ÈÍÔÎÐÌÀÒÈÊÈ“

Îáùèå òðåáîâàíèÿ.
Ðåäàêöèÿ ïðèíèìàåò ê ðàññìîòðåíèþ ñòàòüè â ýëåêòðîííîì âèäå (èñõîäíûé ôàéë â LATEX è ôàéë

PDF, ëèáî MS Word ñ ïðèëîæåíèåì îðèãèíàëîâ ðèñóíêîâ â ôîðìàòå òåõ ïðîãðàìì, â êîòîðûõ îíè áûëè
ñäåëàíû, îòäåëüíûìè ôàéëàìè).

Ôàéëû, ñîäåðæàùèå òåêñò ñòàòüè, èëëþñòðàöèè è äîïîëíèòåëüíûå ìàòåðèàëû, ìîæíî ïåðåñûëàòü íà
ýëåêòðîííûé àäðåñ ðåäàêöèè: problem-info@sscc.ru.

Ïðèíèìàþòñÿ ôàéëû, àðõèâèðîâàííûå àðõèâàòîðàìè ZIP/7Z èëè RAR; ïðèìåíåíèå ñàìîðàñïàêîâû-
âàþùèõñÿ àðõèâîâ íå äîïóñêàåòñÿ.

Ïðè ïîâòîðíîé îòïðàâêå ìàòåðèàëîâ, à òàêæå ïðè âíåñåíèè â èñõîäíûé òåêñò äîïîëíåíèé èëè èñïðàâ-
ëåíèé íåîáõîäèìî ñîîáùèòü îá ýòîì â ðåäàêöèþ â òåêñòå ýëåêòðîííîãî ïèñüìà.

Òåêñò ñòàòüè ñ ôîðìóëàìè, ðèñóíêàìè, òàáëèöàìè äîëæåí áûòü ïîäãîòîâëåí íà ñòàíäàðò-
íîì ëèñòå ôîðìàòà À4 ÷åðåç 1,5 èíòåðâàëà, ðàçìåð øðèôòà 12 pt, âñå ïîëÿ ïî 2 ñì.

Ñòàòüè, ñîäåðæàùèå ôîðìóëû, ñëåäóåò íàáèðàòü â ðåäàêòîðå LATEX. Â îñòàëüíûõ ñëó÷à-
ÿõ äîïóñêàåòñÿ èñïîëüçîâàíèå ïðîãðàììû MSWord, øðèôò � TimesNewRoman; àâòîìàòè-
÷åñêàÿ ðàññòàíîâêà ïåðåíîñîâ â äîêóìåíòå äîëæíà áûòü îòêëþ÷åíà.

Íàïðàâëÿÿ ñòàòüþ â ðåäàêöèþ æóðíàëà, àâòîð (ñîàâòîðû) íà áåçâîçìåçäíîé îñíîâå ïåðåäàåò(þò) èçäà-
òåëþ íà ñðîê äåéñòâèÿ àâòîðñêîãî ïðàâà ïî äåéñòâóþùåìó çàêîíîäàòåëüñòâó ÐÔ èñêëþ÷èòåëüíîå ïðàâî
íà èñïîëüçîâàíèå ñòàòüè èëè îòäåëüíîé åå ÷àñòè (â ñëó÷àå ïðèíÿòèÿ ðåäêîëëåãèåé Æóðíàëà ñòàòüè ê
îïóáëèêîâàíèþ) íà òåððèòîðèè âñåõ ãîñóäàðñòâ, ãäå àâòîðñêèå ïðàâà â ñèëó ìåæäóíàðîäíûõ äîãîâîðîâ
Ðîññèéñêîé Ôåäåðàöèè ÿâëÿþòñÿ îõðàíÿåìûìè, â òîì ÷èñëå ñëåäóþùèå ïðàâà: íà âîñïðîèçâåäåíèå, íà
ðàñïðîñòðàíåíèå, íà ïóáëè÷íûé ïîêàç, íà äîâåäåíèå äî âñåîáùåãî ñâåäåíèÿ, íà ïåðåâîä íà èíîñòðàííûå
ÿçûêè è ïåðåðàáîòêó (è èñêëþ÷èòåëüíîå ïðàâî íà èñïîëüçîâàíèå ïåðåâåäåííîãî è (èëè) ïåðåðàáîòàííî-
ãî ïðîèçâåäåíèÿ âûøåóêàçàííûìè ñïîñîáàìè), íà ïðåäîñòàâëåíèå âñåõ âûøåïåðå÷èñëåííûõ ïðàâ äðóãèì
ëèöàì.

Æóðíàë
”
Ïðîáëåìû èíôîðìàòèêè“ÿâëÿåòñÿ íåêîììåð÷åñêèì èçäàíèåì. Ïëàòà ñ àâòîðîâ çà ïóáëèêà-

öèþ ñòàòåé íå âçèìàåòñÿ.
Ê ñòàòüå äîëæíû áûòü ïðèëîæåíû:
� ðàçðåøåíèå íà ïóáëèêàöèþ îò ýêñïåðòíîãî ñîâåòà îðãàíèçàöèè, â êîòîðîé âûïîëíåíà ðàáîòà

(äëÿ àâòîðîâ èç Ðîññèè);
� îðèãèíàë ðåöåíçèè;
ïîðòðåòíûå ôîòîãðàôèè àâòîðîâ ðàçðåøåíèåì íå ìåíåå 300 dpi.
� Áëîêè èíôîðìàöèè è íà ðóññêîì, è íà àíãëèéñêîì ÿçûêàõ ïðîñüáà ïðèñûëàòü îòäåëüíûìè ôàéëàìè:
� Íàçâàíèå ñòàòüè;
� Èíèöèàëû è ôàìèëèè àâòîðîâ;
� Ìåñòà ðàáîòû àâòîðîâ: ïîëíîå íàèìåíîâàíèå îðãàíèçàöèè, ïî÷òîâûé èíäåêñ, ãîðîä, ñòðàíà;
� Êîä(û) êëàññèôèêàöèè ÓÄÊ;
�Àííîòàöèè, ñîäåðæàùèå êðàòêóþ ïîñòàíîâêó çàäà÷è è îïèñàíèå ìåòîäà ðåøåíèÿ: íà ðóññêîì ÿçûêå

îáúåìîì íå áîëåå 1000 çíàêîâ, íà àíãëèéñêîì ÿçûêå ðàñøèðåííóþ, îáúåìîì îò 4000 äî 8000 çíàêîâ, ÷òî
ñîîòâåòñòâóåò òðåáîâàíèÿì ÂÀÊ è Scopus.

� Êëþ÷åâûå ñëîâà;
� Ñïèñêè èñïîëüçóåìîé ëèòåðàòóðû â ñîîòâåòñòâèè ñ ÃÎÑÒ Ð 7.0.5�2008 (â àíãëèéñêîé âåðñèè

íåîáõîäèìî âûïîëíèòü òðàíñëèòåðàöèþ íåàíãëîÿçû÷íûõ ýëåìåíòîâ ñïèñêà ëèòåðàòóðû â ñîîòâåòñòâèè
ñ ÃÎÑÒ Ð 7.0.34-2014) � ñîñòàâëÿþòñÿ ïî õîäó óïîìèíàíèÿ èñòî÷íèêîâ â òåêñòå;

� Êðàòêèå áèîãðàôèè (ÁÈÎ) àâòîðîâ ñ óêàçàíèåì êëþ÷åâûõ íàó÷íûõ äîñòèæåíèé (âêëþ÷àÿ
ó÷åíóþ ñòåïåíü, ó÷åíîå çâàíèå � ïðè íàëè÷èè; îñíîâíûå îáëàñòè íàó÷íûõ èíòåðåñîâ è ôîðìóëèðîâêó
îñíîâíûõ ðåçóëüòàòîâ, ìåñòî ðàáîòû, çàíèìàåìóþ äîëæíîñòü, êîíòàêòíûå äàííûå � ïî÷òîâûé àäðåñ ñ
èíäåêñîì, àäðåñ ýëåêòðîííîé ïî÷òû, êîíòàêòíûé òåëåôîí).

Ïîäãîòîâêà ñòàòüè.
1. Ìàòåðèàë ñòàòüè äîëæåí áûòü èçëîæåí â ñëåäóþùåé ïîñëåäîâàòåëüíîñòè:

1. íàçâàíèå ñòàòüè íà àíãëèéñêîì ÿçûêå;

2. èíèöèàëû è ôàìèëèÿ àâòîðà(îâ) íà àíãëèéñêîì ÿçûêå;

3. ìåñòî ðàáîòû àâòîðà(îâ) (íà àíãëèéñêîì ÿçûêå): ïîëíîå íàèìåíîâàíèå îðãàíèçàöèè, èíäåêñ, ãîðîä,
ñòðàíà;

4. àíãëîÿçû÷íàÿ àííîòàöèÿ;



5. êëþ÷åâûå ñëîâà íà àíãëèéñêîì ÿçûêå;

6. references+òðàíñëèòåðàöèÿ íåàíãëîÿçû÷íûõ ýëåìåíòîâ ñïèñêà ëèòåðàòóðû;

7. íàçâàíèå ñòàòüè íà ðóññêîì ÿçûêå;

8. èíèöèàëû è ôàìèëèè è àâòîðîâ;

9. ìåñòî ðàáîòû àâòîðîâ: ïîëíîå íàèìåíîâàíèå îðãàíèçàöèè, ïî÷òîâûé èíäåêñ, ãîðîä, ñòðàíà;

10. èíäåêñ ÓÄÊ;

11. àííîòàöèÿ íà ðóññêîì ÿçûêå;

12. êëþ÷åâûå ñëîâà (íå áîëåå 8);

13. òåêñò ñòàòüè;

14. ñïèñîê ëèòåðàòóðû, îôîðìëåííûé â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè ÃÎÑÒ;

15. êðàòêèå áèîãðàôèè àâòîðîâ íà àíãëèéñêîì è ðóññêîì ÿçûêàõ ñ óêàçàíèåì êëþ÷åâûõ íàó÷íûõ äî-
ñòèæåíèé (ó÷åíóþ ñòåïåíü, ó÷åíîå çâàíèå � ïðè íàëè÷èè; ìåñòî ðàáîòû, çàíèìàåìóþ äîëæíîñòü,
êîíòàêòíûå äàííûå � ïî÷òîâûé àäðåñ ñ èíäåêñîì, àäðåñ ýëåêòðîííîé ïî÷òû, êîíòàêòíûé òåëåôîí,
îñíîâíûå îáëàñòè íàó÷íûõ èíòåðåñîâ è ôîðìóëèðîâêà îñíîâíûõ ðåçóëüòàòîâ).

2. Òðåáîâàíèÿ ê ôîðìóëàì:
� Íóìåðàöèÿ ôîðìóë ñêâîçíàÿ, âûíîñíûå ôîðìóëû öåíòðèðóþòñÿ, íîìåð âûðîâíåí ïî ïðàâîìó êðàþ.
3. Òðåáîâàíèÿ ê ðèñóíêàì:
� Ôàéëû ñ ðèñóíêàìè ïðèñûëàþòñÿ îòäåëüíî â ôîðìàòå ïðîãðàìì, â êîòîðûõ îíè áûëè âûïîëíå-

íû: â ôîðìàòå MS Excel (äëÿ ãðàôèêîâ è äèàãðàìì), eps, pdf, png, ti�, bmp èëè jpeg (ñ ìàêñèìàëüíûì
êà÷åñòâîì).

� Ðèñóíêè ñ ïîäðèñóíî÷íûìè ïîäïèñÿìè çàâåðñòûâàþòñÿ â òåêñò ñòàòüè.
� Òåêñòû, ÿâëÿþùèåñÿ ÷àñòüþ ðèñóíêà, âûïîëíÿþòñÿ øðèôòîì TimesNewRoman.
� Ôîòîãðàôèè äîëæíû èìåòü ðàçðåøåíèå íå ìåíåå 300 dpi.
4. Äîïîëíèòåëüíûå òðåáîâàíèÿ:
� Â òåêñò ñòàòüè íåîáõîäèìî âêëþ÷àòü ññûëêè íà ðèñóíêè è òàáëèöû, à òàêæå ïîäðèñóíî÷íûå ïîä-

ïèñè è çàãîëîâêè òàáëèö. Âñå áóêâåííûå îáîçíà÷åíèÿ, ïðèâåäåííûå íà ðèñóíêàõ, íåîáõîäèìî ïîÿñíèòü â
îñíîâíîì òåêñòå èëè â ïîäðèñóíî÷íûõ ïîäïèñÿõ.

� Ñîêðàùåíèÿ ñëîâ íå äîïóñêàþòñÿ (êðîìå îáùåïðèíÿòûõ).
� Âåêòîðíûå ïåðåìåííûå îáîçíà÷àþòñÿ ïîëóæèðíûì øðèôòîì áåç êóðñèâà.
� Òàáëèöû íå äîëæíû áûòü ãðîìîçäêèìè. Çíà÷åíèÿ ôèçè÷åñêèõ âåëè÷èí â òàáëèöàõ, íà ãðàôèêàõ è

â òåêñòå äîëæíû óêàçûâàòüñÿ â åäèíèöàõ èçìåðåíèÿ ÑÈ.
� Ãðàôèêè, åñëè èõ íà ðèñóíêå íåñêîëüêî, à òàêæå îòäåëüíûå äåòàëè íà ÷åðòåæàõ, óçëû è ëèíèè íà

ñõåìàõ ñëåäóåò îáîçíà÷àòü öèôðàìè, íàáðàííûìè êóðñèâîì.
� Íóìåðîâàòü ñëåäóåò òîëüêî òå ôîðìóëû è óðàâíåíèÿ, íà êîòîðûå èìåþòñÿ ññûëêè â òåêñòå, íóìå-

ðàöèÿ ñêâîçíàÿ.
� Ññûëêè íà èñòî÷íèêè â òåêñòå çàêëþ÷àþòñÿ â êâàäðàòíûå ñêîáêè.
� Èíîñòðàííûå èñòî÷íèêè ïðèâîäÿòñÿ íà ÿçûêå îðèãèíàëà. Ññûëêè íà íåîïóáëèêîâàííûå ðàáîòû íå

äîïóñêàþòñÿ.
Âñå ñòàòüè, îïóáëèêîâàííûå â æóðíàëå

”
Ïðîáëåìû èíôîðìàòèêè“, äîñòóïíû íà ñàéòå https://

elibrary.ru/title_about.asp?id=30275 è íà ñàéòå æóðíàëà http://problem-info.sscc.ru ñïóñòÿ ãîä
ïîñëå îïóáëèêîâàíèÿ.

Ïðèìåð îôîðìëåíèÿ ñòàòåé ìîæíî ïîñìîòðåòü íà ñàéòå æóðíàëà http://problem-info.sscc.ru.


