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Cellular-automaton models are actively used to model physical processes. The cellular automata in
these models are large and require a large number of iterations to observe e�ects of interest. Researchers
use parallel technologies to organize calculations in order to get the result quickly. The choice of
technology usually depends on the level of the researcher's skills in the �eld of parallel programming.
Parallel programming is a complex skill, and to get it you need to learn a lot of theory and even
more practice. We have proposed a special tensor approach to the software implementation of cellular
automata to free the researcher from these di�culties and help to create a parallel software product.

A special framework that automatically parallelizes computations at NVIDIA GPU cores is central
to the approach. The chosen framework is TensorFlow. The main data structure of TensorFlow is a
tensor (multidimensional matrix). Thus, in order to implement a cellular automaton using the tensor
approach, it is necessary to represent the cellular automaton as a tensor, and the logic of the automaton
transition from one state to another as operations on tensors.

There are two options for applying tensor operations. The �rst option is to use ready-made
operations. The framework implements simple operations that work with ordinary matrices, and more
complex operations, such as convolution. In this case, the researcher needs to analyze how the cellular
automaton works and select the necessary tensor operations that implement the automaton. The second
option is to create your own tensor operation. A custom operation is created using CUDA technology.
In this case, the structural elements are ordinary two-dimensional arrays that represent tensors. The
user needs to independently allocate the number of threads and blocks required for calculations. The
TensorFlow developer libraries allow you to implement operations on data both as programs for the
central processor and as programs for graphics adapters in the CUDA C programming language.

In this paper, to demonstrate the performance and capabilities of the tensor approach, the well-
known cellular automaton FHP �ow model is implemented. There are two phases in this model: collision
and propagation. It was decided to implement our own operation, which describes the logic of the
automaton, after analyzing the existing TensorFlow operations. Both phases of the FHP model are
implemented by us with one custom operation, which is implemented in TensorFlow. The operation
takes as input a tensor corresponding to a cellular automaton and a tensor of random numbers to
determine the propagation direction. At the output, the operation generates a tensor, to the elements
of which the propagation phase and the collision phase are applied. Experiments with the model
implemented using the tensor approach were carried out. The gas �ow in an open longitudinal pipe is
simulated. The particle source is located on one side of the pipe. In the �rst part of the experiment,
an obstacle in the form of a small oblong object is located in the pipe, in the second part � a small
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round object. The experimental results are visualized and the picture of the process agrees with the
results obtained in other literature sources.

Additionally, a comparative experiment was carried out to evaluate the e�ectiveness of the tensor
approach. In this case, we compared the number of automaton cells processed per second in our
implementation on TensorFlow and in an implementation written using only CUDA technology. The
results of the comparison showed that when implementing the FHP �ow model using the tensor
approach, fewer (by 10 or 100 times, depending on the size of the cellular automaton) cells are processed
in the same time than in an implementation built on only one CUDA technology. Despite the fact that
the implementation of the �ow model in TensorFlow is inferior to the implementation written in CUDA
in terms of time, the process of building a parallel software implementation is simpler and does not
require the researcher to have a deep understanding of the features of parallel programming.

Key words: cellular automaton, tensor approach, gas �ow.
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Â ðàáîòå îïèñûâàåòñÿ îïûò ïðèìåíåíèÿ òåíçîðíîãî ïîäõîäà ê ïðîãðàììíîé ðåàëèçàöèè
êëåòî÷íî-àâòîìàòíîé ìîäåëè ïîòîêà FHP. Äàííûé ïîäõîä îðèåíòèðîâàí íà ïðèìåíåíèå ìíî-
ãîÿäåðíûõ âèäåîêàðò è ñïåöèàëüíîé ðàáî÷åé ñðåäû, êîòîðàÿ àâòîìàòè÷åñêè ðàñïðåäåëÿåò âû-
÷èñëåíèÿ ïî ÿäðàì âèäåîêàðòû áåç âìåøàòåëüñòâà èññëåäîâàòåëÿ. Ïðîäåìîíñòðèðîâàíà âîç-
ìîæíîñòü âíåäðåíèÿ ïîëüçîâàòåëüñêèõ îïåðàöèé â ðàáî÷óþ ñðåäó è ïðîâåäåíû êîìïüþòåðíûå
ýêñïåðèìåíòû.

Êëþ÷åâûå ñëîâà: êëåòî÷íûé àâòîìàò, òåíçîðíûé ïîäõîä, ãàçîâûé ïîòîê.

Ââåäåíèå. Ïðè ïðèìåíåíèè êëåòî÷íî-àâòîìàòíûõ ìîäåëåé äëÿ èññëåäîâàíèÿ ôèçè÷å-
ñêèõ ïðîöåññîâ ïåðåä èññëåäîâàòåëÿìè âîçíèêàåò çàäà÷à ïðîãðàììíîé ðåàëèçàöèè ìîäåëè.
Äëÿ òîãî ÷òîáû ïðîíàáëþäàòü êàðòèíó ïðîòåêàíèÿ ¾ñëîæíîãî¿ ôèçè÷åñêîãî ïðîöåññà,
ñìîäåëèðîâàííîãî ïðè ïîìîùè êëåòî÷íûõ àâòîìàòîâ, íåîáõîäèìû êëåòî÷íûå ïðîñòðàí-
ñòâà áîëüøèõ ðàçìåðîâ è áîëüøîå êîëè÷åñòâî èòåðàöèé ðàáîòû àâòîìàòà. Òàê, íàïðèìåð,
åñëè êëåòî÷íî-àâòîìàòíàÿ ìîäåëü ðàáîòàåò â àñèíõðîííîì ðåæèìå, íåîáõîäèìî îïåðèðî-
âàòü ïðîñòðàíñòâîì â 1010−1012 ÷àñòèö â òå÷åíèå 103−105 èòåðàöèé [1]. Ïîýòîìó äëÿ òîãî
÷òîáû ðåçóëüòàò ìîäåëèðîâàíèÿ áûë ïîëó÷åí çà àäåêâàòíîå âðåìÿ, íåîáõîäèìî îðãàíèçî-
âàòü âû÷èñëåíèÿ ïàðàëëåëüíî.

Â ðàáîòàõ èññëåäîâàòåëåé êëåòî÷íûõ àâòîìàòîâ îïèñàí îïûò ðàñïàðàëëåëèâàíèÿ âû-
÷èñëåíèé ïðè ïîìîùè ðàçëè÷íûõ òåõíîëîãèé. Âûáîð êîíêðåòíîé òåõíîëîãèè íàïðÿìóþ
çàâèñèò îò óðîâíÿ íàâûêîâ â ïàðàëëåëüíîì ïðîãðàììèðîâàíèè. Òàê, íàïðèìåð, àâòîðû
ðàáîòû [2] â ñâîèõ ýêñïåðèìåíòàõ ñ êëåòî÷íûìè àâòîìàòàìè èñïîëüçóþò ñòàíäàðòèçîâàí-
íûé êîììóíèêàöèîííûé èíòåðôåéñ äëÿ ñîçäàíèÿ ïàðàëëåëüíûõ ïðîãðàìì â ìîäåëè ïåðå-
äà÷è ñîîáùåíèé � MPI (Message Passing Interface). Â ðàáîòå [3] ïðîãðàììíàÿ ðåàëèçàöèÿ
áëî÷íî-ñèíõðîííîãî êëåòî÷íîãî àâòîìàòà ïîñòðîåíà ïðè ïîìîùè ñâÿçêè MPI è ñòàíäàðòà
OpenMP (Open Multi-Processing), â [4�5] äëÿ ðåàëèçàöèè êëåòî÷íî-àâòîìàòíûõ ìîäåëåé
ïðèìåíÿåòñÿ òåõíîëîãèÿ CUDA (Compute Uni�ed Device Architecture).

Òðóäîåìêîñòü ïðîãðàììèðîâàíèÿ ïðè ïîìîùè äàííûõ òåõíîëîãèé äîâîëüíî âåëèêà è
ïîäðàçóìåâàåò ñàìîñòîÿòåëüíîå ðàñïðåäåëåíèå âû÷èñëèòåëüíîé ðàáîòû ïî ïðîöåññàì è
îðãàíèçàöèþ îáìåíà äàííûìè. Èìåííî ïîýòîìó èññëåäîâàòåëþ ïðåäñòîèò áîëüøèé îáúåì
ðàáîòû è áîëüøàÿ îòâåòñòâåííîñòü çà êà÷åñòâî åå âûïîëíåíèÿ. Äëÿ òîãî ÷òîáû îñâîáîäèòü
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Ðèñ. 1. Ôîðìà êëåòêè â ìîäåëè FHP

èññëåäîâàòåëÿ îò íåîáõîäèìîñòè îñâàèâàòü îñîáåííîñòè ïàðàëëåëüíîãî ïðîãðàììèðîâà-
íèÿ, ìîæíî âîñïîëüçîâàòüñÿ ñïåöèàëüíûìè ðàáî÷èìè ñðåäàìè, êîòîðûå ñàìîñòîÿòåëüíî
ðàñïàðàëëåëèâàþò âû÷èñëåíèÿ è ðàñïðåäåëÿþò çàäàíèÿ ìåæäó äîñòóïíûìè ïðîöåññîðàìè
âû÷èñëèòåëüíîãî óñòðîéñòâà. Â ÷àñòíîñòè, ê òàêèì ðàáî÷èì ñðåäàì ìîæíî îòíåñòè ôðåéì-
âîðê TensorFlow [6]. Ãëàâíûì ïðåèìóùåñòâîì ôðåéìâîðêà ÿâëÿåòñÿ âûñîêèé óðîâåíü àá-
ñòðàêöèè, êîòîðûé îáëåã÷àåò ðàçðàáîòêó ïðîãðàììíîé ðåàëèçàöèè. Ýòî îçíà÷àåò, ÷òî èñ-
ñëåäîâàòåëþ íå íóæíî äóìàòü î òîì, êàê îðãàíèçîâàòü ïàðàëëåëüíûå ó÷àñòêè ïðîãðàììû
è ðàñïðåäåëèòü äàííûå ìåæäó íèìè. Åãî çàäà÷åé ÿâëÿåòñÿ îïèñàíèå ëîãèêè ïðîãðàììû è
åå ìàòåìàòè÷åñêîé ÷àñòè. Íà îñíîâå èñïîëüçîâàíèÿ TensorFlow ðàíåå íàìè áûë ïðåäëîæåí
ïîäõîä ê ïðîãðàììíîé ðåàëèçàöèè ñèíõðîííûõ êëåòî÷íûõ àâòîìàòîâ, êîòîðûé íàçûâàåòñÿ
òåíçîðíûì [7]. Äëÿ òîãî ÷òîáû îöåíèòü ïðèìåíèìîñòü äàííîãî ïîäõîäà â çàäà÷å ìîäåëè-
ðîâàíèÿ ôèçè÷åñêèõ ïðîöåññîâ, ìû îáðàòèëèñü ê èçâåñòíîé êëåòî÷íî-àâòîìàòíîé ìîäåëè
ïîòîêà FHP [8] è ïðîâåëè êîìïüþòåðíûé è ñðàâíèòåëüíûé ýêñïåðèìåíòû.

1. Êëåòî÷íûé àâòîìàò è ìîäåëü FHP. Êëåòî÷íûé àâòîìàò � ýòî ìíîæåñòâî àâòî-
ìàòîâ Ìóðà A = {ai,j|(i,j) ∈ Z× Z}, çàäàííîå íà íåêîòîðîé ôóíêöèè îêðåñòíîñòè N(i,j).
Êàæäûé ýëåìåíò ai,j = ⟨S, ŝ, I, O, φ, ψ⟩ ìíîæåñòâà A åñòü êëåòêà, ãäå S � êîíå÷íîå íåïó-
ñòîå ìíîæåñòâî ñîñòîÿíèé àâòîìàòà ñ âûäåëåííûì íà÷àëüíûì ñîñòîÿíèåì ŝ ∈ S, I = Sn �
êîíå÷íîå ìíîæåñòâî âõîäíûõ âîçäåéñòâèé, O = S � êîíå÷íîå ìíîæåñòâî âûõîäíûõ ðåàê-
öèé, φ : S×I → S � ïîëíîñòüþ îïðåäåëåííàÿ ôóíêöèÿ ïåðåõîäîâ, ψ : S → O � ïîëíîñòüþ
îïðåäåëåííàÿ ôóíêöèÿ âûõîäîâ.

Â ìîäåëè FHP ñîñòîÿíèå êëåòêè àññîöèèðóåòñÿ ñ íàáîðîì ñîäåðæàùèõñÿ â íåé ÷à-
ñòèö. Êëåòêè êëàññèôèöèðóþòñÿ ïî òèïó: 1) ðàáî÷àÿ êëåòêà; 2) êëåòêà-ñòåíêà. ×àñòèöû
êëàññèôèöèðóþòñÿ ïî ñêîðîñòè: 1) äâèæóùàÿñÿ ÷àñòèöà; 2) ÷àñòèöà ïîêîÿ. Îñîáåííîñòüþ
ðàññìàòðèâàåìîé ìîäåëè ïîòîêà ÿâëÿåòñÿ òî, ÷òî â êëåòêå íå ìîæåò áûòü áîëüøå îäíîé
÷àñòèöû ïîêîÿ è áîëüøå îäíîé ÷àñòèöû, äâèæóùåéñÿ â çàäàííîì íàïðàâëåíèè. Êàæäàÿ
êëåòêà èìååò ôîðìó øåñòèóãîëüíèêà, è åå ñîñòîÿíèå îïèñûâàåòñÿ áóëåâûì âåêòîðîì äëè-
íû 8: s(ai,j) = (s1,s2, . . . ,s8). Êîìïîíåíòà s1 èäåíòèôèöèðóåò òèï êëåòêè: åñëè s1 = 0, òî
êëåòêà ðàáî÷àÿ, åñëè s1 = 1, òî êëåòêà � ñòåíêà. Êîìïîíåíòà s8 îïðåäåëÿåò íàëè÷èå â
êëåòêå ÷àñòèöû ïîêîÿ: åñëè s8 = 0, òî ÷àñòèöû ïîêîÿ â êëåòêå íåò, åñëè s8 = 1, òî â
êëåòêå ïðèñóòñòâóåò ÷àñòèöà ïîêîÿ. Êîìïîíåíòû s2, . . . ,s7 îòâå÷àþò çà íàïðàâëåíèÿ äâè-
æóùèõñÿ ÷àñòèö, íàïðèìåð, äëÿ ñîñòîÿíèÿ (00001011) íàïðàâëåíèÿ â êëåòêå áóäóò èìåòü
ñëåäóþùèé âèä (ðèñ. 1).

Êëåòî÷íûé àâòîìàò ðàáîòàåò â äâóõòàêòíîì ñèíõðîííîì ðåæèìå. Ïåðâûé òàêò � ôàçà
ñäâèãà, ÷àñòèöû ïåðåìåùàþòñÿ â ñîñåäíèå êëåòêè ïî íàïðàâëåíèþ âåêòîðà ñêîðîñòè. Âòî-
ðîé òàêò � ôàçà ñòîëêíîâåíèÿ, êëåòêè ïåðåõîäÿò â íîâîå ñîñòîÿíèå ñîãëàñíî ïðàâèëàì
ñòîëêíîâåíèÿ, êîòîðûå íîñÿò âåðîÿòíîñòíûé õàðàêòåð è îïðåäåëÿþòñÿ òîëüêî âíóòðåííèì
ñîñòîÿíèåì êëåòêè íà ïðåäûäóùåì òàêòå.
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2. Òåíçîðíûé ïîäõîä ê ðåàëèçàöèè êëåòî÷íûõ àâòîìàòîâ. Ïðåäëàãàåìûé ïîä-
õîä ê ðåàëèçàöèè âêëþ÷àåò àïïàðàòíóþ è ïðîãðàììíóþ ñîñòàâëÿþùèå. Àïïàðàòíàÿ ñî-
ñòàâëÿþùàÿ ïðåäñòàâëÿåò ãðàôè÷åñêèé ïðîöåññîð îò ôèðìû NVIDIA, ïîääåðæèâàþùèé
ïðîãðàììíî-àïïàðàòíóþ àðõèòåêòóðó ïàðàëëåëüíûõ âû÷èñëåíèé CUDA. Ïðîãðàììíàÿ
÷àñòü CUDA âêëþ÷àåò ýëåìåíòû, íåîáõîäèìûå äëÿ ðàçðàáîòêè ïàðàëëåëüíûõ ïðîãðàìì:

� CUDA C � ÿçûê ïðîãðàììèðîâàíèÿ (ïîòîêîâîå ðàñøèðåíèå ÿçûêà Ñ++);
� êîìïèëÿòîð NVCC;
� API;
� íàáîð áèáëèîòåê.
Ïðîãðàììíàÿ ñîñòàâëÿþùàÿ ïîäõîäà âêëþ÷àåò ñïåöèàëüíóþ ðàáî÷óþ ñðåäó � ôðåéì-

âîðê TensorFlow. Îñíîâíîé ñòðóêòóðîé äàííûõ â TensorFlow ÿâëÿåòñÿ ìíîãîìåðíàÿ ìàò-
ðèöà, êîòîðàÿ â òåðìèíàõ ýòîãî ôðåéìâîðêà íàçûâàåòñÿ òåíçîðîì. Òåíçîðû õàðàêòåðèçó-
þòñÿ ÷åòûðüìÿ ïàðàìåòðàìè:

� Ðàíã � êîëè÷åñòâî èçìåðåíèé òåíçîðà.
� Ôîðìà � êîëè÷åñòâî êîìïîíåíòîâ ïî êàæäîìó èçìåðåíèþ òåíçîðà.
� Ðàçìåð � îáùåå êîëè÷åñòâî êîìïîíåíòîâ òåíçîðà.
� Òèï � òèï äàííûõ, íàçíà÷åííûé êîìïîíåíòàì òåíçîðà (öåëî÷èñëåííûé âîñüìèáèò-

íûé, øåñòíàäöàòèáèòíûé ñ ïëàâàþùåé çàïÿòîé è ò. ï.).
Ðàáîòà ñ TensorFlow ïîñòðîåíà âîêðóã ñîçäàíèÿ è âûïîëíåíèÿ ãðàôà âû÷èñëåíèé. Ãðàô

âû÷èñëåíèé � ýòî ãðàô ïîòîêîâ äàííûõ, â êîòîðîì ìàòåìàòè÷åñêèå îïåðàöèè ïðåäñòàâ-
ëåíû â âèäå óçëîâ, à äàííûå � â âèäå ðåáåð ìåæäó ýòèìè óçëàìè. Ãðàô íèêîãäà íå ìîæåò
áûòü öèêëè÷åñêèì, è êàæäàÿ îïåðàöèÿ ïðèâîäèò ê ôîðìèðîâàíèþ íîâîãî òåíçîðà.

Òàêèì îáðàçîì, äëÿ ïðåäñòàâëåíèÿ êëåòî÷íîãî àâòîìàòà â ðàìêàõ òåíçîðíîãî ïîäõîäà
íåîáõîäèìî ñàì êëåòî÷íûé àâòîìàò ïðåäñòàâèòü â âèäå òåíçîðà, à ëîãèêó ïåðåõîäà àâòî-
ìàòà èç îäíîãî ñîñòîÿíèÿ â äðóãîå � ïðè ïîìîùè îïåðàöèé íàä òåíçîðàìè. Äëÿ òåíçîðîâ
ñïðàâåäëèâî áîëüøèíñòâî àðèôìåòè÷åñêèõ îïåðàöèé, ðàáîòàþùèõ ñ ìàòðèöàìè, à èìåí-
íî: ñëîæåíèå, âû÷èòàíèå, ïîýëåìåíòíîå óìíîæåíèå è äåëåíèå, ìàòðè÷íîå óìíîæåíèå è
ò. ä. Â TensorFlow ðåàëèçîâàíû îñíîâíûå ìàòåìàòè÷åñêèå îïåðàöèè, ôóíêöèè è àëãîðèò-
ìû. Êðîìå ýòîãî, ôóíêöèîíàë ôðåéìâîðêà ïîçâîëÿåò âñòðàèâàòü â íåãî ïîëüçîâàòåëüñêèå
îïåðàöèè. Áèáëèîòåêè ðàçðàáîò÷èêîâ ïîçâîëÿþò ðåàëèçîâûâàòü îïåðàöèè íàä äàííûìè
êàê ïðîãðàììû äëÿ öåíòðàëüíîãî ïðîöåññîðà, òàê è êàê ïðîãðàììû äëÿ ãðàôè÷åñêèõ
ïðîöåññîðîâ.

3. Ïðåäñòàâëåíèå ìîäåëè FHP â ðàìêàõ òåíçîðíîãî ïîäõîäà.

3.1. Àðõèòåêòóðà ìîäåëè. Ðåàëèçàöèÿ êëåòî÷íî-àâòîìàòíîé ìîäåëè ïîòîêà FHP ìî-
æåò áûòü îñóùåñòâëåíà â äâà ýòàïà. Íà ïåðâîì ýòàïå íåîáõîäèìî îòîáðàçèòü øåñòèóãîëü-
íóþ ôîðìó êëåòîê àâòîìàòà íà ïðÿìîóãîëüíóþ áåç íàðóøåíèÿ ñîñåäñòâà. Íà âòîðîì ýòàïå
íåîáõîäèìî âûðàçèòü ôàçû ñäâèãà è ñòîëêíîâåíèÿ ïðè ïîìîùè òåíçîðíûõ îïåðàöèé.

Íà ðèñ. 2 ïðîäåìîíñòðèðîâàí ñïîñîá îòîáðàæåíèÿ, â êîòîðîì òèï ñîñåäñòâà ÷åðåäóåòñÿ
â çàâèñèìîñòè îò ÷åòíîñòè ñòîëáöà. Äëÿ ýòîãî ïîëå êëåòîê áóäåì èçîáðàæàòü íåìíîãî ¾íå
êëàññè÷åñêè¿ (ðèñ. 2, à): ñëåâà êëàññè÷åñêèé âèä ïîëÿ (êëåòêè ¾óãëîì ââåðõ¿), ñïðàâà �
âèä, ïðèìåíÿåìûé â íàøåé ðàáîòå (¾ñòîðîíîé ââåðõ¿).

3.2. Ðåàëèçàöèÿ òåíçîðíûõ îïåðàöèé íà CUDA. Â ñëó÷àå åñëè âû÷èñëåíèÿ, òðåáóåìûå
äëÿ ðåøåíèÿ çàäà÷è, íåâîçìîæíî âûïîëíèòü ñòàíäàðòíûìè îïåðàöèÿìè TensorFlow ïî
ïðè÷èíå èõ îòñóòñòâèÿ èëè âûáîð òåíçîðíûõ îïåðàöèé íåî÷åâèäåí, â ôðåéìâîðêå èìååòñÿ
âîçìîæíîñòü âíåäðÿòü ñîáñòâåííûå îïåðàöèè ïðè ïîìîùè òåõíîëîãèè CUDA. Òåõíîëîãèÿ
CUDA ïîçâîëÿåò îïðåäåëÿòü ñïåöèàëüíûå ôóíêöèè � ÿäðà, êîòîðûå âûïîëíÿþòñÿ ïà-
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à)

á) â)

Ðèñ. 2. Ñïîñîá îòîáðàæåíèÿ øåñòèóãîëüíîé ôîðìû êëåòîê íà ïðÿìîóãîëüíóþ: à) âèä ïîëÿ êëåòî÷íîãî

àâòîìàòà (ñëåâà ¾êëàññè÷åñêèé¿, ñïðàâà ïðèìåíÿåìûé â íàøåé ðàáîòå); á) òèï ñîñåäñòâà äëÿ íå÷åòíûõ

ñòîëáöîâ; â) òèï ñîñåäñòâà äëÿ ÷åòíûõ ñòîëáöîâ

Ðèñ. 3. Ñòðóêòóðà îðãàíèçàöèè âû÷èñëåíèé â CUDA

ðàëëåëüíî íà GPU â âèäå ìíîæåñòâà ïîòîêîâ. Îòäåëüíûå ïîòîêè ãðóïïèðóþòñÿ â áëîêè
ïîòîêîâ îäèíàêîâîãî ðàçìåðà. Áëîêè ïîòîêîâ îáúåäèíÿþòñÿ â ñåòêè áëîêîâ ïîòîêîâ (ðèñ.
3) [9].

Ïîòîêè, áëîêè è ñåòêè èìåþò âñòðîåííûå ïàðàìåòðû: threadIdx � èíäåêñ ïîòîêà âíóòðè
áëîêà, blockIdx � èíäåêñ áëîêà âíóòðè ñåòêè, blockDim � ðàçìåð áëîêà â ïîòîêàõ, gridDim
� ðàçìåð ñåòêè â áëîêàõ. Êàæäûé ïàðàìåòð ÿâëÿåòñÿ ñòðóêòóðîé ñ ïîëÿìè .x, .y, .z.

Äëÿ ñîçäàíèÿ ïîëüçîâàòåëüñêîé òåíçîðíîé îïåðàöèè íåîáõîäèìî: 1) îïðåäåëèòü èíòåð-
ôåéñ îïåðàöèè; 2) ðåàëèçîâàòü ÿäðî äëÿ îïåðàöèè.

Èíòåðôåéñ îïåðàöèè îïðåäåëÿåòñÿ â ôàéëå ¾.cc¿, ñîäåðæàùåì èñõîäíûé êîä ïðîãðàì-
ìû íà ÿçûêå C++, â òåëå ìàêðîñà REGISTER_OP, îñóùåñòâëÿþùåì ðåãèñòðàöèþ îïå-
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Ðèñ. 4. Ôðàãìåíò ïðîãðàììû, îïðåäåëÿþùèé èíòåðôåéñ îïåðàöèè

Ðèñ. 5. Ïðèìåð BUILD-ôàéëà

ðàöèè. Óêàçûâàþòñÿ èìÿ îïåðàöèè, òèïû è èìåíà âõîäíûõ è âûõîäíûõ ôàéëîâ, à òàêæå
ñòðîêè äîêóìåíòàöèè è àòðèáóòû, åñëè òàêîâûå òðåáóþòñÿ äëÿ îïåðàöèè. Èíòåðôåéñ îïå-
ðàöèè äëÿ ìîäåëè ïîòîêà ïðîèëëþñòðèðîâàí íà ðèñ. 4.

Íà ðèñ. 4 â ñòðîêå 1 çàäàåòñÿ èìÿ îïåðàöèè � FHP, â ñòðîêå 2 ÷åðåç àòðèáóò .Attr

îïðåäåëÿåòñÿ ðàçìåð âõîäíîãî òåíçîðà T òèïà numbertype, â ñòðîêàõ 3�5 îïðåäåëÿþòñÿ
èìåíà è òèïû äëÿ âõîäîâ è âûõîäîâ1, â ñòðîêå 6 ÷åðåç ôóíêöèþ ôîðìû .SetShapeFn()
îáúÿâëÿåòñÿ, ÷òî ôîðìà âûõîäíîãî òåíçîðà output ñîâïàäàåò ñ ôîðìîé ïåðâîãî âõîäíîãî
òåíçîðà input.

Êîìïèëÿöèÿ îïåðàöèè ïðîèñõîäèò ñ ïîìîùüþ óòèëèòû Bazel, èñïîëíÿþùåé BUILD-
ôàéë, â êîòîðîì ïåðå÷èñëÿþòñÿ ôàéëû ñ ðåàëèçàöèåé äëÿ CPU ".cc", äëÿ GPU ".cu.cc"

íà ÿçûêå CUDA C è èìÿ ôàéëà ".so" äëÿ ñêîìïèëèðîâàííîé îïåðàöèè. Ïðèìåð BUILD-
ôàéëà ïðèâåäåí íà ðèñ. 5.

Íåäîñòàòêîì âû÷èñëåíèé íà CUDA ÿâëÿåòñÿ îòñóòñòâèå âîçìîæíîñòè ñèíõðîíèçàöèè
ïîòîêîâ ðàçíûõ áëîêîâ. Ñîîòâåòñòâåííî, ÷òîáû ãàðàíòèðîâàòü çàêîí÷åííîñòü âû÷èñëåíèé
â íåêîòîðîé îáëàñòè ïàìÿòè, íåîáõîäèìà äîïîëíèòåëüíàÿ ñèíõðîíèçàöèÿ. Â ôðåéìâîðêå
TensorFlow ýòîò íåäîñòàòîê óñòðàíÿåòñÿ ñëåäóþùèì îáðàçîì. Êàæäàÿ ïðîãðàììíàÿ ôóíê-
öèÿ, âû÷èñëÿþùàÿ îïåðàöèþ íàä òåíçîðàìè, ïîëó÷àåò íà âõîä êðîìå òåíçîðîâ îïåðàíäîâ
îïåðàöèè (îíè íàçûâàþòñÿ âõîäíûìè òåíçîðàìè) åùå è òåíçîð, â êîòîðûé íåîáõîäèìî ïî-
ìåñòèòü ðåçóëüòàò (îí íàçûâàåòñÿ âûõîäíûì òåíçîðîì). Âõîäíûå òåíçîðû âñåãäà äîëæíû
îñòàâàòüñÿ íåèçìåííûìè, èç íèõ ìîæíî òîëüêî ÷èòàòü çíà÷åíèÿ, à ðåçóëüòàò ëîêàëüíûõ
âû÷èñëåíèé íåîáõîäèìî ïîìåùàòü â ñîîòâåòñòâóþùóþ êîìïîíåíòó âûõîäíîãî òåíçîðà.
Òàêîé ïîäõîä òðåáóåò äîïîëíèòåëüíîé ïàìÿòè äàæå â òåõ ñëó÷àÿõ, êîãäà ìîæíî áûëî áû
îáîéòèñü è áåç íåå (íàïðèìåð, ïðè ñìåíå çíàêîâ ó âñåõ êîìïîíåíòîâ òåíçîðà), îäíàêî îí
ãàðàíòèðóåò, ÷òî ðàçíûå âû÷èñëèòåëüíûå ïîòîêè, çàïóùåííûå â ðàçíîå âðåìÿ, ðàáîòàþò ñ

1Äëÿ õðàíåíèÿ ñîñòîÿíèÿ îäíîé êëåòêè äîñòàòî÷íî îäíîãî áàéòà. Îäíàêî, ñîãëàñíî äîêóìåíòàöèè
ôðåéìâîðêà TensorFlow, ïðè ðåãèñòðàöèè îïåðàöèè ìîãóò áûòü èñïîëüçîâàíû òîëüêî 32-áèòíûå òèïû
äàííûõ (int32, �oat32). Âîçìîæíî, â áóäóùèõ âåðñèÿõ TensorFlow äàííîå îãðàíè÷åíèå áóäåò ñíÿòî.
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Ðèñ. 6. Ôðàãìåíò ïðîãðàììû, îïðåäåëÿþùèé ôóíêöèþ-ÿäðî îïåðàöèè

îäíèìè è òåìè æå âõîäíûìè äàííûìè, ïîýòîìó ñèíõðîíèçàöèè ìåæäó íèìè íå òðåáóåòñÿ.
Åñëè, êîíå÷íî, ýòè ïîòîêè íå êîíêóðèðóþò çà äîñòóï (çàïèñü) ê îäíèì è òåì æå ýëåìåí-
òàì âûõîäíîãî òåíçîðà. Íî ïîäîáíóþ ñèòóàöèþ ñòîèò îòíåñòè ê îøèáêàì, è åå íóæíî
èñïðàâëÿòü, à íå ïûòàòüñÿ ñèíõðîíèçîâàòü ïîòîêè.

3.3. Îñîáåííîñòè ðåàëèçàöèè ìîäåëè FHP. Â ìîäåëè FHP ôàçû ñäâèãà è ñòîëêíîâåíèÿ
ðåàëèçîâàíû îäíîé ïîëüçîâàòåëüñêîé îïåðàöèåé è èìåþò îäíó ôóíêöèþ-ÿäðî FlowKernel
(ðèñ. 6). Â êà÷åñòâå ïàðàìåòðîâ â ôóíêöèþ ïåðåäàþòñÿ: ðàçìåð ìàòðèöû size, ïðåäñòàâ-
ëÿþùåé êëåòî÷íûé àâòîìàò (ïðåäïîëàãàåòñÿ, ÷òî ìàòðèöà èìååò N ñòðîê è M ñòîëáöîâ è
õðàíèòñÿ â âèäå îäíîìåðíîãî ìàññèâà ïî ñòðîêàì), ñàìà ìàòðèöà in, ìàòðèöà ñëó÷àéíûõ
÷èñåë èç äèàïàçîíà [0, 1) rand òîãî æå ðàçìåðà, ÷òî è in, è ìàòðèöà äëÿ õðàíåíèÿ ðå-
çóëüòàòà out. Êàæäûé ïîòîê áëîêà ïîòîêîâ âû÷èñëÿåò îäèí ýëåìåíò ìàòðèöû out. Èíäåêñ
òåêóùåãî ïîòîêà âû÷èñëÿåòñÿ â ïåðåìåííîé start (ñòðîêà 7 ðèñ. 6), øàã stride (ñòðîêà 8
ðèñ. 6) ðàâåí ðàçìåðó îäíîé ñòðîêè.

Êàæäûé âû÷èñëèòåëüíûé ïîòîê i îïðåäåëÿåò ÷àñòèöû, êîòîðûå äîëæíû ïîïàñòü â
òåêóùóþ êëåòêó èç ñîñåäíèõ êëåòîê, è êëàäåò ðåçóëüòàò â ÿ÷åéêó out [i ] (òåíçîðû, ïå-
ðåäàâàåìûå íà âõîä ôóíêöèé, ðàçâîðà÷èâàþòñÿ TensorFlow â îäíîìåðíûå ìàññèâû). Òåì
ñàìûì îñóùåñòâëÿåòñÿ ôàçà ñäâèãà. Äàëåå âûïîëíÿåòñÿ ôàçà ñòîëêíîâåíèÿ. Ïðè âûïîë-
íåíèè ýòîé ôàçû ïðîãðàììà âûáèðàåò îäíó èç äâóõ âåòîê âû÷èñëåíèé â çàâèñèìîñòè îò
òèïà êëåòêè. Â ñëó÷àå, åñëè êëåòêà � ñòåíêà, òî äëÿ íåå ðåàëèçóåòñÿ îòðàæåíèå, ò. å. ÷à-
ñòèöû, íàõîäÿùèåñÿ â êëåòêå, ìåíÿþò íàïðàâëåíèå ñâîåãî äâèæåíèÿ íà ïðîòèâîïîëîæíîå
(îòðàæåíèå áåç òðåíèÿ). Â ñëó÷àå, åñëè êëåòêà ÿâëÿåòñÿ ðàáî÷åé, âûáîð íîâîãî ñîñòî-
ÿíèÿ îñóùåñòâëÿåòñÿ ñ ïîìîùüþ òàáëèöû ïåðåõîäîâ, êîòîðàÿ ïðåäñòàâëåíà äâóìåðíûì
ìàññèâîì. Ïîñêîëüêó îäèí áèò 8-áèòíîãî áóëåâà âåêòîðà, êîäèðóþùåãî ñîñòîÿíèå êëåòêè,
èäåíòèôèöèðóåò ñòåíêó, òî êîëè÷åñòâî ðàçëè÷íûõ ñîñòîÿíèé ðàáî÷åé êëåòêè, à çíà÷èò
è ýëåìåíòîâ ìàññèâà ïåðåõîäîâ, ðàâíî 27 = 128. Ñàìè áóëåâû âåêòîðû èíòåðïðåòèðó-
þòñÿ êàê öåëûå äâîè÷íûå ÷èñëà, êîòîðûå ðàññìàòðèâàþòñÿ êàê èíäåêñû ÿ÷ååê ìàññèâà.
Çíàÿ èíäåêñ, âûáèðàåòñÿ ñîîòâåòñòâóþùèé ýëåìåíò ìàññèâà. Äàëåå, â çàâèñèìîñòè îò òîãî,
ñêîëüêî äëÿ òåêóùåãî ñîñòîÿíèÿ îïðåäåëåíî ïåðåõîäîâ, ñëó÷àéíûì îáðàçîì âûáèðàåòñÿ
îäèí. Äëÿ ýòîãî äèàïàçîí âåùåñòâåííûõ ÷èñåë [0; 1) ðàçáèâàåòñÿ íà ðàâíûå ïîääèàïàçî-
íû ïî êîëè÷åñòâó âîçìîæíûõ ïåðåõîäîâ, è ïðîâåðÿåòñÿ, â êàêîé ïîääèàïàçîí ïîïàäàåò
çíà÷åíèå ýëåìåíòà òåíçîðà rand, ñîîòâåòñòâóþùåãî ðàññìàòðèâàåìîé êëåòêå. Íîìåð ïîä-
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Ðèñ. 7. Èëëþñòðàöèÿ òåíçîðíîé îïåðàöèè ñâåðòêè ñ òèïîì îòñòóïà SAME

äèàïàçîíà çàäàåò íîìåð ïåðåõîäà. Íàïðèìåð, åñëè âîçìîæíûõ ïåðåõîäîâ 3, òî åñëè p <
0,33, âûáèðàåòñÿ ïåðâûé ïåðåõîä, åñëè p >= 0,33 è p < 0,66, òî âòîðîé, èíà÷å � òðåòèé.

4. Ðåçóëüòàòû ýêñïåðèìåíòîâ. Äëÿ ïðîâåäåíèÿ êîìïüþòåðíûõ ýêñïåðèìåíòîâ áûë
ðàññìîòðåí äâóìåðíûé ñëó÷àé, êîãäà ïîòîê äâèæåòñÿ âäîëü îãðàíè÷èâàþùèõ åãî ñòåíîê
(ò. å. èìèòàöèÿ äâèæåíèÿ ïî òðóáå). Ñ îäíîé ñòîðîíû ïåðïåíäèêóëÿðíî ñòåíêàì ðàñïî-
ëàãàåòñÿ èñòî÷íèê ÷àñòèö, ñ äðóãîé ñòîðîíû ÷àñòèöû ïîãëîùàþòñÿ. Ïîñëå âûïîëíåíèÿ
çàäàííîãî êîëè÷åñòâà èòåðàöèé ðàáîòû êëåòî÷íîãî àâòîìàòà ïðîèçâîäèëîñü îñðåäíåíèå
ïîëó÷åííûõ çíà÷åíèé ïî îêðåñòíîñòè íåêîòîðîãî äèàìåòðà. Îñðåäíåíèå ðåàëèçîâàíî ñ èñ-
ïîëüçîâàíèåì âîçìîæíîñòåé TensorFlow, à èìåííî ñòàíäàðòíîé òåíçîðíîé îïåðàöèè ñâåðò-
êè � tf.nn.conv2d, àðãóìåíòàìè êîòîðîé ÿâëÿþòñÿ äâà òåíçîðà ðàíãà 2, ñîîòâåòñòâóþùèå
êëåòî÷íîìó àâòîìàòó è îêðåñòíîñòè îñðåäíåíèÿ, øàã îêðåñòíîñòè îñðåäíåíèÿ è òèï îò-
ñòóïà îêðåñòíîñòè îñðåäíåíèÿ. Íà ðèñ. 8 ïîêàçàí èñïîëüçóåìûé â ðàáîòå òèï îòñòóïà
SAME. Çäåñü îêðåñòíîñòü îñðåäíåíèÿ (îáîçíà÷åíî æåëòûì öâåòîì) âûõîäèò çà ïðåäåëû
êëåòî÷íîãî àâòîìàòà (îáîçíà÷åíî ñåðûì öâåòîì), íî ïðè ýòîì ñàì àâòîìàò äîïîëíÿåòñÿ
íåäîñòàþùèìè ñòðîêàìè è ñòîëáöàìè, ýëåìåíòû êîòîðûõ çàïîëíÿþòñÿ íóëÿìè (îáîçíà÷å-
íî áåëûì öâåòîì).

Â ïåðâîé ÷àñòè ýêñïåðèìåíòà áûë âûáðàí ñëó÷àé, êîãäà âíóòðè òðóáû ðàñïîëîæåíî
ïðåïÿòñòâèå â âèäå íåáîëüøîãî ïðåäìåòà ïðîäîëãîâàòîé ôîðìû. Ðàçìåð êëåòî÷íîãî àâòî-
ìàòà � 100 × 1000 êëåòîê. Ðåçóëüòàò âûïîëíåíèÿ 10000 èòåðàöèé ïðåäñòàâëåí íà ðèñ. 8.
Ðèñóíîê ïðåäñòàâëÿåò ñîáîé ôðàãìåíò îáëàñòè ìîäåëèðîâàíèÿ ñ ïðåïÿòñòâèåì. Ñåðûì
öâåòîì ïðîèëëþñòðèðîâàíû êëåòêè-ñòåíêè, ñèíèì � ñòðåëêè, ïðåäñòàâëÿþùèå îñðåäíåí-
íûå âåêòîðû ñêîðîñòè ÷àñòèö. Íà÷àëî ñòðåëêè ðàñïîëàãàåòñÿ â öåíòðå îêðåñòíîñòè îñðåä-
íåíèÿ, äèàìåòð êîòîðîé ñîñòàâëÿåò 9 êëåòîê. Äëèíà ñòðåëêè ñîîòâåòñòâóåò ìîäóëþ óñðåä-
íåííîãî âåêòîðà ñêîðîñòè.

Âî âòîðîé ÷àñòè ýêñïåðèìåíòà áûë âûáðàí ñëó÷àé, êîãäà âíóòðè òðóáû ðàñïîëîæåíî
ïðåïÿòñòâèå â âèäå íåáîëüøîãî ïðåäìåòà îêðóãëîé ôîðìû. Ðåçóëüòàò âûïîëíåíèÿ 10000
èòåðàöèé ïðåäñòàâëåí íà ðèñ. 9. Ðèñóíîê ïðåäñòàâëÿåò ñîáîé ôðàãìåíò îáëàñòè ìîäåëè-
ðîâàíèÿ ñ ïðåïÿòñòâèåì.

Âûïîëíåíèå 10000 èòåðàöèé çàíÿëî â íàøåé ñèñòåìå (ïðîöåññîð Intel Core i7-8700K,
3.7 ÃÃö, îáúåì ÎÇÓ 24 ÃÁ, ÎÑ Windows 10-x64, âèäåîêàðòà GeForce RTX 2080 Ti (ÎÇÓ 11
ÃÁ, ýôôåêòèâíàÿ ÷àñòîòà ïàìÿòè 14000 ÌÃö, áàçîâàÿ ÷àñòîòà ÿäðà 1350 ÌÃö, 4352 ÿäåð
CUDA)) 21 ñåêóíäó.

Òðåòüÿ ÷àñòü ýêñïåðèìåíòà ïðîâåäåíà ñ öåëüþ îöåíêè âû÷èñëèòåëüíûõ âîçìîæíîñòåé
ïðèìåíÿåìîãî òåíçîðíîãî ïîäõîäà. Äëÿ ýòîãî ðàçìåðû êëåòî÷íîãî àâòîìàòà â ìîäåëè FHP
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Ðèñ. 8. Ðåçóëüòàò ìîäåëèðîâàíèÿ ïîòîêà ñ ïðåïÿòñòâèåì ïðîäîëãîâàòîé ôîðìû ïðè ïîìîùè ìîäåëè FHP

Ðèñ. 9. Ðåçóëüòàò ìîäåëèðîâàíèÿ ïîòîêà ñ ïðåïÿòñòâèåì îêðóãëîé ôîðìû ïðè ïîìîùè ìîäåëè FHP

áûëè óâåëè÷åíû â 100 ðàç, ò. å. 1000×10000 êëåòîê. Ðàñ÷åò òàêîãî æå êîëè÷åñòâà èòåðàöèé
ðàáîòû àâòîìàòà çàíÿë 600 ñåêóíä.

Èçâåñòíà ðàáîòà [10], â êîòîðîé àâòîðû ïðîâîäèëè âû÷èñëèòåëüíûå ýêñïåðèìåíòû ñ
FHP ìîäåëüþ ïîòîêà ïðè ïîìîùè òîëüêî òåõíîëîãèè CUDA. Âû÷èñëåíèÿ ïðîâîäèëèñü
íà âèäåîêàðòàõ NVIDIA íåñêîëüêèõ ïîêîëåíèé, è â êà÷åñòâå ïàðàìåòðà ýôôåêòèâíîñòè
âûáðàíî êîëè÷åñòâî êëåòîê, îáðàáàòûâàåìûõ çà ñåêóíäó. Òàê, íàïðèìåð, íà âèäåîêàðòå
Tesla K20m (ÎÇÓ 5 ÃÁ, ýôôåêòèâíàÿ ÷àñòîòà ïàìÿòè 5200 ÌÃö, áàçîâàÿ ÷àñòîòà ÿäðà
706 ÌÃö, 2496 ÿäåð CUDA) çà 1 ñåêóíäó áûëî îáðàáîòàíî 57 · 108 êëåòîê. Â íàøåì æå
ýêñïåðèìåíòå äëÿ àâòîìàòà ðàçìåðîì 100 × 1000 êëåòîê çà 1 ñåêóíäó áûëî îáðàáîòàíî
47 · 106 êëåòîê, à äëÿ àâòîìàòà ðàçìåðîì 1000× 10000 êëåòîê � 17 · 107 êëåòîê ïðè 10000
èòåðàöèé ðàáîòû.
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Ê ñîæàëåíèþ, àâòîðû ðàáîòû [10] íå óêàçûâàþò, êàêîãî ðàçìåðà àâòîìàò è êàêîå êîëè-
÷åñòâî èòåðàöèé áûëî âûáðàíî äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ. Íî äàæå áåç ýòîãî çíàíèÿ
ìîæíî ñäåëàòü âûâîä î òîì, ÷òî ïðè ðåàëèçàöèè ìîäåëè ïîòîêà FHP ïðè ïîìîùè òåíçîðíî-
ãî ïîäõîäà çà îäíî è òîæå âðåìÿ îáðàáàòûâàåòñÿ ìåíüøå (â 10 èëè 100 ðàç, â çàâèñèìîñòè
îò ðàçìåðà êëåòî÷íîãî àâòîìàòà) êëåòîê, ÷åì â ðåàëèçàöèè, ïîñòðîåííîé òîëüêî íà îä-
íîé òåõíîëîãèè CUDA. Ìû ïîëàãàåì, ÷òî òàêîå îòëè÷èå â ïðîèçâîäèòåëüíîñòè êðîåòñÿ â
îñîáåííîñòÿõ îðãàíèçàöèè ôàçû ñòîëêíîâåíèÿ, êîòîðàÿ, ñîãëàñíî àâòîðàì ìîäåëè FHP, â
íåêîòîðûõ ñëó÷àÿõ òðåáóåò âûáèðàòü ïåðåõîä ñëó÷àéíûì îáðàçîì. Â íàøåé ðåàëèçàöèè
äëÿ ýòîãî íà êàæäîé èòåðàöèè ãåíåðèðóåòñÿ òåíçîð ñî ñëó÷àéíûìè êîìïîíåíòàìè. Ýòîò
òåíçîð çàòåì ïîäàåòñÿ íà âõîä ôóíêöèè, âû÷èñëÿþùåé ñëåäóþùåå ãëîáàëüíîå ñîñòîÿíèå
àâòîìàòà. Òî åñòü â ïðîãðàììå èòåðàòèâíî âûïîëíÿþòñÿ ñëåäóþùèå øàãè: âèäåîêàðòà
ãåíåðèðóåò òåíçîð ñî ñëó÷àéíûìè êîìïîíåíòàìè, òåíçîð ãëîáàëüíîãî ñîñòîÿíèÿ è ¾ñëó-
÷àéíûé¿ òåíçîð çàãðóæàþòñÿ â ïàìÿòü âèäåîêàðòû, âèäåîêàðòà âû÷èñëÿåò ñëåäóþùåå
ãëîáàëüíîå ñîñòîÿíèå, òåíçîð ãëîáàëüíîãî ñîñòîÿíèÿ âûãðóæàåòñÿ èç ïàìÿòè âèäåîêàðòû
â îáùóþ ïàìÿòü êîìïüþòåðà, è ïðîöåññ ïîâòîðÿåòñÿ. Àâòîðû ðàáîòû [10] âìåñòî ñëó÷àé-
íîãî âûáîðà ïåðåõîäà ïðèìåíÿþò åãî äåòåðìèíèðîâàííûé àíàëîã: êàæäàÿ êëåòêà õðàíèò
íàïðàâëåíèå (ïî èëè ïðîòèâ ÷àñîâîé ñòðåëêè), â êîòîðîì ñèñòåìà ñòàëêèâàþùèõñÿ ÷àñòèö
áûëà ðàçâåðíóòà â ïðåäûäóùèé ðàç, è â ñëó÷àå âûïîëíåíèÿ ñòîëêíîâåíèÿ ðàçâîðà÷èâàþò
ñèñòåìó ÷àñòèö â ïðîòèâîïîëîæíîì íàïðàâëåíèè. Â ðåçóëüòàòå ïîñëå áîëüøîãî êîëè÷å-
ñòâà èòåðàöèé ñóììàðíûé ìîìåíò ïîâîðîòîâ îêàçûâàåòñÿ ðàâíûì 0. Ïîäîáíûé ïîäõîä
áåññïîðíî ïîçâîëÿåò ñîêðàòèòü êàê âðåìÿ âû÷èñëåíèé, òàê è íàêëàäíûå ðàñõîäû (íåò
íåîáõîäèìîñòè êàæäûé ðàç ãåíåðèðîâàòü íîâûå ñëó÷àéíûå ÷èñëà è ¾ãîíÿòü¿ òåíçîðû èç
è â îáùóþ ïàìÿòü êîìïüþòåðà), íî àâòîðû ðàáîòû íå ïðåäñòàâèëè äîêàçàòåëüñòâ, ÷òî
ïîëó÷èâøàÿñÿ ìîäåëü ñîõðàíèò ñâîè ñâîéñòâà ïî ñðàâíåíèþ ñ èñõîäíîé FHP ìîäåëüþ. È
âñå æå, ìû òàêæå ïëàíèðóåì ïðèìåíèòü ïîäîáíûé ïîäõîä â áóäóùåì è ñðàâíèòü âðåìÿ
ìîäåëèðîâàíèÿ îáíîâëåííîé ðåàëèçàöèè ñ ðåàëèçàöèåé èç ðàáîòû [10].

Çàêëþ÷åíèå. Â ðàáîòå ïðîäåìîíñòðèðîâàíà âîçìîæíîñòü ïðèìåíåíèÿ òåíçîðíîãî
ïîäõîäà ê ïðîãðàììíîé ðåàëèçàöèè êëåòî÷íî-àâòîìàòíîé ìîäåëè ïîòîêà FHP. Ðåçóëüòàòû
êîìïüþòåðíûõ ýêñïåðèìåíòîâ ïîêàçàëè, ÷òî ðåàëèçàöèÿ ìîäåëè ïîòîêà íà TensorFlow
óñòóïàåò ðåàëèçàöèè, íàïèñàííîé íà ¾÷èñòîé¿ CUDA âî âðåìåííîì ñìûñëå. Ìû ñâÿ-
çûâàåì ýòî ñ íàêëàäíûìè ðàñõîäàìè íà ãåíåðàöèþ ñëó÷àéíûõ ÷èñåë è íà ïåðåäà÷ó
äàííûõ èç îáùåé ïàìÿòè êîìïüþòåðà â ïàìÿòü âèäåîêàðòû è âîçâðàùåíèè ðåçóëüòàòà èç
ïàìÿòè âèäåîêàðòû â ïàìÿòü êîìïüþòåðà. Îäíàêî â áóäóùåì ìû ïëàíèðóåì ïðèìåíèòü
òî æå óõèùðåíèå, ÷òî è àâòîðû ðàáîòû [10]. Ïðè ýòîì ñîõðàíèòñÿ ãëàâíîå íåîñïîðèìîå
ïðåèìóùåñòâî ðåàëèçàöèè êëåòî÷íî-àâòîìàòíîé ìîäåëè ïðè ïîìîùè òåíçîðíîãî ïîäõîäà:
ïðîñòîòà ïðîöåññà ïîñòðîåíèÿ ïàðàëëåëüíîé ïðîãðàììíîé ðåàëèçàöèè. Íåò íåîáõîäè-
ìîñòè îòäåëüíî îðãàíèçîâûâàòü ïàðàëëåëüíûå ó÷àñòêè ïðîãðàìì è ñàìîñòîÿòåëüíî
ðàñïðåäåëÿòü äàííûå ìåæäó íèìè, âñþ îòâåòñòâåííîñòü çà ýòî áåðåò íà ñåáÿ ôðåéìâîðê
TensorFlow, êîòîðûé ýôôåêòèâíî ýêñïëóàòèðóåò ìíîãîÿäåðíîñòü âèäåîêàðòû.
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