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Over the past few years, genome processing has become a widely sought-after task. Both medical
laboratories (from PCR tests to genetic passports) and research teams are engaged in various processing
options. At the same time, both the �rst and the second process large amounts of data either due to
the number of samples, or due to the length of these samples: from tens of thousands to several billion
nucleotides. Note that a huge part of the calculations is related to the search for individual nucleotides
or their sequences in a larger sequence or in a large number of sequences. So it is advisable to use
associative parallel computing. But associative architectures are not represented on the computer
hardware market, unlike widely available graphics accelerators. The cuSTAR library was designed
to implement associative computing model STAR-machine on graphics accelerators. In this paper, a
method of organizing data for processing genomes by associative algorithms is proposed.

In this paper, we propose several methods of data organization. Such an organization allows the
use of associative algorithms to solve various tasks related to genome processing. Let's recall a brief
description of the associative model of the STAR machine, and its cuSTAR implementation. Both the
castor library and its STAR machine model use three types of data for associative processing. The
Table type stores data as a binary table. The Slice type is used to access the bit column, and the word
type is used to access the bit string. It should be noted that data processing is performed mainly using
bit columns. Therefore, the presentation of data in the cuSTAR system is fundamentally di�erent.
Usually, a sequence of nucleotides is represented by a array of characters. It can be considered as a
binary table in which the rows specify one character. That is, the data is stored line by line. To use
cuSTAR, a variable of type Table is stored by columns.

The alphabet of nucleotides consists of the symbols A (adenine), C (cytosine), G (guanine) and
T (thymine). Also, the �−� symbol is often used in the data to indicate possible gaps in reading,
insertions or deletions in the nucleotide sequence. Thus, four or �ve characters are used, depending on
the task. We propose two ways to encode a sequence of nucleotides. The �rst method is optimized for
memory usage. The second method is optimized for the search time of the nucleotide in the sequence.
The memory-optimized method uses the following encoding: �000� for �−� symbol, �001� for adenine,
�011� for cytosine, �101� for guanine, �111� for thymine. The time-optimized method uses the following
encoding: �1000� for adenine, �0100� for cytosine, �0010� for guanine, �0001� for thymine. It uses 4 bits
instead of 3 bits, but allows you to replace the task of searching for a word in the table with a less
time-consuming one. To �nd all occurrences of a nucleotide in the sequence, one needs to determine the
position �1� in the code of this nucleotide. The proposed data encoding methods are more compact than
the standard representation in the form of an array of characters. The time-optimized method makes it
possible to search for nucleotides in a sequence an order of magnitude faster than the procedure from
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the t memory-optimized method. But the memory-optimized method is preferable if the representation
of the nucleotide sequence in the form of a graph is used. And in this case, the de Bruijn graph is
constructed from the original sequence of nucleotides in a trivial way. Although with symbolic encoding
of nucleotides, this is a time-consuming and memory-consuming task.

When using cuSTAR, it is easy to construct a de Bruijn graph from a sequence of nucleotides of
any parameter k. The graph is given by a list of edges, which is one of the standard representation for
associative processing. Note that by de�ning the graph as a list of edges, we avoid problems associated
with repeating arcs.

When reading the sequence, a table GEN of size 3l is formed, where l is the length of the input
sequence. For a graph given by a list of arcs, we form tables LEFT and RIGHT of size 3k(l− k). The
table LEFT is obtained by copying k times the columns of the GEN into the corresponding columns
with an upward shift. In turn, the table RIGHT is obtained by copying with a shift up one row of the
table LEFT. Copying of all tables is performed in parallel.

Since genome processing involves multiple searches over a large amount of data, the development of
associative algorithms for this area is relevant. The applied value of the work consists in the possibility of
executing these algorithms on graphics accelerators � widespread equipment from personal computers
to cluster systems.

Key words: associative parallel algorithms, bioinformatics, GPU, CUDA.
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Ñèñòåìà cuSTAR ðàçðàáîòàíà äëÿ ðåàëèçàöèè àññîöèàòèâíûõ àëãîðèòìîâ íà GPU. Èçâåñòíî,
÷òî àññîöèàòèâíûå âû÷èñëåíèÿ äàþò ïðåèìóùåñòâî â ðåøåíèè ïðîáëåì, äëÿ êîòîðûõ õàðàê-
òåðíû ïîèñêîâûå çàïðîñû ïî áîëüøîìó îáúåìó íåñòðóêòóðèðîâàííûõ äàííûõ. Ê òàêîé ïðî-
áëåìå îòíîñèòñÿ è îáðàáîòêà ãåíîìîâ. Ñ îäíîé ñòîðîíû, íåîáõîäèìî îáðàáàòûâàòü áîëüøèå
îáúåìû äàííûõ. Ñ äðóãîé ñòîðîíû, ðàçëè÷íûå çàäà÷è îáðàáîòêè ïîñëåäîâàòåëüíîñòåé ÄÍÊ
ñâîäÿòñÿ ê ñðàâíåíèþ äâóõ ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ. Â ýòîé ðàáîòå ìû ðàññìîòðèì
èñïîëüçóåìûå ïðåäñòàâëåíèÿ ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ è èõ êîäèðîâêó äëÿ èñïîëüçî-
âàíèÿ ñèñòåìîé cuSTAR.

Êëþ÷åâûå ñëîâà: àññîöèàòèâíûå ïàðàëëåëüíûå àëãîðèòìû, áèîèíôîðìàòèêà, GPU,
CUDA.

Ââåäåíèå. Çà ïîñëåäíèå íåñêîëüêî ëåò îáðàáîòêà ãåíîìà ñòàëà øèðîêî âîñòðåáî-
âàííîé çàäà÷åé. Ðàçëè÷íûìè âàðèàíòàìè îáðàáîòêè çàíèìàþòñÿ êàê ÷àñòíûå ëàáîðàòîðèè
(îò âûïîëíåíèÿ ÄÍÊ-òåñòîâ äî ñîçäàíèÿ ãåíåòè÷åñêèõ ïàñïîðòîâ), òàê è íàó÷íûå êîëëåê-
òèâû. Ïðè ýòîì è ïåðâûå, è âòîðûå îáðàáàòûâàþò áîëüøèå îáúåìû äàííûõ êàê çà ñ÷åò
êîëè÷åñòâà îáðàçöîâ, òàê è çà ñ÷åò äëèíû ýòèõ îáðàçöîâ: îò äåñÿòêîâ òûñÿ÷ äî íåñêîëüêèõ
ìèëëèàðäîâ íóêëåîòèäîâ. Êðîìå ýòîãî, ðàñøèðÿåòñÿ è îáëàñòü ïðèìåíåíèÿ ìîëåêóëÿðíî-
ãåíåòè÷åñêèõ èññëåäîâàíèé (áèîìåäèöèíà, ôàðìàêîëîãèÿ, íàíîáèîèíæåíåðèÿ è ò. ä.). Çà-
ìåòèì, ÷òî îãðîìíàÿ ÷àñòü âû÷èñëåíèé ñâÿçàíà ñ ïîèñêîì îòäåëüíûõ íóêëåîòèäîâ èëè èõ
ïîñëåäîâàòåëüíîñòåé êàê â áîëüøåé ïîñëåäîâàòåëüíîñòè, òàê è â áîëüøîì ÷èñëå ïîñëåäî-
âàòåëüíîñòåé.

Äëÿ òàêèõ âû÷èñëåíèé öåëåñîîáðàçíî èñïîëüçîâàòü àññîöèàòèâíûå ïàðàëëåëüíûå àð-
õèòåêòóðû, ïîñêîëüêó îíè ñïåöèàëèçèðóþòñÿ íà áûñòðîì ïîèñêå. Íî òàêèå ñèñòåìû ñëàáî
ïðåäñòàâëåíû íà ðûíêå êîìïüþòåðíîé òåõíèêè, â îòëè÷èå îò øèðîêîäîñòóïíûõ ãðàôè-
÷åñêèõ óñêîðèòåëåé. Áèáëèîòåêà cuSTAR áûëà ðàçðàáîòàíà äëÿ ðåàëèçàöèè àáñòðàêòíîé
ìîäåëè àññîöèàòèâíûõ âû÷èñëåíèé (STAR-ìàøèíû) íà ãðàôè÷åñêèõ óñêîðèòåëÿõ [1, 2].

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ ÈÂÌèÌÃ ÑÎÐÀÍ 0251-2021-0005. Ðà-

áîòà áûëà ïðåäñòàâëåíà íà ìåæäóíàðîäíîé êîíôåðåíöèè ¾Ìàð÷óêîâñêèå íàó÷íûå ÷òåíèÿ�2022¿.
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Â äàííîé ðàáîòå ïðåäëàãàåòñÿ íåñêîëüêî ìåòîäîâ îðãàíèçàöèè äàííûõ, ïîçâîëÿþùèõ
èñïîëüçîâàòü àññîöèàòèâíûå àëãîðèòìû äëÿ ðåøåíèÿ ðàçëè÷íûõ çàäà÷, ñâÿçàííûõ ñ îá-
ðàáîòêîé ãåíîìà.

Â ïåðâîì ðàçäåëå ìû íàïîìíèì êðàòêîå îïèñàíèå àññîöèàòèâíîé ìîäåëè STAR-
ìàøèíû è åå ðåàëèçàöèè cuSTAR. Âî âòîðîì ðàçäåëå ïðåäëàãàþòñÿ ñïîñîáû êîäèðîâàíèÿ
ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ, êîòîðûå ìèíèìèçèðóþò èëè îáúåì òðåáóåìîé ïàìÿ-
òè, èëè âðåìÿ ïîèñêà íóêëåîòèäîâ â ïîñëåäîâàòåëüíîñòè. Â òðåòüåì ðàçäåëå ïðåäñòàâëåí
ñïîñîá ïîñòðîåíèÿ ãðàôà äå Áðåéíà ïî èñõîäíîé ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ.

1. Êðàòêîå îïèñàíèå áèáëèîòåêè cuSTAR, ðåàëèçóþùåé àáñòðàêòíóþ àñ-

ñîöèàòèâíóþ ìîäåëü âû÷èñëåíèé. Àáñòðàêòíàÿ àññîöèàòèâíàÿ ìîäåëü âû÷èñëåíèé
STAR-ìàøèíà, êîòîðàÿ ðåàëèçóåòñÿ áèáëèîòåêîé cuSTAR, äëÿ àññîöèàòèâíîé îáðàáîò-
êè èñïîëüçóåò ñëåäóþùèå òèïû äàííûõ: Table (áèíàðíàÿ òàáëèöà), Slice/ñëàéñ (áèòîâûé
ñòîëáåö) è word/ñëîâî (áèòîâàÿ ñòðîêà). Íàä ýòèìè òèïàìè îïðåäåëåíû îïåðàöèè: ÷òåíèå
è çàïèñü ñòîëáöîâ è ñòðîê òàáëèöû, ïîáèòîâûå ëîãè÷åñêèå îïåðàöèè è ñäâèã äëÿ ïåðåìåí-
íûõ òèïîâ Slice èëè Word. Êðîìå ýòîãî, äëÿ ïåðåìåííîé X òèïà Slice îïðåäåëåíà îïåðàöèÿ
FND(X), âîçâðàùàþùàÿ ïîçèöèþ ñòàðøåé åäèíèöû â ñëàéñå. Ýòà îïåðàöèÿ ïîçâîëÿåò îð-
ãàíèçîâûâàòü íåðàâíîìåðíûé öèêë è øèðîêî èñïîëüçóåòñÿ â ïîñòðîåíèè àññîöèàòèâíûõ
àëãîðèòìîâ.

Áèáëèîòåêà cuSTAR ïîçâîëÿåò âûïîëíÿòü àññîöèàòèâíûå àëãîðèòìû íà íåàññîöèà-
òèâíîé àðõèòåêòóðå (ãðàôè÷åñêèõ óñêîðèòåëÿõ), ñîõðàíÿÿ àññîöèàòèâíûå ïðåèìóùåñòâà.
Ôàêòè÷åñêè âû÷èñëåíèÿ ïðîèçâîäÿòñÿ ïàðàëëåëüíî íàä áèòîâûìè âåêòîðàìè. Â îïðåäå-
ëåííûõ ñëó÷àÿõ ïåðåìåííàÿ òèïà Table ìîæåò áûòü îáðàáîòàíà ïàðàëëåëüíî íå òîëüêî
ïî ñòîëáöàì, íî è âñå ñòîëáöû îáðàáàòûâàþòñÿ òàêæå ïàðàëëåëüíî. Ê äîñòîèíñòâàì ñè-
ñòåìû cuSTAR îòíîñÿòñÿ âîçìîæíîñòü çàäàòü ïðîèçâîëüíûé ðàçìåð âåêòîðîâ, ðàáîòà íà
ÿçûêå âûñîêîãî óðîâíÿ è ðàçðàáîòàííûå ðåêîìåíäàöèè äëÿ îïòèìèçàöèè àññîöèàòèâíûõ
àëãîðèòìîâ äëÿ èñïîëíåíèÿ íà GPU.

Õîòÿ cuSTAR, êàê è ìîäåëü, êîòîðóþ îíà ðåàëèçóåò, óíèâåðñàëüíà, äëÿ ðåøåíèÿ çàäà÷
áèîèíôîðìàòèêè èìååò ñìûñë âûäåëèòü â îòäåëüíûå ìîäóëè ñïîñîáû õðàíåíèÿ äàííûõ è
àëãîðèòìû èõ îáðàáîòêè, ó÷èòûâàþùèå ñïåöèôèêó îáëàñòè.

2. Äâà âîçìîæíûõ ïðåäñòàâëåíèÿ íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè äëÿ àñ-

ñîöèàòèâíîé îáðàáîòêè. Ìîäåëü STAR-ìàøèíû ïðåäïîëàãàåò ïðåäñòàâëåíèå äàííûõ â
òàáëè÷íîì âèäå, ïðè ýòîì ñóùåñòâåííû ñëåäóþùèå äâà ôàêòà: ñòðîêè áèíàðíû, îáðàáîòêà
äàííûõ âûïîëíÿåòñÿ ïðåèìóùåñòâåííî ñ ïîìîùüþ áèòîâûõ ñòîëáöîâ. Ïîýòîìó ïðåäñòàâ-
ëåíèå äàííûõ â ñèñòåìå cuSTAR ïðèíöèïèàëüíî äðóãîå. Íà ðèñ. 1 ïîêàçàíû îáùåïðèíÿòîå
ïðåäñòàâëåíèå ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ (ñòðîêà òèïà char) è ñïîñîá ïðåäñòàâëå-
íèÿ â ñèñòåìå cuSTAR (îáúåêò òèïà Table � äâóìåðíûé ìàññèâ ýëåìåíòîâ òèïà unsigned
long long int).

Â äàííîé ñòàòüå ìû ñîñðåäîòî÷èìñÿ òîëüêî íà ïðåäñòàâëåíèè ïîñëåäîâàòåëüíîñòè íóê-
ëåîòèäîâ.

2.1. Ïðåäñòàâëåíèå, îïòèìàëüíîå ïî çàíèìàåìîé ïàìÿòè. Àëôàâèò íóêëåîòèäîâ ñî-
ñòîèò èç ñèìâîëîâ A (àäåíèí), C (öèòîçèí), G (ãóàíèí) è T (òèìèí). Òàêæå ÷àñòî â äàííûõ
èñïîëüçóåòñÿ ñèìâîë ¾−¿ äëÿ îáîçíà÷åíèÿ âîçìîæíûõ ïðîáåëîâ â ÷òåíèè, âñòàâîê èëè óäà-
ëåíèé â ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ. Òàêèì îáðàçîì èñïîëüçóåòñÿ ÷åòûðå èëè ïÿòü
ñèìâîëîâ â çàâèñèìîñòè îò ïîñòàâëåííîé çàäà÷è.
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Ðèñ. 1. Ñòàíäàðòíîå ïðåäñòàâëåíèå ìàññèâà íóêëåîòèäîâ è ïðåäñòàâëåíèå äëÿ àññîöèàòèâíîãî àëãîðèòìà

Òàáëèöà 1

Êîäèðîâàíèå íóêëåîòèäîâ.
Îïòèìàëüíûé ìåòîä ïî

ìèíèìèçàöèè îáúåìà ïàìÿòè

ñèìâîëû − A C G T

áèíàðíûé êîä 000 001 011 101 111

Òàáëèöà 2

Êîäèðîâàíèå íóêëåîòèäîâ.
Îïòèìàëüíûé ìåòîä ïî

âðåìåíè îáðàáîòêè äàííûõ

ñèìâîëû − A C G T

áèíàðíûé êîä 0000 1000 0100 0010 0001

Ïîýòîìó áóäåì îðèåíòèðîâàòüñÿ íà ïÿòèñèìâîëüíûé àëôàâèò. Çàìåòèì, ÷òî ïðè êîäè-
ðîâàíèè àëôàâèòà ïðèâåäåííûì â òàáë. 1 ñïîñîáîì ïîñëåäíèé ñòîëáåö ñîñòîèò òîëüêî èç
¾1¿, åñëè â äàííûõ íå ïðèñóòñòâóåò ñèìâîë ¾−¿. Â ýòîì ñëó÷àå åãî ìîæíî íå îáðàáàòûâàòü.

2.2. Ïðåäñòàâëåíèå, îïòèìàëüíîå äëÿ îáðàáîòêè äàííûõ. Ìíîãèå çàäà÷è áèîèíôîð-
ìàòèêè ïðåäïîëàãàþò ïîèñê ïîçèöèé íóêëåîòèäîâ â ïîñëåäîâàòåëüíîñòè. Òàêèì îáðàçîì,
ïðîèñõîäèò ìíîãîêðàòíûé ïîèñê îäíèõ è òåõ æå ñèìâîëîâ â ïîñëåäîâàòåëüíîñòè. Íî åñëè
îïòèìèçèðîâàòü ïðåäñòàâëåíèå äàííûõ íå ïî îáúåìó ïðåäïîëàãàåìîé ïàìÿòè, à èñõîäèòü
îò íåîáõîäèìîñòè ìèíèìèçèðîâàòü âðåìÿ ïîèñêà, òî ïðåäïî÷òèòåëüíåé äðóãîå ïðåäñòàâ-
ëåíèå íóêëåîòèäîâ.

Ñ îäíîé ñòîðîíû, äàííûé ñïîñîá (òàáë. 2) òðåáóåò äëÿ çàïèñè íóêëåîòèäîâ 4 áèòà âìå-
ñòî 3-õ, ÷òî óâåëè÷èâàåò îáúåì ïàìÿòè íà 22 % íà CPU è íà 33 % íà GPU. Ñ äðóãîé
ñòîðîíû, êàæäîìó íóêëåîòèäó ñîîòâåòñòâóåò îïðåäåëåííûé ñòîëáåö òàáëèöû, à ïîçèöèè
ñèìâîëà ¾−¿ ëåãêî îïðåäåëÿþòñÿ ïî ôîðìóëå NA = ¬(∨4

k=1col(k,GEN)), ãäå GEN � òàá-
ëèöà äàííûõ, à col(k,GEN) � k-é ñòîëáåö ýòîé òàáëèöû. È äëÿ îïðåäåëåíèÿ âñåõ ïîçèöèé
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Òàáëèöà 3

Ñðàâíåíèå ïðåäñòàâëåíèé ïî îáúåìó çàíèìàåìîé ïàìÿòè

ìåòîä CPU(B) GPU(KB)
100 1 000 10 000 100 000 1 000 000 10 000 000

Mem_opt 72 0.05 0.38 3.68 36.63 366.21 3662.11
Time_opt 88 0.06 0.50 4.91 48.84 488.28 4882.81
char[] 8 0.10 0.98 9.77 97.66 976.56 9765.63

Ðèñ. 2. Ñðàâíåíèå âðåìåíè ïîèñêà íóêëåîòèäà â ïîñëåäîâàòåëüíîñòè

çàäàííîãî íóêëåîòèäà â òàáëèöå GEN âìåñòî ïîèñêà ñëîâà â òàáëèöå òðåáóåòñÿ îïðåäå-
ëèòü íîìåð ñòîëáöà, êîòîðûé åìó ñîîòâåòñòâóåò, ÷òî ñóùåñòâåííî ñîêðàùàåò âðåìÿ ýòîé
îïåðàöèè. Ïðè ýòîì ñòîèò îòìåòèòü, ÷òî ñòàíäàðòíîå ïðåñòàâëåíèå ïîñëåäîâàòåëüíîñòè
íóêëåîòèäîâ êàê ñèìâîëüíûé ìàññèâ çàíèìàåò â 2 ðàçà áîëüøå ïàìÿòè íà GPU ïî ñðàâ-
íåíèþ ñ ÷åòûðåõáèòîâûì ïðåäñòàâëåíèåì.

Íà ðèñ. 2 ïîêàçàíî âðåìÿ ïîèñêà íóêëåîòèäà â ïîñëåäîâàòåëüíîñòè äëÿ îáîèõ ïðåäñòàâ-
ëåíèé. Ïðè èñïîëüçîâàíèè ïðåäñòàâëåíèÿ, îïòèìèçèðîâàííîãî ïî ïàìÿòè, ïîèñê âûïîëíÿ-
åòñÿ ïðîöåäóðîé match_kernel èç áèáëèîòåêè ñòàíäàðòíûõ ïðîöåäóð. Ïðè èñïîëüçîâàíèè
ïðåäñòàâëåíèÿ, îïòèìèçèðîâàííîãî äëÿ îáðàáîòêè äàííûõ, ïîèñê ìîæåò áûòü âûïîëíåí
äâóìÿ ñïîñîáàìè: match_t � ïîèñê ïîçèöèé ñòðîê â òàáëèöå G, ñîâïàäàþùèõ ñ j − ñòðî-
êîé â òàáëèöå P ; match_w � ïîèñê ïîçèöèé ñòðîê â òàáëèöå G, ñîâïàäàþùèõ ñî ñëîâîì
w = row(P,j). Îòìåòèì, ÷òî ïðè âûïîëíåíèè match_kernel è match_w ó÷èòûâàëîñü âðå-
ìÿ èçâëå÷åíèÿ ñëîâà w èç òàáëèöû P . Ðàñ÷åòû ïðîâîäèëèñü íà êàðòå GeForce 920M. Âèäíî,
÷òî âòîðîå ïðåäñòàâëåíèå äåéñòâèòåëüíî äàåò âîçìîæíîñòü âûïîëíÿòü ïîèñê íóêëåîòèäà
ñóùåñòâåííî áûñòðåå (≈ â 10 ðàç è áîëåå). Ëèíåéíûé ðîñò âðåìåíè îò N = 10000 ñâÿçàí
ñ íåõâàòêîé ðåñóðñîâ âèäåîêàðòû äëÿ âûïîëíåíèÿ îäíîâðåìåííî âñåõ ÿäåð ïðîöåäóð. Òåì
íå ìåíåå, ïîèñê âñåõ ïîçèöèé íóêëåîòèäà â ïîñëåäîâàòåëüíîñòè 1 ìëí âûïîëíÿåòñÿ çà 19,
1,3 è 0,5 ìèëëèñåêóíä ñîîòâåòñòâåííî. Òàêæå íåîáõîäèìî îòìåòèòü, ÷òî áîëåå ñîâðåìåí-
íûå ãðàôè÷åñêèå óñêîðèòåëè èìåþò ãîðàçäî áîëüøèå ðåñóðñû êàê ïî ïàìÿòè, òàê è ïî
êîëè÷åñòâó ÿäåð.

Òåì íå ìåíåå, îáà ïðåäñòàâëåíèÿ ïîëåçíû. Ïðåäñòàâëåíèå time_opt ïðåäïî÷òèòåëü-
íåé äëÿ èñïîëüçîâàíèÿ â òåõ àëãîðèòìàõ, ãäå ïðîèçâîäèòñÿ íåïîñðåäñòâåííîå ñðàâíåíèå
ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ. Íî â áîëüøîì ÷èñëå àëãîðèòìîâ âûïîëíÿåòñÿ îáðàáîò-
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Ðèñ. 3. Ïðåäñòàâëåíèå ãðàôà äå Áðåéíà äëÿ k = 3 è äëÿ k = 4

êà ãðàôîâ, ïîñòðîåííûõ èç ïåðâîíà÷àëüíûõ ïîñëåäîâàòåëüíîñòåé. È â ýòîì ñëó÷àå áóäåò
ïðåäïî÷òèòåëüíåé èñïîëüçîâàíèå ïðåäñòàâëåíèÿ mem_opt.

3. Ïîñòðîåíèå ãðàôà äå Áðåéíà. Êàê óæå óïîìèíàëîñü, â íåêîòîðûõ çàäà÷àõ îá-
ðàáàòûâàþòñÿ íå ñàìè ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ, à ïîñòðîåííûå ïî íèì ãðàôîâûå
ñòðóêòóðû. Îäíà èç òàêèõ ñòðóêòóð � ãðàô äå Áðåéíà. Â ÷àñòíîñòè, ãðàô äå Áðåéíà øè-
ðîêî èñïîëüçóåòñÿ â èíñòðóìåíòàõ ñáîðêè ïîñëåäîâàòåëüíîñòåé (ñáîðùèêè ãåíîìà Velvet,
ALLPATHS, Abyss, JR-Assembler, EPGA è äðóãèå) [3].

Îïðåäåëåíèå 1. Ãðàôîì äå Áðåéíà äëÿ íàòóðàëüíûõ ïàðàìåòðîâ k è n íàçûâàåòñÿ
îðèåíòèðîâàííûé ãðàô, âåðøèíàì êîòîðîãî ñîîòâåòñòâóþò âñå âîçìîæíûå n-çíà÷íûå k-
è÷íûå ïîñëåäîâàòåëüíîñòè, à ðåáðà ñîåäèíÿþò òå è òîëüêî òå ïàðû âåðøèí, äëÿ êîòîðûõ
ïîñëåäíèå n-1 öèôð ïåðâîãî ÷èñëà ñîâïàäàþò ñ ïåðâûìè n-1 öèôðàìè âòîðîãî ÷èñëà.

Îòìåòèì, ÷òî ïðè îáðàáîòêå ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ ïàðàìåòð n ôèêñèðó-
åòñÿ êàê n = k + 1.

Îïðåäåëåíèå 2. k-ìåð � ïîñëåäîâàòåëüíîñòü èç k ñèìâîëîâ. Âåðøèíàìè ãðàôà äå
Áðåéíà ñëóæàò âñå k-ìåðû, à äóãàìè âñå k + 1-ìåðû. Íàïðèìåð, ïðè k = 3 4-ìåð atca
ñîîòâåòñòâóåò äóãå atc− > tca.

Ïðè èñïîëüçîâàíèè cuSTAR ïîñòðîèòü ãðàô äå Áðåéíà ïî ïîñëåäîâàòåëüíîñòè íóêëåî-
òèäîâ ëþáîãî ïàðàìåòðà k ïðîñòî. Ãðàô ïðè ýòîì çàäàåòñÿ ñïèñêîì ðåáåð. Òàêîé ñïîñîá
ÿâëÿåòñÿ íàðÿäó ñ ìàòðèöåé âåñîâ (èëè ìàòðèöåé ñìåæíîñòè) ñòàíäàðòíûì ïðåäñòàâëå-
íèåì äëÿ àññîöèàòèâíîé îáðàáîòêè. Îòìåòèì, ÷òî, çàäàâàÿ ãðàô â âèäå ñïèñêà ðåáåð, ìû
èçáåãàåì ïðîáëåì, ñâÿçàííûõ ñ ïîâòîðîì äóã.

1) ïðè ÷òåíèè ïîñëåäîâàòåëüíîñòè ôîðìèðóåòñÿ òàáëèöà GEN ðàçìåðà 3× length, ãäå
length � äëèíà ïîñëåäîâàòåëüíîñòè.
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Ðèñ. 4. Ãðàôû äå Áðåéíà äëÿ k = 3 è äëÿ k = 4

2) äëÿ ãðàôà, çàäàííîãî ñïèñêîì äóã, ôîðìèðóåì òàáëèöû left è right ðàçìåðà 3k ×
(length− k):

� òàáëèöà left ïîëó÷àåòñÿ êîïèðîâàíèåì ñòîëáöîâ ìàòðèöû GEN â ñîîòâåòñòâóþùèå
ñòîëáöû ñî ñäâèãîì ââåðõ.

� â ñâîþ î÷åðåäü, òàáëèöà right ïîëó÷àåòñÿ êîïèðîâàíèåì ñî ñäâèãîì ââåðõ íà îäíó
ñòðîêó òàáëèöû left.

Íà ðèñ. 3 ïðåäñòàâëåíû ïðåäñòàâëåíèÿ äâóõ ãðàôîâ äå Áðåéíà îäíîé è òîé æå ïîñëåäî-
âàòåëüíîñòè íóêëåîòèäîâ äëÿ k = 3 è k = 4 ñîîòâåòñòâåííî. Íà ðèñ. 4 ïðåäñòàâëåíû ñàìè
ãðàôû äëÿ ýòîé ïîñëåäîâàòåëüíîñòè. È òóò íåîáõîäèìî îòìåòèòü ñëåäóþùèå ìîìåíòû.

Ñ îäíîé ñòîðîíû, ÷åì áîëüøå çíà÷åíèå k, òåì äëèííåå áèíàðíûé êîä äëÿ âåðøèí (3k).
Ýòî âëå÷åò çà ñîáîé óâåëè÷åíèå âðåìåíè ïîèñêà âåðøèíû ïðè îáðàáîòêå ãðàôà, ïîñêîëüêó
àëãîðèòì ïîèñêà ñòðîêè â òàáëèöå çàâèñèò îò åå øèðèíû.

Íî, ñ äðóãîé ñòîðîíû, ñòðóêòóðà ñàìîãî ãðàôà ïðè ýòîì óïðîùàåòñÿ. Â íåì îáðàçóåòñÿ
ìåíüøå öèêëîâ, ÷òî áóäåò óìåíüøàòü îáùåå âðåìÿ îáðàáîòêè. Òàê ïðè âîññòàíîâëåíèè
íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè ïî ãðàôàì äå Áðåéíà (ïîèñê Ýéëåðîâà ïóòè) äëÿ k = 3
áóäóò âîññòàíîâëåíû ñëåäóþùèå âîçìîæíûå âàðèàíòû:

atcaatgatcaagcttctaagcatg, atcaagcttctaagcatgatcaatg.

Äëÿ k = 4 ïîñëåäîâàòåëüíîñòü âîññòàíàâëèâàåòñÿ îäíîçíà÷íî

atcaatgatcaagcttctaagcatg.

Îòìåòèì, ÷òî îñîáåííîñòü ðåøåíèÿ çàäà÷ áèîèíôîðìàòèêè â òîì, ÷òî âû÷èñëåíèÿ ïðè-
çâàíû íå íàéòè òî÷íîå ðåøåíèå, à ñîêðàòèòü êîëè÷åñòâî âîçìîæíûõ âàðèàíòîâ, êîòîðûå
ïîòîì ïðîâåðÿþòñÿ áèîëîãàìè. Ïðè ýòîì ïðè ðåøåíèè ðåàëüíûõ çàäà÷ êîëè÷åñòâî âîç-
ìîæíûõ âàðèàíòîâ ìîæåò äîõîäèòü äî ñîòåí è òûñÿ÷.

Çàêëþ÷åíèå. Äàííàÿ ðàáîòà ïðåäñòàâëÿåò âîçìîæíûå ñïîñîáû îðãàíèçàöèè äàííûõ
áèîèíôîðìàòèêè äëÿ îáðàáîòêè ñèñòåìîé cuSTAR. Ýòî ïåðâàÿ ðàáîòà èç ïðåäïîëàãàåìîãî
öèêëà, ïîñâÿùåííîãî ðàçðàáîòêå àññîöèàòèâíûõ àëãîðèòìîâ äëÿ ðåøåíèÿ çàäà÷ áèîèí-
ôîðìàòèêè.

Ïðåäëîæåííûå ñïîñîáû êîäèðîâàíèÿ äàííûõ êîìïàêòíåå ñòàíäàðòíîãî ïðåäñòàâëåíèÿ
â âèäå ìàññèâà ñèìâîëîâ. Êîäèðîâàíèå, îïòèìàëüíîå äëÿ îáðàáîòêè, ïîçâîëÿåò ïðîèçâî-
äèòü ïîèñê íóêëåîòèäîâ â ïîñëåäîâàòåëüíîñòè íà ïîðÿäîê áûñòðåå, ÷åì ïðîöåäóðà èç áèá-
ëèîòåêè ñòàíäàðòíûõ àññîöèàòèâíûõ àëãîðèòìîâ. Êîäèðîâàíèå, îïòèìàëüíîå ïî çàíèìàå-
ìîé ïàìÿòè, ïðåäïî÷òèòåëüíåé â ñëó÷àå, åñëè èñïîëüçóåòñÿ ïðåäñòàâëåíèå íóêëåîòèäíîé
ïîñëåäîâàòåëüíîñòè â âèäå ãðàôà.

Òàê êàê îáðàáîòêà ãåíîìà ïðåäïîëàãàåò ìíîæåñòâåííûé ïîèñê ïî áîëüøîìó îáúåìó
äàííûõ, ðàçðàáîòêà àññîöèàòèâíûõ àëãîðèòìîâ äëÿ ýòîé îáëàñòè àêòóàëüíà. Ïðèêëàäíàÿ
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öåííîñòü ðàáîòû ñîñòîèò â âîçìîæíîñòè âûïîëíåíèÿ äàííûõ àëãîðèòìîâ íà ãðàôè÷åñêèõ
óñêîðèòåëÿõ � øèðîêî ðàñïðîñòðàíåííîì îáîðóäîâàíèè îò ïåðñîíàëüíûõ êîìïüþòåðîâ
äî êëàñòåðíûõ ñèñòåì.
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