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The hardware currently in use is primarily targeted to address data processing. But the Von
Neiman's architecture is not the only architecture type. The paper presents an overview of associative
(content-addressable) parallel architectures from the �rst industrial associative processor STARAN to
the modern ATLAS Fast TracKer. Such an architecture performs data parallelism at the basic level,
provides massively parallel search by contents, and allows one using two-dimensional tables as basic
data structures. However, to solve tasks on these systems, it is necessary to construct new approaches
and methods which take into account the advantages of this architecture. Programming paradigms for
associative parallel computers was formulated by Potter. The key paradigm of associative processors
is the constant runtime of the logical and arithmetic data array operations.

The �rst commercially successful version of associative parallel processor was STARAN (Stellar
Attitude Reference and Navigation ). It was developed by Goodyear Aerospace and produced in 1972.
An associative processor array consists of 256 1-bit processor elements, a matrix memory, and a �ip
network. The matrix memory contains 256 words 256 bits long. Flip net allows one to move data
between PE in parallel. Up to 32 associative processor arrays are connected to the one control logic
unit, which is connected to host. The next associative system ASPRO (Airborne Associative Processor)
was developed on the STARAN base in 1982. The ASPRO was used in US air tra�c control system.

After that, in 1991, a parallel associative processor IXM2 was developed for ETL (ElectroTechnical
Laboratory, Japan) for processing knowledge and for processing semantic networks. The IXM2 contains
64 associative processors and 9 network processors for communications. Eight associative processors
and one network processor form a processing module. All associative processors in a processing module
are completely interconnected each other and are connected to one network processor. And eight
processing moduls are also completely interconnected each other and are connected to one network
processor, which has the connection with the host. The IXM2 was used in the computer translating
systems ASTRAL and EBMT (Example-Based Machine Translation) and the real time oral speech
translating system TDMT (Transfer-Driven Machine Translation).

The next system, Rudger's CAM2000 was developed at Rutgers University with the support of
NASA in 1993. It combines the capabilities of an associative processor, an association memory and
dynamic random access memory in the crystal. The CAM2000 architecture is a tree connected machine
consisting of four pairwise connected components: a tree, a leaf, a memory, and input/output devices. A
tree component consists of three tree-cells connected in the form of a binary tree. They perform global
operations on data located in leaf-cells. A leaf-cell consists of a processor, a bank of local registers, a
local memory, and one parallel shift register that forms the I/O components. Leaf-cells perform local
operations on data located in their memory and in a variety of registers.

The last reviewed system is ATLAS Fast Tracker (FTK) System of Large Hadron Collider. The
FTK system was designed as part of the detector ATLAS, designed to research the processes with
high-energy particles as Higgs bason. So, the tracking system should provide the run-time processing
of huge data ( about 1PB per second, and 109 matching per each 10−9 seconds) with restrictions
on space and power consumption. The FTK system includes 128 independent associative processors
AMBSLP (summary 8192 AMchips and more then 2000 FPGA).
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The ATLAS FastTracKer is planned to make suitable for portable devices. And the FastTracKer
may be useful to solve problems of high-energy physics, medical imaging, and research the visual
functions of the brain. So, each of the considered associative parallel architectures was built to
solve speci�c problems that could not be e�ectively solved on the systems of another architecture.
Associative parallel computing developes in three directions: new hardware (associative memory chips,
associativ processors and systems), associative parallel models and associative parallel algorithms, the
implementation of associative models on existing hardware.
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Ñóùåñòâóþùèå â íàñòîÿùåå âðåìÿ àïïàðàòíûå ñðåäñòâà ïðåèìóùåñòâåííî îðèåíòèðîâàíû íà
àäðåñíóþ îáðàáîòêó äàííûõ. Â ðàáîòå ïðåäñòàâëåí îáçîð àññîöèàòèâíûõ ïàðàëëåëüíûõ àð-
õèòåêòóð îò ïåðâîãî ïðîìûøëåííîãî àññîöèàòèâíîãî ïðîöåññîðà STARAN äî ñîâðåìåííîãî
ATLAS Fast TracKer. Êàæäàÿ èç ðàññìàòðèâàåìûõ àðõèòåêòóð áûëà ïîñòðîåíà ïîä ðåøåíèå
êîíêðåòíûõ çàäà÷, êîòîðûå íå ìîãëè áûòü ýôôåêòèâíî ðåøåíû íà ñèñòåìàõ äðóãîé àðõèòåê-
òóðû.

Êëþ÷åâûå ñëîâà: àññîöèàòèâíûå ïàðàëëåëüíûå àðõèòåêòóðû, SIMD, IXM2, Rutgers
CAM2000, ATLAS FTK.

Ââåäåíèå. Àññîöèàòèâíàÿ ïàìÿòü (ïàìÿòü, àäðåñóåìàÿ ïî ñîäåðæèìîìó, content-
addressable memory, CAM) [1, 2] ñðàâíèâàåò âõîäíûå äàííûå ñ ñîäåðæàíèåì òàáëè÷íîé
ïàìÿòè è âîçâðàùàåò àäðåñ ñîîòâåòñòâóþùèõ äàííûõ. Ïîèñê äàííûõ ïî òàáëè÷íîé ïàìÿòè
CAM ïðîèçâîäèòñÿ çà îäèí òàêòîâûé öèêë, ïîýòîìó àññîöèàòèâíàÿ ïàìÿòü èñïîëüçóåòñÿ
â ïðèëîæåíèÿõ, òðåáóþùèõ âûñîêîé ñêîðîñòè ïîèñêà. Òàêæå âåäóòñÿ ðàçðàáîòêè TCAM
(ternary CAM) [3, 4], ïîçâîëÿþùåé ïðîèçâîäèòü áîëåå ãèáêèé ïîèñê çà ñ÷åò äîáàâëåíèÿ ê
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çóåòñÿ â âû÷èñëèòåëüíûõ ñèñòåìàõ äëÿ ñêîðîñòíûõ êýøàõ. Òàêæå àññîöèàòèâíàÿ ïàìÿòü
èñïîëüçóåòñÿ â ñåòåâûõ ìàðøðóòèçàòîðàõ è â ñïåöèàëèçèðîâàííûõ ñèñòåìàõ îáðàáîòêè
áàç äàííûõ è çíàíèé.

Àññîöèàòèâíûå ïðîöåññîðû [5, 6] îòëè÷àþòñÿ îò àññîöèàòèâíîé ïàìÿòè òåì, ÷òî ìîãóò
ïðîèçâîäèòü íå òîëüêî àññîöèàòèâíûé ïîèñê ïî äàííûì, íî è îáðàáîòêó äàííûõ òàáëè÷-
íîé ïàìÿòè. Â ðàáîòå [5] Ïîòòåð âûäåëèë ïàðàäèãìû àññîöèàòèâíûõ âû÷èñëåíèé, êîòî-
ðûì äîëæíû ñîîòâåòñòâîâàòü àññîöèàòèâíûå ïàðàëëåëüíûå ìîäåëè è àðõèòåêòóðû. Îäíà
èç êëþ÷åâûõ ïàðàäèãì, îòëè÷àþùàÿ àññîöèàòèâíûå ñèñòåìû îò âû÷èñëèòåëüíûõ ñèñòåì
ôîí Íåéìîâñêîãî òèïà, � êîíñòàíòíîå âûïîëíåíèå ëîãè÷åñêèõ è àðèôìåòè÷åñêèõ îïåðà-
öèè, îïåðàöèè ñðàâíåíèÿ (<, =, >), ïîèñê ìèíèìàëüíîãî è ìàêñèìàëüíîãî çíà÷åíèÿ íàä
ìàññèâîì äàííûõ.

Òàê êàê â ðàáîòå ðàññìàòðèâàþòñÿ òîëüêî àññîöèàòèâíûå ïàðàëëåëüíûå ñèñòåìû, òî
ïîä àðõèòåêòóðîé áóäåì ïîíèìàòü êîíöåïòóàëüíóþ ñòðóêòóðó âû÷èñëèòåëüíîé ìàøèíû,
îïðåäåëÿþùóþ ïðîâåäåíèå îáðàáîòêè èíôîðìàöèè è âêëþ÷àþùóþ ìåòîäû ïðåîáðàçîâà-
íèÿ èíôîðìàöèè â äàííûå è ïðèíöèïû âçàèìîäåéñòâèÿ òåõíè÷åñêèõ ñðåäñòâ è ïðîãðàìì-
íîãî îáåñïå÷åíèÿ [7, 8]. Äàííîå îïðåäåëåíèå ñîîòâåòñòâóåò òåðìèíó êîìïüþòåðíàÿ àðõè-
òåêòóðà Òàíåíáàóìà [9].

© Ò.Â. Ñíûòíèêîâà, 2019
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Ðèñ. 1. Ñòðóêòóðà àññîöèàòèâíîãî ïðîöåññîðà STARAN

Îáçîð àññîöèàòèâíûõ ïàðàëëåëüíûõ àðõèòåêòóð ïðèâîäèòñÿ â õðîíîëîãè÷åñêîì ïîðÿä-
êå. Âî âòîðîé ñåêöèè äåëàåòñÿ îáçîð ïåðâîãî àññîöèàòèâíîãî ïàðàëëåëüíîãî ïðîöåññîðà
STARAN è ðàçðàáîòàííîé íà åãî áàçå ñèñòåìû ASPRO. Â òðåòüåé ñåêöèè ïðèâîäèòñÿ àð-
õèòåêòóðà è îáëàñòè ïðèìåíåíèÿ ïðîöåññîðà IXM2. Â ÷åòâåðòîé ñåêöèè ðàññìàòðèâàåòñÿ
ïðîöåññîð Rutger's CAM2000. Â ïÿòîé ñåêöèè ðàññìàòðèâàåòñÿ ATLAS Fast TracKer �
òðèãåðíàÿ ñèñòåìà äåòåêòîðà ATLAS Áîëüøîãî Àäðîííîãî Êîëëàéäåðà, îñíîâàííàÿ íà
àññîöèàòèâíîé ïàìÿòè. Â çàêëþ÷åíèè ïðèâîäÿòñÿ âûâîäû îá èñïîëüçîâàíèè àññîöèàòèâ-
íûõ ïàðàëëåëüíûõ ïðîöåññîðîâ.

1. STARAN è ASPRO. Ïåðâîé êîììåð÷åñêè óñïåøíîé âåðñèåé àññîöèàòèâíîãî ïà-
ðàëëåëüíîãî ïðîöåññîðà áûë STARAN (Stellar Attitude Reference and Navigation), ðàçðà-
áîòàííûé Goodyear Aerospace è âûïóùåí â ìàå 1972 ã [10�13].

Ñåðäöåì àðõèòåêòóðû STARAN ÿâëÿåòñÿ àññîöèàòèâíûé ïðîöåññîðíûé ìàññèâ, ïîêà-
çàííûé íà ðèñ. 1, êîòîðûé ñîñòîèò èç 256 1-áèòîâûõ ïðîöåññîðíûõ ýëåìåíòîâ (PE), ìàò-
ðè÷íîé ïàìÿòè, ôëèï-ñåòè. Ïàìÿòü ñîäåðæèò 256 ñëîâ äëèíîé ïî 256 áèò. Äîñòóï ê íåé
ïðîèçâîäèòñÿ â äâóõ ðåæèìàõ: â ðåæèìå áèòîâîãî ñëàéñà (ñòîëáöà) èëè â ðåæèìå ñëîâà.
Â ðåæèìå áèòîâîãî ñëàéñà ìîæíî ïîëó÷èòü äîñòóï ê îäíîìó áèòó êàæäîãî ñëîâà, ïîçâî-
ëÿÿ ìàññèâó èç 256 PE ýëåìåíòîâ ðàáîòàòü ñ äàííûìè ïàðàëëåëüíî. Â ðåæèìå ñëîâà âñå
256 áèò îäíîãî ñëîâà ìîãóò áûòü äîñòóïíû äëÿ ýôôåêòèâíîãî ââîäà èëè âûâîäà. Ôëèï-
ñåòü ïîçâîëÿåò ïåðåìåùàòü äàííûå ìåæäó ÏÝ ïàðàëëåëüíî. Ê ëîãè÷åñêîìó óñòðîéñòâó
óïðàâëåíèÿ (CONTROL LOGIC UNIT) ïîäêëþ÷àåòñÿ äî 32 àññîöèàòèâíûõ ïðîöåññîðíûõ
ìàññèâîâ.

Ïîä ýòîò ïðîöåññîð áûë ðàçðàáîòàí ÿçûê ïðîãðàììèðîâàíèÿ íèçêîãî óðîâíÿ APPLE
(Associative Processor Procedure Language) [14, 15].

Â 1982 ãîäó íà áàçå àðõèòåêòóðû STARAN áûëà ðàçðàáîòàíà ñèñòåìà ASPRO (Airborne
Associative Processor) [16, 17], èñïîëüçóþùàÿ ÷èïû VLSI(very-large-scale integration,
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Ðèñ. 2. Ñòðóêòóðà IXM2

ÑÁÈÑ). Êàæäûé ÷èï ñîäåðæàë 32 PE, ñîåäèíåííûõ ôëèï-ñåòüþ. Òàêèì îáðàçîì, 1024-
ïðîöåññîðíàÿ ñèñòåìà çàíèìàëà ìåíåå 0,03 ì3. ASPRO ðàçðàáàòûâàëàñü äëÿ ñèñòåì óïðàâ-
ëåíèÿ âîçäóøíûìè ñîîáùåíèÿìè ÑØÀ. Ïî äàííûì 1983 ãîäà ýòà ñèñòåìà èñïîëüçîâàëñÿ
â ðàäàðàõ ñàìîëåòîâ-ðàçâåä÷èêîâ E-2 Hawkeye AWACS ÂÌÑ ÑØÀ.

Íà áàçå ñèñòåì STARAN è ASPROÏîòòåð ðàçðàáîòàë ìîäåëè àññîöèàòèâíîãî ïðîöåññî-
ðà ASC (êëàññ SIMD) è MASC (êëàññ MIMD). Â Êåíòñêîì Ãîñóäàðñòâåííîì Óíèâåðñèòåòå
âåäóòñÿ ðàáîòû ïî ñîçäàíèþ ñîâðåìåííîãî àññîöèàòèâíîãî ïàðàëëåëüíîãî ïðîöåññîðà äëÿ
ñèñòåìû MASC [18] è ýôôåêòèâíîé ðåàëèçàöèè ýòîé ìîäåëè íà äðóãèõ àðõèòåêòóðàõ [19].

Òàêæå íà áàçå àðõèòåêòóðû STARAN áûëà ðàçðàáîòàíà ìîäåëü àññîöèàòèâíîãî ïà-
ðàëëåëüíîãî ïðîöåññîðà Star-ìàøèíà. Âåäåòñÿ ðàáîòà ïî ðåàëèçàöèè ýòîé ìîäåëè íà ãðà-
ôè÷åñêèõ óñêîðèòåëÿõ äëÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ ðàçðàáîòàííûõ àññîöèàòèâíûõ
ïàðàëëåëüíûõ àëãîðèòìîâ [20, 21].

2. Ïðîöåññîð IXM2. Â 1991 ãîäó äëÿ ETL (ElectroTechnical Laboratory, ßïîíèÿ) áûë
ðàçðàáîòàí ïàðàëëåëüíûé àññîöèàòèâíûé ïðîöåññîð IXM2 äëÿ îáðàáîòêè çíàíèé [22] è
äëÿ îáðàáîòêè ñåìàíòè÷åñêèõ ñåòåé [23]. IXM2 ñîñòîèò èç 64 ÀÏ è 9 ñåòåâûõ ïðîöåññîðîâ,
èìåþùèõ âìåñòå 256 òûñÿ÷ ñëîâ àññîöèàòèâíîé ïàìÿòè. Ýòî ïîçâîëÿåò âûïîëíÿòü áàçîâûå
îïåðàöèè ïàðàëëåëüíî íàä 65 536 âåðøèí ñåìàíòè÷åñêîé ñåòè çà êîíñòàíòíîå âðåìÿ. Íà
ðèñ. 2 ïîêàçàíà ñòðóêòóðà IXM2. Âîñåìü ÀÏ è îäèí ñåòåâîé ïðîöåññîð îáðàçóþò âû÷èñëè-
òåëüíûé ìîäóëü, â êîòîðîì àññîöèàòèâíûå ïðîöåññîðû ñâÿçàíû âñå ñî âñåìè. Àíàëîãè÷íî,
âîñåìü âû÷èñëèòåëüíûõ ìîäóëåé ñîåäèíåíû âñå ñî âñåìè è ñ âûäåëåííûì ñåòåâûì ïðîöåñ-
ñîðîì. Ýòîò ñåòåâîé ïðîöåññîð ïîäêëþ÷åí ê êîìïüþòåðó SUN-3.

IXM2 ìîæåò áûòü èñïîëüçîâàí êàê ïðîöåññîð ìàêðîèíñòðóêöèé è êàê ïðîöåññîð ñåìàí-
òè÷åñêèõ ñåòåé [24]. IXM2 â êà÷åñòâå ìàêðî-èíñòðóêöèé ïîääåðæèâàåò àðèôìåòè÷åñêèå è
ëîãè÷åñêèå îïåðàöèè: add, sub, multiplication, less-then, greater-then. Îíè âû÷èñëÿþòñÿ àë-
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Ðèñ. 3. Ñòðóêòóðà ÷èïà Rudgers CAM2000

ãîðèòìàìè ïîñëåäîâàòåëüíî ïî áèòàì, íî ïàðàëëåëüíî ïî ñëîâàì. Ìàêðîèíñòðóêöèè ìîãóò
áûòü âûçâàíû èç C-ïðîãðàììû íà óïðàâëÿþùåé ìàøèíå è âûïîëíÿòüñÿ ïàðàëëåëüíî íà
IXM2.

Îáðàáîòêà ñåìàíòè÷åñêèõ ñåòåé � îäíî èç îñíîâíûõ ïðèëîæåíèé IXM2. IXM2 âûïîëíÿ-
åò ïðîãðàììû, íàïèñàííûå íà ÿçûêå ïðåäñòàâëåíèÿ çíàíèé IXL, ðàñøèðåíèè ÿçûêà Prolog.
Îí èñïîëüçóåò ñïåöèàëüíûå ïðåäèêàòû äëÿ îáðàáîòêè ñåìàíòè÷åñêèõ ñåòåé â äîïîëíåíèå
ê ïðåäèêàòàì, îïðåäåëåííûì â ÿçûêå Prolog. Òàêæå èñïîëüçîâàëñÿ äëÿ âûïîëíåíèÿ ãåíå-
òè÷åñêèõ àëãîðèòìîâ è ïîèñêà ïî áàçàì çíàíèé.

IXM2 èñïîëüçîâàëñÿ â ðàçëè÷íûõ èññëåäîâàòåëüñêèõ ïðîåêòàõ ETL, Carnegie Mellon
University è the ATR Interpreting Telephony Research Laboratory. Íà îñíîâå ïðîöåññîðà
IXM2 áûëè ïîñòðîåíû êîìïüþòåðííàÿ ñèñòåìà ìàøèííîãî ïåðåâîäà ASTRAL [25], cèñòå-
ìà ìàøèííîãî ïåðåâîäà EBMT (Example-Based Machine Translation) [26], ñèñòåìà TDMT
(Transfer-Driven Machine Translation) äëÿ ïåðåâîäà óñòíîé ðå÷è â ðåæèìå ðåàëüíîãî âðå-
ìåíè [27].

3. Ïðîöåññîð Rutgers CAM2000. Â 1993 ãîäó ïðè ïîääåðæêå NASA â Ðàòãåðñêîì
óíèâåðñèòåòå áûë ðàçðàáîòàí ÷èï Rudgers CAM2000 [28, 29]. Îí îáúåäèíÿåò âîçìîæíîñòè
àññîöèàòèâíîãî ïðîöåññîðà (AP), àññîöèàòèâíîé ïàìÿòè (CAM) è äèíàìè÷åñêîé ïàìÿòè ñ
ïðîèçâîëüíûì äîñòóïîì (DRAM) â îäíîì êðèñòàëëå.

Àðõèòåêòóðà CAM2000 ïðåäñòàâëÿåò ìàøèíó ñ äðåâîâèäíîé ñòðóêòóðîé, ñîñòîÿùåé
èç ÷åòûðåõ ïîïàðíî ñîåäèíåííûõ êîìïîíåíòîâ: äåðåâà, ëèñòüåâ, ïàìÿòè è óñòðîéñòâ ââî-
äà/âûâîäà. ß÷åéêà-äåðåâî ñîñòîèò èç òðåõ ÿ÷ååê, ñîåäèíåííûõ â âèäå áèíàðíîãî äåðåâà.
Îíè âûïîëíÿþò ãëîáàëüíûå îïåðàöèè íàä äàííûìè, ðàñïîëîæåííûìè â ÿ÷åéêàõ-ëèñòüÿõ.
ß÷åéêà-ëèñò ñîñòîèò èç ïðîöåññîðà, áàíêà ëîêàëüíûõ ðåãèñòðîâ, ëîêàëüíîé ïàìÿòè è îä-
íîãî ðåãèñòðà ïàðàëëåëüíîãî ñäâèãà, ôîðìèðóþùåãî êîìïîíåíòû ââîäà/âûâîäà. ß÷åéêè-
ëèñòüÿ âûïîëíÿþò ëîêàëüíûå îïåðàöèè íàä äàííûìè, ðàñïîëîæåííûìè â ñâîåé ïàìÿòè
è ìíîæåñòâå ðåãèñòðîâ. Íà ðèñ. 3 ïîêàçàí ïðèìåð àðõèòåêòóðû CAM2000 ñ ÷åòûðüìÿ
ÿ÷åéêàìè-ëèñòüÿìè.
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Rudgers CAM2000 èñïîëüçóåò ðàñøèðåííûå âåðñèè ñâîéñòâ êëàññè÷åñêèõ CAM. Ñëåäó-
þùèå ÷åòûðå ðàñøèðåíèÿ ñóùåñòâåííû äëÿ ïðîèçâîäèòåëüíîñòè àðõèòåêòóðû CAM2000:

� Äëèííûå ñëîâà: àðõèòåêòóðà CAM2000 âêëþ÷àåò â ñåáÿ êàê îäíîðàçðÿäíûå, òàê è
ìíîãîðàçðÿäíûå ñèñòåìû, ïîçâîëÿþùèå ïðîèçâîäèòü âû÷èñëåíèÿ íàä 32-õ ðàçðÿäíûìè
ñëîâàìè.

� Ãëîáàëüíûå îïåðàöèè: àðõèòåêòóðà îáåñïå÷èâàåò íà àïïàðàòíîì óðîâíå âûïîëíåíèå
òàêèõ îïåðàöèé êàê

”
÷èñëî îòâåò÷èêîâ“ è

”
ñóììà âñåõ çíà÷åíèé“.

� Ñåãìåíòèðîâàíèå: àðõèòåêòóðà îáåñïå÷èâàåò àïïàðàòíûé êîíòðîëü, ïîääåðæèâàþ-
ùèé ïðîèçâîëüíîå ðàçáèåíèå íà ñåãìåíòû âñåõ ãëîáàëüíûõ îïåðàöèé, ÷òî ïîçâîëÿåò âû-
ïîëíÿòü ãëîáàëüíûå îïåðàöèè îäíîâðåìåííî, òàêæå êàê âûïîëíÿþòñÿ íåñåãìåíòèðîâàí-
íûå ãëîáàëüíûå îïåðàöèè.

� Ëîêàëüíàÿ àäðåñàöèÿ: êîíñòðóêöèÿ CAM2000 ïîçâîëÿåò ïðîèçâîäèòü âû÷èñëåíèÿ
íàä ðàçíûìè ïîëÿìè â ðàçëè÷íûõ ÿ÷åéêàõ-ëèñòüÿõ.

Äëÿ ïðîöåññîðà áûëè ðàçðàáîòàíû ÿçûêè íèçêîãî óðîâíÿ CAML è âûñîêîãî óðîâíÿ
Linear C [30].

4. FastTrack Processor äëÿ ATLAS. Â ðåæèìå îïûòíîé ýêñïëóàòàöèè íàõîäèò-
ñÿ êðóïíåéøèé ïðîåêò ñ èñïîëüçîâàíèåì àññîöèàòèâíîé àðõèòåêòóðû [31]. ATLAS Fast
Tracker (FTK) ïðîöåññîð ñîñòîèò èç 8 192 ÷èïîâ. Êàæäûé ÷èï àññîöèàòèâíîé ïàìÿòè õðà-
íèò áàíê äàííûõ ñî 128 000 ïàòòåðíîâ. Ëþáîé çàïðîñ ê äàííûì âûïîëíÿåòñÿ ïî âñåì ýëå-
ìåíòàì ïàìÿòè îäíîâðåìåííî çà îäèíàêîâîå âðåìÿ (10−9 ñ) âíå çàâèñèìîñòè îò ðàçìåðà
áàíêà äàííûõ. Ñèñòåìà îðèåíòèðîâàíà íà ðåøåíèå çàäà÷ ôèçèêè âûñîêèõ ýíåðãèé.

Ñèñòåìà FastTracker Processor (FTK) [32] ñîñòîèò èç ïîäñèñòåì ñ ðàçíûìè ôóíêöèÿìè.
Óñòðîéñòâî ôîðìàòèðîâàíèÿ äàííûõ ñîáèðàåò äàííûå è ïåðåñûëàåò èõ â îáðàáàòûâàþ-
ùèå óñòðîéñòâà. Óñòðîéñòâà àññîöèàòèâíîé ïàìÿòè âûïîëíÿþò ðàñïîçíàâàíèå ïàòòåðíîâ
çàðÿæåííûõ ÷àñòèö è îïðåäåëåíèå òðåêîâ ÷àñòèö.

4.1. Öåëü ïðîåêòà è òåõíè÷åñêèå îñîáåííîñòè. Ñèñòåìà FTK ïðîåêòèðîâàëàñü êàê
÷àñòü äåòåêòîðà ATLAS Áîëüøîãî Àäðîííîãî Êîëëàéäåðà (Large Hadron Collider, LHC)
[33, 34], ïðåäíàçíà÷åííîãî äëÿ èçó÷åíèÿ ïðîöåññîâ ñ âûñîêîýíåðãåòè÷åñêèìè ÷àñòèöàìè.
Îäíà èç çàäà÷ � îáíàðóæåíèå è èññëåäîâàíèå áàçîíà Õèããñà [35].

Äî 2015 ãîäà â LHC ñòàëêèâàëèñü ïó÷êè ïðîòîíîâ êàæäûå 50 íàíîñåêóíä, ÷òî â ñðåäíåì
ñîñòàâëÿåò îêîëî 20 îäíîâðåìåííûõ èíäèâèäóàëüíûõ ïðîòîí-ïðîòîííûõ âçàèìîäåéñòâèé
(pile-up, PU). Ïîñëå 2015 ãîäà ïó÷êè ñòàëêèâàþòñÿ êàæäûå 25 íàíîñåêóíä è ñîñòàâëÿþò
40 îäíîâðåìåííûõ ïðîòîí-ïðîòîííûõ ñîåäèíåíèé. Ñ ïîâûøåíèåì ñâåòèìîñòè LHC äî ïðî-
åêòèðóåìîé â 2026-2035 ãîäàõ îæèäàåìîå êîëè÷åñòâî ïðîòîí-ïðîòîííûõ âçàèìîäåéñòâèé
ïðè ñòîëêíîâåíèè ïó÷êîâ âîçðàñòåò äî 200-400. Ïðè ýòîì áîçîíû Õèããñà îáðàçóþòñÿ â 109

ðàç ðåæå, ÷åì ïðîèñõîäÿò îáû÷íûå ïðîòîí-ïðîòîííûå ñòîëêíîâåíèÿ. Ýòî ñîîòâåòñòâóåò
÷àñòîòå 1�10 ñîáûòèé â ÷àñ. Ïîýòîìó çàäà÷à ñèñòåìû � ðàñïîçíàòü è ñîõðàíèòü ïîëåçíûå
ñîáûòèÿ ïðè çíà÷èòåëüíîì ïîäàâëåíèè ôîíîâûõ ïðîöåññîâ. Äëÿ ýòîãî íà ñèñòåìå FTK
ðåøàþòñÿ äâå çàäà÷è:

� [PM] pattern matching � ñîïîñòàâëåíèå ñ ïàòòåðíîì;
� [TF] track �tting � ðåêîíñòðóêöèÿ òðåêîâ.
Ñîïîñòàâëåíèå ñ ïàòòåðíîì âûïîëíÿþò àññîöèàòèâíûå ïðîöåññîðû, à ðåêîíñòðóêöèþ

òðåêîâ � ïëàòû íà îñíîâå FPGA.
Â òàáë. 1 ïðåäñòàâëåíû ÷àñòîòà ñòîëêíîâåíèé ïó÷êîâ (ñîáûòèé) â LHC, êîëè÷åñòâî

îäíîâðåìåííûõ ïðîòîí-ïðîòîíîâûõ ñòîëêíîâåíèé íà ñîáûòèå (PU), îáúåì äàííûõ äëÿ
çàïèñè îäíîãî ñîáûòèÿ ïîñëå ïîäàâëåíèÿ íóëåé è ñêîðîñòü ïåðåäà÷è äàííûõ ñ äåòåêòîðà
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Òàáëèöà 1

Îáúåì è ñêîðîñòü ïåðåäà÷è äàííûõ ñ äåòåêòîðà ATLAS

ãîä ÷àñòîòà ñîáûòèé PU îáúåì äàííûõ ñêîðîñòü äàííûõ

2006 20Mhz 20 0,5MB ≈ 10TB/s
2014 40Mhz 40 1MB ≈ 40TB/s
2016 40Mhz 40 1,6− 1,8MB ≈ 80TB/s
2026 40Mhz 200-400 2,4MB ≈ 1PB/s

Ðèñ. 4. Ñòðóêòóðà AM ÷èïà

äëÿ îáðàáîòêè íà FTK [36, 37]. Ñêîðîñòü ïåðåäà÷è äàííûõ íà 2026 îöåíèâàëàñü èñõîäÿ èç
ïðîåêòíûõ ïîêàçàòåëåé LS3 ìîäåðíèçàöèè áîëüøîãî àäðîííîãî êîëëàéäåðà, ïëàíèðóåìîãî
â 2024�2026 ãã, ïîñëå êîòîðîãî LHC ïåðåéäåò ê ðàáîòå â ðåæèìå ïîâûøåííîé ñâåòèìîñòè.

Òàêèì îáðàçîì, ïðè ðàçðàáîòêå ñèñòåìû FTK ó÷èòûâàëèñü ñëåäóþùèå îñîáåííîñòè
ýêñïëóàòàöèè:

� îãðîìíûé îáúåì îáðàáàòûâàåìûõ äàííûõ;
� îáðàáîòêà â ðåæèìå ðåàëüíîãî âðåìåíè;
� îãðàíè÷åíèÿ ïî ïðîñòðàíñòâó è ýíåðãîïîòðåáëåíèþ;
� ñîïîñòàâëåíèå ñ ïàòòåðíàìè ïî âîñüìè ïðèçíàêàì îäíîâðåìåííî;
� áîëüøîå êîëè÷åñòâî ïàòòåðíîâ.
4.2. Ýâîëþöèÿ è õàðàêòåðèñòèêè AMchip äëÿ Fast TracKer. ×èï AM ïðåäñòàâëÿåò ñî-

áîé óñòðîéñòâî, âûïîëíÿþùåå ñîïîñòàâëåíèå ñ ïàòòåðíîì, ïîäîáíîå ïàìÿòè, àäðåñóåìîé
ïî ñîäåðæèìîìó (CAM) [38]. Îäíàêî äèçàéí AM êîíöåïòóàëüíî îòëè÷àåòñÿ îò äèçàéíà
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Ðèñ. 5. Ñòðóêòóðà FTK

CAM (ðèñ. 4). Â AM êàæäûé ïàòòåðí õðàíèòñÿ íå â îäíîì ìåñòå ïàìÿòè, êàê â êîì-
ìåð÷åñêîì CAM, íî îí ñîñòîèò èç 8 íåçàâèñèìûõ 16-áèòíûõ ñëîâ, õðàíÿùèõ êîîðäèíàòû
÷àñòèö, çàôèêñèðîâàííûå äåòåêòîðîì. Èííîâàöèîííàÿ õàðàêòåðèñòèêà AM çàêëþ÷àåòñÿ
â òîì, ÷òî êàæäîå èç ýòèõ 8 ñëîâ èìååò êîìïàðàòîð è òðèããåð äëÿ ñðàâíåíèÿ íåïðåðûâíî
õðàíÿùèõñÿ äàííûõ (ïàòòåðíàìè) ñ ñîáñòâåííûì ïîòîêîì âõîäíûõ äàííûõ (hit). Äàííûå
îòïðàâëÿþòñÿ ïî 8 ïàðàëëåëüíûì øèíàì, ïî îäíîìó äëÿ êàæäîãî ñëîâà ïàòòåðíà. Âñå
ñëîâà â AM äåëàþò íåçàâèñèìûå è îäíîâðåìåííûå ñðàâíåíèÿ ñ äàííûìè, ïîñëåäîâàòåëüíî
ïðåäñòàâëåííûìè íà åãî ñîáñòâåííîé øèíå. Êàæäûé ðàç, êîãäà ñîâïàäåíèå íàéäåíî, òðèã-
ãåð ñîîòâåòñòâèÿ óñòàíàâëèâàåòñÿ è îñòàåòñÿ óñòàíîâëåííûì äî êîíöà îáðàáîòêè ñîáûòèÿ,
êîãäà ðàñïðîñòðàíÿåòñÿ ñèãíàë ñáðîñà. Ïàòòåðí ñîâïàäàåò, êîãäà óñòàíîâëåíî ïðåäîïðåäå-
ëåííîå êîëè÷åñòâî òðèããåðîâ (6−8, çàäàåòñÿ ïîëüçîâàòåëåì ). Âñå ñîãëàñîâàííûå ïàòòåðíû
ñ÷èòûâàþòñÿ. Ïîäðîáíîå îïèñàíèå AM è åãî îïåðàöèé îïèñûâàåòñÿ â [39].

Â ýêñïåðèìåíòå H1 èñïîëüçîâàëèñü êîììåð÷åñêèå CAM [40]. Êàæäîå áèòîâîå ñëîâî
CAM ñîîòâåòñòâîâàëî êàíàëó äåòåêòîðà. Ïîñëå ðîñòà êîëè÷åñòâà äåòåêòîðíûõ êàíàëîâ
äî ∼ 108 ïðè ìîäåðíèçàöèè LHC ýòîò ïîäõîä ñòàë íåâîçìîæåí. Êðîìå òîãî, òðåáîâàëîñü
ïåðåôîðìàòèðîâàòü äàííûå ïðåæäå ÷åì îòïðàâëÿòü èõ íà âõîä â CAM. Ýòà ïðîáëåìà
áûëà ðåøåíà â AM ÷èïå. Ïåðâîå AM-óñòðîéñòâî áûëî ñîçäàíî äëÿ ýêñïåðèìåíòà CDF [41]
íà Tevatron-êîëëàéäåðå Fermilab.

Èñïîëüçóåìûé â ATLAS Fast TracKer ÷èï ÀÌ ïðåäñòàâëÿåò ñîáîé ýâîëþöèþ êîíñòðóê-
öèè CDF [42]. Òðåáîâàíèÿ ê ïðèëîæåíèþ LHC âûøå, ÷åì òðåáîâàíèÿ ê CDF: áîëåå ìîù-
íûé êðåìíèåâûé äåòåêòîð ñ áîëüøèì êîëè÷åñòâîì êàíàëîâ òðåáóåò áîëüøåãî êîëè÷åñòâà
ïàòòåðíîâ, à áîëåå âûñîêàÿ ÷àñòîòà çàïóñêà òðåáóåò áîëåå âûñîêîé ðàáî÷åé ÷àñòîòû ïðè
ñîõðàíåíèè îáùåé ïîòðåáëÿåìîé ìîùíîñòè.

Ïîñëåäíÿÿ âåðñèÿ ÷èïà AMchip06 [43] ïðîèçâîäèò 1 ìëí. ñðàâíåíèé êàæäûå 10 íàíîñå-
êóíä è èìååò ñëåäóþùèå õàðàêòåðèñòèêè: îáúåì áàíêà ïàòòåðíîâ � 128k, îáúåì ïàìÿòè �
19Mb íà ÷èï, ÷àñòîòà � 100 Mhz, ýíåðãîïîòðåáëåíèå 3 Âò, òåõíîëîãèÿ � 65nm, ðàçìåð �
4 ñì× 4 ñì.

4.3. Àðõèòåêòóðà è ïðèíöèï ðàáîòû ñèñòåìû FTK. Ñèñòåìà FTK [46] âêëþ÷àåò
íåñêîëüêî ïîäñèñòåì, âûïîëíÿþùèõ ðàçíûå ôóíêöèè (ðèñ. 5):
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� 32 ïëàòû ôîðìàòèðîâàíèÿ äàííûõ (Data Formatter, DF) è âñòðîåííûå äîïîëíèòåëü-
íûå ïëàòû (RODs), ïðèíèìàþùèå äàííûå ñ ïèêñåëüíûõ è ïîëîñêîâûõ äàò÷èêîâ äåòåêòîðà;

� 128 íåçàâèñèìûõ ïðîöåññîðîâ, ñîñòîÿùèõ èç àññîöèàòèâíîãî ïðîöåññîðà (AMBSLP:
4 ëîêàëüíûõ ïëàòû ñ 16 ÷èïàìè AM) è âñïîìîãàòåëüíûå êàðòû (AUX) íà îñíîâå FPGA.

� 32 ïëàòû äëÿ âòîðîé ñòàäèè ðåêîíñòðóêöèè òðåêîâ (Second Stage Fit Boards, SSB)
� 2 èíòåðôåéñíûå êàðòû (FLIC) äëÿ ïåðåäà÷è äàííûõ íà âòîðîé óðîâåíü.
ROD ïîëó÷àåò äàííûå îò 4-õ ìèêðîñòðèïîâûõ äàò÷èêîâ ñ îáùèì òðàôèêîì 500 Ãá/ñ

è âûïîëíÿåò êëàñòåðèçàöèþ äàííûõ [47]. Ïîñëå ýòîãî DF ðåîðãàíèçóåò äàííûå äëÿ äàëü-
íåéøåé îáðàáîòêè. AUX âûïîëíÿåò äâà àëãîðèòìà: îðãàíèçàöèþ äàííûõ (DO) è ðåêîí-
ñòðóêöèè òðåêîâ (TF). Ïðè îðãàíèçàöèè äàííûõ, ïîëó÷åííûõ îò DF, ôîðìèðóþòñÿ ñóïåð-
ñòðèïû ìåíüøåé ðàçìåðíîñòè (äàííûå ñ 4-õ ïèêñåëüíûõ è 4-õ ìèêðîñòðèïîâûõ äàò÷èêîâ)
äëÿ ñîïîñòàâëåíèÿ ñ ïàòòåðíàìè íà AM-÷èïàõ. Äëÿ îòîáðàííûõ äàííûõ AUX âûïîëíÿåò
ðåêîíñòðóêöèþ òðåêîâ. Äàëåå ïîëó÷åííûå òðåêè ïîñòóïàþò íà ïîâòîðíóþ ðåêîíñòðóêöèþ
â SSB: êàæäûé òðåê äîïîëíÿåòñÿ äàííûìè ñ 4-õ ìèêðîñòðèïîâûõ äàò÷èêîâ, íå èñïîëüçî-
âàííûìè â ñîïîñòàâëåíèè ñ ïàòòåðíàìè. FLIC çàìåíÿåò â ïîëó÷åííûõ òðåêàõ ëîêàëüíûå
èäåíòèôèêàòîðû FTK íà ãëîáàëüíûå èäåíòèôèêàòîðû ATLAS è îòïðàâëÿåò èõ ÷åðåç ñè-
ñòåìó ñ÷èòûâàíèÿ äàííûõ íà òðèãåð âûñîêîãî óðîâíÿ (HLS).

4.4. Îáëàñòè ïðèìåíåíèÿ ïðîöåññîðîâ FTK. Ñèñòåìà ðàçðàáîòàíà äëÿ äåòåêòîðîâ ôè-
çèêè âûñîêèõ ýíåðãèé. Îíà èñïîëüçóåòñÿ äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ íà LHC íà äå-
òåêòîðàõ ATLAS è CMS [47].

Äàííàÿ ñèñòåìà ìîæåò áûòü àäàïòèðîâàíà äëÿ èñïîëüçîâàíèÿ â áîëåå îáùèõ ïðèëî-
æåíèÿõ îáðàáîòêè èçîáðàæåíèé [43]:

� ìåäèöèíñêàÿ âèçóàëèçàöèÿ (òîìîãðàôèÿ è ò. ä.);
� ñèñòåìû âèäåî-íàáëþäåíèÿ, ñìàðò-êàìåðû;
� çàäà÷è âûñîêîñêîðîñòíîé ôèëüòðàöèè äàííûõ;
� ðàñïîçíàâàíèå ôîðì;
� èçó÷åíèå çðåíèÿ è äðóãèõ ôóíêöèé ìîçãà.
Çàêëþ÷åíèå. Õîòÿ àññîöèàòèâíûå ïàðàëëåëüíûå ñèñòåìû ñî âðåìåíè ñâîåãî ïîÿâ-

ëåíèÿ íå ñòàëè øèðîêî ðàñïðîñòðàíåííûìè, îíè íå óòðàòèëè ñâîåé àêòóàëüíîñòè. Âñå
ðåàëèçîâàííûå àðõèòåêòóðû áûëè ïîñòðîåíû ïîä ðåøåíèå êîíêðåòíûõ çàäà÷, êîòîðûå íå
ìîãëè áûòü ýôôåêòèâíî ðåøåíû íà ñèñòåìàõ äðóãîé àðõèòåêòóðû: ASPRO äëÿ çàäà÷ êîí-
òðîëÿ âîçäóøíîãî äâèæåíèÿ, IMX2 äëÿ ìàøèííîãî ïåðåâîäà, FastTracker Processor äëÿ
äåòåêòîðà ATLAS áîëüøîãî àäðîííîãî êîëëàéäåðà.

Äëÿ èñïîëüçîâàíèÿ â ïðîåêòå ATLAS áîëüøîãî àäðîííîãî êîëëàéäåðà áûëè ðàçðà-
áîòàíû íîâûå óñòðîéñòâà àññîöèàòèâíîé ïàìÿòè [32, 42]. ATLAS Fast Tracker (FTK) �
êðóïíåéøàÿ àññîöèàòèâíàÿ ñèñòåìà èç 8 192 ÷èïîâ àññîöèàòèâíîé ïàìÿòè. Ðàçðàáîò÷èêè
ïëàíèðóþò àññîöèàòèâíûé ïðîöåññîð, ñïðîåêòèðîâàííûé äëÿ ATLAS FastTracKer, ñäåëàòü
ïðèãîäíûìè äëÿ ïîðòàòèâíûõ óñòðîéñòâ, à òàêæå èñïîëüçîâàòü åãî äëÿ ðåøåíèÿ çàäà÷ ôè-
çèêè âûñîêèõ ýíåðãèé, ìåäèöèíñêîé âèçóàëèçàöèè, èçó÷åíèÿ âèçóàëüíûõ ôóíêöèé ìîçãà
[43, 48].

Ðàçâèòèå ïðîäîëæàåòñÿ â òðåõ íàïðàâëåíèÿõ: ðàçðàáîòêà àïïàðàòíîãî îáåñïå÷åíèÿ
äëÿ àññîöèàòèâíûõ ïàðàëëåëüíûõ âû÷èñëåíèé (÷èïû àññîöèàòèâíîé ïàìÿòè [49, 50],
àññîöèàòèâíûå ïðîöåññîðû è ñèñòåìû [43, 51, 52]), ðàçðàáîòêà àññîöèàòèâíûõ ìîäåëåé
è àëãîðèòìîâ äëÿ ýòèõ ìîäåëåé, ðåàëèçàöèÿ àññîöèàòèâíûõ ìîäåëåé íà ñóùåñòâóþùåì
îáîðóäîâàíèè [18�21].
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