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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 first 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 first 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 flip
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 traffic 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 10° matching per each 10~? 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 specific problems that could not be effectively 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.

Key words: associative parallel arcitectures, SIMD, IXM2, Rutgers CAM2000, ATLAS FTK.

References

1. Krikelis A., Weems C. C.. Associative processing and processors // Computer. 1994. 27(11).
P. 12-17.

2. Pagiamtzis K., Sheikholeslami A. Content-addressable memory (cam) circuits and architectures:
a tutorial and survey // IEEE Journal of Solid-State Circuits. 2006. 41(3). P. 712-727.

3. Kocak T, Basci F. A power-efficient tcam architecture for network forwarding tables // Journal
of Systems Architecture. 2006. 52(5). P. 307 — 314.

4. Noda H., Inoue K., Kuroiwa M. and el. A cost-efficient high-performance dynamic TCAM with
pipelined hierarchical searching and shift redundancy architecture // IEEE Journal of Solid-State
Circuits. 2005. 40: P. 245-253.

5. Potter J. L. Associative Computing: A Programming Paradigm for Massively Parallel Computers
/ Perseus Publishing, 1991.

6. Jalaleddine S. M. Associative memories and processors: The exact match paradigm // Journal
of King Saud University — Computer and Information Sciences. 1999. 11(Supplement C). P. 45-67.

7. GOST 15971-90. Sistemy obrabotki informatsii. Terminy i opredeleniya [Information processing
systems. Terms and Definitions|. 1991. P. 4.

8. Clements A. The Principles of Computer Hardware / Oxford University Press, 2000.

9. Tanenbaum A. S. Structured Computer Organization / Prentice Hall PTR, 1998.

10. Rudolph J. A. A production implementation of an associative array processor: Staran. In
Proceedings of the December 5-7, 1972, Fall Joint Computer Conference, Part I, AFIPS ’72 (Fall, part
I), New York, NY, USA, 1972. ACM. P. 229-241.

11. Foster C. C. Content addressable parallel processors / Caxton C. Foster / Van Nostrand
Reinhold New York, 1976.

12. Batcher K. E. Design of a massively parallel processor // IEEE Transactions on Computers.
1980. 29(9). P. 836-840.

13. Batcher K. E. Staran parallel processor system hardware // In Proceedings of the May 6-10,
1974, National Computer Conference and Exposition, AFIPS '74. New York, NY, USA, 1974. ACM.
P. 405-410.

14. GER-15637A. STARAN S APPLE Programming Manual / GOODYEAR AEROSPACE
CORPORATION, OHIO. 1973.

15. Davis E. W. Staran parallel processor system software // Proceedings of the May 6-10, 1974,
National Computer Conference and Exposition, AFIPS ’74, New York, NY, USA, 1974. ACM. P. 17-22.

16. Batcher K. E. Bit-serial parallel processing systems // IEEE Transactions on Computers. 1982.
31(5). P 377-384.

17. Uhr L. M. Algorithm-Structured Computer Arrays and Networks: Architectures and Processes
for Tmages, Precepts, Models, Information / Academic Press, Inc., Orlando, FL, USA, 1984.

18. Wang H., Walker R. A. Implementing a scalable asc processor / Parallel and Distributed
Processing Symposium, 2003. Proceedings. International. 2003.



T B. Crnuwmnuxosa 3

19. Mingxian J. Associative operations from masc to GPU // PDPTA’15 — The 21st International
Conference on Parallel and Distributed Processing Techniques and Applications. Las Vegas: CSREA
Press, 2015. P. 388-393.

20. Snytnikova T. V., Snytnikov A. V. Implementation of the star-machine on GPU // NCC
Bulletin. 2016. 39. P. 51-60.

21. Snytnikova T. V., Nepomniaschaya A. Sh. Solution of Graph Problems by Means of the Star-
Machine being implemented on GPUs // Prikladnaya Diskretnaya Matematika. 2016. 3(33). P. 98-115.

22. Higuchi T., Kitano H., Furuya T., Handa K., Kokubu A., Takahashi N. Ixm2: A parallel
associative processor for knowledge processing // In Thomas L. Dean and Kathleen McKeown, editors,
AAAIL AAAT Press / The MIT Press. 1991. P. 296-303.

23. Higuchi T., Furuya T., Handa K., Takahashi N., Nishivama H., Kokubu A. Ixm2: A parallel
associative processor // In Proceedings of the 18th Annual International Symposium on Computer
Architecture, ISCA ’91, New York, NY, USA, 1991. ACM. P. 22-31.

24. Higuchi T, Furuya T., Handa K., Kokubu A. Initial evaluation of a parallel associative processor
IXM2 // Microprocessing and Microprogramming. 1991. 31(1). P. 89 — 92.

25. Kitano H. Chapter ASTRAL: An Implementation on the IXM2 Associative Memory Processor
/ Speech-to-Speech Translation: A Massively Parallel Memory-Based Approach. Springer US, Boston,
MA, 1994. P. 135-155.

26. Kitano H., Higuchi T., Tomita M. Massively parallel spoken language processing using a parallel
associative processor IXM2 // The First International Conference on Spoken Language Processing,
ICSLP 1990, Kobe, Japan. 1990. P. 917-920.

27. Oi K., Sumita E., Furuse O., lida H., Higuchi T. Real-time spoken language translation
using associative processors // Proceedings of the Fourth Conference on Applied Natural Language
Processing. Stroudsburg, PA, USA, 1994., ANLC’94. P. 101-106.

28. Smith D. E., Hall J. S., Miyake K. Rutger’s CAM2000 Chip Architecture / Rutgers University,
Department of Computer Science, Laboratory for Computer Science Research, 1993.

29. Smith D. E., Hall J. S., Miyake K. Rutger’s cam2000 chip architecture. Technical report, 1993.

30. Hsu C. H., Smith D. E., Levy S. Linear-C: A data-parallel extension to C / Technical Report
LCSR-TR-273, Computer Science Department, Rutgers University, 1996.

31. Volpi G. Associative memory computing power and its simulation / Technical Report ATL-
DAQ-PROC-2014-018, CERN, Geneva.2014.

32. Annovi A., Beretta M., Bossini E., Crescioli F., Dell’Orso M., Giannetti P., Piendibene M.,
Sacco L., Sartori L., Tripiccione R. Associative memory design for the fasttrack processor (ftk) at atlas.
// Real Time Conference (RT). 2010. 17th IEEE-NPSS. P. 1-3.

33. The ATLAS Collaboration. The atlas experiment at the cern large hadron collider // Journal
of Instrumentation. 2008. 3(08). P. S08003.

34. The ATLAS Collaboration. Expected performance of the ATLAS experiment: detector, trigger
and physics. CERN, Geneva, 2009.

35. Cho A. The discovery of the higgs boson // Science. 2012. 338(6114). P 1524-1525.

36. Maznas L. Ftk: The hardware fast tracker of the atlas experiment at CERN // EPJ Web Conf.
2017. 137. P. 12001.

37. Biesuz N., Citraro S., Donati S., et al. Highly parallelized pattern matching execution for
ATLAS event real time reconstruction // IEEE Transactions on Nuclear Science (TNS). 2016. 63.
P. 1147-1154.

38. Pagiamtzis K., Sheikholeslami A. Content-addressable memory (CAM) circuits and
architectures: A tutorial and survey. IEEE Journal of Solid-State Circuits. 2006. 41(3). P. 712-727.

39. Dell’Orso M., Ristori L. VLSI structures track finding // Nucl. Instr. and Meth. A. 1989. 278.
P. 436-440.



4 Hap(l./L/LG/LbHOG CUCTNMEMHOE NPOZPAMMUPOBAHUE U BBIHUCAUINEADHDBIE TNETHOAOZUU

40. Wissing Ch., Baird A., Baldinger R., et al. Performance of the hl fast track trigger: Operation
and commissioning results // Proceedings of the 14th IEEE-NPSS Conference on Real Time, RTC’05,
Washington, DC, USA, 2005. IEEE Computer Society, P. 233-236.

41. Bardi A., et al. The CDF online silicon vertex tracker // Nucl. Instrum. Meth.. 2002. A485.
P. 178-182.

42. Annovi A., Bardi A., Bitossi M., et al. A VLSI processor for Fast Track finding based on content
addressable memories // IEEE Transactions on Nuclear Science. 2006. 53(4). P 2428-2433.

43. Masi S. Periodic report summary 1 — FTK (Fast Tracker for Hadron Collider experiments) //
Technical Report 324318, Industry-Academia Partnerships and Pathways, Italy. 2015.

44. Asbah N. A hardware fast tracker for the ATLAS trigger // Physics of Particles and Nuclei
Letters. 2016. 13(5). P. 527-531.

45. Maznas I. FTK: The hardware Fast TracKer of the ATLAS experiment at CERN // Technical
Report ATL-DAQ-PROC-2016-033, CERN, Geneva. 2016.

46. Sotiropoulou C. L., Gkaitatzis S., Annovi A., et al. A Multi-Core FPGA-Based 2D-Clustering
Implementation for Real-Time Image Processing // IEEE Trans. Nucl. Sci. 2014. 61(6). P. 3599-3606.

47. Okumura Y., Liu T., Olsen J., et al. Atca-based atlas FTK input interface system // Journal
of Instrumentation. 2015. 10(04). P. C04032.

48. Ng K.F., and Rochester Institute of Technology. Computer Engineering. / Novel Low Power
CAM Architecture. Rochester Institute of Technology, 2008.

49. Xu W., Zhang T., and Yiran Chen Y. Design of spin-torque transfer magnetoresistive RAM
and CAM/TCAM with high sensing and search speed // IEEE Transactions on Very Large Scale
Integration (VLSI) Systems. 2010. 18(1). P. 66-74.

50. Imani M., Rahimi A., Rosing T. S. Resistive configurable associative memory for approximate
computing / 2016 Design, Automation Test in Europe Conference Exhibition (DATE).2016. P. 1327
1332.

51. Stempkovskiy A. L., Klimov A. V., Levchenko N. N., Okunev A. S. Metody adaptatsii
parallelnoy potokovoy vychislitelnoy sistemy pod zadachi otdelnyh klassov // Informatsionnye
Tehnologii i Vychislitelnye Sistemy. 2009. 3. P. 12-21.

52. Zmeev D. N. Sredstva proektirovaniya vysokoproizvoditelnyh potokovyh vychislitelnyh sistem
/] Problemy Razrabotki Perspektivnyh Mikro- i Nanoelectronnyh sistem (MES). 2016. 2. P. 159-163.



% IIpobaemor undopmamuru. 2019. M 2

PABBUTUNE ACCOIUMATNUBHBIX ITAPAJIJIEJIbBHBIX
APXUTEKTYVYP

T. B. CHbITHUKOBA,

NucruryT BorducanTebHON MaremMaruku n Maremarundeckoit reopusunkun CO PAH,

630090, HoBocubupck, Poccus

YK 004.272
DOI: 10.24411/2073-0667-2019-00006

CymmecTByromiye B HACTOSINEE BpeMs allllapaTHBIE CPEACTBA IPENMYIIECTBEHHO OPUEeHTHPOBAHLI HA
aapecHyio obpaborky JaHHbIX. B padore mpemucraBieH 0030p acCCONMATUBHBIX MAPAJLIIETBHBIX ap-
XUTEKTYDP OT IIE€PBOr0O IIPOMBIILIEHHOrO acconuaruHoro mporeccopa STARAN 10 coBpeMeHHOTO
ATLAS Fast TracKer. Kaxmas u3 paccMaTpuBaeMbIX apXUTEKTYD ObLIa MOCTPOEHA, MO/l PEIeHUE
KOHKPETHBIX 337181, KOTOPBIE He MOTJINA OLITh 9(pHEKTUBHO peIleHbl Ha CHUCTEMAaX IPYroil apXUTeK-
TYPBI.

KimroueBbie cJjioBa: accoluaTWBHBIE TapaJjenbHble apxuTekTypbl, SIMD, IXM2, Rutgers
CAM2000, ATLAS FTK.

Beenenne. AcconuaruBHasg HamaTh (HAMATh, ajpecyeMasi MO COJEePKHMOMY, content-
addressable memory, CAM) [1, 2| cpaBHuBaeT BXOJAHBIE JAHHBIE C COJEPIKAHUEM TaOIHYHOMN
IMaMATH 1 BO3BpalllaeT aJApeC COOTBETCTBYIOINUX JTaHHbIX. HOI/ICK JaHHDBIX 110 Ta6ﬂI/I“IHOﬁ IaMATH!
CAM npou3BoanNTCs 32 OJUH TAKTOBBIH IUKJI, TTOITOMY ACCOMUATHBHAS MAMSTD HCIOIH3YeTCs
B IIPUJIOZKEHUSX, TPeOYIONUX BBICOKON CKOpocTH mouncka. Takzke BeayTca pazpaborku TCAM
(ternary CAM) [3, 4], mo3Bousiomnieit Tpou3BoIUTL OoJIee TUOKUIT TOUCK 33 ¢UIeT T00ABICHHUS K
,0“ 1 1¢ TpeThero 3HaYeHus JIs cpaHerust , X (uan , He BaxkHo“). B ocHosrOM CAM ncmosb-
3yeTCd B BbIYUC/JIUTEJIbHBIX CUCTEMaX JJId CKOPOCTHBIX K3llaX. TaK}Ke aCConuaTUBHAA IIaMATH
UCITOJIB3YEeTCSI B CETEBBIX MapHIPYyTH3aTOPaxX W B CHENHAJU3UPOBAHHBIX CHCTeMax o0paboTKu
0a3 TaHHbIX W 3HAHWII.

AcconmaruBabie mporieccopsl |5, 6] oTMYa0TCs 0T aACCONUATHBHON TAMSITH T€M, YTO MOLYT
IPOU3BOIUTH HE TOJIBKO aCCOIMUATHBHBIA MOMCK MO JaHHBIM, HO H 00pabOTKY JAHHBIX TaOJIMY-
Hoit namsitu. B pabore |5 Ilorrep BbIIegMI HAPAJIUTIMbl ACCOIUATHBHBIX BbIYUCJICHUIT, KOTO-
PBIM JOJIZKHBI COOTBETCTBOBATL aCCOIIUATUBHBIC ITapaJlJIeJIbHBIC MOAEC/IN 1 aPXUTEKTYPbI. O,ZLHa
N3 KJIIOYEBLIX IMapaJdurM, OTJHYaloOlad aCCOIUATUBHBIE CUCTEMbI OT BBIYHUCJIUTE/JIBHBIX CUCTEM
don HeitmoBcKOro Tria, — KOHCTAHTHOE BBIIIOJTHEHHE JIOTHYECKUX M apH(pMeTHIECKHX Olepa-
UK, ONepaIuu cpaBHeHus (<, =, >), MOUCK MHUHHUMAJIBLHOTO U MAKCHUMAJTHHOIO 3HAYEHUS HAJl
MACCHBOM JAHHBIX.

Tax kak B pabore PacCMATPUBAIOTCS TOJTBKO aCCONMATHBHBIE MAPAJIEJbHbIE CHCTEMBI, TO
M0/l APXUTEKTYPOil Oy/IeM MOHUMATh KOHIENTYAJIbHYIO CTPYKTYPY BBIYUC/IUTETHHONR MAITUHBI,
OIIPE/Ie/IAIONIY IO IIPOBeieHre 00PabOTKU HWHMOPMAIIMU U BKJIIOYAIONIYIO METOJIbI IIPeodpa3oBa-
HusI nHGOPMAIUMH B JaHHBIE W IIPHHIUIIE B3AUMOIEHCTBHS TEXHIIECKHX CPEJICTB U IIPOIPAMM-
Horo obecrnedenust |7, 8|. JlanHoe onpejieieHre COOTBETCTBYET TEPMUHY KOMIBIOTEPHASI aPXU-
rekTypa Tanenbayma [9].

© T.B. Cubitnukosa, 2019
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Puc. 1. Crpykrypa acconmarusHoro mporeccopa STARAN

O030p acCOMUATUBHBIX ITAPAJLICIbHBIX APXUTEKTYD IPUBOJTUTCSA B XPOHOJIOTHIECKOM IOPSII-
ke. Bo Bropoit ceknum menaercs o630p IepBOro acCOMMATHBHOIO HAPAJLIETBHOTO MPOIECCopa,
STARAN u paspa6orannoii na ero 6ase cucrembl ASPRO. B Tperbeil ceknun mpuBoIuTCS ap-
XUTEeKTypa u objiacTu mpumMenenus nporeccopa [IXM2. B gerseproii ceknuu paccMaTpuBaeTcs
nporeccop Rutger’'s CAM2000. B maroit cexnuu paccmarpubaercs ATLAS Fast TracKer —
rpurepras cucrema jgerekropa ATLAS Bosbmmoro Anponnoro Kosuraiinepa, ocHoBaHHass Ha
aCCONMATHBHON maMsaTh. B 3aKI09eHnn IPUBOIATCS BBIBOABI 00 HUCIIOJIb30BAHUN aCCOMHATHB-
HBIX HaPAJIEIbHBIX IIPOIECCOPOB.

1. STARAN u ASPRO. IlepBoii KOMMepUeCKH yCIIEIIHON Bepcueil acCOIUaTUuBHOrO Ha-
pastenasroro nporeccopa 6611 STARAN (Stellar Attitude Reference and Navigation), paspa-
boranusiit Goodyear Aerospace u BoimyIner B Mae 1972 r [10-13].

Cepaniem apxurekTypbl STARAN sgBisiercss acconmaTHBHBIN IIPOIECCOPHBI MACCUB, IMOKa-
3aHHBIA Ha puc. 1, KOTOPHIH cocTouT u3 256 1-6uTOBBIX mponeccopHbIX demenTos (PE), mar-
puuHOil namsaru, duun-ceru. [Hamsars cogepzxkur 256 cjioB aiunoit 1o 256 6ut. locryn K Heit
IPOM3BOJUTCS B JIBYX DeKHMax: B pe:kuMe GHTOBOro ciaiica (crosbiia) uiam B peskuMe CJI0BA.
B pexxume GuToBOTO C1aiica MOYKHO TOJYYHUTH JOCTYII K OJIHOMY OUTY KaKJOTO CJIOBA, TTO3BO-
Jsisg MaccuBy u3 256 PE snemenToB paborarh ¢ JaHHBIME mapajiieabHO. B pexknMe coBa Bce
256 OUT OJHOI0 CJIOBA MOIYT OBITH JOCTYIHBI I 3 dEKTUBHOrO BBOJA MJIH BbIBOJA. PInII-
CeTh MO3BOJIIET IepeMelnaTh JaHHbie Mexkay 119 mapannenbro. K jgormaeckomMy ycTpoiicTBY
yupasierns (CONTROL LOGIC UNIT) noxkatogaercst 10 32 acCOMUATHBHBIX [TPONECCOPHBIX
MaCCHBOB.

[Tox sTor mpormeccop ObLT pa3zpaboTaH S3BIK MPOrpaMMEpPOBaHus HU3KOro ypoBas APPLE
(Associative Processor Procedure Language) [14, 15].

B 1982 roay ua 6a3e apxurextypbl STARAN 6b11a paspatorana cucrema ASPRO (Airborne
Associative Processor) [16, 17|, ucnonssyromasi wunsl  VLSI(very-large-scale integration,
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AccounaTUBHEIN
npoLieccop npoL,eccop

Puc. 2. Crpykrypa IXM2

CBUC). Kaxaprii ann copepzxkan 32 PE, coennnennsix daun-cersio. Takum ob6pazom, 1024-
nporeccopHad cucTeMa 3anuMaa Meree 0,03 M3, ASPRO paspabaTbiBaiach /I CHCTEM yIIpaB-
jgenns Bo3ayiiabiMu cooOmerussmu CITA. TTo manabiM 1983 roma sTa cucremMa HCIOIb30BAJICS
B pajapax camoseros-passeaunkoB E-2 Hawkeye AWACS BMC CIITA.

Ha 6aze cuctrem STARAN u ASPRO Ilorrep pazpaboras Moe/ i acCOMUATHBHOIO IIPOIECCO-
pa ASC (xmacc SIMD) u MASC (ksacc MIMD). B Kenrckom LocymapcrBennom YHuBepcHTETE
BeIyTCA PAOOTHI 110 CO3JAHUIO COBPEMEHHOT'O aCCOMUATHBHOTO MapPasLIeIbHOTO MIPOIECcopa JIIst
cucrembl MASC [18] u acpdexTuproil peasmsanuu 3T0i MOIeaN Ha APYIHX apxuTekTypax [19)].

Taxzke mHa 0Oase apxurekTypbl STARAN Onlta pazpaboTana MOAEAb aCcCOMUATHBHOIO IIa-
paJLTe/IbHOTO TIporeccopa Star-mammaa. Begercs pabora mo peann3anuu 3TOi MOe N HA rpa-
dpUIeCKUX YCKOPUTEISX I MPAKTHIECCKOr0 UCIOJIb30BAHUS pa3pabOTaHHBIX acCOIMUATUBHBIX
apaJuIeIbHBIX aaropurMos [20, 21].

2. ITpoueccop IXM2. B 1991 roay sust ETL (ElectroTechnical Laboratory, fluonust) 6biit
pazpaboTaH mapaJsuiesbHBI accormuaruBHblil mporeccop IXM2 mng obpaborku 3uanuii [22] u
st 06paboTku cemanTHdeckux cereii [23]. IXM2 cocront n3 64 AIl u 9 ceTeBHIX TPOIECCOPOB,
UMEIOIIHUX BMecTe 256 ThICAY CJI0B aCCOMMATUBHON MAMATH. DTO IIO3BOJIAET BBIIOJIHITH 6a30BbIE
omepanuy mapaJsieJ bHo Has 65536 BepIIuH ceMaHTHYeCKOH ceTH 3a KOHCTaHTHoe Bpemsd. Ha
puc. 2 mokasana crpykrypa IXM2. Bocemb AlIl u ogun ceTeBoii mporeccop 06pa3yioT BBITHCIH-
TeJIbHBIN MOAYJib, B KOTOPOM aCCOIMAaTHUBHBIE IIPOIECCOPLI CBA3aHbl BCE CO BCEMMU. AAHaJIOFI/ILIHO7
BOCEMbB BBIYUCIUTEJIbHBIX MO,ZLyJIeI?‘I COeUMHEeHBbI BCE CO BCEMU U C BbLAC/JICHHBIM CE€TEBBLIM IIPpOLEC-
COPOM. DTOT CeTeBOi IMpoleccop MoAKI0UYeH K KomubioTepy SUN-3.

[XM2 mozkeT OBITH HCIIOJIB30BAaH KaK IIPOLNECcCOP MAKPOUHCTPYKIINNA U KaK IIPOIECCOp CeMaH-
trudeckux cereii [24]. IXM2 B KauecTBe MAKPO-UHCTPYKIUA HOAIEPKUBACT apiubMeTHIeCKUue 1
qgorudeckue omepanun: add, sub, multiplication, less-then, greater-then. Onu Beraucasiorcs: a-
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Puc. 3. Crpykrypa unna Rudgers CAM2000

rOPUTMAMHI MOCJIEIOBATETBLHO 110 OUTaM, HO MapaJLIeIbHO 0 coBaM. MaKpOMHCTPYKITHH MOTY T
ObITH BBI3BAHBI U3 C-TIPOTPpAMMBI Ha YIIPABJISIONIEH MAaIlHe W BBITIOIHITHCS MAPAJIIETHHO HA
[XM2.

Ob6paboTka ceMaHTHYECKHUX CeTell — OJIHO U3 OCHOBHBIX Nmpuaoxkenuit IXM2. IXM2 Brimosns-
eT IPOTrPaMMBbl, HAITMCAHHBIE HA d3bIKe mpeacTaBaenns 3uanuil IXL, pacimupennn a3bika Prolog.
On mCHob3yer CHeruaJbHbIe TPEIUKATHL /s 00PAbOTKN CEMAHTUIECKUX CeTell B JIOTOIHEHNE
K MIPeJINKATaM, ONpeIeIeHHbIM B s3bike Prolog. Takyke MCIIOIB30BAICS 15 BBITTOJTHEHHUS TeHe-
THYECKUX AJTOPUTMOB M IMOUCKA 10 Oa3aM 3HAHHII.

IXM2 wucnonb3oBajicd B pa3JndHbIX uccaegoBaTebckux mnpoekrax ETL, Carnegie Mellon
University u the ATR Interpreting Telephony Research Laboratory. Ha ocuoBe mpomeccopa
[XM2 6bLa1 1OCTPOEHBI KOMIIBIOTEPHHAs cucrema ManuaHoro nepesoga ASTRAL [25], cucre-
ma mammunoro nepesoga EBMT (Example-Based Machine Translation) [26], cuctema TDMT
(Transfer-Driven Machine Translation) miast mepeBoja ycTHOl pevn B perKnMe PeajbHOTO Bpe-
Menu [27].

3. IIpomeccop Rutgers CAM2000. B 1993 rony npu monmepxkke NASA B Parrepckom
yuusepcurere 611 pazpaboran qun Rudgers CAM2000 [28, 29|. Ou 06bequnsieT BO3MOKHOCTH
acconpaTuBHOro uporeccopa (AP), accormarusroit namsarn (CAM) un nuraMudeckoii mamatu ¢
npou3BosbHbM jgocrynom (DRAM) B oxmom xpucrasie.

Apxurektypa CAM2000 mpeacrapisger MaImlnHy C JAPEBOBHIHONW CTPYKTYPOM, cocTosdmieit
U3 YeThIpeX MONApHO COEJIMHEHHBIX KOMIIOHEHTOB: JepeBa, JUCThEB, MaMATH U YCTPOUCTB BBO-
Ja/BBIBOJIA. flUeiiKa-1epeBo COCTOUT U3 TPeX siUeeK, COeJIMHEHHBIX B BUJE OMHAPHOTO JiepeBa.
OHu BBIIOTHSIOT T/I00AIBHBIE OMEPAINH HA/T TAHHBIMHU, PACIIOIOKEHHBIME B TI€HKAX-TUCThIX.
HAdeiika-aUCT COCTOUT U3 MPOIECCOPa, DAHKA JIOKAJTHHBIX PErUCTPOB, JIOKAJBHONW MaMATH U OJ1-
HOT'O PErucTpa MapaiebHOrO ¢ABUra, (POPMUPYIOIIEro KOMIIOHEHTH BBOIA/BIBOIA. SlUeiiKu-
JINCTh BBINOJIHAIOT JIOKAJIbHBIE ONepaIlud HaJl JAHHBIMU, PACIIOJOXKEHHBIMU B CBOCH HaMSTH
1 MHOXkKecCTBe perucTpoB. Ha puc. 3 moxkasan mpumep apxurekTypsl CAM2000 ¢ 4deTnIpbMs
AYCHKAMU-AACTHAMU.
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Rudgers CAM2000 ucnosib3yer pacmimpenubie Bepcun cBoitcTs Kiaaccuaeckunx CAM. Creny-
IOIe JeThIpe PACIIHPEeHHs CYIMeCTBEeHHBI I/ MPou3BoauTebHOCTH apxuTeKTyphl CAM2000:

— Jmnnble ciaoBa: apxurekTypa CAM2000 BRIo4aeT B ceba Kak OJHOPA3PSIHBIE, TAK U
MHOT'OPa3PsIAHbIE CUCTEMBI, HMO3BOJISIONINE TPOU3BOJIUTH BBIYUCICHUS HAT 32-X Pa3psIHbIMU
CJIOBAMU.

— [ytobajibHbIe olepalii: apXUTEKTypa 00ecrnednBaeT Ha alllapaTHOM YPOBHE BBIITOJHEHHE
TaKUX ONepanuii Kak ,, 9MCJI0 OTBETYUKOB™ U ,,CyMMa BCEX 3HAYEHUT" .

— CerMeHTHpOBaHUE: apXUTEKTypa 00eCHeUnBaeT allapaTHbIl KOHTPOJIb, IOIIEPKUBAIO-
U TPOU3BOJIbHOE pa3OueHue Ha CerMEHTBHI BCeX TJVIODAIBLHBIX ONepallnii, YTO MO3BOJISIET BbI-
HOJIHATH 1J100aJIbHbIE OllePAllMM OJIJHOBPEMEHHO, TAKZKe KAK BbIIOJHAIOTCS HECerMEeHTUPOBAH-
HbIe TJI0DAIbHBIE OTIePAIIHY.

— Jlokampuas aapecarus: Kouncrpykimsas CAM2000 mo3Bo/sier TPOU3BOANTH BHLIYUCICHUS
HAJ| pA3HBIMHU MOJISIMU B PA3JIUYHBIX SYEHKaX-TUCTHIX.

s mpoteccopa ObLIH pa3paboTaHbl A3bIKH HU3KOro ypoBHs CAML u BBICOKOrO YPOBHS
Linear C |30].

4. FastTrack Processor gms ATLAS. B pexume OubITHON 3KCIIyaTallid HAXOIUT-
Csl KpYTHERIHii TPOeKT ¢ WCHoJb30BaHueM accoruarnBroii apxurektypsl [31]. ATLAS Fast
Tracker (FTK) nporeccop cocrout u3 8 192 unno. Kazkibiii quil accoMUaTuBHON MTaMATH Xpa-
HUT 6aHK JanHbX co 128 000 marTepHoB. JI1000it 3anpoc K JAHHBIM BBIOJIHIETCS 110 BCEM dJIe-
MEHTaM TaMSATH OJHOBPEMEHHO 3a oguHakoBoe BpeMms (107Y ¢) BHe 3aBHCHMOCTH OT pasMepa
banka maHHbIX. CHCTEMa OPHEHTUPOBAHA HA perneHne 33129 (GU3NKH BBICOKIX YHEPTHIl.

Cucrema FastTracker Processor (FTK) [32] cocront u3 nomcucrem ¢ pasabiMu by HKITHSIMH.
YerpoiicTBo popMaTHPOBAaHKS JIAHHBIX COOMpPAeT JaHHbIe W HepechlIaeT UX B 0OpadaTbhIBalo-
e ycrpofictBa. YeTpoficTBa acCONMATHBHON NaMSTH BBINOJIHSIOT PACIO3HABAHUE HATTEPHOB
3apAXKeHHBIX YACTHUIL U ONpeiesIeHre TPEKOB JaCTHIIL.

4.1. Ileav npoexma u mexnuueckue ocobennocmu. Cucrema FTK mpoexkrupoBaiach Kak
gqacth gerekropa ATLAS Boabmoro Anponnoro Kostaiigepa (Large Hadron Collider, LHC)
[33, 34|, mpeaHa3HAYEHHOTO /i W3YYEHHsI MPOIECCOB ¢ BBICOKOIHEPIreTUIeCKUME IACTUIIAMU.
OpnHa u3 3a71a4 — oGHapyzKeHUe U uccsegoBanne 6asona Xurrca [35].

o 2015 roga B LHC crajkuBaanch nydkd TpOTOHOB Kazkable 50 HAHOCEKYH/I, YTO B CPeIHEM
cocraBjisier 0K0JI0 20 OJHOBPEMEHHBIX WHIMBU/YAJbHBIX ITPOTOH-TTPOTOHHBIX B3aUMOIEHCTBUI
(pile-up, PU). Tocse 2015 roga mydkn CTAJIKHBAIOTCS KazKIble 25 HAHOCEKYH/ M COCTABIAIOT
40 o HOBpPEMEHHBIX MPOTOH-TTPOTOHHBIX coeanuennit. C moswiennem ceerumoctu LHC 10 mpo-
ekTupyemMoii B 2026-2035 rojiax oxKujiaeMoe KOJIMYeCTBO MPOTOH-TIPOTOHHBIX B3aWMO/leiicTBUi
IIPH CTOJKHOBEHUH Ny4uKoB BozpacTeT 10 200-400. ITpu sTom 6o30nbl Xurrca obpasyiores B 10°
pa3 pexe, 4eM IIPOUCXO/IT OOBIYHBbIE HPOTOH-IPOTOHHBIE CTOJIKHOBEHUS. DTO COOTBETCTBYET
gactore 1-10 cobbiTuit B yac. [Toaromy 3aa4a cucreMbl — PaCIIO3HATD U COXPAHUTD MOJIE3HBIE
cOOBITHS TIPU 3HAYUTEJIHLHOM MOojaBjaeHnn (poHOBLIX TporeccoB. /s 3toro Ha cucreme FTK
PEIIaloTCs JIBE 3a/1a9H:

— [PM] pattern matching — conocrabiieHue ¢ TaTTEPHOM;

— |TF] track fitting — pekoHCTPYKIUS TPEKOB.

ComnocraBeHne ¢ TATTEPHOM BBIMOJIHAIOT ACCOMUATHBHBIE TPOIMECCOPHI, & PEKOHCTPYKIHIO
TPEKOB — ILIaThl Ha ocHOBe FPGA.

B taba. 1 mpencraBiensl 9acToTa cToAKHOBeHmil mydkos (coboitmii) B LHC, komamdecrso
OJIHOBPEMEHHBIX MPOTOH-MIPOTOHOBBIX CTOJNKHOBeHUH Ha cobbitue (PU), o0beM JaHHBIX /s
3AICU OJHOTO COOBITHS TOCJIE MOJABICHUs HYyJel U CKOPOCTD Mepeladu JAHHBIX C JIeTeKTOpa
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Tabauua 1
O6beM 1 cKOpoCTh mepefadn JaHubiX ¢ gerekTopa ATLAS
TO7 | 9acTOoTa COOBITHI PU 00BeM JAHHBIX | CKOPOCTH JAHHBIX
2006 20Mhz 20 0,5bMB ~ 10TB/s
2014 40Mhz 40 1MB ~40TB/s
2016 40Mhz 40 16 -18MB ~80TB/s
2026 40Mhz 200-400 24MB ~ 1PB/s

Kamarih cTonbey,
COOEpMUT CNOBa
ofHoro wabnoHa,

Kam bl cnoi:
Knaccu4eckan
AByMepHan CAM,
CoefMHEHHaR

C O HWUM YPOBHEM
feTekTopa.

Puc.4. Crpykrypa AM guma

st obpaborku Ha FTK [36, 37|. Ckopoctb nepenadn qanabix Ha 2026 OleHUBAIACH UCXO/IS U3
HpoeKTHBIX nokazareseit LS3 Mmoaepuusanuu 601611010 aJPOHHOTO KOJLIAR/epa, IIAaHTPYEMOTO
B 2024-2026 T, mocste kotoporo LHC nepeiiner k pabore B peknuMe MOBBIITIEHHON! CBETHUMOCTH.

Taxum obpazom, npu pazpadorke cuctembl FTK yuurbiBasuch cieyionme 0COOEHHOCTH
SKCILIyaTAIUN:

— OT'POMHBIM 00'beM 00padaThbIBa€MBbIX TAHHBIX;

— 00paboTKa B pe:KuMe peaabHOr0 BPEeMEeHH,;

— OrpPaHUYEHUs 110 TPOCTPAHCTBY U IHEPrONOTPEDIEHUIO;

— COTIOCTaBJIEHHUE ¢ TMATTEePHAMHE 0 BOCBMU MPU3HAKAM OJTHOBPEMEHHO;

— 60JIbIII0Ee KOJTUYIECTBO MATTEPHOB.

4.2. deorrvuus u xapaxmepucmuryu AMchip das Fast TracKer. Yun AM upencrabiisger co-
O0i yCTpOCTBO, BBIMOJIHSAIOINIEE COOCTABICHAE C MATTEPHOM, MOJA00HOE MAMSTH, aIpecyeMoii
o copepxkumomy (CAM) [38]. Oguako gu3zaitn AM KoHIENTYaIbHO OTJIHYAETCS OT JU3aiiHa
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Puc. 5. Crpykrypa FTK

CAM (puc. 4). B AM kakjpiii naTTepH XpAaHUTCSA HE B OJHOM MeCTe MAMSITH, KAK B KOM-
mepueckoM CAM, HO OH COCTOMT M3 8 HE3aBUCUMBIX 16-OMTHBIX CJIOB, XPAHSIIIIX KOOPIMHATHI
JacTull, 3aUKCHPOBaHHBIE TeTeKTOpoM. VHHOBanunonnas xapakrepucruka AM 3akogaercs
B TOM, 9TO KarKJ0€ U3 STUX 8 CJIOB UMEEeT KOMIAPATOP W TPUTTED JI/Isi CPDABHEHUsI HETPEPHIBHO
XPAHANIUXCS JAHHBIX (TATTepHAME) ¢ COOCTBEHHBIM IOTOKOM BXOAHBIX JaHHBIX (hit). lanubie
OTHPABJIAIOTCS 10 8 MapasieJbHBIM IIHHAM, O OJHOMY I KaKJOTr'o CJI0Ba marTepHa. Bce
caoBa B AM mearoT He3aBHCHMbBIE H OJTHOBPEMEHHBIE CPABHEHHS ¢ JAHHBIMHE, IIOCIEI0BATEILHO
npeCTaBJIeHHBIME HA ero cobcTrennoil muue. Kaxpiit pa3, Korjga coBnajienne HaileHO, TPUT-
rep COOTBETCTBHUS YCTAHABIMBACTCS U OCTAETCS YCTAHOBJIEHHBIM JI0 KOHIA 00pabOTKM COOBITHSI,
KOIJIa paclpocTpansgercd curuan copoca. IlaTrepn coBnajgaer, Korjaa ycTaHOBICHO IpeIOIIpeie-
JIEHHOE KOJIMIeCTBO TPUITepoB (6—8, 3a1aeTcs nosb3oBaTeseM ). Bee cornacoBanible TATTEPHBI
cunthiBatoTcs. [loapobuoe onucanne AM u ero onepanuii onucsiBaercs B [39).

B skcnepumenre H1 ucnosbzoBaiucs komvepueckune CAM [40]. Kaxoe 6uroBoe csioBo
CAM coorercTBOBaIO KaHaty geTekTopa. [locie pocTa KoJMYecTBa JeTEKTOPHBIX KAHAJIOB
10 ~ 10% npn mogeprmzammm LHC stor momxon crasa mHeBo3MozxkeH. Kpome Toro, Tpe6oBaioch
nepe>opMaTHPOBATh JAAHHBIE HpekKIe deM OTIpaBiIaTh ux Ha BXom B CAM. Drta mpobaema
obL1a perena B AM uunne. [Tepoe AM-ycrpoiicTBo 66110 co3aano st sxcnepumenta CDE [41]
na Tevatron-kosuiaitepe Fermilab.

Ucnonszyemsrit B ATLAS Fast TracKer aunr AM npeacranisier coboit 9BOTIONUIO KOHCTPYK-
un CDF [42]. Tpe6oanns k npunoxennto LHC Boite, yem TpeGosanust k CDF: 6osee mor-
HBIl KPEMHHEBBII JIETEKTOP ¢ OOJIBIIMM KOJHIECTBOM KaHAJIOB TpebyeT GOJIbIIEro KOJUIECTBA
HAaTTEePHOB, & 0o0Jiee BbICOKAs YAcTOTa 3alycKa TpedyeT Oojiee BBHICOKOH pabodeil 4acTOTHI NMpH
coXpaHeHHUH o0Iel MoTpedasIeMoil MOIITHOCTH.

[Mocaenusia Bepcus auna AMchip06 [43] mpoussoanT 1 MutH. cpaBrenuii Kaxapie 10 HaHOCE-
KYH/I 1 UMEeT CJIeIyIONIne XapaKTepUCTUKH: 00beM Hbanka narrepuoB — 128k, obbem namsaTu —
19Mb na gun, vacrora — 100 Mhz, suepromnorpebienue 3 Br, Texnosiorus — 65nm, pasmep —
4 ceMm X 4 eMm.

4.3. Apxumexmypa u npunyun pabomo. cucmemv, FTK. Cucrema FTK [46] Braouaer
HECKOJIBKO MOJICHCTEM, BHIMOJIHSIOMUX pasuble dyHKImun (puc. 5):
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— 32 mnarsl hopmarnpoBanusg ganubix (Data Formatter, DF) u Bcrpoennbie gomoauTe1H-
uble wiaTel (RODS), npuHUMAIOITHe JaHHBIE ¢ TUKCEIbHBIX H TTIOJOCKOBBIX JATYHKOB JI€TEKTOPA;
— 128 HE3aBUCHUMBIX TTPOIECCOPOB, COCTOSANINX U3 acconuaTuBHOro mporeccopa (AMBSLP:
4 nokanbHBIX maarhl ¢ 16 unmamu AM) n Bemomoraresbubie Kaprbl (AUX) ma ocaoBe FPGA.

— 32 mwiarhl AJist BTOpoii crajuu pekorcTpyKiun Tpekos (Second Stage Fit Boards, SSB)

— 2 unrepdeiicabie kaprol (FLIC) ms nepesaun JaHHBIX Ha BTOPOIl YPOBEHb.

ROD nonywaer ganuble 0T 4-X MHKPOCTPUIIOBBIX JAaTUnKOB ¢ obmmM Tpadukom 500 T'6/c
U BBIIOJIHSIET KiaacTepusainuio qaHubix [47]. [Tocae sroro DF peopranusyer naHHble JUIs 1adb-
Heiimeit o6paborku. AUX BbIIOJTHSET JiBa aJropuTMa: opranmsaiuio ganueix (DO) u pekoH-
crpykimu tpekos (TF). Ilpu oprammsannu nansasix, noaydenusix o1 DF| dbopmupyiores cynep-
CTPHIBI MEHbIIell PA3MEPHOCTH (JJAHHBIE € 4-X MUKCEJTBHBIX W 4-X MHKPOCTPHIIOBHIX JATYHKOB)
JUtst cottoctapienns ¢ narrepaamu #a AM-aunax. /s orobpanubx manabrx AUX Boeimosasier
PEKOHCTPYKITUIO TPEKOB. /lajiee moydeHHble TPEKH MOCTYNAIOT HA MOBTOPHYIO PEKOHCTPYKITHIO
B SSB: KaxKaplil Tpek JTOMOTHsAeTcd JaHHBIME ¢ 4-X MHKDPOCTPUIOBBIX JATIYUKOB, HE MCIOTb30-
BaHHBIMEU B conocTapjienun ¢ narrepuamu. FLIC 3amensier B 10JIy4eHHBIX TPEKaX JIOKAJIbHBIE
nneatudukaropsl FTK wa rrobamsasie naentudpukaroper ATLAS u ornpasiser ux gepes cu-
CTeMy CYNTBIBAHHUS JAHHBIX Ha Tpurep Bbicokoro yposas (HLS).

4.4. Obaacmu npumenerud npoveccopos FTK. Cucrema paszpadborana s JeTeKTOPOB (pu-
3WKHU BBICOKUX dHepruii. OHa mcnoib3yercs s TpoBeneHud dKcrnepuMenToB Ha LHC Ha me-
rektopax ATLAS u CMS [47].

Jlannasi cucreMa MOKeT ObITh aJalTHPOBAHA Jjid MCIOJIb30BaHUA B DOJiee OOIIMUX TIPUJIO-
JKeHnsx 00paboTkn n3obpakennit [43]:

— MeJIMIMHCKAs Bu3yasu3anus (ToMorpadus u T. 11.);

— CHCTeMBbl BUJIe0-HAOJIIO/IeHUs, CMapPT-KaMepHhI;

— 337291 BBICOKOCKODOCTHO! (DUIBTPAINH JTAHHBIX;

— pacriozHaBanue Qopm;

— W3y4eHue 3peHus u JAPyruX (PyHKIUNE MO3ra.

SakaroueHne. XoTd acCONUATUBHBIE MapaJlleJIbHble CHCTEMBI CO BPEMEHH CBOEro IIOSB-
JIEHUsl He CTAJH IMHPOKO PACIpPOCTPAHEHHBIMH, OHU He yTpaTWIu cBoell akTyaiabHOCTH. Bee
pean30BaHHbIE APXUTEKTYPHI OBLIH TOCTPOEHBI MO/ PellleHne KOHKPETHBIX 3a/1a9, KOTOPBIE He
MoT/IH OBITH 3(PHEKTUBHO periensl Ha cucremax Japyroit apxurektypsi: ASPRO s 3a1a9 kon-
TPOJIs BO3yNTHOTO JBHKenusg, IMX2 g mamumunoro nepesoja, FastTracker Processor mis
nerektopa ATLAS Goabmoro aapoHHOro KoJLIaiiaepa.

s ucnonb3oBanusa B npoekTe ATLAS Gosbimoro aapoHHOro Kojtaiiaepa ObLIH pa3pa-
boTaHBl HOBBIE ycTpoiicTBa acconuarupuoit mamsru 32, 42]. ATLAS Fast Tracker (FTK) —
KpylHeias acconuarupias cucrema u3 8 192 yunon acconuarupHoii namsru. Pazpaborunku
JIAHUPYIOT aCCOMUATHBHBIN porieccop, cnpoexktupoanubiit 11 ATLAS FastTracKer, caenars
OPUTOIHBIMU JIJIT MOPTATHBHBIX YCTPOWCTB, & TAKZKe MCIOIL30BATE €10 JIJI PeIeHns 3a1a49 (-
3UKU BBICOKHX YHEPTHi, MeTUIIMHCKON BU3YAJIM3AINN, N3YIeHUs BU3YAJIbHBIX (PYHKIUN MO3ra
[43, 48].

PazpuTne mpogoszkaeTcss B TpeX HANPaBICHUSAX: pa3paboTKa almapaTHOro obecrevdeHust
JUIST ACCONMMATUBHBIX IApaJIeJbHBIX BBIYUCAeHUH (9umbl acconuaTuBHOil mamsTu [49, 50),
ACCOIMATHBHBIE MPOIeccOpbl n cucrembl [43, 51, 52|), pazpaboTka accormuaTuBHBIX MoOjesei
U aJTOPUTMOB JJI 9THX MOjeJsiell, peaJn3arys acCOIUATHBHBIX MOJeseil Ha CYIIecTBYIOIEM
obopyaosanun [18-21].
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