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BBEOEHUE

PazButne pexkoHDUTYpUPYEMBIX BBIYHCIATETh-
HBIX CHUCTEM XapaKTEPU3yeTCs CTPEMHUTEIbHBIM I10-
BBIIICHUEM CJIIOXKHOCTH BBIUYUCICHUH. DTO IPUBOIUT
K HEOOXOIWMOCTH ONTHMAIBHOTO WCIIONBb30BaHUS
anmnapaTHbsix pecypcoB [IJIMC n Mukpocxem, Ha Ko-
TOPBIX peKOHPUTYpUpYyeMasi CHCTEMa CTPOUTCSI.

Becomslil BKIIaJ B cO3JaHUE METOJIOB U CPENCTB
MPOCKTUPOBAHUS PEKOH(MUTYPUPYEMBIX BBIUHCIIC-
HUU BHECEH OTCYECTBECHHBIMU U 3apyOeKHBIMU yue-
HBIMH, TakuMH kKak A.O. Menpank, A.B. Tlamarun,
B.H. Omanacenko, M.A. Kanses, U.U. Jlepun, E.A.
Cewmepnukos, B.U. llmoiinos, G. Estrin, S. Hauck,
D. Patterson. B paborax [1-3] moka3zaHbI cymiecT-
ByIOIIME Moaxoabl K peanusauuu PBY Ha ocHOBe
ITIJIMC. Pa6otsl [4,5] MoKa3bIBaIOT, IMOIX0/IBI, OCHO-
BaHHBIE Ha PEKOH(UTYpaIUU TOTIOTHHUTEIBHBIX arl-
TapaTHBIX CPEICTB, CO3MaHHBIX Ha ocHoBe [1JIMC.

B crathe mpemmaraeTcss MOAXOA K peaTU3aIUH

PEKOH(PHUTYPUPYEMBIX BBIYHCICHUN Ha OCHOBE BBE-
JICHUSI TOTIOJTHUTEIBLHOTO alMapaTHOro YPOBHA “TIO-
Bepx IIJIMC” — ogHOPOAHOM BBHIYUCIUTEIHHON CHC-
temsl (OBC), Ha OCHOBE KOTOpPOTro Mpearaercs
CTPOUTHCS BBIYUCIICHHUS.

Hanmnume cnenumanu3upoBaHHBIX — OJIOKOB B
[IUJIUC, cTtaBuT 3aAady ONTUMAIBHOTO BKJIIOYCHHS
aTHX pecypcoB B coctas OBC pexondurypupyemoit
CUCTEMBI.

1. ONUNCAHUE CTPYKTYPbI
PEKOH®UI'YPUPYEMOW CUCTEMbI

Pexkondurypupyemoe BBHIYHCIUTEIHHOE yCTPOU-
ctBO (PBY) omHOpOAHON BEIYHCIUTEIHFHON CHCTEMBI
(OBC) cocTouT U3 BBUUCIUTEIBHBIX Y€K, COCTHU-
HEHHBIX C JPYTUMHU slYeUKaMH BEPTHUKAJIbHBIMH U
TOPU30HTANBHBIMU CBSI3IMH, YTO IO3BOJISIET CYIIE-
CTBCHHO COKOHOMHUTH Ha KOJHMYECTBE COCTUHEHUA,
YTO MOBBIIAET HaJexkHOCTh PBY, u nenaer takyro
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CTPYKTYPY BO3MOXHOH [JIi MHMKPOIJIEKTPOHHOU
peanuzanuu. TumnoBasg BbIYKCIUTENbHAS —s4eiiKa
TaKOU CTPYKTYPHI IIpeACcTaBleHa Ha puc. 1.
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Puc. 1 — Crpykrypa matpuunoii OBC

[Ipouecc koHgurypamum sueek 3aKimodaeTcs B
3alUCH KOH()UTYPAIIMOHHBIX JaHHBIX, Ha3bIBAEMBIX
MporpaMMaMy, B CIBUIOBBIE PECUCTPBI MPOTrpamMMbl
(CPII) xaxmoii staetiku OBC. Bee CPII coeamneHbl
IpyT ¢ APYroM B ONpENeNeHHOM IMOpsAKe, 00pasys
CABUTOBBIN peructp. [laHHble, 3aITUCHIBAEMBIEC B KaXK-
neiit CPII, xpaHsATCsS BO BHEIIHEW MamsTH, Ha3bIBae-
MOH KOH(HI'YpallMOHHOHM, a caM MHpoLecc KOHQHTY-
pammy CBOAWTCS K Tiepeave NaHHBIX U3 KOHpHUrypa-
nrorHo# mamsatu B CPIT staeex OBC, puc. 2.
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Puc. 2 — Apxurexkrypa s4eiiku maTpuunoit OBC

Pervctp nporpammsl

Slueitka OBC cocTouTt m3 perucrpa mporpaMMEl,
nemudparopa koMaH bl porpamMmbl, AJTY, kommy-
TaTopa M MaMATH, B KOTOPOW MOXKHO XPaHHUThH pe-
3yNnbTar mnponuion onepanuu AJIY uinu 3HadeHHE,
nepesaHHoe yepe3 KoMMmyTtaTop. Peructp mporpam-
MBI B Jemu@paTop KOMaHIbl SYCUKH MpeaHa3HAYC-
HBl g KoHburypupoBanus AJIY u komMMmyTaropa
STYEWKH, KOH(PUTypanus KOTOPBIX MMO3BOJSET BBHIOU-
paTh ONEPAIUIO, BHIMOJIHIAEMYIO C moMmoisio AJTY
JUT JJAHHOTO IIIara BRIYUCIIEHUH, a Takke KOH(HTY-
pupoBath coemuHeHHs sdeek OBC MaTpuilsl s
IIOCTPOEHUS BBIYUCIUTEIBHON CTPYKTYPBI.

HeoOxommMocTs B ONTUMAIBHOM — HCIIOIb-
30BaHWM Cclenuain3upoBaddslx Oioxo I[IJIMC, a
TaK)Ke€ aHalli3 YacTO MOBTOPSIOIMUXCS MoATpacdoB

Buaoggporpcmmm

WH()OPMAITHOHHOTO Tpada MPUBOIUT K ITOCTAHOBKE
3a/lauy CIelUaIn3aluu cTpykTypsl PBY.

2. CNEUMATTU3ALINA CTPYKTYPbI
PEKOH®UI'YPUPYEMOW CUCTEMbI

Br16op croxknoct AJIY 1 KOMMyTaTopa s4eiKu
OCYIIIECTBIISIETCA UCXOMAA U3 OTpaHUYEHUH, TUKTye-
MBIX IIOCTaBJIEHHOM 3amaueii. OueBnaHo, uto AJIY
SYEHKU JOIHKHO OBITh ONTHMH3UPOBAHO TIOJ BEI-
TIOJTHEHHE OTIepalyif, HanOollee YacTO WCIOIb3ye-
MBIX B BBIYMCIIUTEIHLHOM IIpOIIecce, a KOMMYTaTop —
MOl Pa3psAHOCTh OIIEPAaHIIOB, B KOTOPOH Hamboiee
ONTHMAIBHO BO3MOXKHO ONHCATh BBhIYHciIeHue. [Ipo-
Oyiema crieluaNy3alry si9eek BO3HUKAET B CBS3H C
HECOOTBETCTBHEM omepaluil, peanusyeMbeix Ha OBC
u apxutektypo sueiiku OBC. MoOXXHO BBIIEIUTH
CIIeMYIONINE BapHAHTHl TAKOTO MTPOTHBOpeYns [S]:

e OmepanuoHHas BeplIinHa WHOOPMAIIMOHHOTO
rpada OJHO3HAYHO COOTBETCTBYET apXHTEK-
Type sueiiku OBC (mOMHOCTBIO crienuanu-
3UpOBaHHAs CTPYKTYpa);

e OmeparnorHas BepIuHa WHHOPMAIMOHHOTO
rpada 4aCTUYHO COOTBETCTBYET apXUTEKType
suetiku = OBC  (WacThuyHO  crielMaIu3u-
pOBaHHAas CTPYKTYpa);

e OmeparnorHas BepIuHa WHHOPMAIMOHHOTO
rpada  anropuTMa  HE  COOTBETCTBYET
apxutektype sueiiku OBC  mponeccopa
(yHUBepcaiIbHas CTPYKTYpa).

Cospemennsie TIJIMC ¢upmer Xilinx u Altera

HUMEIOT B CBOEM COCTaBe CIEHUAIN3UPOBaHHbIE 0JI0-

Ku [6,7], mpeqHa3HAYEHHBIC U MPUMEHEHUS B 00-

nacTsx mudpoBoit 06padotku curaano (LIOC). Otu

BO3MOKHOCTH MCITONIB3YIOTCS JUIA TIOCTPOCHUS CIie-

UATM3UPOBAHHBIX SYEEK CIIOCOOHBIX BBIMOJHSATD

CIIO’KHBIE ONIepaIiy.

KonudectBo Takux OIOKOB orpanudeHo [6,7], a
pasmenienue ux BHyTpH [IJIMC dpuxcupoBano. Oue-
BUJHO, YTO pa3MelIeHHe siueeK Ha OCHOBE 3THUX OJI0-
koB B PBY OBC Toxe Oymer mpocTpaHCTBEHHO 3a-
(UKCHPOBAHO.

[Ipennaraercss BUAOUBMEHUTH CTPYKTYpy PBY
OBC Takum 00pa3oM, 9TOOBI 3aIeHCTBOBATH OTpa-
HUYEHHOE MHOXECTBO CIIEIIHAIN3UPOBAHHBIX SUEEK
[UIMC. Opnako creuuann3anys HE JOJDKHA CyIIe-
CTBEHHO MOBIUATH Ha cTpykTypy PBY OBC, a tak-
K€ Ha pa3paboTaHHOE MPOTrpaMMHOE OOecleyeHHe.
Hcxons u3 BhIIENEPEUNCIICHHBIX TPEOOBaHUMA U OT-
paHWUYEHHH, pearaeTcss MOAU(HUIIUPOBATh CTPYK-
Typy PBY crenyrommm 06pazoM: B KaXKIYIO CTPOKY
Marpuanoit OBC Bxmrowaercst AJIY, xoropas pas-
JieNgeTcss MEeXIy BCEeMH sA4yeikaMu 3TOH CTpOKH.
CoOOTBETCTBEHHO, AITOPUTMBI Pa3leeHNs JaHHOTO
AJIY nomxHBl ObITh OTpabOTaHBI IO 3Tara PEKOH-
¢urypauuu cuctemsl (puc. 3,4).

123



Anamonuii bunenxo, Banepuii Cumnuxog / Komnviomune, 2012, mom 11, evinyck 2, 122-129

FIFO KoHpUrypama [ _] - 0 1

cnew.
AnY

J Ayemka

wuiHa creu. AMY 1

|
s P

bl ‘ cneu.
| ! ANY
V_ ‘ wnHa cneu. ANY 2
b@
b1 —_— 1 = — 1 > — T
| cneu.
AnY
bn
wvHa cneu. A/TY N
Puc. 3 — Crpykrypa BuagousmeHenHoii marpuunoii OBC.
Adyenka O,N
Bsoa nporpaMmbl PerncTtp nporpammbl BbiBO4 RpOrpamMmbl
[ewmnppaTop KOMaHab!
KOEQ&rylmq;liT
L— — Wﬁ ‘ WHHHbIN_EYPep
— A1YQ
‘ ™ ANY 1
\; / | YTP@
ANlY |
‘ - | 1 A1Y2
R | H | IS
| <C
‘ ynpasnerue W1Hom =
/ =
[&]
g
Cnepa Cnepa ayenka 1,N N
Cnpapa KommyTaTop Cnpapa<_ A1ye |3
Ceepxy Ceepxy<_ AY
CHuay CHuay << NP
ATY
SN
MamaTe
ayemka M,N
Cneu. AMY N A/lY @
ATY
ANYo VTP
ANY ANTY
| yrP N
ANY.
— |
CNEU. AnY

Puc. 4 — CtpykTypa siueek CTPOKH U IIMHBI MaTpuuHoii OBC

Kak BUZHO, IPU OTKJIIOYCHHOW IIMHE CHENUATN-  HEHHs MPOTrPaMMHOT0 oOecreyeHus: pa3paboTKH pe-
supoBanHoro AJIY, crpykrypa saeek PBY OBC  kondurypupyemsix cucreM. OIHAKO TIPH HUCIOIB30-
MOXET OBITh MCIIOJIb30BaHa, KaK U paHee, 0€3 U3Me- BaHWUU CICIHATU3UPOBAHHBIX SYCCK BO3HUKAET 3a-
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nadn BeIOOpa, Kakas staetika PBY OBC moaseprueT-
CsA OIITUMH3ALINU.

3. OBOCHOBAHMUE BbIBOPA
KPUTEPUEB OMNTUMAJIbHOCTHU

Omnpenenenue mapaMeTpoB S4YEEK, K KOTOPBIM
IUTAHUPYETCS TMOAKIIOYATh  CICIHATH3HPOBAHHBIC
AJLY, sBusercst 3agaueil ONTHUMH3AIUU, OJIS pele-
HUS KOTOPOW HEOOXOoIMMa MWUHUMH3AIMS CIEIYF0-
UX [TOKa3aTeIen:

e KommdectBo sdeek S(?), B TaHHBIH MOMEHT
BPEMEHH, 3aHATHIX IO PeaTu3aIiio JaHHOTO
anropuTMa (ammapatHbIe 3aTparsl,
nmoTpeOIeHne);

e CxopocTh 00pabOTKH V(?) BXOTHBIX JaHHBIX
(TIpou3BOIUTENBHOCTD, TOTPEOIICHHUE).

[Ipu pemieHNE TOCTaBICHHOHN 3a7aud BBOJISATCS
OrpaHUYEHHUsI, CBsi3aHHbIE cO cTpykTypoil OBC, a
TaKXe, YIPOIICHHUS:

e OrpaHuyeHus:

oKonmnuectBo siueek N, OrpaHUYEHO;

OPa3zpsgHOCTH OTIepaHioB R, OTpaHUYEHA.

e VYmpouleHus:

0 Kiracc amroputmoB 3adukcHpoBaH. ITO
MO3BOJISIET TPOAHAIM3UPOBATE OTEpaIlun
UCTOJb3yeMble B  BepmMHax  rpada
AHAIMTUYECKN W HAJOXHUTH OMpPEIeICHHBIC
OTpaHUYCHUS Ha APXUTCKTYPY
BBIYMCIIUTEIbHON YEHKHU.

Hcxons w3 mepedrcieHHBIX KPUTEPHEB, 3ajada
hopmymupyeTcst ciemyonmM o0pa3oM: I KakIo-
r0 3JICMEHTa MHOXKECTBA BBIYMCIUTEIBHBIX 33j1a4 A,
CYIIIECTBYET ONTHMalbHas s4eiika Takas 4TO, BBI-
TIOJTHSIFOTCS ClIeytontue yciaoBus (1):

D" S(t)—>min
VAc A3 ZV(t)—)max (1)

Nc = const

Ro = const

B of0mem ciydae, 3agaya ONTUMaIbHOTO BKITIO-
YeHHWS W BBHIOOpA CIEIUANTM3UPOBAHHBIX SUYEEK IS
PBY OBC omncana cuctemoi cooTHomeHwmi (1).

OnHako, pelieHHe CUCTEMBl HANPSAMYIO, Mpe-
CTaBJsieT co00il KOMOMHATOPHBIH mepe0op BapuaH-
TOB JIOCTYIIHBIX A4Y€EK U MX pa3MelleHuil. Bpemen-
HBIE 3aTpaThl HA TaKOE PEUICHUE OICHWBACTCS Kak
codyeraHue U3 N, BOBMOXKHBIX 3aMeH B rpade airo-
putMa 1o K, KOIIMYeCTBY MOCTYIHBIX CIICIHATH3H-
POBaHHBIX SUEEK I NaHHOH cTpykTyphl PBY OBC.
BpemeHnHble 3aTpaThl Ha pelieHne KOMOMHATOPHBIM
METOJIOM, BRIP2)KEHHBIE B KOJIMUYECTBE MPOXOI0B al-
TOPUTMOB pa3MEMIEeHUsI W TPACCUPOBKH, MOXHO
OLICHUTH KaK:

N3!
AN, K = (N — Koo)] @

TunuuHoe BpeMs, 3aTpaunBaeMoe Ha TPacCUPOB-
Ky W PacCTaHOBKY sS4eek WH(OPMAIMOHHOTO rpada
aJIropuTtMa, U3MEPACTCA B ACCATKAX CEKYHI U BO3-
pacraer ¢ yBelIWYeHHEM pa3Mepa WH(HOPMAIMOHHO-
ro rpada anroput™ma u cTpykrypsl PBY OBC.

D¢ dexTHBHOCTh PabOTHl WHPOPMAITUOHHBIX Ce-
Teil, BBISIBJICHUE €€ CETMEHTOB C BBHICOKHMH 3Haue-
HUSIMU UCTIOIB30BaHUA €€ Y3JI0B, CBOIAUTCS K 3ajaue
0 MakKcHMaJbHOM ToToke Tpada cetu [8], a omru-
MaJIbHOCTh CTPYKTYpHl M €€ OBICTpOJEHCTBHE — K
KOJIMYECTBY MapalljIeNIbHBIX YYacTKOB rpada aniro-
putMa [8]. Tak kak cuctemy (1) B oOmmiem Buzae pe-
IIWUTb HEJIB3s, TO CICAYET UCIIOJIb30BATH (1)YHKHI/IIO
MaKCUMAJIBHOTO TIOTOKAa M MapauICIbHBIX BETBEH
rpada KaKk BEKTOPHBIA KPUTSPUN ONTUMHU3AINH, ITPH
HAXOXKJICHUM KOTOPOTO, OMPEACSIOT KOHQPUTYpa-
IIUIO CUCTEMBI.

4. ONTUMMIALIMU LIENEBbIX
OYHKLUA

IIpr nmoaroroBke K 3Talmy ONTHUMU3ALMUM CTPYK-
Typsl PBY OBC, HeoOxomumo momoOpaTs ONTH-
MaJIbHBIC ONEpalMu A PELIeHHs IOCTaBICHHOW
3afaud Uil pa3MEICHHA UX B CIELHaIM3UPOBaH-
HeIx AJIY. Hampumep, Ha puc. 5 mpeacTaBieHbl HH-
¢dopmanmoHHble Tpadbl onepauuii Hanbonee 4acTo
WCIIOJIB3YeMBIX B 3a7adax IMdpoBod 00pabOTKH
CUTHAJIOB.

Bribop onTuManbHON 3aMeHBl HabOpa BEpIIUH
MHPOPMAIMOHHOTO Tpada MPOU3BOIAT HCXOAS U3
KPUTEPUEB ONTUMAIBHOCTH M HAJIOKCHHBIX OTPaHU-
YeHUI, IPEACTABICHHBIX B cucTeMe (3):

max(oz1 - d(w)+«a, -‘P(w))

weWg
o +a, =1
i=1,N 3)

N
Zwl. =N-w,
i=1

rae @(w) — QyHKIMS MaKCUMAITbHOTO MOTOKA 4epes
nH()OpPMAITMOHHEIN Tpad, ¢ GUKCHPOBAHHBIMH 3HA-
YEeHUSIMU MHOKECTBA JIOIyCTHMBIX BECOB pebep W,
H(w) — OyHKIHS KOJIMYECTBA MapalIeIbHBIX BETBEH
nHpopManuoHHoro rpada, N — KOIMYECTBO sUeeK
JUTS 3aMEHBI, W) — UCXO/IHBIN Bec pebpa (puc. 6).
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@ coB IIJIUC B anropurmax: a) BII®; 6), aGconl0THOIM
pa3HOCTH; B) GUILTPANUHA

® @
@ [Tocne Toro, kak HalWJEHO perieHne CUCTEMBI (3),
l@ NPOM3BOMIT aHanu3 Becos W, € W,,i =1, N . Bapu-

¥

F aHTaMHU JJI1 Pa3MEUICHUS B CIHEIUATH3UPOBAHHBIX
BIM BIM

. AJLY sBHsIOTCS T SUEHKH, KOTOpBIe OYAyT coeau-
.
1 ﬂ@ HEHbI peOpaMu MaKCUMaJIbHOT'O Beca.

5. BbiIBOAbI

BIN BIN B crarthe paccMOTpeH MOJIXOM K CIEIHATA3aIUN
i i TunoBoit cTpykrypsl PBY OBC, a Takxe mocrasiie-
HAa 3aJla4ya ONTUMU3AIMH CTPYKTYPhI CIICIIUAU3HPO-

BanHOH OBC ¢ BO3MOKHOCTBIO HCIIOB30BAHUS CY-
IIECTBYIOIIECTO MOJIX0a Pa3pabOTKU MPOTPaMMHOIO
obOecnieueHus: 6e3 ero mameHenus. [IpuBeneHsr 0co-

OEHHOCTH IUIAHUPOBAHMS U OPraHHM3alUU CTPYKTY-
a) 0) B) pel PBY co crienuanusanueii oneparuii.

Puc. 5 — Iloarpadg aaropurMa ucnoab3yemMblil 11
yBesn4eHust 3G (PeKTHBHOCTH HCNIOIb30BAHUS pecyp-

(Quz (361=48
w0 wi
i doelr focfe shiedpe dorete
w0 w0 wo |w0
TN

(ATv=138 5=z

19309 (45=\{18

wi

Puc. 6 — Undopmanuonnsiii rpag u ero onTuMu3upyemble sqeiiku
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Development of reconfigurable computing
systems is characterized by a rapid increase in
computational complexity. This leads to the problem
of optimal use of hardware resources of ICs,
reconfigurable system is based on.

Significant contribution to the development of
methods and means of reconfigurable computing
design was introduced by ukraininan and foreign
scientiests, such as A.O. Melnik, A. Palagin, V.N.
Opanasenko, [.A. Kaliayev, 1. Levine, E.
Semernikov, V.I. Shmoylov, G. Estrin, S. Hauck, D.
Patterson. Several scientific researches [1-3] reveal
approaches to implementation of the reconfigurable
systems, based on FPGAs. Other papers [4,5] show
approaches, based on additional hardware
reconfiguration.

In this paper an approach to the implementation
of reconfigurable computing based on the
introduction of additional hardware layer "on top of
FPGAs" is reviewed.

Existing specialized units in the FPGA, sets the
problem of optimal inclusion of these resources into
the reconfigurable system.

Reconfigurable computing unit (RCU) of the
RCA consists of a computational cells, connected
with other cells of the vertical and horizontal
connections, which can significantly save on the
number of connections, which increases the
reliability of the system, and this structure makes it
possible for microelectronic realization.

The need to optimize the utilization of existing
specialized units of FPGA leads to the statement of
the problem of RCU structure specialization.

The choice of the structure of RCA cell is

performed according to the constraints imposed by
the a given computational task. Obviously, the cell
must be optimized to perform operations which are
most commonly used in the computation process.
The problem of the specialization of cells arises
from the mismatch of operations implemented in
RCA and RCA cell architecture.

It is proposed to modify the structure of RCU so
that use a limited number of specialfuction units of
FPGA. However, specialization should not
significantly affect the structure of the RCU, as well
as the developed software. Considering listed
requirements and restrictions, it is proposed to
modify the structure of the RCU as follows: in each
row of the matrix included specialized ALU, which
is shared between all the cells in that line.
Accordingly, ALU sharing algorithms need to be run
before the reconfiguration stage of the system.

In general, the problem of optimal inclusion and
selection of specialized cells for RCU is a
combinatorial search of the cells placement variants.

A typical time it takes to trace and place cells of
data flow graph (DFG) is measured in tens of
seconds, and increases with the size of DFG and the
structure of the RCU. This is not acceptable for
modern computing systems.

Effectiveness of computer networks and its nodes
utilization can be modeled with maximal flow
function on the network graph. Performance of the
system can be measured by critical path function of
the network graph.

While preparation to the stage of RCU structure
optimization, it’s needed to find optimal operations
for given computational task. Such operations
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should be included into ALU of RCU. For example,
fig. 1 shows typical DFG of operations used in DSP
computational tasks.
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Fig. 1 — DFGs of computational tasks in DSP: a) FFT;
b), absolute difference; c) filtering

Selection of the optimal replacement set of the
DFG vertices is produced on the basis of optimality
criteria and imposed restrictions, represented in the
system (1):
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where @(w) is a maximum flow function of its DFG,
¥(w) is a function of critical path of given DFG, N —
number of RCU cells to replace by specialized cells,
wy — starting weight of DFG edge.

Once the solution of system (1) is obtained, DFG
edges weight analysis is performed. The variants for
placement of specialized ALUs are the cells that are
connected by edges of maximum weight.

In the article an approach to specialization of
RCU of RCA is reviewed. The task of structure
optimization is set. Details of planning and
organization of RCU structure is shown.
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