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Abslr .. ct 

I", ,,,,,,cho·d fil'et " . "" Impo"~'" J.'m~1 I" Ih, 1""", •. ,. 
,n8 of h""''''I'''' Irol "m". Th, jilu, ~n~bI" """~,,,h,,, 10 
SIft ~'4,,1 dma j",,,, II""""""" II"" 'POll 4>'"iI~ jffq,,,nr,· 
ooml,. 

'" Ihl< ~mk. ~., '1"<11""" 1M ""ja'''''MI of " 
",m,lu!d fil'", "I~onthm ,mpi,m't/latlN''''' a",I,m",1 Co· 
""1<:,"",, (XD 1(00). 'h, IIJM Cdl m,~ro/iro.·"'jn,. ,md Ih. 
NVJI)/A c.;"f",,,,,, 69i.1O CIT CPU ~mph,c. coni, 

IV .. "",,·,d, .. "n",,', di,("""i,,,, of 'he c/",1/'''8'' ,wi 
"ppoltu","n qfj",d~d ",. ~<>ch 1'4>,/",,,,, /" p',,"c"/"r. w, 
,,,,II.,.,, Ih~ pmblrms of pt'rll,io","¥ 'h, fille' ""'" .fJi· 
,""n,l, IN'~'U" 'h, Ir<w CPU "",/ 'h' CII PM '.4")~ 

V""II bur r~,"lu. ~" ,/,,,,., .,,'Utl/ ,,"lor""IIIU ,"". 
I'ie. ,ha' 1,,,,,,,,1, ,/,. opti"',,1 'ol~IiQt, 1m ~ ,."ricn· oj "!'PI,· 

"""", .. "''''''~''. 

E"cn ,IK"'gh dock '1'<,"<1, ,,c cumn, 'rucroproc .. " ... · 
~"xl ,y"em, ,.~ 1I~30 ,«",,, tha' of a (}'V'~"I I'I'GA b,>«l 
dnign, 'hc I"'l:c run,"",l "f .pmi"1 paralic h.", afrordcJ 
by modern ~PC,"" offc" 110" l'O'en,u, f", specUup. FP 
(OJ\.> n<>w tleli,'cr 1"''"' illlaling.poinl p<"rforrnanc.., <qu.l . 
,ng at ,urra",i"g that offerc-<l by mic"'f'l"O"e,,,,,,·b,,,,.d .y ... 
,em, 1101. > '",nd lhal will likdy inl<n,ify ,n the f~lurc as 
FI'GA 1"1:"'" :.rc, cOfIlinU<"' to t"""'" 

Other ",ch"","·,"~,. ,pelu<hng 'he IBM Ce ll rro,:c'''\f 
"00 GI"'...,h,cs P<U<'"'''''t Un". ,GPUs) c·nn •• " a, "",'ct· 
~r:"n., ror 1"'",,<:11 P"'I""" cornpolt"g. 11Ie dc .. ~, were 
m,,,.ly tIe>lgnru for "'C in gaJJi,ng , The Cdl " " p.n of 
,he So'"Y Pl'Y''',,,,n 1. ,,,d r.I'U<. ,,,,,h ~, ,he NV IDI A 
Gd'on:c se"e' l""ll"~~' . aT< "><:<I ["r occdelmint Ih. ren· 
tleflng rer'"",,""", on commodity Cl't:· botsed 'y.lent>. 

On all platforms. til<" tIe¥,,·c", an: mean' for. I ... g<. c.ln· 
'umer ,ud lcnce Cdl anJ GPt!, ... c ,arge,.d al the 8,m.ng 
m"'~~l, and FJIG,\, are "' ,dcly~,;.M In lelo:<:omm~n,ea!oon; 

an<1 e>en ,n c,,",",,,,,r p .. "duct; "IlIis <",bb the f>'lCe, '0 

he rela",ely I",," c,lIt\pal~,1 '" 'h" c'''' "r ~i~hly ",,,,o,,,ilC"U 
ch,ps. and make 'IIt-rn "ery <nlO,.""on& and ",,,~,,iblr ", ,IIC 
,~ .. <"""h eOiom"nll)· 

11", abilny 'I> ""''''11 dot" t()ifrum monK><) .nd (>,wlap 
<OlItrOI ~nd ,"",to H"w. comh, .. '" Ilo:ip ,he.", ,ollf'o;e''' ... · 
""'00 'ls<nm attain high b .. l, uf ... -rr"rtn;}oc·e Clip" 
t.lmog on ,he p",e"l,,1 ot ,hese oopr""es""". 'uptre"",· 
putmg "noJors '''''h '" SRC C<)I1'putct'\. 111M. Cr~y and 
SGI "'" n(W.' off.ro"M h'Bh'I""f<>rm"n"~ "ornp"""~ sy.ten" 
coupling ".nJ~rd CPU, ,,\to 1'1'(;,\. Cdt. ~nJ other ,'". 
!If""e,,' . ,. "Ill.", ,)'>lcm architcc,u,", m:tk~ "f",sobl. to 
.... pt " ... "ng ,.""o,iri,· etldc", '0 \l'IC ~P(;A "","<Okra'ot'\ 

"The "'"'tebed hl'er "a \1,,1 ~.,,,,,I rOf """',,,,nG """,,ut 
da,a froon hYil""'i>xtral ,".lrumen", noc !em, H'l1t""l"'c . 

lral ""ph"" 'hal ,he 'I""'r.t WIl~ClM "U,",," a .. cry large 
,w;uh or th" fl'l'<[ ... ·"'y <p"Clrum ("", ... ~Ily. th IS <1.'0 " 
broken ,"W m.ny frequency band, ,ha, an: indqICrnknlly 
,"'I",Ied. G<n.r.tlly 'hI' is dOlll) Ihrough Ih~ u<e of " pm'" 
(Figure I) f(H" '''""· ,',,iloic ""nd. lIr a <ct of "Itn b,nh for 
, .. der band>. In ",,, applk."on. Hoo"ng pom' d,lO ",·,,1· 
k('tN for eac h t':lIxj "wr . fev.- hundn-d bonds. 11Ic mrun 
"n" ot <I,," ,n hYp'·"p',en.1 P''''''''''"S i, ,he dnfQC~I>r. la~'· 
ct'\ of 2·D '""'go [Of <",h <pc<ual b,nd IIf ""~""1. The "S 
,,,,,~,, " ,,,nrt~ • ~"\I of "n~Ie'rrcc",,>n Hoollng poll" 
, .. 1"", for ""«y ;.pet'1t1It ""nd. in "ur c",,'. 2~O. 

Figura I . Splitting spectral bands lor (ndepoe­
nen! det~cllon 

The ,n.t,bed ,il,or 10k •• the hYI'''''p"n .. a l dala "nd 
onatcbes " .gam" • panJOular "gn.,ur •. The "gnatw"c " 
• '"ClOI of codfic .. n" that r~p""'enl ,he 'I"'etr.t relle""," 
01 '",n.nU5>lOn ",. pan,cubr '''''lmal. T .... ,""K"hed f,I,o, 
"mo" c<>nlnw,"ly used ,n lk'oclm& ,·h,",,,,.1 J>!llnlC>' An 



inleresting plume, mi~h[ signify poHulion. illegal""'" pro. 
doction. con" . haoo drug manuf"","ring. etc. II can .1"" be 
u<cd to okloc' par1icnlru-Iy~ of .egelllion. For in>tan«. 
the .pect",1 "goalure of ,he Inv.,;"e ,peeie, mh,Iu."",ri,.k 
i. nnique (41. When thi •• ignatu,," i> appli<d .ga in$l a d.t­
""UDe. the t.n'.rlsk i. highlighted aoo i, disHnCl asainst tbe 
bad gwuoo. Boc.nse ,"rru1t i s~ , s luch an .grM'ive spc<:ie> 
<HIt of ,ts native habita .. il must be d<:>lroycd if il ... ars ftall· 
ile ecO-syslems. n.e ma",h<:<l fi l ~, i, usefu l f,.. <Ie1e<lin8 it 
,,"n"""l~ anti mon",..ing its 'preoo. 

The venion "f the malCbed filleT we ""',e implcmcnlw 
n" ,'."00' plalfonns i. focu<cd on long-te,m ,",,"eilance 
wilh" I",&e number of sign",u"". In lerms of""m<1 dc.ign. 
thi' Inc-an, th.t the .ignature, at. pte-p<OC""soM - v.'hich ,e­
duc". o.erhc:ad and selUP <'o,,~ - bulth31lhere will be huge 
volume of data Ihal has 10 be proce,sed as quidl~ .. "",SI­

ble, 
The "",ious implement.tion, ' .. , h • .e in"e'''ga!e<I are 

cus,omized for each plotr".-m . In all 'y"ems we havo the 
abilllY 10 partition Iii< desIgn bet"'een a CPU ~nd the c,,. 
ptocc'WI". Ik<:au .. ,he 5!rength, of eoch plalfo,m ""ry. we 
ha¥~ allemp".-d 10 e, plo;l the strengths of eocn in our de­
SIgn'. In lhe following sections. ,",'e wi ll attcmp! to e~pl .in 

and J"'tify OUI d .. ign deciSIon,. while ,imul . teou,ly .,­
p l<:.n"~ lhe ,m,ng!h, and we.loesse, of each platf",.m. 

1.1 Matchtd f'ill~r A[go.-ilhm 

We in'p[e"",nl a reduc-ed :Ie:! of op..,,,ion, for!he match 
filte,. U,ing pre-pro<csscd ,illn",ure Icmpl.te>. the opera· 
ti"", ""lulted ',c 'impli~e~. 1h. lome l r.",.in, a ,eali,;_ 
lie 'Wlic.llon ",!I>c ,illn"U'" 'empl'!e"" can be g<ncr .. ed 
online wilh DO I"" of practicalilY. 'n.. ,implification fo_ 
cuse, . nention on Ihe ",.I-t ime c",ts of d.!, !,""Sfef .nd 
bul~ compula'ion. 

Figu, .2 illu'1I-'lc, II>< !>;uk bloc~ 1 uf lhe kernel. I:ir$l. 
[iI< , ignature, .ntllhe datacube are read in from the Inpu! 
filc. Tbe d"""ube is lben tnn<pose<l. ., ' he d .... ani,'" 
from the "'"WI" in 'l"'d,.1 frames. meaning that lhe en­
tire 2·0 frame for a 'peCtral band i, contig"""'. ,\fler 00< 
fr~me ,-, .. ken. Ihe filtcr bank ,,,,,,,,he, to lht "'XIIpeCUal 
ball<l, and another f"'m< i, saved. B"".use lhe matched fil ­
ter lOOpS O,,,r . 11 of the 'peCtral band, for a 'tingle pi~d 
du,ing the ","in fi lle' pIta..,.;1 is more cflki< nl to have all 
of the 'I""'tr.l dot' for each pixel in oc<!ncnli,l order. Otb · 
..-wi .. , the memory stride woold be tile ,i,e uf an enlire 
f,.me. ,.. HO.OOO 32 bit ,","Ol"d" Thi, i. nQl efficicnl .• ntI 
thus lhe dato i, tr,n,formed early on in lht proce ... 

n.. "'''in pi .. 1 loop i, performed for every pi"'l in ' he 
,m'ge , In Ihi< ph.se. oach valli< ,n lhe d.,,,,"ut>e ""II be 
aeress.:d sc:,cral lime<. Hert, tho abllilY to ten'" dota and 
paralli ,e compulation i. highly v~l uable. FiN. thc valucs 
of an entire colum. are a"e,~sed. Second. that "'Crase i, 

, 

,u bl,..""ted from the enti,," column. lhird. 'he dot-ptodu<l 
i, .. """ttd ove, til< enU'" pi'''' culutnn.oo 'hc .ignalure. 
V.nous '<Cal.,. operalion, .re e.""uted on ,I>< re,ull of d .. 
dOl-product. and the ,."ults are rdutned. 'n.., p' .... ,," i, 
",,,,,.ted ow,.11 pi",l, in the frame , 

2 Related Work 

Zhuo cl aI. II I I c.pl • ..-ed • v. ric'y o f Ii .... ar .I~ebot oper­
ation" including dOl-prodUCI. A, dOl.prod<l is Ihe m.in I:~r· 

nol wc Im ple men' on lho FPGA. Ihi, i, an impon.m p"or 
work . 'n.. authors' "rategy for de.hng ""lIt th~ Hooling­
pOint I .. <ney i"o exoc ule the dOl producl """umulotion a, 
• ""e-b.sed redoction dreutl. Th i, of COU<Se require, """" 
ronling and nJOt"e adders th.n the lyMolic array 3pptoach 
thot is cnabled by ou, apphcalion, The mate' ilcd filter ap· 
plie.,ion allow. u. to be Ie,,' concerned wi,h tl>< latc .... y of 
llJ'Iy particu lar dot_ptodUCI Te<"" ond nlOrt focu .. d on lhe 
o.eralllhroughpul. 

Mere<lllh ct ,I. [71 h,v. Impicm<nled • , ... i.lI"" of the 
m)lehcd fi lter ap plie,,,,ion on OPU co ·p'occ"""". n.e au · 
the .... "'poI1 a 26,S. 'fIeC<lop ov~, a Pen[ iuOl ~ CPU. Th" 
I"',furmo", .. improvement i, highe, lhon what we claim. 
blJtthei' application i, somc",hal belle, f," III< CPU., it" 
more cornp""'tion.ally inl~nsi,· •. Our ''''Slon of tlte ,ppli_ 
catioo on ly procc ... s lhe pre-prepar..><.J signotu", trmpl>les 
and data cube. r1I'her ,han """.",i.g the 6ign~'ure li\>nlry. 
As processing the .ignalu", library ""I"ire, the cakulat ion 
of. ,nvaria""e m"lri~ .• nd therehy a matri, inve"ion. i, 
i< of high <ornpulotionaJ <omp""iIY. B«au .. we expt:<l 
10 proc ... the ,iSn"IUrt. once. ,nd then apply them as.inM 
dal("ube< O,'e, long ,ime: spans, il i< sen,ible for ,ILLr oppli. 
<ation to only ,uppon pr~ · proc""sed ,ign,'"'" databa ..... 

0"" inter~sting approach hI matched f,il<T ok,ign w" 
c~pln.-ed by lm"C '" .1. In In 'hi> .pproach, • Digi'al 
Mi<ro. Mirn .. Array" used 10 .. Io<:t banJo of mlOre,l. Mi­
cromi""",. commool y fouoo in vioko prOJeclor>. prm- idc 
a lIny "",,'eabl< m",O' fo, ~""h piA.1 of an Image. Thrsr 
mirror.; ore independently COQlrolied at high refre'h ratcs. 
[n the DMMA approach. , ,inglc bne of," Image" di · 
""'ted Ihrough a pt"m. The pri.m defracts ,iI< lighl 1010 lIS 
various component<. which .. ~ then di'<:<:led onlO tl>< mi­
cromlR'Or de~ice. By seleell" ely lu,nlng on and off ro ... , of 
pi'd, in Ihe J)~IMJ\. frcqll<ocy b.oo, ean be ",1".,lcd. Tho 
bands thJl of"'" In terest reHe<1 off of !he DM MA and Ufe 
condensed. Thi •. in e"-"'"S<. is ,he m.t"hed f, llCr OUlpul. 
",""epl" is """""'pli,hed optically. 

3 t ' PGA Implmenta l ion 

The impl.",,,nl3lioll of the matched ~ller on Ihe FPGA 
ha. been carefully pani!i(Hlw bel"',,,,n lhe C PU "nd lhe 
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Figure 2. Main processing blocks 01 the malched filler 

R'(j,\ In "nkr 'OJ m,k be" "><: of the hard",'ar< Mod· 
~rn FI'GA .. all"" "<k"g''''' <Q enn"g"'" ~ny ~,b"r...-y l"gO<" 
fuf1<'(;oo Ih><:d On '"" dt"8n. 'b ..... "p<'111'"'''' Can fun<:· 
Ii"" '" h,@h d,.<;k ,.."1 .. "nd ~ha'e "",,lady I" J ("f'U 
ba~ wr<ion II""""", ,!Ie FI'GA doN no. It .. "," (0 be a 
·'gc(l¢,,,I·P"'J'O'c'· dc"L' •.• "',,');0<-,," c.n tale ad"anlage of 
,It< appht'!LOIHpx,fi~ o!!nbu,,,, of ,lit de"",, ro acbi<:,-e 
high .. perfun""",,. 'han 0 CPU. Th" Can be true c"en wUb 
a CPU that operates"t pcmap> lOx 'h~ ci,><\. frequency "r 
11M, FPCA. H",,'c.c'. lh"" only """'hie {ltrou!h hard .... '''' 
parall.hsm . • nJ c"",ful de';g • . 

Il«'.u,o an FPGA f", "n, glwn contiBu""tton "ro_ 
'ron"hlc r .. only 0"" funct iDn, In. enlO'~ rC"'""'"ti "f lh., 
(k",,. """ be io,-cragcil fur th., fun<;liun. In 111< ''''IK "r 
the ",,{cl>«l filler. ,I" J'O'<tblc '0 'mplcmem oo/en, of 'he 
""'moty aod nord"."", '<>""rt~, '0 bu, ld a ,i ngk. """,,,,,,,, 
Jol product U",(, Th"" bc<.u,e ,fie ""ou"c requ,re"",nlS 
(,,,- Ilk' ""gk I"=i"on mul"ply aoo "","umUI"le ~11ow ror 
>ll!n,fiCanl p;tr.Ille ii>m w"houl m",,"' con,rol ow,flead, A< 
"C w,ll ,h",u" , the dOI'p",juct pQrt'()f1 can I:>c parallelo .. ct:I 
,n mull1pl" w'Y" . 110" ,n~ II., W'" .oJ C01t1p"{ai>ooally tn· 
{cn," 'e I"""""n or tho: lemd 10 toe ",e'("u,~d very ~u,ekly '''' 
II .. FPCA. 

\'In ile Ifle <l,. ·ptodll<.1 i, Slraillhl·f",,, .... d 10 in'I'i"n.,m 
,n h~rtlw"'e. th<' '~toer alp<"'1 ()f {he ""'tehed Ii ltc' "'<' nO! 
'PI""pt,ale for hattl"'"rt For '""'''I<~. after .'alcula""l! ,he 
dt~·I" .. I""t. "ar""', "'al~' muh ,,,ii,-, arc pr:,f, .. mcd <on"'" 
dOl· prOO",·t ""ul!. Wh,1e it ".""IJ tl<' po,sock tu in 'pk"'''nt 
IhlS (,,",,(,on,I01y in h:.rdw=. ,he", "ni" would Il< hoth e~ 
pcn.",. and utKkr·u,,]j/cd. Onr oflhe ",.I.r operalwns OS 

• Ilo."nG·I'",n{ "I"arc oxot. Th" ~e'ncl "',""d ,""cup,,,," 
"",,,r:al tim., nl"'" at~a On IIL~ FPCA. 1>u1 ".ou l<l ooly be 
in """r:"ion al (he ctld ot overy d' K p .. .,duo .. Th" mea", 
Itk "UI)' cydc " ,,,ughly """ ,e"']1 e,'ery 2.\0 <'y<'l<: • . Thi~ 
" n.~ Ihe 100>1 df",u,c " 'ay to use 'M ;COfce FI'G,\ '0, 
"",'ee'. 10", P""M~ Ii>< ,>cca"ooally·"'cd. 00, "'ren,iw 
«.1 .. , "",,'OIH)'" tu Ine ~ I'U . 

• \.1 A,..,hi tectu,"" 

In ,I>< fi", ""ge "f """"""".. Ito., "gna'",e .. I~, arc 
1o.,<kJ OntO 100 XD·I·, S\{f\M ""'mory hank>. 'rne", 
will be- rntWe.l in and """ ,,( (i>< ]'1,(;A '" required. TIk: 
FI'GA", ,nl~rnal hl",,~ ""',n'>I)' ,.."".m., aro 'htn Ioatlcd 
hom SRA./>! m,,,llOI)' 11M: SRIIM word, are M·h, •• • lIow· 

ing ,,,'" J2·bi( Hoo"ng PO"" ",.Iue' to tl<' k,3<kJ '"'" '"" 
hl",,~ RAM on each cydc 

'11k- <on'I",,"uonal ""~'" "r th.c <I", f"«l"'" "a ""'_lI" 
'n~ of ,mag" data throu~h l/>c 1·1'GA. The dot·rroJuct un,,, 
are """n£oo in a >y"01,,, """y(""~inally dcwlopr:J '" 1611. 
'11k- 'ystem ""'" 'tee.ure ,,<lep'ored ,n Fig"'. 3 "The power 
01 .he 'y,,,, loc ",,'y 10", ,n '" .b,It,y '" redUC" 1",,1 de",,,. 
'"'<ron,mc,,!. fly . 11",,'.n!: "nly ,holt <."Ofto""l1"n, ""hln a 
,,",iI. ,,,,,,,,lex! "", .. " Je;,gn "ill ""h,"," , hight. "1",,,,1· 
'"B f,"Gucncy ,,' wen", I",,'CO' orca consu",pu"". Each Unil 
i, "n l)" <"rutc<"ted too Ihe psrvit)ll, " .oJ foJl"""ng ""'''. ,,,,1 
earh cootrol, us "",,. d"., roo'em"n' ",oJ COIUprJI"""n, Tit" 
dimi,,"., lhe fl«"'{j ('" large. mu llipk ... ed clara:md ..Jdn", 
00"", ·Ill. <ystollc array ~"~n" (he prol,f'''''''''l of global 
"'''''ng ..,.""",e"", , ' flr< dod" ltk only O","lOnl at..,,]u,dy 
,,,,,,ossa<)' and ,hu, " '< de,,,. tu Iom,( glot>al ""'I~< (0" 

We imp~mc'" lhe d'~·p,..,d",,' ,y""I,,, array U""g 'oc 
SaoolJ ~OO1tng pujnl co,.,. 1~1. 

'Illroogh Ihc .,,'" Or tlk: ,)",toj,c "'r~) "C ,II,)W f,,,­
'n<Ttascd ft«Ju<ocy pc,t' ,"'''","e. deo","«J "",creon,,,."C'. 
and "mple. c,,>tly ",.bhle un,,,. We ,mplc,,,,,n, ,he pm 
alld,,,,,blt aoo {",,",PUI"'''" inle'";' '' """,al""', ",.tI"" ,10" 
'}W,1ic """Y .od impk"",nl ,he ","al and cooI'ol ,"'en,,,'e 
"""rallOn; ""~tJn. m,c,"",,,,,,,,,lin 

. .,.. ,eo-, 

Figure 3. IIlu"<Cratton 0 1 the general doC· 
produc t systolic array in the XD-l s ystem 

J.! . :.\Iracli((J; I'o ralleli sm 

n .... "''''go of the "<Ie "~n",u", per um' ,),>toloc "ITh i 
'.clu,e" .,...nl ~'pro,,,k p",.lIo lo, m o"c' ,,~""'u"". ,\ 
."liggk: ... "b ''''plcnt<:nl inll 'Y"'''''' "'''h ~"""t1f I""inl nf 
FI'GA h., .I,,·ay. been lite i.,cney .""""a' ..... ... " h Il""'i,,~ 

1"''"' eOf(" In ,>fdc, '0 pro,o<"'" r,st chod f,et{uc",·y. ",., 



ntces ... ry 10 pipd,,,,, Iht unil.<,.nd Ihl< "",ans ,ha, any OJ>­
"'flIlion Ihal requires f=lback. "' in. coonler or. ""ie; of 
OOdi,ions. Can"'" "'''::"P< new inp"l.< e>"ry cyde. Thi. is 00 · 
dre<>Cd 'n ( I l l Ihrough 'he usc of mulliple "older elemen" 
and el"bora'" s<hcduling. 

1 ..... ",;_ .... 1 

I , 
I 

'.M .. 
I , 
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Fig ure 4. Due 10 the latency 01 the floating 
poinl adder, multiple dot-products 8r8 inter­
leaved within the fldder pipeline 

Our aPl"o;>ch grow, from 'I.", amoonl of dOl'producI 
Ope ... lion, rcquim;l in Ilk- mal<'heJ filler. F.". ""ory da,· 
""uht. lho", i. a dOI-producI cJ.eCUled for e>of"}' pixel ""roM 

every , ignaLure templaoe. For uur da",cube . .ru, dol pnxlUl'1 
i. e>,«ulCd on a 240 dC""'nl 'peelrum '«<:101. """ IhOll­
... nds of , ill"alllle lemplales. Ba;"usc we :>re inlC,"tro 
in Ihroughp"I of cnlh d",,,,,ubes ralhe, 'han 0 f." ""ull 
on a ' '"Ilk Op<"IIion. we can inlmea" cump"",ion. to 

milig:o" the I.lency. U,ing JUS! on. odder or k eyc"" la­
lO""Y. and inl .. leaving~· <cp:>r.lle tIot· product ca"'ulalion,. 
Iht tIot-producl.< for ~' r>'""I. ran be computed "mullant­
""sly wilh,lUI incurring any add ilional re$Oll",e «lSI!;. Thus. 
,ht paralklism i. bolh ,ignalu",-w"" aeros<lht 'ystolic ar­
r.y and pi xel·wise wilhin a <ingle "nil. 

J..1 F1'GA Resu lls 

U.ing ,he Cray XD·1 wnn a V,ne~ 2·1'1"0 50 ·7 . "'e 
placed and roo,ed lhe design wi,h 20 00' producl unil< lU 
1)0 MH7_ Thi, ra'~ i, I .. , due 10 lhe de,ign of lhe dOl prOd . 

ucl un' " .nd more 10 'he SRA M '"'erfaces and arrangemenl 
of lht pin oon"r .. nts for 'he FPCA boatd. E""h u",l re­
quire> 2 bloc k RAM cI~,""n" and "'ughly 4000 log'c all •. 

'The panilioning choice< h • .-., a l>ig imp"", On ,lie perfor­
mance of.ru, design, and Alndahl". I ..... becomes a limiling 
foe, ,,,. Only 'he doI ·prod""l i. lnO><d '" tl>< FPGI\ .• tI<l Ihe 
dot-product •• ;oolmlS for somewhal 100'" ,han sor:.. of ,ht 
running 'imo per .ignalllTe. Thu" lite m",,;mum speedup 
is 2 • . Calculaling the per-. ig nalu", ,peeJup" compl ie.ltd 
by Ihe .y~")lic arr-ay. Ike"".., lIIe 5y".m h., .!O ""' ·prod ... 1 
Unil .. compllhng Ihe r~'"'1 for """ s;gnalu", n:~ui ..... ""n· 
li.lly lIIe same lime as cakulaling ,wcnly, Al 130 Mlk 
a 240. I 000 fno"'e "'·,Ih 240 .pec".' oompootnl< requi, .. , 
On ov"rag •. 12.4 s«on<ls 10 'ran,k, lite <i.ll3oCub<. perform 
Iht ,ompu,"lion. and ",Iurn Ihe resull. 10 the CI'1J. TllI< IS 
equal'" 0.62 oc<:onds pe' ,ignal""" for 1)111)' lIIe dot· producl. 
Inlegraling llie FPGA-based dOl-prod,",1 wi,h llIe ",,1of 'he 
ma'ched filer application. Ihe I"'r·,ignatllIl! 'ime i, roughly 
3.>econd •. 

While Ihe archilec'ure coo ld e., i' y be implemen'ed in" 
Co""'" ASIC ~ in fact. lhe: ""'pic onil.< ,ha, male up ,he 
sy<lolic ...... y >te d .. igroOO e.plidlly for e.", of AS IC im­
pkmonl'lion ~ lhe uSC of FPGA allows lhe use< IU u'ili,o 
paramelerized designs ""hieh allow fOf ,.nobl< number> of 
'p<C"allmnds., well a. "P'imi'.ed memory ,; .. , for. par. 
licul., problem. A. well. ~t'GA' .lIow Iht deSl~n to ht 
$Oal«l up",ard C'l,,1y ... pr"',,,,, '«hDOlogy . now, fOl" "' ... 
larger gale eoun,", 

4 Matched Filler Impl~m~ntation oR the Cell 

4 . 1 CeU Hroadband Engin, 

The Cell liroadband Engine ICIlE) is" new mi~"'f'<O­

"""""" orchileclU"" designed Ih .. exlends lhe M-bt' !'ow­
.,PC AIThi'~c,u"'. The Cell is Iho ",sull of COliabonli"" 
betw,,"n Sony. Toshiba .00 IBM. De",,;le the f""1 lhal Ihe 
proce''''''' waS primarily tk>igncd for game <"011""" • ..::1 
media cemet<:<! el""lron,e deyice>. il ""OS de,igroOO 10 me'­
COme fundamenlal problem. in micr<>pTOCC'"'' design. Tu 
Ihi, end. lhe Cell IS being u,.oo in <>Iher 'pritc'lion ""' ... 
such .. supercompu'inS (\II, 

n.. Cell conS"I' or " 'ingle-chip mult iproc.""", ""th 
nine <cpa"-te proce~",", which sl\are a , ingle c(lhc"'n' 
memory. The cell follow. lhe currenl micrGpn"' ..... · .. In:nd 
of added multiple C<)<e$ ",. ' '''II'e chip. bu, inStead "f all 
uf lhe ""'.s being ,lie ''''''''. ,ht Cell h .. one !'ow<T1'C Pro­
CC'SOl E~menl (PI'E) and eighl Sync'g"tie I't<>ce .. lng . Ie­
men .. (SI'E). 

The PPF. i • • genCf.1 purp<><e M · bil I'owcrl'C "",hi'e<:­
lU'" process", capab le "f runnin~ 32-b-i1 and tI4·bil oper .. • 
ina 'y<l"mS and applicllion •. It ,uw<>rt< IwO simullaneous 
,hre.d, of ucculion. which appoar '0 lbe ",f,w_ ., lwo 

indepcnden' proc.",ing unilS, n.. PPE hOS" Iyp,cal >inual 
memory subsystem w,th • 32 KByle L 1 in,lruelion cache .• 
32 Kll ylt L i do", "",lie and a unined ~ 12 KByl~ L2 '""he. 



The <"".0" a",( "OC"lOry 'oh.,y"em .11"" [).., Pt'h '0 '"'" a ll 
of 11>0 .ba.M lIl~n""Y as , Hat f1l<" ' tI<ll)' 'pace. The PPh . Iso 
>UP!>''''' """1:"', ~""'mll P"'"' a ... 1 • S I ~ IJ)I,-",,~.,. oni, 

• . --" " -,. ,----. -----,- ,.-

Figurtl 5. Cell Broadband Engine Owerwiew 

Th .. SI'E " "P"mlled for runmng con'l"'le-,n,e".,,,'e 
fUIl<I",n; .",1 i. 001 "f'C""i>cd f,~ 10'8<' .""hCallOn, ,.,. "P' 
<TIlling >)','''" •. UI<: SPI, " an ""kpt,Kkll' p<oce,>Or ,ha, 
run. 'IS ow" p",~ram aod ~,. loll ICC ... ,n ,h. sharcd VO 
an..! TJlemclf)', The SPE i, ,-oiled .ynorgi"lC doc '0 ,. " hon"r 
lin ,,", PPE~' run the <opt,";ung 'ySlcm aoo to 1"0\'1<1< ' he 
h'gn.",.d apph"li,,,, con'rot. I" 'un~ ,he PPE .-..Ii., on tilt 
SPE ~, 1""'.Jc al'f'h<."o .. ""rfnfT"""""', 

-111< SPI: ,",h",,'r. i" roml"'''' in""'''y ,hroug" a <pc 
c,ol St.\10 ,",,,,,,,"0" SCL AI,bough 'he SPE can bt !>ro­
lP"n'm."J ,n high k\-.l longu'gC!> "rill i, hIL' al 'I"--Ci.1 V<"(' 
,,,,/S!Mb MulllmN,a ,n'U nctlO" SOt e.,,"",ioo for '''''tc'''­
mg ,he p:u-allc l rorn""'a"",, 011 c,",h SPE. 0 P"'''''o,,-, ,ha, 
do 001 '"~" oo ..... nt'-!te or ,he .,.,Iable "~cl""L"",," redoce 
,"'.rall [lerl"""~"""', Th" " d"". 'n I"'rt. !" ,h~ 128 12H-b" 
rrgi"'" of 11>0 SPE, All """r~'IOJI' usc lh. ",ide ,-og',I .. , 
,og.r..!le<. "I' data 'ype. V""!O'''''''''' allow, ,II< """, .ro· 
C,cn' u .... • of LIH.' regiSL'''', 

Th" SPf doe, "ot h,"e "ny ,'ache. 00' h". 256 KRy'C 
lor""..," «>nlrollcd IOC ,1 SI"'" (LSl. '1 ... l,ot.1 >10.-.. ,., for 
oo.n ,",Iroelloo and JaLa .• nd has nO prll1e't"~' or InUL.'-
1,,,,,,, f' l< ,he .","," frorn 'l' own SPE. Si""" ,I><", i, no 
_""he or ""',," "y It"m l.""n. 'be SPE cannO! direc,ly ac­
"'-"" 'Il< mai" <han"<1 ""'''''If)'. lL m",t '",,,,kr ,II< da' a .ia 
O.\IA '0 ". ""'" local .LoJ't ""ng ,he Mcm",y 1·1ow Coo· 
,m ll.r (\ IFq 

11>< ,\IFC cOn 'a,nS a D~tA <on"olkl for 'Nln.fcrnng in· 
""""i,,", and da';, ' 0 'h" SPU·. loc~1 ",~e A DMA can 
1>e ;nr! ,aled hy 'he SI'U. by aBO,h", S!'U,~ by"'" prE. I, 
" ,II< fu .... ·,i"" IIf ,0.:- \ 11'(' i"",'face to 'he I" ."",", In, .. -
face lIu;; (l'lUl ",Id ,yoc"mni", ,he d,l . tlnn,fe .. , ,,,,b .11 
,I>< ", 0.:- , pr"':"''''', ill ,he 'Y"""" The ,\Irc ,opt"""" a.yo· 

, 

. hronoo,ly "nh 1npo."CI. '0 ,he SPU. ,., 'hOi n " "",,"blc '0 
"""lop IJ,\IA Lrd".ferS "nh ",b<...- ,"",~o".n' .opt,"ll""'. 

n.c U II Pf~.idc "oheren' n "nmon",01"", h<'''''''n 'he 
PPE 1""<"'''''. the SPf pro;cs,"",. n""n ",enlUn' '''''''8" 
000 UO. The EJ ll ,s a four " .. g ,'",,-"'urr f.,.-da,. and. In.., 

,'",,-"'ure ro.- ",,,,,,,,,,00.. The "'Iemal bood"'Kl'h "I ,h. !>u.s 
i, % by«, PC' <yd. and " '; I",,,iblc ,I> h,,'. m"r~ ,ha" 1m 
OUl"", ... hni D.\IA re<joeS1< h<1"'ttn ,"''" "or~~< and Ih. 
Sl't.-,. Ik"do, ,h. SPE, arodl'!'E. ,he EIIl ",,,n",,c'ro 10 
1" '0 ",hoor .Ionltn'" [).., »1.m"'1 In,.11'''< COIILrotter I MIL) 
and ,h. Cdl IIm'>Jh,,,,i F.nM"" I" ,.ri"". (BE ll. n.. "1le 
iJI"O",<k!; 'h" ,nlerface tIM"'ccn [).., hili and ,,,.,n ,wrage. 
The REI """'l<Ies thoo inte, fac<. c"",rol and ,,,,,,,laIL,," f'" 
all <d cmal UO c""'lLlun", ",,,," , 

4 .2 !llal('hcd Filter 

Th ,o< m" • • fC" ,n'pacl th. «nplon", .,I"1(}" or ,hoo 
Ma'c'hcd h l«, "" ,he ('ell 1"''''.",,1<. Fi",. ,he lim"ed 
"...mory of lilt 1"",,1 <''''~ f«!~"'" th,tlll<- ,mpk,...","UOll 
uSC 110 n""" 'h,,' 150 Ktly'cs [,)f' "",k'"g .. ,. nm .. fur 
,he, ,ed""oJ by ,n>l",,-",ioo .''''...,~ "n'."' bc ~n ",""Cd '0 he ,n 
,lit- Ic.,aI """" a' ,he ""nl<. ''' I"<-". ~'"". ,Dc n","""Y "'''' ~ _ 
,nB sci " moeh ,m.lie, ,hall do.: ,01.1 ..la,,, \2:10 MU}",e. ), 
then D\I A I", n,("" mu,,'" used 'n p,..;< ,hn,ugh , he da'a. 
Ahoou~h ' ho MFC pru'ili. IJMA ,00l,olier. ,he", "", 
very 'p<"(',I,,· hmll3"""" on ,h.." .",e .rod ~h8"""'n' of ,ha' 
do," Fi. "lly. therr are 1"'0 Ic".I. of 1'",.11.:1«", that C"" be 
cx f'l,,"cd ,,, ' ...... a'" ,i>< co"'pol<; ,""n,"Y. h.-s'. , .. ul"rk 
SPE, c.n operate ,n paralle l. Sc.:"nd. "<"('lot ol'<ral, "'" ran 
he ,,-,,--<I '" fu"her """'po'e "ff~i,-e""",. 

11>< DMA c,,",roI le, ' oppor'" ",lurally ahg".-<I ,,...n,fer 
,i,,, .,f L!. 4. or 8 by''''. and mul!ipk ... "f If>.by'e" ","h 
"", .. ,mum ,ran.f., .. i.e of 16 1>.8y"'" Peal perf"'"'a!"'c 
""bta'Red "ocn 'Il< d;iL>" 1 2~ by", ~hglled a",1 'he ,>'" 
of ,he ",,,,,,fe, .. an ewn mulliple or 128 by«s, Til< ,mage 
dO!" cob< IIf 'he m"'chc"<l fil'er i, 'hI« unoc R",",,1 "i'i< 
,he d,menSlon. 2.10 by 210 by 1000. In ortkr '0 OM" a 
!.IO ft"", "'''' 'n ,he SI'£. ,he dO!" "m" hc "'>rDn~e<J ~ 
,h., , ..... dal. "",e"",y ;, oJjocen', Ttu> i,," cr>]on "f 'he 
d"a" ur<n""~. hut allo"", lhe OM,\ to "" p>dded 10 a 
""".ftt ,i"c~n 256 Hual "'w~ I 16 KBy,~,). O,h"",";":. " 
.. ngle ,-.1"" must'" UI~en f,o", each coIum" 10 fonn ,b<.. 
da,. ncedtd for 'he <lu,. pn><lucl 

Siller 'ho SPE c'n",~ di",",ly ",-"c." c"""n,1 """unr)' 
af\J "'u" .. phCllly ",an,ft" a ll d;ila ,',. O.\IA. ,i>< allo<'. 
I'"" (If dOl. i" ,n.: LS" ""Ty 'mporlanl 'i" . rfO<Llvc porfor­
,,"'ntc. lhc bM, DM'" porforr'llInc"" arh"-"vcd ,,'h<n ""n, 
fcmng rh< lorge" O.\IA m" "f 16 KII)- 'e" Thy •. Lb< da'a 
inpo' '0 ,ho dot 1"0,10(' ",II be ;,",c~n row, "I' 2~ti ft""'-, 
F. acll of ,I><- " ,'10<0 w,lI f""'" >Ie u<cd ,n 'I>c dol p1'(ki""l 
w;,h Ih< Slsn""", l>ef",~ I"" ... ,,' DMA Ltao,r." Th~ "g-
n''''", da,a chan~~, ""Iy or ... r .11 ,he dlLla (2JU M DyL<') 



has b<en proc .. r.ed. Th;' i.lransfern"<l on ly"""" and Imn,· 
f<>m1<d " oce before u«, in lhe dOl ~"CI. 

TIt~ paralleli,m i. ""hi",,~"<1 by lransferring a single sig­
nat"'"' 10 coeh of the SP£> and ha,. "..,h SPE 1001< for a 
match using a ll of lhe dato. S,ne< III<: appltcation i. inter­
esled in p,'(x"""ng Ih,,""'nd< of ,ignalu,e •. [/". awoach 
ca,ily Lccps .11 of lhe SPEs bu,y.od can be mode '0 effi· 
cien lly proc ... all of lhe dala inpul. The ,,,di,,d".1 SPEs 
calcul . te lhe dol prodllCI u,ing veclOf add ,t>J ",ulliplics. 
which allow fom Hoot< 10 Ix p"",es<td concun-enlly. Not 
.11 operalioo' ,,"n he v'"'tOl"i,ed, bul "«IOI"i"lion of b:y 
rompu'ation, ioc",,,,,,,,, lhe panJloh lation 01 ,he operation 
levo l. 1l>e SPE al;o has two eX«"lion Plpeltne.< .nd can 
s.:hcduk <"<O'13in ope ... lion, to run in panll .. 1 on il$ OWn "" . 
oxulion ptpch .... . 

-l.J Resu lts 

Ini,i.1 resul" for II>< (A,ll impkmenl"'ion '00' "v'r JO 
,""co"ds ,,' 1'''''''''' Ihe <1:11 • • Rearrang,ng rhe da,a for ,he 
O).1A. to thc SPlli took 26 "",cood. and the remainins 4 
,.:,,,,.Jd~ we", all 'hat was n<X<k<l 10 proc<>< f""" 0""' to 

eigltl "~n'lu=. The .. ~""ed IfOnSf'O'C b ,-cry expem"e 
on Ihe PPE of tit" Cell Jut I" !he f..,1 'hat none of tit" ",od, 
can lake od""ntage of c..,hing . Since lhe =ange""'nl of the 
da"' ..... dclermined I" be arbilnll)'. "",proc",-.ing ,II< data 
reduced the co>l or .. ading rll<: fi le 10J"'1 7 <OX"'l<I,. 

S GPU Implementation of Matched Filler 

5. 1 O~.·r~;" ... ", G PU Arclt ltet"tu~ 

Gr1Iphic. i'roco",ing Unit!; (GPU) ore a CommOOily-Off­
The_Sh~lf (CarS) producllh"1 is "",anI for aced .... li"g !he 
rendering of image.' 10 the SCI..,n , "The intended audience 
of Ih~se prodUl.'" i. l8IJldy Ih~ gaming matkel. w""'" high 
f .. me rale> and elaborate. compl"" 3-0 graphics requI" 
,1.",.of_Ihe·art 'tthoology. Btt."~ of ,he dcm.tnd from 
IDe g.ming comllluntty. co"'pani .. such as NYl Dill [21 and 
A).1D/ATI I I I h."" pnwide<i processing capabili,ie. 'hat 
h~"e ''"''tripped II>c developmenl of gel'oCTal-purp::>Se mi­
croprotc",""". 

Pon of Inc ab,lily of GPU dc" elopers to ,nno"al. corne, 
rrom !he re'~Clion' th.1 con .. '0'11" Iheir targe, applica. 
tion • . Graphic, code Ie"," to be image ccntri<. wilh data 
"""" .. ~nd r ... ull prodUClion OC(:uning in . '<ry f"ediclablc 
man ... r. In panicolar. code. I~nd lo,,"'ard ~ •• ily ve<:loti""ble 
comput,I1ion wi,h limiled oJala u .. ge. OIher common ch..-· 
octer;,U« "",I<><Ie 181: 

• Singie'in",uc1ton, n]uhip l" da,. (SI MO) ,truelu'" 
II>c .ame code IS e,oxuled for each pi,el of on image. 
Reeause all of lhe procc'-'Of' .'" performing lhe .. "'" 

, 

opc:r.,ion • . Ihe,., ~ fewer .ynchroni7.a\ion probkm' 
arid Ie" rc,()U",O' <iediC "led '0 inW""'io" Gutue, and 
bronch prediction. This archilecl",.1 """,,",. doc, not 
ea'ily '"pp"n branching. a. d.la move"",nt n""d. 10 
occur ,n loc kslep through many p;tralld proc ... son. 

• Single p .. el OOlprJ'" Ihi. i, a pal1"ol ... reSlri<Uon fir 
GI'U archi=IUr<'S before lhe NVIOIA GcFurce HSOO 
(21. r. lea>ed in \;Ie 2006, This model as,ume, Ihal all 
ope"'lion' will produce" 'ingle '<$ull. Thi. i •• ",a· 
sonable ,,,u"'plion for many graphic.-centtic appli_ 
callons. as ", .. II a< image 1'"", .. ,i08 app lic.II"'" tit", 
do not ncce" ... ily ... ull in . di,played imago, Con>o­
lulion. f", in.".nce. and "'"'pl"'e malehing pr<lduee a 
single "" 'put, 
In tltis ",odd. eomputalion, e~e<'u,ed on the CPU be_ 
h."., much Ii ' e .. ngle-return val ... functions. Thi, con 
be incon,'en"'nl. a< we ... ,11 see I.ter.", many ""mpu_ 
tat ion, h~w <ide cffoeu;.oo mull ip le ... ulu;. In these 
.il.>Iion,. ,Ite _,i ngle pi...,1 "UlPU' ,",""Clion cau,"",,", 
to repeal COmputaliOn Of build e!'borate w",karourld<, 

1l>e .ingle p'Aol OUlpu' "",,"cl;on also mean, Ih., "'01_ 
tc,ing data is im"o"ib~. Iloxau~ a funclion con on ly 
produce O"~ ".'pul .• nd tIt.1 00!pU1 i. ullnnately Ihe 
rcn<l<ring OUlput for a pi'ol. il i, impo>sibie 10 ran­
domly place data inl" "",","'Y. While ga~l<ri"g &13 
from . rbitrary location, is supported. dala OUlpulS arc 
restricled in lhe graphics paradigm. In Iha, pModigm. 
p iAo l, a .. rendered 10 • inJage frame. and ","ltor i. 
rarely reqUired. 

• Da,. localily - ,hi. i. Ie.", of • con>l.n, ..,,,"', . 11 
GI'U .pphcation, .n~ "tore of detormin otion of perfor­
,,,.nee fur. gi'en applieatiun. Ct""idermg .imple kcr_ 
... 1, li ke convolUlioo _00 lemplJle matchmg. (he dot . 
locali,y i. rugh . ... itlt .arh piHI OUlpUl on ly eon,itlcr_ 
ing lhe pi,els ,n ilS imnledi.lo 'klnity, Whiic ,he in­
lemal "",hi=, ... of C PU, i$ proprietary.t>J do!.< ly 
held by NVIOJA and An. Ihe importance of cache 10-
<alily ",moin,. Neighborhood ope"'IOB con,in"" 10 be 
• strenglh "f C PU de,',ces e"en as 'heir copabil!tcs be­
eOn'e mOlt gene ... 1. 

• V",-·,,,,iL"blc Code There arc tWO paradigms for rhi, 
app'oach within Ih. C PU. 8"""",,, of III<: SIMD no­
ture of lhe intended "pplio",ion • . lhe .. i, benefil in per_ 
forming ,oo'putalion in a """lOr formal. For instanc •. 
in a ""rie, of computal ioTl$ on """o"", i". p i,.d,. rhe 
enmpulali""al pipeli,,", Can "'nta,n full ... the", " a 
large ~oIume of datll and irldopende nt con'pu'.lion, 

"The \.C<:ond opportuni,y for veelor acre"'ntI;Qn ,; by 
pack ing m.lripic "al"", in'o 10< Rc~. Green. BI .... t>J 
II lph. (RGBA) <'OmpooenlS "f. phel. In 500le ,t1u.­
l iun •. Ihi, allow, lhe c", npu ,a,ion 10 be 'pre<><l "" roos 



parallel V«lor ~nllS. lIowever. Ihe ~rformaoc.: of lhe 
packing seem, In be • driver and impl.menlation de­
~ndenl. We ho" obse....-..l kernd, whe ... u,ing only 
lhe Rcd channel i, fo,'.r than pa<ling the da,. """"" 
RGIM . 

TlIe'le ",,,OOioo, .nd beh ... onl patlems have ail..,..·cd 
lhe ad"'""e",,,nl of GPU ar<hitcctu",~ and pcnonnan<c at 

• m""h high .. "". Ihan go .. ,al J'Urpose micmpro..rosors 
Curn:nl GPU "",hileclu"" ""lUally (IppC.r much lik • • coi · 
1«'1ion "f dos, ," , .. ,.:tor ,ul"'",ompu,"" 0" a ' ingle de· 
'icc. Reea .. ,", of 'he .... Ir;';tion, OIl the [onn of the out-
1"". Ih. problem, ... "h """he cOhe","cy and OIher memory 
iss"e, Ih " romplicale <>Ihe, multi·proce"mg .rch"""turc. 
..... ..-o;ded. 

lIefore lhe dc'",ls of the imptemen'a,ion are preS<:nted 
in Seclion 5.2. ""me GPU le,minology shoold be defin<d. 
l1>e lUi"" i, the ba,ic "Of.ge .""'clUre on tnc GPU. It i, 
us.ed normall)· for pm'·idin~ 'Iorage f",.. !eMure. or a sc­
ri<$ of ... h.,,, Ih" can be mopped to a .urf~ to pnwid<; the 
"pp"aflln"" of a 3·D ,urf""". This" used because il i, com· 
[>Illa tion.ll y cncaper to map a liled le"ure 10 a surface th.n 
il;' 10 actual ly >lore the ,u,fa,. with d .... iled .... rface map· 
pin~. Fo< ~.neral purpose u"". malr .. e. can be m.rred to 
texture memory. and recallod raooom ly. Multiple tnlure, 
con be ",cd to cakul .. e Inc outpul of • gi .... n fUllClion . 

s.z [mpl~",c nlat io n ~tails 

We h.,. inlp len>enlcd the main p"d loop of the 
malched nller on a NVIDIA GcF,,"'e 7<JOO GTx. wilh an 
1"I<I1'.n ,iom 0 2.g Gll. wilh 2 Gil RAM . Til. ",.in pi«1 
loop is .. ~ lhe .. ·hole of lhe COmputalion in the application. 
b.n i, doc, "'prt",n, al Ie.", g~% oftbe ."""u"On Itme. Re· 
s1l1C1in~ lhe GPU·, u>ase "mpl ifio:d de .... loopm.nl lime os 
w.;11 as allowing .... 100 r""O$ OUr ."enlion "" lbe IJI<l!l1 "me 
con.,um,ng pan of Ute app lication. 

W( brc,k lho "omputa,i"" in", four parts. in ord<r '" 
wor " wilhin Ih. confine, of lhe GPU architeclu'e. 

The firSl operalional blod " the "alcul.""" of Ihe mean 
for .IOCh row of ,he nYI""'P"" ir"dl d.la cube. and the .... t><e. 
'lucnl subtJaCti"" of''''' mean from ~.dl <lemenl of Ihe row. 
n.. <. Ie"la,i"" tOr a 'ingle row i, 3S follows: 

f or Ii _ Q; 1 < n ; .. II 'um._ b [ i ] ; 

tle&n s urn/n ; 

f or l i _ O: <n; .·j l 
b[ il - _ """.> n; 

Tile ..... n calc" lolion ,",e.l, mony of the r><hlit ies Inal 
make pru~"'"1m'"8 for the GPU "'" a. "r.ightforward as 
prOgnlmming f",.. genWlI purp< ..... CPU. 

, 

Bec.u"" ""ly ""e .. ,ult <.n bc gc"",ate<l 1"" p .. el. a 
vcc,or .ublraetion Can nOl be c. ccuted in """ M.p. Id:.lly. 
tlle ,unlmolio" of lhe ' ect", could bc cmnpu«d. Ihe divi· 
sion • • ccu,cd .• nd then 'hOI ""ull $ublrnctod rrom .ocb of 
lhe componenls of lhe 'ecto!. However. beca"", le",porary 
" "ull$ <·.no", be ",."d belw.en indi.idu.1 pixd . Iwo ren o 
<loring I""'-",.re used . 

The ...... y bfO .. nl i, laidOllt as. row in .t~'lu,~. A blod 
of "um, ",0 coleul.to<! in """ p.$$. with 'OC" bIO .. nJ rnw 
",odoc.ng one .lemon! '" ~ 'ec\Ot of Sum'. In IhlS forn,at. 
a ,i ngle column of tlle outpul frome buffer is ","""red. The 
"oordin.te ofth" pan",ul .. row of e.ch Imel '0 be tondered 
.. used along wilh a loop .. riahle 10 'Urn the enllre row. The 
I1l<,n i, " aieula,ed f",m 'h~ .um and .. "",,d as 'ho OUI[>llI 
pi~cl Red ebanllel. 

The second rendenng pa" su btrdC," Ihe prev.ou,ly c",,,· 
ruled mean from .11 dement. of the «xlure. Crn,,"eniently. 
....h,le III<- ",ndoring k..,oel ha, chan~ed.lh~ lexlUre, ren)3,n 
in rnemuoy .• 11 ""'ing ,he IICw compulalional kemellO Com· 
pute lhe ne"'lo~lure valu .. from thed.la . ,,11 on lhe GPU. 

n.. computatiun of lhe Linlages and mf...im.ge, ""ul" 
ore the most complie.ted kernels. They requ irc hoth the dot· 
product of Ihe newly mean ·.ublJar,o([ b/l ,,·ilh an",her rna· 
trix. aU . and a dot·prod""l of b/ J ",ilh ,1",,1f. Tho d,ff ..... nc~ 
f ...i mage. _nd mf .imag .. i. a coll"';,ioo of $C.I.r ope",ti"" •. 

Tile interc"ing and prool. "",I;'; aspecl of lhese fln~1 fe­
,ul« is ,hal they both . bar< lhe f. ' u1" of Ihe ,wo do'· 
product •. ,,·h;';h an: the """I da'a inIO""'" compuUiuo", 
of 'he en"re pi~cI loop. Howe,·cr. becau"," of lhe . ingle­
re,u ll "" trk,io" of ,he GPU . Ihe ~UCI' rnusl bo calcu· 
laled I",ico. Thi' is highly ..... Sldul . F.",ibly. lhe dOl prod. 
uct. could be calculaled fit>l .nd lhen ' Ion:d for u'" in cal · 
culO1ing Ihe final r.su l" ind<pcntknlly. I, is cuneolly un · 
cle,... if the "".rhead cno;.t of til<- t"'·o addilional ",n<loring 
paoses would Ilulweigh Ihe cO"t of recompu, ing lhe do,­
prudoc1S. 

5.3 Resul ts 

We h .. ·e IInplomentod ,he m.ln pi,el loop of Ihe 
m",chod tiller on a NVlDlA GeFon:. 7900 GTX. ,n.o In· 
tel Pentium D 2.8 GH< with 2 Gil RAM. For the inpuI-'.bin 
dal""'l. wh;';h contain,. ,,"gle d.tacube all,! 5 "g""IUfes. 
lhe CPU·only til'" i. 35 seconds. Of Ihi> tim •. about b 
second, is ~ui",d for pre·processing. and Ihen 6 secood, 
pcr l ignaillfl'. The prep""'""ing ... ag. ioclu<lo. reading and 
Iraru;posing ,he Inpul dala cube. 

n.. G.:Fortt 7900 GTX inlpic me n,ati"" for lhe , .me 
,!31.sel req~i",. only 12 >ocooo •. aim,"" a 3~ impro .... menl . 
Bec."", only Inc pi,.IIOOp h" been modif,ed. 'he 6 ""C· 
ond pre-proc .. " ing time rem~'ns c,,">,aol. 10 Ille pi'~ 1 lOOp. 
howc'cr. each ,i8n . ture now only 'equire. OboUl one >ec. 
und. For la'8<' .ign.lute dat.ba=. ,h i. me.n, Ih .. ,lie ,ig. 



".Iu", Ihroogh",,1 wI ll "W"'och. 6, ,peedup o".r lhe mi­
croproc ... or implemenlalion . 

S.4 Remaining WOf"k 

~A. I floallng I'9i nl Inronsisl. ncln In Results 

There .re .. >me in!CreSling i"""".i.,e""io> in lhe resull. that 
we are "ill "plorin!;. 'n.e GPU ,.",Its I"'l!dy match the 
CPU results tn several decim,l pl;r.ce,. Howe,..".. in ",me 
co. .... ,he ",suil' on: up \0 0.9 in error. Thi' $Oft uf .t''''- i, 
rare (pe<hap" onc tn 10.000 """Its) bul Ihry do """ur. We 
h • ...., .,.cuted the e"<>de on .a.-;{)U$ pl .. form. and thus Vi,,· 
;"'" inlplen",nt.'ion, of Hooting point. and no ="'" have 
"".n obsc,V<."d thai 'prroach lhe d,ffe",""" bet"'een • CPU 
and CPU implemen .. ,;on. 

The"' .... os some su.preton Ih>llhc limlled"se of """blc­
preci,;"" opennd' ;n lhe mieruproct:S"" impkmen,"uon 
""QUId h .. ·• cau",d some of the differerrcc-s. "The GeForce 
7900 only $uppon, .intle prec;sion Hooung poin,. bul 
redUCing Ihe f ..... double·p",cisioo l)p<:1"and. to .ingl • . 
preclS;on did no! moVe lhe CPU ",,,,I,, lUword lhe Gl'U 
resu l". 

In ,he (ol]' ..... ng ,able .• n~ ",.ult wilh an ClTor I"'l!e.-Ih . n 
0. 1 is recofded fOllh. firs t row and lhe firs t r.", .isnaw",,, 

". c" oro ceu , " ~.507 ~.MoO , 
'" 6.591 6.703 , '" 6032 6.IJ~ , no -I.8J6 -5.5-10 , 'n 1.738 1.1:>17 , 
'" 1,68<,1 1.584 

h ,h"uld be clear Ih.llbe", is no pan'culor paltorn - Ihe 
error. "" nOl "",Cur on [he •• "'" column .. , .. In ,he Sa"'" 
number for eoch .isnature. This i. an ; .. lIO thOl need!. (0 be 
"'wIved. 

5.~.2 " ddili .... al Imp<o't ments In Ih~ Approach 

We.re inl.",,,.d in exploring vOfiou.' impr"v""",olS t"l~ 

CPU d."gn . 'Iloe lime 10 ,mplemenl lhe im~n"'n" i. 
ono «,.."rain' Ihal has limited uut abil il)" to OApl"n, the de· 
sign 'pare. II "'ill also Dc usef,,1 (0 mort c.",fully e-al­
ua' e lhe likoly .ff«·,i,·ene,;$ of "",oe of tbe "",",,, compl .. 
change< before ,hey"" aclually implemenled. 

The following Ii'l <>rtItrs "",en,i.1 ch'nges from the 
high." and ""'<I likdy 10 be profilOble '0 the I ...... 

• 81""k .ign .. ure ",.,,<;u,ion - cUlTCn"y. a ,inglc column 
", .. "I.".d, o...""g t"" nper,"on of Ih~ matchod nI­
la.' hYjJ<r-spc.:u-a1 dlllacub<: i. reduced 10 a SIngle 2-
D fran", for ",>L'h signat u", R.nderin~ a .ingle col· 
umn i. on efTec,ive woy of generating ""ul" wi,houl 

• 

reson lng 10 larg~-"rid.d cache- unf"endly 3· D "latrix 
'e"pre .. nlalion •. II. complete f"s"l, frame for 0 'In~1e 
,;goOl u", i. pm<iuc.d. t""re is no ahemative 

However. "'0 have "", iced Iha' ,he", is >Of"" opportu­
nily ror dala reuse IS ...-el l a, ~n "moi.nl Jala "'prc",n · 
I'lion if .ignature. ore pnx.,>ed in porolicl ,".!Cod of 
t" p",. '- Icvei panolle l;,nllh", "'. a", <u""olly "'in~. 
In litis mo<k . • row i, eompol«i in parallol for. blOCk 
of ,;gnalure •. Thi •• !>ould . ll ow III< GPU ;nSlr""""" 
",hedul~r to be e>l"",l more par. ,lel"n>. 

6 H:esUlls 

We no," implemenled III< ""''''h~d filter On. va.-ioly of 
pial form •. In each .y.tem. our oojecI"'c was 1<> produce. 
sY"em Ih'l i, .. ,$011 able for prod uction U,", This I .. ,ely 
"",.n' Ih.1 a CPU. bus interfaces. power s"I'I'I;' •. ond ,n­
.oIved ,uppon hardwa", ore included in .11 of the perfor· 
"",nc. me.,u,""","b. 

W. h .. e eon,idered "".ral pe,form."". mOIne •. 
Speedup «,mpaled to the CPU imple'''''"lall'''' i. lhe pri­
""'I)' ""'lric. as Ihmughpul per ' ign.tures i,. rrimar~ de· 
ciding foclor ,,·hen d.", volume, ~'" high. CO" ond PO"'CI 
ore socondary facto". C"'I i, oflcn an OOjccl .• ftcr .11, and 
r", I.rge dal' ""Iwoes I"" differenee in priee Dclween I 

commodity (oPU rct.il ing for mughly S5OO.nd an $8,000 
1lI~ Cdl p<OCC""r oo.rd ffon, M"n.:"'y Computing 131. 
'111< coo.< of CPU •. FJ'(;A. and Cell·b.sed sySl.o" .1", must 
,nclude lltc PI;'e of. ",,,I machi"" Ihal can ,uppon lhe odd· 
on b" .. d. The ideal "I'I'roach for large Jal. centers i, t" 
n_II"'''' 'he speedup pe< COSI. cap'u""',n ,he ",con<! 10 
I." col um n, 

Power i, of utmOSl e"Once,n in cmbedJ<-d '~''''m •. Wh, le 
w. ar~ only concerned with . b.SI< ",atched filter ke,,,,,I. I 
IlXlU elabor." sYSlem w, .. ld perform lhe m'"e M filte. on 
Ihe .mbedded 'ystcm and lhe" only transmillhe inle",stlng 
bil' to the base $"'U"n. Thi< is "n appropri31e approach for 
,atellile or """.1 teeonai,,,,",, •. In Ihc", ,ito.lion,. po ..... r 
i~ II1(a"""'",,,nl of in'lantaneous p"w"" "'hen Ihe sY"e m 
i, acl i,", Ofcoorst. bee,u,", Ihe add-"" card, p" " ide an 
;ncrea", in time jJ<rformance. ,II< system could feaSible be 
,hul off for SOme peto;<nt9.j!e of the lime. so en.rg~ - hime 
• pow.,,-) _ i> • u",ful ""'''ie. We cap'ur. "norn in Ihe form 
of ,poed uplwall. Ih. fln. 1 colum" of the tab I". 

Our ",,,,II' fo.- the VlIrious im~cmcnlati"n, are listed Ta­
ble 6. The ",.uil, orr normaliLct! ogainS! an Optc",n 2.8 
GHz wilh 2 CB RAM and a 15k RPM SAT,' harddriR In 
. ,1 ,i!u,'i on" ,h. 'iming ",sull> .re ba'od un Ihe '""",go 
of sever.1 run, of Ihe filler, The hig""'l >peedup We pool . 
12A, nver ,II< CPU, i, fOl IhI: IB M Cel l 1''''<'"''"''. Thi, ;, 
for Ihe firsl ve"ion O[lhe Cdl. running 1O1 .. GUl. 

In lerm, of _<pe«iup pe' dol ia.-. Ih. G<cForee 79CiO GTX 
CPU far "",,'ril" il' oomjJ<lillon, Becou", the (oPU i •• 



commo,j, I)' add-on card Ih'" i, w id ,n .. .,1 numbers. ,t; 
po1e<: i .• "''Y ... asonable comp .... d to ,he m«"c =t<:,ic 
FPGA and Cell eo.proc""""s. The " . 'ue of the GPU ,n 
perform.""" I" " dollar is «"de" ,,{ magnitude ("'ter ,b~n 
the Ce ll. 

TItc FPGA d"". n()\ rare wdl in ,he cO"'pari;.oo,. Be· 
cau '" only Ihe dOl-producl ,,'.S impl."""nlc<i on the FPGA. 
,be m:nimum possible >~up ''',or lhe ..,{warc ,,,,,ion 
.... ~, 2,. We h .... ""h""od ne~"y 'h" lItn'ugh eAlen,;ve 
paral ld i,m. bu' .... limited by lb. difficulty of impkrncn'. 
ing Ihe more control intensive and ",alar ope'."ons of 10.: 
fil,.r. 

7. Conclusions 

In this wotk. we .,'.I"atc<i to.: performancc of. ,,,,,,,,h<:d 
fil,., algori'hm implem.n .. tion On occel.r,,,.d cU·P""';O$!.(I' 
(XDIOOO). ,he IBM Cell mi<:rol"""""SOt" .• 1Id the NVIOIA 
GeFo"," 6'XXI GTX GPU g.-aphics card. 

We fou"" thc FPGA-ba",d implemenl.,;"" III be h'ghly 
",ala!>le """ .. et')' effoc .. ". a' calculaung ,Itt dOl-produc, 
j>OfIion of lhe computation ,n p .... llel. bul ultimately found 
A,nd3l,j", law 10 be a limiting fac ' .... . 

The Cell rro""d to be the highe>l p"rforming ",IUI1O" 
f,om a 'ime .n<! 'h,,"'ghpu, 1"''''p''''live. 11>0 Cell impl • . 
..... nlS ' ·oc'ot pn>eesson lh .. c.,ily map lhe ma"i>ed fill"" 
as well .. , the miscella'''''"$ scalllr0pc"';ons and <e!uIHI"" 
,,,,",fer, 

The GcFotce 7<J()) GTX CPU cn· proc.ss.or ,",'a., found 10 
b<- 1M h'gh." .... ,"" in ,~rms of perform""". p<r doll .... The 
GPU al", maps lhe '"«torllable tiller "ompu,alio", e.li ly, 
t.,,, re<ju"", "",." elabor:tlo soft"''''"'' design .. ,he de .. ices 
an: "",ant for gr;Iph b ·«ntr;c .pplicatioo,.rod "", general 
putpOSC ~"'"p"T'lIOn. 
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