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The S:,atollc Pro- with a ReconllgurabJ. Intu­
C01U1eetio11 Network oC Tn.uputen (SPRINT) b a sixty-Coar­
proceaor mulUproceaor dneloped &t Lawren" Li'l'UIDOfe Na­
Uoul Laboralory Cot cpcrimeatally rralualillg 171tolic alp 
rithmll and archltectuns. nm paper dacriba tbe archlttt• 
lure ol thc SPRINT and ...,en1 algorithmll which ha" been 
a:eculed Oil it, 

Introduction 

Comput&1ioaall7 ialemiYC problems driYC reeuch into 
parallel computing. Work on 171tolic arra7 archltectura (4f, 
pioneered by H. T. Kung, ladlc&tes th&t ror an lmport&At dau 
oC algorithma, computatioll 1peed can b« Un.evly illatt.led by 
tba number oC proceuon. For enmple, r~ matrix-matrix mul• 
tipllcatioD., a 171tolic arr&7 oC N x N celb can b« comtnicted 
to multiply two N x N matrice1 ill 4N Ume llepa. Although 
each cell la buay only oae quarter oC the time, the proportion 
la illdep.admt or N, the aln.ol the arny. 

:ilnnrchen baH designed 1y1tolic archlttdlllfl (or many 
computationally llltenslYC tub. Lawl'fflce U'l'fffflOre Nallonal 
Laboralor, hu dneloped the S7atollc P-with a Recon• 
11.gurable lnlen,0N1ectioll N el work o( Trampulers (SI' IUN"l") lo 
rraluale experimealally 171tolic algoritlum and archih:ctun,s. 

Archltectun: of lb• SPRINT 

The SPRINT, 1bowu ill Rgun l, b a lixty-(o,u.prottuCX 
mulUproc- dettloped lo enluale upcrimfttally aad lo 
d-111lrale lmplemeatatio111 oC 1,ttolic &rnfL Th• proca­
_. can open.I• In Slagle wtru<tioa Multiple D&ta (SIMD) or 
Multiple wlructioll MulUple Data (MIMD) mode. P-n 
opuatlnc ID SIMD mode u.ccul• the aame wtractloa slmul­
laaeoualy but operate on dllfereal data. Proc-,a open.tiDg 
IA MIMD mode can a:ecute d.ill'Uflll lnatr,acUou oa d.ilfant 
d&la. Each oC th• uty-roar ~· la Ul lNMOS Trau­
puler, a 32-bll llagl..dilp mlaoproHIIClt, Tlm1ag tall ahow 
tlw the T414-15 Truapuler pu!otma app~ twke u 

•··•··.• lut u a Vu 11/TaO lot bllept opuaUou. T1ae pcac•aa :;~ ue bltacouected la• ncodcunhle Mt-it wlikla cu._. 
'c'/; uw Mtworb aucll u the t~ ~ U.. tdaa­
},> p1ar mall, U.. 1wlll'f trN.. ud the ahuf!~ M\wodt. 
/.•• .... The two-dlmmnonal 1D1U1 ud the triup1ar _. an --1 
:rc:1or IDUlf l)'ltollc algorithma. Thi buwJ lift la aid la alp 
·•: :-,·•aUimancllupanllelNardaalprithmll. Tnslw.!Bea:chaage 
' aetwodt cu be ued. Ccw recunitt do.bllq alprithma ..di u 

U.. Fut Fl>urier Tramlorm (FFT). 

The SPRINT b implemented u a ut oC wrocuds io­
tcdaced to a MiaoVu lL Then: an, sixtttti proc""°r bo&rcu, 
ooe 1/0 board, and OM Mtwork control bo&rd. A proces,or 
board coalains four pr1><euon. ~ proc""°r hu l:?Sli.byta 
ol·mctr>0r1 and four uyuch.roaou.s, fulJ.Juplu. 10 Mbit/wc 
liw conAected to a 4 X 8 croubv 1witch. uch c.rossbar 
1witch is lllCtUUf)' mappfl! lo it~ 1-U<Kio.tffl proccuur. The 
output.a ol tbe sixty-Coar c.rossba~ switch"" uc iotcrconnttted 
ill a lix-<limmsioaa.l hypttcube. 1'\ie 1/0 boud iutcrfaca the 
procesacn to the host machine, a ~licro Vu: 11. The 11etwork 
coattol board coafigatts the aetwork into the dc-.ire<l topol~ 
by controlling the 4 x 8 croubu ,witch.,,.. The ~licro Vu: II 
coal.&lns the progr-.ms •11d data Cor the SPRINT. 

The SPRJNT"s h7~rcubic 11ctwork. is JcfineJ :u fol­
lows: Number the Yertica oC ilD n-Jim.,nsional hyp.,reube Crow 
0 to :?"'-1 in binary. Tb.,,e ~ a conn«lion betwtta each plLir 
oC 11umbettd Ytttices •h~e bit patterus wlTer by uaclly one 
bit. Let :it•(z,-1,•••,z,, ...• zol b., the bi11u7 1.-bel uC & aoJe. 
The Mlghbors ol x ue (z,_., • • •, :,., · • •, zol ror O ~ ~ ~ " - I. 
Then:fon. each aoJe is coun«te<l to " other n0Jc1. for ~t­

&mplor, ill a S.Jlnwuslou~ hy~rcubic network. nu.Jc 1001 IU is 
COCUMCted to aoJe 100111 (bil O Jilf.,ttnt). nocle IUUIUU !bit 
l dllfemal), DOde 100010 (bit 'l JilTcttnt). noJ• IUI I IU (bit J 
dill'tttat), DOde 110110 (bit~ dilfettnt). &oJ noJ• 000110 (bit 
S dllfumt). 

Ahbuugb ntitbc-r &JI ,,.levd Wua.17 lr~ uur 11 ~"'-11""'1~ 
abwlle-.:itchang. network can b., imh~J.,J in ui ,..Jiu~iuiono.l 
hyper-cubic aet-k, the SPRINT octwork cii, •mulat• tbe,e 
actworka by cou1>«ting approprio.l• nuJM th:ou~h nu,Jtiple 
aoabv 1wilcha. This connectioa &J<ls onl7 a uu,un,o.l Jd;iy 
lo messaga oa t~ Uab and datt not involve th• pr,><es,ora. 
Figure 2 abowa a 4-ltttl lrtt imb~J.,J in & l&-no,I• Yeniot1 
o( a SPRINT network. The 110<le numben r•prtteut th., 11oJe 
llumben ill the underlying "'-diltlA!nuon.J hyp.,rcubic utl•ork. 
Thnt C&llDO\ be a dlrecl coD11tttion r,orn pro<Msor 5 (IO I in 
binary) to proctUC>f J (011 ia bi11ary I btt&u"' the l&u,u ,lil(rr 
by two bit., bit.a l and l. Tb., eountttion lrora ptu<"30r 5 to 
p~ 3 puan through c.rossbu i ( 111 ia binuy ), but tbe 
COCDKtioa doa DOI ia'l'Ohe pr0<,es,or ,. 

Tbeonm 11 No ,a-ltYel binary lrtt. 11 > :, cu b« 
lmbedded Into Ul 11-dimcasioaa.l hy~rcube so that neichbon 
la U.. trft an m&l!pecl lo aeighbon ill lbe b7~rcube. 

Pto06 taW ti- noda ill lhe ,a-Jir.tr..sloaal hyptt-
. CUM la buwf. IO thal there ii a coaaectioll ~t•ttft •"'7 

pair o( DOda wlloee lMMl ditren b7 t:uctl7 on, bit. ln u • 
dimeuioul hypemabe. halt the DOda ban an nta number oC 
- la Ulcu label&. Call thae DO<la '"" ,...,.,,, -.o<lu. The 
other halt oC Iba DO<les haYC an odd numbu ol 011tt ia thtir 
label&. Call th- DOda od.<l ,...,.,,, -.od.u. la a hn>•rcub,. tbt 
Michbon oC a node ha" opposite puit7 oC th• oo<le i1..,1t. b.. 

t Thia work WU ptrlonned uder tba &bit>'~ o( tht U .s. ~putm4'D1 o! Encrp 
bf U.. Lawtaee IJ_,_ Labon~oc, uder Con~t \V-T-tM-£ng--l8. 
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Figure 1. Architecture of the SPRINT 

e&UM the l•bd oC uch neighbor m,ut dilTer b7 uactl7 one bit. 
Thia propen7 m,ut be m&int&ined b7 u7 m&pping oC the lrtt 

onto the noda oC the h7percuhe. The pvlt7 oC the root oC the 
tree (lnel 0) ditrmi rrom the pvit7 oC the two nod• u Intl 
11 and the puit7 ol both 11oda mU1t he equ.l. 87 inductioa 
It cu he Na that &II Dada al a ghu lC'fel 1111Ut he equ&l 
Ill pvlt71 ud that succffli•• lnela la the tree imnt a.ltem&te 
Ill puit7. Ba.II the DOdet an leal 11oda (lnel 111-l), •hldi an 
equ&l Ill puit7, 1&7 puit7 p. L&b.llln1 th- DOdet witla the 
ume puit7 lea.,. the nst ol the hJpemabe llOda ( &II ol puit1 
J) lot the nst ol tbe tiff. Th~ nst ol tbe 11W Dod• "'ulriq 

. padtf 1 C&AIIOI be uaiped, b«aue the aoda or puit11 are 
. •· .miauted. For aample. all aoda u wfll ~ "'ain aodel 

or pad~,. 

. · TlaeoNm 21 No allu!le-adaaqe Mtwot1t wiUa i-
aod-. 11 > 1, caa lie lmbedcW 1ato" -...lla.uioul lanef- · 
cuk 

Prooft Number tbe -. la a•~ Mt• 
-it &om O to 2"-1. The ahuflle.achUlp Mt-it with 2" 
aod-. " > 1, ~,aw qc1ee or both .__ &Dd odd Jactu. 
Thee will be a tbtte-cycle lzom Dode O to Dode 1 to node i-1 
to 11ode 0. Th• hypaculle COlltaw onlf na-Jactla qda. 
Thcefon DO Mlwotk whidi COGUIUII odd-leqtla c,clea caa lie 
lmbedded la·-~ 

Almilba11 Eusutt\l yn lb<: SPrtt~I 

Sc1NR1 a.lgoritbms b&v., ~ .. u..:utNi on the SPRlNT 
[1.21, uidudiq m&triz•m&lriz mulliplic .. lion. tbc f'i.Jttv Ll~o­
rithm. wfttal i~ proccui11g Llgorit!uns. ..aJ " linilc Jitter• 
ace time dom.aia acdrom&g11.,tic uruul&tion a.l~orilbm. ~ 
!De dliciftc7, 't, to he 

11) 

where 2\ la lbe t1me "'ulttd to COG1plcte the a.l~tilhm witla 
OM ,-. ud r. ia the lime required to complete tlae 
alpllam wiUa 11 PNCa10n. Dew apttdup S, \o be 

(2) 

The ..,.r olpan.llel-pul&tioa ts to approuh llneu speedup. 
Le.. whea S.. • b. where l is independent oC "· Unn.r 
apttdup occun •• cffldec7 ia :ndepcndent oC the numbtt 
olproc-,a.'nea 
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PIO'" 2. A 4 '"91 blNry ~~Into tM SPfllNT MtworlL 

For nch of these algoritlum, the SPRJNT exhibited linear 
1pttdup with raped lo lhe nwnbtt of proceuont 11,11d ue­
culed the algoritbnu more tbu ninety time, Cuter tha.n a 
Vu:-11/780. 

M1tru:-M1tri1 Multjpljeation 

Each element Ci/ o( the matru product C • AB can 
be upreaed u the Inner product of the ith row ol A with the 

.. jib column of B, 10 that 

-e.1 • I: au6,;, (4) .... 
Thia can be o:preue<I u a rttu~nc.; ia which the .1:th term 
o( C.J can be computed u 

cl11 • 0 l S i, j S 11 

c!:1 • c!;-•> + CLuil>,; l S i, j, .I, S " 
(S) 

where c!~1 i• the l!aal result. Thia set oC rtturttnces i1 imple­
mealed ~7 Yariou1 171toUc arcuilectuns, including the eng~ 
menl pruceuor [61 and lhe WaYelront Ana:, P,'ONUOr (WAP) 
[SI, 

The engagement proceuor and the WA.P are mesh­
conaected multiproceuon. Row i of ,( i1 aupplie<! lo the west 
CODDeetloa oC proceuor (i, 1), and column j oC B la 111pplled 

,to the north COllllectloa or proceaor (l,j) ~ all 1 S i,j S "­
The product, matru C, la conl&iaed ha the p- At ti "At 

C + 1, p-.or (i,j) comput• c1:,•1), whida la &ha bf 

c1:,+I) • ctJ + ~i-l)+(J-1) • la+(c-1)+(J-l)J• (8) 

At Ume t • (i -1) + (J - t) + 11, p--, (i,;) completes 
computatioia ol ~• Tht matriz pC'Oducl compltt. wba U.. 
p~ (11111) complttca it, comput&Uoa al Ume t • (11-

. 1) + (11 -1) + 11 • 311- 2.. El!ciclacy, ,,,.. la P'ffll b7 

"' " 'It.I• (3ft-2plJ • (311-2)' 
(T) 

which la alightly OHt J. 

The SPRINT multiplied two "x" block matrices • here 
ada hlock it u ~ x ~ submatru. The recuneuces described 
MIO'l'C hold for the product oC two block matrices, 10 the above 
ual,m bold. !or the product of blod, matrices. The al1J:ori1hm 
wu modified to take adn.atage of the fact that the Transputer 
U11 compute and cOC111DW1icate wnulla.nN>usly, so I ha.t while 1. 

p~ b pc.-!ormiag the m1.tri%-ma.trix mul1iply-accumula1e­
optt&lioa, it b smdiag ill opena& to ita neighbors. ThiJ si.,p 
reduces the total coa,pletioa lime lo be 

T., • "7"- + (2n - 2)T;. .. n( ~ }'T- + (:?n - :?)( ~ J2T ....,, ,. ,. 
(8) 

wbett T~• i1 the compul&tioa tiuac for an ~ J( :; 1u0111&tri.x 
multiply, T;. la th" lime requ.ired lo couununic:>lc ..,, ~ x ~ 
subma.tru, T_ la the time requ.ireJ lo perform one sc:ilu 
multiply-accwnulate funclioa. o.nd T...., i• the lime •~uircJ to 
couununicalc oue scalac to a nc-ighborin~ proces.'-Or. Elli,icucy, 
IJ!, la ginn by 

'1,• = ,.:((l(~)lT....., + (:?n - :?)( ~J:r~_,. 
Um la sufficienlly large so 1ho.1 ~T _, > > :?T_, lucn 

T~ =: r,( ~J'T~ .. 
" 

and 

"' I. 

Thettlore, lor 1ufficien1l7 large "'• dlicicncy i, Appro-t.im&tcly 
1, thtN times the cllicicncy o( lhe cntta~emenl proceuor ind 
the WAP. Linev apttdup i, pre<ilctN! Crom lbnc rnulls. 

The SPRJNT uhibite<i lineu sptt<lup •hen mulliplr• 
Inc two matricn. F"igurt 3 show, the u.ttulion ol " • " block 
matriCfl Oil a 11 • 11 mesh o( procnson, wbcre I ~ " ~ .i. 
The block obe, ~ la 6-1. The fittuN ,ho•• thAI the SPRINT 
amltlplled two 512 • 512 niatri~n o( J2,l,it int•~•n in I:.?.-:' 
-cb. The Vu-11/180 u«utin~ "" optimind Fort,,.,. .J. 
gorithm multiplied the m.atricn in l~J~ u.:onds, •lucb is l 10 
tima loagu th1.11 the SPRINT. Th., Cra.y-X.'MP u«utin< " 
ftCtorued Fottru algorithm ruullipti~ t_he rn.a.lricn 1n lS •«· 
oada, which b 1,_. times long..., tb>.n the SPRJNT. 

11 .. 
II 

a 
I 

NXN bloclc m1trlt m•1lllpl7 on ~l~ <•ll1 .............. ---------

I J 

ficurt 3. Eitttulion ol r, " " block matricn 

- a II x " =h of procmors. 



1 
Nmc\l19dthm 

Th• Faden algorithm (3) b a good candid&&• algorithm 
for 171tolic un7 lmplematatloa 'became ol tu srtenl lm­
port&al linear algebra operatloaa ii can penorm. Th• FadHY 
algorithm CL-lculata ex + D, where C aad D .,. glffll, aad 
X b th• tolutloa ol AX • B, where A aad B.,. gl-raa. All 
quaalitia .,. N x ,Y matrica. n. quaalil7 calculated b 
CA-1B + D. Other linear algebra operuiou ara obtained by 
Mttiag combiaatioaa oC A, B, C aad D to coaalaau. For ex­
ample, by 1etliag B • C • I aad D • 0, tu result ia ,t-1, 
tu in-rena oC a mahiz. B7 aettiag A• I, D • 0, the result ia 
CB, lh• product oC t- matrices. 

The SPRINT network topology used for the Fadec-r al­
gorithm ia aa n x n triangular meth eucaded with aa n ,c 

n ~h. Thia topology requires jn2 + Jn proeeuors, whett 
1 S n S 8. The Fadee-r algorithm requira O(n1) opentiom 
to complete. The SPRINT executed the FadCCY algorithm'• 
O(n1) operatioaa in O(n) time with O(n2) processors. £11i­
deaey i, therefore a constant, impl:,ing th.al the SPRlNT ez­
hibited linear 1peedup with respect to the number ol processon 
whea executing th• Faden algorithm. 

Image Prsxs:nioc Algorithm, 

SPRINT ueeuted ■eYffal image proceuiag ugorithm1 
iadudiag dilation, eroaioa, bilir.ev upaiulon, &utocorrdatloa, 
aad the median, low pua aad high pau lilten. For th- al­
gorithml, the network l1 configured to aa 8 ,c 8 mnb. For 
aa "' ,c "' Image contained la an atn.)' or n ,c n p-n, 

• each proc-r contains aa ? ,c ~ wblmage. Proceuor (i,j) 
contains the pizel1 P(.lr,l), where 

~(i -1) + 1 S .Ir S ~i, ard ~(j -1) + 1 S l S ~j. (12) 
" ,. " " 

Figure 4 1how1 a 4 ,c 4 atn.)' oC procH10n containing • 12 ,c 12 
Image. The 4 x 4 dolled bozn reprnent the processon. Each 
proe.....,r co11taln1 • 3 x 3 1ubimage, r.prne111ed in the li11ure 
b)' llolld bozn. For u■mple, proc- (2,3) contains pueb 
P(.lr,1), where 4 S .Ir S 8, aad 7 S l S 10. 

lA thl, dua oC procaalag ugorithml, each l'flwtanl 
pixel P..a(i,j) la gha b7 

P..a[i,j) • /(P.,.[i + lr1,j + "11), -1 S lr1,"1 S 1, (13) 

which b a Cwacllo11 ol Ill aearal 11egbbon. For uampla, !a th• 
lmap -10D llleoc{tbm. ncll oatpul pml P..,(i,j) la &iHa bJ 

, ... 11,;1 - mlA(P.111[' + li,i + qi), -1 $ Ii.la $1 (14) 

which la the 111b1lmvm ol Ill aaml aeglabon. Muay ol the 
plzell CUI be compuled withoal Uf Ull"PIOCIIIOI' coamna­

,. alcalloa. lada proaaar atlda dala from Ill ~ .a, 
•• alcalallq Ill 11oucl&l'f pmll. Tlle plzell "1'1ired 11J 
a~ are all pbela adJ-1 \o Ill 'bouduf pbela. 1w 
aampla, PIOCISIOr (2,3) Ill UM 8cun cua compale pwl pts,aJ 
without commvalc&Uq wltla Ill aeglabon. a-, UM ,­
ceeaor cauot compat• pwl P{S.SJ wltho.l nal'riq plzu 
P{7, Tl, P(T,a). ud P(T,9). P-, (2,3) _, naltt ,i-. 
plzela from pcoc111a, (3,3). The amall dot&ad a-.. adjKal 
\o UM aolld boza la the 8gue ~, &be •&once -.-rJ 
b UM plnla ~I lo UM 1-aiduf pl-. 

I I :II • I I 7 I I ,o It ti 

F\gure 4. 4x4 mtsl'I ol p,ocesso,:s aintainir,g t 2.t 12 ,maqe. 

£acb proe- aecdl lo senJ a.nJ re<rh• ~ ~ - ~ piz•b. 
with the uceplloa o( the boundary procfl.lOrs. O .. tin• th• 1in,,. 
lo calculate 011e pba to be T..i., and th• tin,., 10 ,.,nJ on• p,ul 
to be r_, Tbe total compulalion Coron• proc......,,. Ti. is 

ll~). 

The total compatalloe lime r"'!uired Co,,.> procH30n 10 con,. 
plete the &lgoritbm, T,,, ia 

r .. , • ( ~)1T,..i. +- 5( ~ ... I ,r,_, t lG) .. " 
and •fflcieec7, 'I..•, ia gi ••n b7 

"'-' • ,.i(~)>T..i. +8(~ + l)T,_ .. · 

U' • ~, tbea 

(ti) 

(18) 

whlc.b meaaa th.al "' can be choteta lo be 1ullici•n1l7 Iv~ 
IO lhal the efflcincy ia iedepcedeut of 11. Thcre(att, lieea'.r 
1petd1ap • pcedlcled lo, tbae algorithm.. Abo, 

(19) 

Ezmlllaa • the SPRINT mites liacar 1peedup •illt 
-,.ct lo U.. a'IIDlbff oC ,--n. U t NCOW .,. reqllind 
b11x11 ptauuan ncomp11te u "'x"' Image, then t 1eCOads 
are "1uind 1w lnl x lnl ~ lo cocapoate • ltm ,c ltm 
Image. 

n. SPRINT eeqllired !en tb&a TOO lllillllc<ondl to •z• 
IC1llt aay ol tbeN algoritbm1 Ot1 a Sl2 ,c Sl2 image usln! a 3 ,c 3 
Ilana. n. Su Ill ud the V~•l l/T80 requitt more th&11 0111 

mia11le lo ueute Uf oC thae &lgorilbma. 



Finite PlfJ'mncc Aleorlthm 

The SPRlNT aecuted a ou-dlmemiosw, lln.ite dilfff• 
aice tlmt: domalJl electromagnetic limul&llon algorithm. The 
algorithm calculates the electric and magnetic !elcb few the m 
point, P[;), 1 S ; S m, by eolmg Muwdl'a equation,. For 
thb algorithm. the SP,UNT'• &4 procesaon are con&gured to 
be In a 11.aev pipeline, ao that any pioca,or i la coeeded to 
p-r i - 1 and to proeaaor i + 1. The one-dimemional 
space la partltloued Into n • &4 aegmcnta of me ;i. Procesaor 
i contalna point, 

PUI, for !!!(i- 1) + 1 S j S ~. 
n · . • n 
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The computation of each point la dependent oa only it, ~t 
acighbon. Therefore, each proceuor communicates with only 
it, nearest ncighbon. The proceuon compute the &elcb for 
moat of the point, without any communie&Lion. · Each proces,c,r 
aeeda data Crom ita neighbor, only whea calculating its two end 
point,. De&ne the tl:ne to calculate one point for one time atep 
to be T..ic, the time to communie&le one p«nt to be T_, 
and the number ol time 1tepa to be S. The total time required 
!or n proceuon to complete the algorithm. T,., it 

(21) 

IO that 
T1 mT..i. 

fJ m nT. • mT-,. + 2n1'.,...111 • 
(22) 

Ui•l;,then 

(23) 

which meaiu that m can be choeen to be aul!ldently larg,r 
IO that the efficiency i1 lndepeadenl oC n. ThtttCore, Unear 
apeedup i, predicted !or thi1 algorithm. Abo. 

(24) 

Execution oa the SPRINT werilln Unear •~up ..,ith 
respect to the number oC procesaun. IC t s«oncb are requittd 
for n procetaol'8 lo complete an m•point problmt, then t sec• 
oncb are NN\uired for hi processor, to complete a lm-point 
problem. The same result abould bold wben the algorithm i, 
a:tended to two- and three-dimeiwonal problcma. 

Copcluajoq 

The SPRINT and othff •r•toUc am,.. can aecute 
IZWIJ' computatloaally lnteiwYe ~.ak• with lpft<iup propor­
tloual to the number ol proccaon In the arny, The SPRINT 
baa 1howia lhll aperimeatally !or up lo Hp~ ud 
aboulcl ublbll llDev 1pttd11p wUla rnpecl lo llae nmber ol 
p-,. whaa a:ecullng othct algoriUum auda u lhe FFT, 
. bam£cmnlng, computer lomopaphy, ud other aipal ud lm-
••. ~I aleorilhma. 
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