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A Multithreaded Architecture for the Efficient Execution
of Vector Computations

Sung Dae Youn'

Ki Dong Chung'*

ABSTRACT

This paper presents a design of a high performance MULVEC (MULtithreaded architecture for
the VEctor Computations), as a building block of massively parallel processing systems. The
MULVEC comes from the synthesis of the dataflow madel and the extant super sclar RISC micro-
processor.The MUL.VEC reduces, using status fields, the number of synchronizations in the case of
repeated vector computations within the same thread segment, and also reduces the amount of the
context switching, network traffic, etc. After benchmark programs are simulated on the SPARC
station 20(super scalar RISC microprocessor),the performance(execution time of programs and the
utilization of processors) of MULLVEC and the performance(execution time of a program) of *T
according the different numbers of node are analyzed. We observed that the execution time of the
program in MULVEC is faster than that in *T about 1-2 times according the number of nodes

and the number of the repetitions of the loop.
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(1) Z23PL (29 1)n Zo] 3=BY, A8
=, 9agaEoe #ME AxHogw FTAE
H s TEEHUE gdEn

' program

[ I 1
[code block 0]{code block 1] -~ [code block i

thread 0 : - Llhread i Ithread OI [thread k]
‘ I

instruction 0 ||

instruction 0

! 3 ‘
I instruction m

(a8 1) =g x
(Fig. 1) Program structure
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(4) RVP Xz 947 2zetdolel, 942 ¥El
delelslF == xHeo] weldolete} zt
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o] Al~H HHE Fa]ss system manager =
=9 n7le M7 ==¢ non-strictdt ARERF
z9 T7I3E Ag&Heg HIAY F Uv I-
structure =22 TAECH6].

nle Halv w2 7ERE 44 (28 3HH
Zo) 3719 FHE FA=T,
bus T I ]
Estem manager“nodej node_]}-- node n-1}|1-structure
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(Fig. 2} Architecture of MULVEC system
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(1) RVP(Remote memory and Veclor memo-
ry control Processor)E 7|34 E €3
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(2) SP(Synchronization Processor)+ message
queue Z& vector wait queued A b=
o] YHE Ho} Fr|sE HIAdA Fr|H
7} A F&H continuation queue® WA} ]
g d#sn, F7Ist AHEE  vector
wait queueZ WM x| & HA4dH,

(3) DP(Data Processor)s continuation queue
o] AAIXE Yo} Axg AlFsta, d
Bl all Afoles HHE=E Ao o
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3} oA 28 #AISlA vector wait queueE

A A2 g HEot

te o

bus |network
interface
in :
= )
message message
queue queue
remote synchro L continua- data pro-
memory nization tion cessor
and vec- processor queue
rfpl
tor mem- counter
ory con- vector rfp2
H o P
trol pro- wait
R ks rsfl
cessor : queue
- - rsf2
‘ register register
' register

l

instructions [scalar data [ vector data |

local memory

register . general register
rfpl,r{p2 : frame pointer register
rsfl,rsf2 : status field register

(38 3) MULVECS| ==
(Fig. 3) Node architecture of MULVEC system
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| value | ——
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wettolebe] WElE (2% 5)9 oo, A

Yo (E D7 2ol ¥ doleke} o dlo]
Ebe] BAE hehdch.
- value -t

status field (2 bit)

{18 5) HeEld|o|et HE)
(Fig. 5) Format of vector data

(B 1) def G=
(Table 1) Status field

null | initialize
0 O |present data 1s absent, and next data Is
absent
0 1 |present dala is existent, but next data is
| absent
11 0 |present data is existent, and next data is
existent
1 1 | present data is existent (last data)

2.4 RVP (Remote memory and Vector mem-
ory control Processor)
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Batn, 27|88 ot 92 el olele] load,
storex split phaseg o]&3l22 T2 HA7
7 tlolete] a3 F Holgte] TaE vtk
¥ o2 de HyFo[7]). Revload®}t rev-
store ™Al =] <] 78‘9494 2 HAE dAEge x
co I E <3 2o

revload = {node number,revioad,FPhase,inde-xfrom,
indexto,indexinc,return address }
loop
/*** start a block ***/
i=1 /*** first record of a block ***/
il indexfrom »indexto then exit/*** end of all
blocks ***/
loop /*** concatnate N records ***/
if i>N or indexfrom>indexto then exit /*** N is
blocking factor, end of a hlock ***/
FM[1].value = value[ indexfrom]
indexfrom = indexfrom + indexinc
1=1+1
endloop /*** end a concatnation of records ***/
format revstore message
save revstore message into the message queue
/*** end a block ***/

endloop
revstore = |nodenumber,revstore FPbase,N,value[ 1],
value[ 2]....value[N] }
1=0
loop
1=1+1

save the value[i] to the FM.value
if FM[ 1].statusfield =null
then do /*** processing first entry of table
make and save FM.statusfield
format sync message
save sync message into the message queue

x4k
/

exit
enddo

else do /*** processing all entry except first of

table ***/
make and save to the FMstatus field
if i=N then exit
enddo
endloop

381 == 2419 HolElE load, storedls
Z¥de ==H3E A9 WEz R4,
revioadel #&d= B_iéﬂh oo Ty A
2}z 2 (FPbase), \li, 713, F7HE, A3
%), qigks]o] Azd F H4+3}l1, revstore
d A= d$ i 28 F4 (FPbase)9}
ol HAEgEo detdlojglrt HHA AP Aol

‘“"“ hl
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A Y EXREY JHE=E AFPUF F7]
3} =2 M MZ (synclpFpvalue}dl Nz & H$
53,7299 Heole g SAHEY Y=
& N(d$sE 3 #)H H3ad.

9 == jof 94 dojele 8y &F
£ (19 6)7 Zol #Y=Y, (I 7)& RVP
o] Aejdel= & vERdTH

{},revload,FMbase,indexfrom,

indexto,indexinc,return address}
node i > |node j
{i,revstore,FMbase,N,value[ 1],

value[ 2],....value[N] }

(18] 6) Y EH|O|E}S revicadrevstore T8
(Fig. 6) Revioad,revstore execution of vector data

create run{value an-| exit
(initilize)’] . | switch |d presence b-| 7 [termi-
messagé ™’ walll ——— it or status fi- nate
queue eld  process-
ing)
N

(38 7) RVPS defNo|T
(Fig. 7) State transition diagram of RVP

2.5 SP (Synchronization Processor)

LT 2= MaAWEWY FV)3e FHEE
g olg3ln, g 2#=MIdEYY Fride
T ANdFLE ol &, YH LH&de
message queuef} vector wall queued=old ¢
HEls oA Ao Foj +3 dnaFL g
#th

sync = { sync,Ip,Fp,FP or value }
save contents of sync message to the
registers in the synchronization processor.
synchronize using the counter register or
frame memory.
if sucess then make the message and
save into the continuation queue
else make the message and save into
the vector wait queue
exit

7137 HF3E= ZAS$os  continuation

queveg {Ip, Fp, FP or value} #MX& H$
331, AHdls A= vector wait queueZR

{sync,]JP,FPFP or value} ®jMdx]|& A43o
message queue’} B]AIE® vector wait queue
o] MMAE oAl 713 g, (29 8)2 SP
o] el Hol= & EhATH

message run |sucess _|termi-
- . . —_—

queue wait| switch |(synch- nate

vector wait—>

ronize)
queue

fail

(28 8) SPo| AlejXo|T
(Fig. 8) State transition diagram of SP

2.6 DP (Data Processor)

continuation queuedlA {IP, FP, FP or
value} A& ¢jegolr] AAE FE A
~E}E o] &3l FPl.status, FP2status7} 53
o stttz 00 ojut 01 ofF Fristg ¥
sync M A& BAE vector wait queueZ AR}
3t o] 2¥=s &AFEHY, 10,10 v 11,109
A 57|38 A% g vlolelE& fetchs}
o AArsio,ll110 RE A4be] FaEC
olojpe HYg vFY 200 A% FYHE
d,ololcie Waolel gelst sy L o
+3 2.
chk = {chk,rsf1,rsf2,label}
if(rsfl=10 and rsf2=10) or (rsfl=11 and rsf2
=10) or (rsfl1=10 and rsf2=11) then exit.
if rsfl=11 and rsf2=11 then go to label
make the message { sync,IP,FP,FP or value }

save this message into the vector wait queue.
terminate this thread

283 Webolel} Aol Yx AgAE
188 sAgonz T8 $4, BUAG
N55E 22N oty B HEANE B
gdch(2Y 9= DPY Adjdolzg uUehd
o}.

creat ———> run(instruc- | exit_{termi
continuation switch ition execu nate
5

queue —— tion) F—

next vector data
(22 9) Hlolel =Z2MMe| MejFO|E
(Fig. 9) State transition diagram of DP
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do i=1,m
y(D=x(1)+x(i—1)
enddo

(38 10) Z=83 9 o=
(Fig. 10) Exarmple of code block

P-RISCTZY *TF#2E x9] 2E dojev}
A AR, A4E 98 x()ek x(i
-] dAuclelE & Y4y gHsly, B
HEE 3t o2 4& Hsiorl a4 97
tolebrt £3stA Foll 4o oha) B A
& 3td, B7I3E 3HFo d4g Pk o] T
A€ m¥ Yol 2 MULVECT 2 A
T x8 RE deolelrt 4AR EHEA x(i)
& x(i—1)¢] dAdolelgg ¥ a¥sln, £
NHEE 3l 0 dg HYsidrt g 38 o
AdoletEe] TESE AMA YAST v
Foll AFaF ohA] FHAPE 319, 5758
FFd dg ok 2n FHA daiyHe
AL =9t chkHEol5 & o]gstd F7)59}
Fdgo] glo] A& G 3 o] =
B9 F3g nlit. ez F7|3 A59
i, B9 W) sl 724, FAFe] AAaFol

o] o}
3.1 Z3ie] 7(A9Eta

(¥ 10)9 2=
ed loopZ Folthd HALArlel 27] 7|dg4ae
Fe (2¥ 1D)o] .

(38 1) FHY vector memory format
(Fig. 11) Vector memory format before request

E38& o234, 4-bound-

CIE 2= 2 979

RVPoA N2 2(d4se @9 $)ojm
xE7}t revstore® ¥ YR HWeld olE}
7 AZEF Y 719%2A Hes (2Y 12)7) =

x(1)| value|10| x{0} [value|10| x(4){value|10| x(3) |value[10

x(5)value|01] x(4) [value|01{ x(8)|value|01] x(7) {value 01

(38 12) XMEE2 vector memory format
(Fig. 12} Vector memory format after store

32 ©el TEMM
2E WY gol $Y ==o ZaAgel 2
HEstn @e) m=gde dzaw e
B Z2qM 352 $9404% Ach(e
=9 re g A xE)

o

z
o

® rlo R

load rxifpl,fm{xif];x(i)e] =7|% ¥Fole}
load rxitp,fm[xit];x(i)¢] HFEg ¥ e}
load ryifm[yif];y(1) 2] 2718 TAE}
sub rxifp2,rxifpl,16;x(1~ 1) 2718 ¥ole}
cmp ra,rxifpl,rxitp
gt ra,out
loop : move rxil,rxifpl
move rxi2,rxifp2
fadd rtmp,rxil,rxi2;x(i) +x{(i—1)
store fm[yif ],rtmp;y(i)e] ==
add rxifpl,rxifpl,16; £¢le} 7}
add rxifp2,rxifp2,16; £QUE 27}
add ryi,ryi,16; X QlE} 27}
cmp rb,rxif rxit
Jle rb,loop
out

33 oF Z2 MM
2E vjgzto] I-structureo] 9ot 7R3

oo 3= EHE 4FIY b g2 0gF L
2AM 222 FYAZ F Ut
/* RVP */
rl :store  fm[rxifpl],rvl x() el 2718 ¥elE}
sync 11s
next
r2 : slore fm[xifp2],rv2 x(i-1)2) 2713 2 <lE}h

sync 12s
next
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/* sp ¥/

I1s : store fm[xij,rvl
join ¢l,2,loop

12s : store fm[xil],rv2
join cl,2,loop

13s : load rv3.fm[yi]
join ¢2,rn,out

/DY
load rxif,fm[xif] ;x(i)&} %713 ZUe}
load rxit,fm[xit] ;x(i)el HFE3 EJEL
load ryif fm{yif] y(D9 Z7)1% et
cmp ra,rxif,rxit
jgt ra,out
revload rxifpl,rxitl,rxicl,rl ;x(i)2] remote value
request(index from,lo,inc)
revioad  rxifp2,rxit2,rxic2,r2 ;x{(i—1)9  remote
value request(index from,to,inc)
loop : move rxifpl,rxif ;x(1)9) Z7]3 EJEt
load rxifp2,fm[xifl] ;x(i-1)9} =73 ¥EJet
load rxisfl,fm[xifsf] ;x(i)e] Hef@= F<lek
load rxisf2,fm[xifsf1] ;x(i - 1)¢] 4=8HB= ¥<Je}
ad : fadd rtmp,rxifpl,rxifp2 ;x(1) +x(i--1)
revstore fm[vi],rtmp,I3s ;yv(i)e) H%F
chk rxisfl,rxisf2,out ;AefE= =2
add rxifpl,rxifpl,16 ; ZUEL F71
add rxifp2,rxifp2,16 ;EJEF F7H
add rxisfl,rxisf1,16 ;L <Je} F7}
add rxisf2,rxisf2,16 ; ¥ el F7t
add rvi,rvi, 16 ¥} F71
jmp ad
out :

al

4. AlZEIolMN H5 ot

B A H4EA7PL 8 nano second® 71AET
[9], SPARC station 20 (super scalar RISC
microprocessor)ol] A ojdggloig o & o]H
sl 2} waiojel oAz FHATE (B 2)
o} Zo] 78 Fo N(H$=e atel #)& ¥y
Al (HE DL Felgon, olEd o 4.19
g ZadAd ZE, 4.29 F TEAH A 2=
& SPARC station 200 M th&3 2 71438

(B 2)HZH0{/ofM| x| THAIZH
(Table 2) Execution time of instructions/messages

of MULVECE Alg#lold stgld o] A& ol
el A go)ch,

(¥ 3) revicadrevstore2| F=# A2}
(Table 3) Execution time of revicadrevstore

nano second

N T 1 | 2 4 8 ]
revioad | 1023 22035 | 41315 | 78105 |
revstore . 759 19105 | 37815 | 73435 |

1. 2o e g8 x=e9e FEolglel ol
g 4 d4381,

2. A5 HQ Mo ols] 2 E Hetd|olelrt A
AbEe I-structured] HFEO 9lol 8%
oo A|Ztz|do] gio] FAIAME HI,

3. Holel7t Aoz sHsleg Fr3e
Hel o] Folx 1L,

4. glolgt ZRAAAME F7I3IE FA At
olgl 1, tt& diolelzl ] =AE e
og vEg 2Hog A4 dito] Hrh

=z wEZS-E 128, 16,3848 FHEH,

MULVECo| A N3} =& 9 ZF7iol & 53
A7t (RVP, SP, DPe BlE71dog He)2
(F 1o, *xTol4 x= F2o F7tdl @&
P A HEVIEA e 2d=EAE ¥FTVIHL
2 Hg)e (B 4ol (*TelMe N& 34
1), X w2347} 1284d * T2 MULVEC
o) FPATANG 2HZT e (2Y 13)0] HH,
me T I BEISF, nd k29 F,

©
N& revload,revsiored| sl HA$E+= 3o F&

(B 4) (28 10)2 YAl
(Table 4) Execution time of (Fig.10)

m=128 nano second

n=2 n=4 n=8 n=16 n=32
99,097 | 50,521 | 26,233 | 14,089 8,017
125,222 | 64,086 | 33,518 | 18,234 | 10,592
125,966 | 65,462 | 35,210 | 20,084 | 12,521
126,476 | 67,728 | 38,354 | 23,667 | 12,521
| *T | 207,744 103,872 | 51,936 | 25,968 | 12,984

m=16,384 nano second

ZZz2ZZ
i
O W 0 —

nano second
n=2 n=4 n=8 n=16 n=232
ALU 10 join 36 N=1 12,437,401 6,219,673 | 3,110,809 | 1,556,377 | 779,161
load(register) 21 chk 126 N=2 15,653,766} 7.828,358 | 3,915,654 | 1,959,302 | 981,126
load(memory) 170 sync 52.5 N=415,493,982| 7,749,470 | 3,877,214 | 1,941,086 | 973,022
store(register) 4.5 branch 2 N=8|15,048,468| 7,528,724 | 3,768,852 | 1,888,916 | 948,948
store{memory) 138 *T 126,591,232(13,295,616/ 6,547,808 | 3,323,904 | 1,661,952




ojuldty, gd Z2AMe FHANE m=128
Y 27,412 nano second,m=16,384Yu} 3,801,
620 nano second o]t}.

(F 4)9] o3lH m=1280]1 =9 F£7} B
& g date] 4 =8 B &Heso T
MULVEC®] 8 A7te] 2 zpo|7} o, m=
16,3844 = =9 %7 Bogs *THU
MULVEC?| FaAzte] mME2ts g & F
Aom, N=13p N=29] 8 A|7te] zlo]& N=
19ddo] E8HE HAFdste Aol gridiEold,
(B 0% (2% 13)d 93td m=1289 o
MULVEC2| N9 #7} ZF715l=dl e ¢3A|7to]
F7hsl= A& dolete} dejd=g Fz3=E ¢
S Altte]l Hastgeon, o5 F7hE 4
e BHEEE B8 g o A7 Bod
3 B o3k A7, BA A 2 Z7)3 A7
59 $Eods FHA ZE FHolw, No| F71gtel
el 54 2ERE 24 Aotk 2T m=
16,384 of N9 47} Z71sld FPA e 7
L3t o] FE Holelet AHI=E wE
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(Table 5) Execution time of (Fig.10) contained
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synchronizations
m=128, N=8 nano second
| n=2 n=4¢ n=8 n=16 | n=32 '
s=2 126,529 | 67,781 | 38,407 | 23,720 | 12.574 ;
s=4| 126,634 | 67,886 | 38,512 | 23,825 | 12,679 i
s=8| 126,844 | 68,096 38,722 24,035 12,679 ,‘
s=16| 127,264 | 68,516 i 39,142 | 24,035 | 12,679 l

E7187F 16 dojdu, (F 52 A7t
o] (& 4o FHPAVEGE =x9| Fo ua}
°F 0.6 -2.1 % 7} F7Hgoede ¥ £ o
a7E (F 24 M syncHl AR 9] F8)A7o]

52.5 nano seconde]”] wEolt}. T8y ‘F 5
ol MULVECe] F8A]7to] {H 4)ollM *T

o] FYATRYG Hoog, FY|57 odyH &

(B 6) ZEMAM ol
{Table 6) utilization of processor
m=128, RVP %

[T T n=2 n=4 n=8 n=16 n=32
N=1| 980 96.2 92.6 86.2 75.7
N=2| 976 95.4 91.2 83.8 72.1
N=4| 96.1 92.4 85.9 75.3 60.4
N=8| 929 86.7 76.6 62.1 58.6
m=128, SP %
n=2 n=4 n=8§ n=16 n=32 |
N=1| 59 6.0 6.1 6.3 66 |
N=2| 47 4.7 4.8 4.9 5.0
N=4| 46 4.6 4.5 4.4 4.2
n=8! 46 4.4 4.2 3.7 4.2
m=128, DP %
n=2 n=4 n=8 n=16 n=32 |
N=1] 62.2 61.9 615 60.8 59.6
N=2| 49.2 48.8 48.2 47.0 45.1 {
N=4| 4839 47.8 45.2 42.7 382 |
N=8| 487 46.2 42.1 36.2 38.2 |
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Aeg=e] Y XAt B ALE 2XE7]
wgojn, SPe o|g&o] &AL TWY F7]
3o}l & ~d=9 F7188 HA y@i) o 2
FE m¥ HF (revstore)dtz] T 2¥FH=

dk %k ok ke k kook ok k ok kok ok ok ok ok ok ok ok ok ok
* %k DAXPY * %k
fori = 1 1o m do
x[i] = a * x[i] + y[i]
%k k k k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
* % % [ivermore l.oop Kernel 1 % % %
fori = 1 to m do
x[k]=q+y[k]*(r*z[k+10]+t1*z[k+11])
%k & %k ok k k ko ok ok Kk %k k &k ok ok k k ok k ok
* %k % Livermore l.oop Kernel 9 * %k ok
fori = 1tomdo
px[1,i]=dm28 % px{ 13,i1+dm27 * px[ 12,i] + dm26 *
px{11,i]+ dm25 * px[10,i]] + dm24 * px[8,
i]+dm23 * px[8,i]]+dm22 * px(7,i] +co *
(px[3,1]+px|6,1]) +px[3.i]

(3 17) ox z20Y
(Fig. 17) Example program

(B 7) (38 17)2 =dA
(Table 7) Execution time of (Fig.17) nano second

n=2 ! n=4 | n=8 |n=16 | n=32

DAXPY  |125,314] 64,178] 33,610| 18,326 | 10,684
Livermore = ) g7 a5l 95,381 | 49,529 | 26,603 | 15,140
loop kernel 1
l.ivermore

619,210(313,530160,690| 84,270 | 46,060

loop kernel 9

micro gecond
700‘1,_

600__{.

x : DAXPY

o : lLivermore loop Kerne) 1
500__ 8 : Livermore Loop Kernel %

+

400 | _
yo0_]
200_].

100_|_ \\
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]
. /
—pat

-1
@

-
N
-
~

(28 18) (217 FYAZ 4=
(fig. 18) Execution time graph of (Fig.17)
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