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ABSTRACT

Large couputer coden can benwei L Jrom veclorizarton i two
ways. The flrst 1s an dnercase In running aspoed and the second
is more transparent and orderly code strutture.  However, ant
all operatfons in a larpe code are vectorizable In the weual
sense. We have found that one can expand the scope of vectori-
zation on bhoth the CNDC 7600 and CDC STAR-100. VWe present a
peneral discussion of the conniderations soqulvred when construc—
tlns a vectorized code. The cbaracteristices and perfoersance of
A representative set of vecetoer sabroutines for the Che 7600 are
presented. Thesae subroutines allow for a much broader definitlon
of vector operations, and a single coding example serves asn an
indicat lon that the concept ol vectorizatlon ean be preatly oxpan-
ded on the STAR-100.



INTRODUCTION

The vector approach to computation was eancefved a nwader eof years ago
as a way to maxlmally explolt pipe-lined arlthaetfc ualts and hiphly inter-
leaved and/or multi-word accessed memories. In this approach, single valued
(scalar) operatinna are applicd mucceasilvely to the clements of one dimen-
sional argument arrays (i.c., multi-dimeasional vectors) to prodace a result
array (or a single result in the case of functions such as dot producr). In
prograwning terms such operatlons arce representud by:

DO 1CQ I=1,H

R(I) = F(AL(T),A2(I),...,Ak(T))

10 CONTINUE
vhere one ov reere of the Asrraye 0o b RO e

R=0

DO 10 1-1,N

R = F(A1(1),A2(K),...,Ak(T),R)

10 CONTINUE
respactively.

In actual practice one or the other of two generqllzations of such opera-
tions 1s vequlred. 1In the first generallzation, the assipnment statement is
performed for only a prodetermlned subiel of the valuea of I, Tn the proceding
DO-loops this 14 accomplished by making execubion ol the asalpoment statement
conditional on the atate of the TLh clvement of a control vector array, TUV.,
Thus the assignment is profilxed with elther RCLEV(E)) or TF(NOT.ICV(T)) ay
requlred.

In the second generallzation, the order of selectlon of elementn 1n the
reomlt and/or argument arrays depends on a predeteembned array of iuddces,
IXV(L}, snuch that 1 € TXV(I) S M ulih IXV(CL) -+ TXVGI) Lor oue or more J 4 T

speelfically allowed.  Tn the preceedion DO Joops thils 1s accomplished by

replacing some or 111 oceurrences of 1 fn the assfgnment with IXV{T), Such



randier eevssing (o0 more appropriately, nencseqguent 1al aecenaing) of
argument s and/or o erults is dnbereatly foreipn to the useal concept of
vecetor operationa.

1t is interesting to note that the Umavae 10073 provided hardware imple-
mentation Lor & limlted set of verstor operations in 1955, But without pljce-
lincd arithmetic vnits and interleaved wown mecory, this facility prinacily
made up for the wachines tatal lack of lmdex reglsters. Currently three
conputers provide bavdware Implementatlons (aad the appropriats relakted archi-
tocture) for such operations. The Control Data STAR 100 and the Texas Instru-
ments ASC both provide a very larpe set of operstions while the Cray Research
CRAY-1 provides a carefully selected set of bhasle operatlon:s.

It vas not penerally recognlzed that the Contrel Leata 7600 vas also well
adapted to vectorlzoed programming untlil MeMaohon, Sloau, and Long at Lawrence
Livermore Liaboralory developed a package of routines (STACKLIB) to erulatae
the vector functions of the STAR 100,  In geweral codes orgailzed to exploitr
these functions ran up to twlee as fast as thelr "sealar” countrparts.  For
some cades such a performmce pain could be obLained by speclal ized assembly-
language propgrammlng of Inaer-loop computations. However, such coding 1s
not only very poorly adapted to evolut fonary development, but alsa 1is
generally useless for other appllcatlona.  Furthermore, many codes, capeclally
large hydrodynamics codes, have no single imner-loep which aceounts for n
large fraction of computatlonal tlme; but, rather, the tioe apent 1is ovenly
distributed throughout the code.  lHoenee, the pscado-vector approach on the
7000 ix vastly more useful and cost effective.  Vectorlzation, in peneral,
aluo produces a more transparent, more flexible, and moce conpact set of eode.

Ihese results wore knowa fu 1973 when the autl ora began to develop a wew
Large seale coupled hydro=heat flew code at the Los Alamon Selentfle Labora-

tory  Aslo, wachlnes with vector hindware wore seon 1a ha soatd oo



Consequéently we decided co organize the code fna "vector” comner, e did
not directly apply the STACKLIR veotor subroutine packase Yor three wsain
reasvns:

1) Certain speclalized operatioas vhich vere not efficicnt to implement
in the STAR repertolre vould be easily imclemented as psewdo=-vector
operations on the 7600.

2} The control vector approach {mplementoed on §TAR vas not the most
effective approach for the 7600 and was not suitable for the specialized
operatloans which were required.

3) The effort involved in modilying the calllong sequeaces, mpemonic subrou-
tine names, and concrol vector logie to confurm Lo out «onventions was
tuo proeal.

Initially the code was written for the 7600 vith vector functions imple-
mented as FORTRAN DO-loops. These were then replaced by ansembly-coded Toaps
as the assoclated fractlon of the computation time becans Targe enoush to
Justify or require . Ordgiuanlly Lt was thought that this code would run
on the STAR-100, mo that scowme time was speat trylong Lo soe Low some of the
speclalized functions could be efficlentily fwmplementod on this machine. When
it becane appareat thai Tos Alamos would not obtain a STAR-100 tbis offork was
terminated. Consequently, Lhe bulk ol the considerarions In this paper are

aimed at the 7600.

CODF VECTORIZATTION

The standard approach to vectorization is to declde whilch processes
requlre sequentlal data access and which require nonsequential access.  The
sequential procesuas are then broken up Into elementary vector opoerations and
the nonsequentlal processes are elther Ipnored or perhaps one find: sequential

procesinen to replace theme  In extreme cases one may feel requlved by machine
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architeeture to switch alzorithm, from one aol asenable Lo vector procsssing
to suother less sultable alporithnm vhieh can L cmeented In a sequential oan-
ner.  Our concept of vectarizat loa on the 7608 §n to hee b all processes up
Into a set of very basle operations which are then Iupleiented fu such tha
game manner, repardless of the fact that they ray not b2 sequential. One can
deflue exceptlons which can be hendled on an sudividuatl basis bul there shoul.d
pot be {oo miany of these and the reduction In runnliy Live obtained thould be

slgniflcant in cach cagse. An cxanple of such an exceptien will be glven later.

TMPLIMENTATIUN APPROACH ON THE 7¢00

There are two major differences biLtween our appruach and that used in
the exiating voctor conpulersn. First, we clwose Lo ivplen al eccatio)l-veclocs
and index vectors In proeclsely the same way, ae arrays of indlees with one
index per word., While rhis would appear to be wastelul of storage, the actual
amnount [nvolved turns out to be trivial and the savings in execution tinme is
worthwhile, We use the conventlion Lhat the effcet lve end of the control
voactor is Indicated by a mevo Index, and so a single test snerves lo control
the loop.

Sccond, w esphaslze the use or pulti-operatlton functions (with and wilthout
control/ Index-vecrora), for cxample:

DO 10 T'71,N

R(I) = ACL)*R(I)+C(I)*N(I)

10 CONTINUF.

which replaces threee of the sinple-operatlon commanda on STAR. The exomple
plven La, cxcopt for incluslon of a control/Ilndex-vector, the practical limlt
of coimplexity for the 7600 due to a shortage of repluaters. Also, Lhis is aboul
the linlt one wlshes to po to in prolafevating routines. We did implement
two nore complex but highly speclal lze! functloud as psewdo-vector rout:fnea,

bur only hecause they were major conswaers of central procesasor tine. Tt s



warth notlmyg that the CRAY-1 has a hardware featare which rohes posalhle
rmult l-operation vecsn computation. The rotlvation for this feature in
precisely the same as ours:  the reductlon of redundant atores and re~fetches
of internedlate results.

The followlng functloms are rypical of those luploacnted, It should be

noted that the index I takes on all values from | to N.

R(L) = A(T)*B(I) + c(I) (1)
R(I) = ACTU)*B(I) + C(T)*D(L) (2)
REI(D)HK) = R(I(T)+K) + ACL)#W(L) (3
R(I) = R(T) + ACL)*R(I(T)+K) )

The result rates achi:ed are reapectively one result per 10.25, 12.25,
10.25, and 11.0 machine eycles on the 7600. Th: achlevement of these ratus
depends on proper interleaving of operations so that an Inskruction is cxe-
cuted on every machine ecycle. In particular, [ctches ol operands must be
started on tha pravinas pass through the loop sio that they are ready In
registers vhen needed. Thls means that there Is a start up time nssoclated
wlth cach subroutine. Furthermore, some time can be saved hy “oing two results
cach time through the loup (or bettur yet four) so ar to bhetter amortlze the
cost of incrementing the loop Index and performlag the condltional jump to the
beginning. OF course the more doubling one does the longer the start up time.
Also the loop must Elt in the 7600 instruction stack for maxilmum executlon
efficicncy and this limit: thc amount of doubling. 1n actual practice tha lack
of reglsters turned out to be the limiting factor as one started loosing cyecles
walting for registers Lo hecome free. Since our applicatlon was orlentad to
short vectors and oince the more complex functions ran into the reglster pro-
blem, we gunerally lilmlted the rou:lines to two results per loop. One other
conslderatlon is memory confllicts. 1f two vectors happen tu stact In the same
Lemory bank, the second value caunot be fetched untll the bank has recovered

troa the first Cotch. These memory conflicta can be avolded If one (s careful.



However, for random accesses on random langth vectors wve have fonnd that o

137 to 187 degredation of running time from opt inn performance is to e
expected.  Table 1 present:s some typical results fur 590 vectors selected
randomly for opecations 1) and 2) above. Results are for vector length of

100 and are based on 300 samples for each result. The start of each vector

Is 4%32 + m after the previous one where n is called the displacement. Results
glven represent maximum, minimum, and averapge nuuber of cycles. Note that the
results do not depend significuntly on whether or not the result-vector is

distinct from the input-vectors,

TABLE I. Timing results for randomlv chusen input-vectors
R=A#HC R=A%*3+C*D

Case 1: Result—Vector Distlnct [rom Lnput-Vectors

uisplacement ~ Max Min Average rlax Min Average

0 3256 2767 2817 4516 3989 4006

5 3813 1022 1347 2630 1213 1806
10 2266 1022 1179 3035 1213 1517
15 1939 1022 1188 2961 1213 1429
20 2820 1022 1353 3990 1213 1799
25 1926 1022 1177 2346 1213 1424
30 1990 1022 1166 2393 1213 1508

Ratio (Average/Minimum) for Odd Displacements
1.17 1.18

Case 2: Result-Vector Not Necessarily Distinct from Tnput-Vectors

v 3221 2756 2816 4661 3997 4003
5 1999 1022 1168 2346 1220 1411
10 2269 1022 1194 3089 1220 1551
15 1977 1022 1179 2341 1220 1398
20 2840 1022 1282 2099 1220 1720
25 2323 1022 1192 2770 1220 1455
0 1935 1022 J159 3099 1220 1550

Rat io (Average/Minimum ) for Odd Displacements

1.16 1.17



it should be noted taat vperations 3) amd 4) above wre not teae vestor
vperations but this makes no difterence on the 76000 Tn addition, ome lurther
step iy possible, as cxemplificd by the folluwing operation. This subroutine vas
written for purposes of improved performance, as it contributed a slzeable frac-

tion of the overall running time of the code. rLhe rout ine Is

DO 10 I-1,N
J(I) = X(0)
z1 = X(I) - J(L)
22 = Y(I) - AINT(Y(I))
Wi(I) = 0.25%21*22
W2(I) = 0.25%22
Wo(I) = 0.25%z3 -
10 W5(I) = 0.25

PO 20 [=1,N

W3(I) = W2(I) - W1(I)

W6(I) = 0.25 - W4(I)

W7(I) = W4a(I) - W1(I)

W8(I) = 0.25 - W2(I)
20 W9(I) = W6(I) - W3(I).

The routine is broken into two loops, each of whlch fits in the instruetlon
steck. The "vectorized" routine runs 4.5 times faster than the FORTRAN version
and requires 4.25 machlne cycles per result produced.

It is hoped that the previous examples demonstrate that “vectorlzatlon" on

the 7600 1s not limited to the standard sequential data access definition.

A STAR EXAMPLE

The following example shows that at least one nonsequential access function
for which there is no STAR hardwarc implementation can b:: "vectorized" in the
more general sense, cven on STAR (a machlne whose hardware is designed for sequen-
tial access operations).

What we have done is to compose a method for computing S(J(I))=S(J(T))
4+ W(I)*?(I) which uses some lorge subset of the 256 replsters on the STAR-100

as a fast random access cache meme~y and creates the necessary executable



instrecion string by weans of vector opeerabions alone, The inatruesien 1 9ue
can e be steedded through the contral proce e to perfors the deaioed copg-
tafen. This method fs Lared on the reeosuicion of two basic facrts of STAR=".
archirecture: 1) that secalar wperations iavolving random acceess to central
perory are very ruch slower than on the 7600: 2) it 1s possible to load scalar
instructions four tlnes faster than iv §s pessibls to execute then.  So, by
using the reglsters as a cache rvmory aad by streasaing the fnstractfons to the
CI'U at rear maxlmum rate one should be able to c¢xecute Lha scalar code at the
maxinuo machine rate ot 2 cycles/instructlon (subject to reglster reservation
confiicts). The rate of result productlon is 7 ecycles/result vhich is compar:i-lr
te the results obtaloned by hoemdl eadin: the o o eration en Uiee 7036, Lol
estimate assumes that one uses the cod= construction only onve. In actual

practice the same cod2 would be used many times simply by changlng the base

adidress for the block translers to the replstors.

An outline of the procedure used is relatively simple. First the vector
nﬁern:lon W(0)#P(T) = R(L) 1s done for all I. So our protlem is trivially
reduced to S(I(T)) ==-8(I(1)) +F K(I). Next the instruction string is construc-
ted.  The method here is to see that, first some number of S values are block-
fetched into rhe registers and then R values are brought into the registers
a block at a time and added inte the proper § register until the values of R are
exhausted. In order for thls to be done In ¢ time competitive with the 7600
the stream of instructions must be constructed using only vector operations.

The S$TAI-)00 hardware instruction for scalar register addition is 62 ADD N;

(X) 1 (Y) to (%) with the format

0o 7 15 23 1l

T N N




The detailn of the ethod e beeess cleerer, Ve e aaly e aontiean of
such inotructloas with the register o e inaerted i the progper place:s o

Intersperse 7D and 6% instiuct ioms e approg: fale o Ta? B valaes and to

incresent the starting addres: for the blosk of R valwee,. 211 that 1s left thea
is to demonstrate that one can indeed construct the necess ey it raetiom wainge

only voctor operations.

The actual buildiag of the Instraction strvaa requires three indtial
non--vec*or steps which need unly be dons once ot the begiuning of a progran.
1. Coastruct n control vector (CV).

1 0...0110... 0 cle,

——

nf/2 bits
replecated n tioes
Kote here that n x m = total aumber of R values,

2. Construct a rezlster bias vector of 32 bit vorda (RBV).

0 7 15 23 3l
E;:: - I ] ]» repealted n times
words of
0's ‘ 0 r - (5 N s‘ -
1 0 0
o T, 8y &
0 L 8 —no ‘

Where r, *r, ore the register numbers for the m values of R swapped into

the register file, and §_ is the base register number minus 1 for the k

values of S swapped into the reglsrer file.
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(] / ) 21 i, u / 15 21 11

B "’ - .'v B , n/ r .

Here U i the reginter contalning the Joantio of bloch to be traiaforrad and e

bosse adlress of Mawd Voie th o later coatuining (4 foerooest 1o Lo pltad oon

L TP O] I A LN T e et e

bloed tranafer cad the 77 Teastiection B e fuere ol addre o Instrinction,
With th se preliainaries ou! of the vey zuld wving previously ceastructoed

the dndex vector J0I) vith the seee strectere i REY we coan oo pracess] to

aelmat by ecenatrict onr ewde siremns G vector ostiraetiogvs ! gre

9 MY L 322 0 % ](ll]6>.ll

— m—
Eroa:lea:st

§0 ADD U 375 J1 1 RBV -3~ 32

9B PACK 15 62, ﬁl.lf-! - 13

Yirvadcastr

W MERUE 64 ; LTV,.J03 >>CODE per GV
1t should be noted that 32 or 64 denetea the number of bits In the operands.

Tihr* result, CUDE, Is then ready to he streamed through the CPU.

1L



COXCLUSTON

The conclusion of this paper is, hopefully, chvious. There is vectori-

zation and there i1s "vectorization". One should not be intimidated by vector

hardwarc inte believing that new algorithms arc ueeded when all that wmay be

needed is "vectorization".
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