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ABSTRACT

SYNCHRONOUS NETS FOR SINGLE INSTRUCTION STREAM -

MULTIPLE DATA STREAM COMPUTERS

by Annette J. Krygiel

Synchronous Nets, or $ Nets, are developed as a modeling tool

particularized for describing processes on Single Instruction Stream -

Multiple Data Stream (SIMD) computers.

S Nets are a modification of

Petri Nets, using transitions and places to model events and conditions.
However S§ Nets introduce vector-mask plzces to model the conditions of

the array resources of SIMD machines.

These places are distinguished

from scalar places which model the scalar resources. § Nets also

introduce a new kind of transitionm.

One type correlates with the Petri

Net transition, but the mask firing transition is particularized to the
SIMD enviromment, modeling the inherent capability of a computation ex-
ecuting on a SIMD machine to alter the participation of the vector

aggregates in successor events.
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SYNCHRONOUS NETS FOR SINGLE INSTRUCTION STREAM -~
- MULTIPLE DATA STREAM COMPUTERS
1. INTRODUCTION
This paper is concerned with the problem of mapping algorithms
onto certain classes of parallel processors to exploit parallelism in
the algorithm to the maximum extent supportable by the machine on which
it is implemented. The approach taken is one of providing a tool -- a
graph-based modeling system called Synchronous Nets or S Nets == to
describe such an implementation. This not only supports examination of
the possibilities for parallelism in the algorithm and the machine, but
also provides a means of describing and documenting results.
1.1 SIMD Architectures
The processors of interest are of the single instruction stream-multiple
data stream (SIMD) architectures as described by Flynn [1l] who distinguishes
four classes:
Single instruction stream - single data stream (SISD)
Single instruction stream - multiple data stream (SIMD)
Multiple instruction stream - single data stream (MISD)
Multiple instruction stream - multiple data stream (MIMD)
Figure 1 illustrates an SIMD architecture, which typically consists of
a control unit with its own memory, and (possibly) some limited processing
capability; an array or vector unit consisting of N Processing Elements (PEs)
and at least N memories (PEMs); and an interconnection network for interpro-
cessor communication. Associated with each PE is some indicator (mask)
for signaling participation or non-participation in instructions. 1In
implementation, usually a conventional sequential machine is attached
to the control units, i.e. a mini-host. 1In some instances then, the

SIMD "system' can admit a multiplicity in the instruction stream, where
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ong of the instruction streams is provided either by the control "processor"” ¢
or the mini-host, in addition to that utilized by the array resource. i

A Multiple-SIMD (MSIMD) architecture is configured as two or more 1
independent SIMD machines, each with its own control unit, arrav unit, etc.,

and with one interconnection network. These SIMD components have the ability

to perform synchronously or asynchronously, and using the same instruction '

C—

stream or different instruction streams. Such an architecture is illustrated
by Figure 2.
1.2 Potential of SIMD Architectures
SIMD machines are considered "special purpose'. They perform spectacu-
larly on problems to which they are well suited [2]. For instance, an IBM
360/75 system augmented with a STARAN showed a 57:1 gain for adaptive clustering
algorithms which accomplish pattern recognition on LANDSAT imagerv using
statistical measurements [3]. Krygiel reported a 70:1 improvement with STARAN
over a UNIVAC 1108 for a 1024 point Fast Hadamard Transform [4]. Daley's
implementation of a weather prediction model on ILLIAC IV required 11
minutes in comparison to 27 hours on an IBM 360/67 [5]. i
To derive high performance, the application should have a high degree i
of parallelism, with the topology of the algorithm consistent with the
topology of the machine. Unfortunately there are no simple means to gauge
this desired isomorphism. Modeling is one approach that can be emploved.

S Nets were specifically developed to accomplish this, and are a modification i

of Petri Nets [6, 7, 8] supplying constructs particularized to SIMD (and

MSIMD architectures).




2. DJEFINITION OF STNCZRONOUS NETS

2.1 SISTEM OVERVIZW
{ _ A Synchronous Net, or S Net, is a directed graph with a marking
and a set of descriptors [9]. The vertices of the graph are vector-mask

places, scalar places, and ::ansi:icgs. Scalas places and vector-mask , 3

places are connected with arss o transizicns and vice versa. A ! #

marking associates a non-segative integer with each scalar place, and

associates a tuple of non-aegative integers with each vecctor-mask

place. The ncn-negative number is called che’ number of tokeans. De-

-

3 scziptors are associated with each traasicion amd characserize the

P DU

l bebavior of the transitilon.

The S Net exhibits dymnamic behavior vesulzing from the firing of
transizions. Cnly enabled. transitions may fire, and a traasition is

enabled (also called f£irable) 1f cthe markiag of its I=mediace anze-

{
i
:
i
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!

A

cedent places (impuz places) meess certain requiremezts. Tae firing
of a transition changes the marking om its izput places amd its i=mmedi- f L
ate successoT places (ocutput places) ia accordance with the tTazsition's

desczipror.
) As wizh Pec=i Nects S Nets use transicions to model evenis and

places to model conditicms with arcs Tepreseating cthe pachs allowed

for passage of comtrol. The fizing of a tTamsitiZon nodels the

occurreace of az event; sokens in a place can model the bolding of 3
condition; however there are particular requiredentis associated witd

holdiags for vecsor-mask places other thaz just the presance of tokezus.
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Inogzinsic and orvi~inal to thisg system is che notiom of veczor-mask

Places, which can be used o zodel aggregates of logically assoclated

and homogenecus conditions whose inizial and ceasiang eveats are syncazon-

iZed, Ll.e., the condizions of a set of arcay processors. These aggoe-
gates ave further characterized by the fact that the marking of soﬁg
aexbers of the aggregate may be relevant to che £izing of a successor
tragsition while cthers may not. This characteristic can model the
participation-or non=-participation of some elexments of the aczTay
processor ia subsequent eveants; or viewed alterzatively, the event
resulzing iz a condizion has transpired wizh the participation aad/or
non-participation of scme elements of the array processor.

Uaique to S Nets is cthe concept of two kinds of firings -~ one of
which == the mask firing — provides for altermatives in the mackings
of the aggregates. This enables modeling of chamges in :h; partici-~
pation or nopn-~particijpacion of the eliements of an arTay processoT as
it proceeds from event to eveat.

2.2 S NET GRAPES

S Nets will be defined in terms of sets. The element of a set
will be designated withia { }. The CARDINALITY of any set shall be
designated | | and refers to the number of elemencs in the sez, L.e.,
|S| zefers to the zumber of elemeacs ia S.

2 s={s, 5,,...8,}, then Is] = 3.

3
Also important in che § Net definizion is the notiecn of tuples noted
as < > and consisting of ordered components. The cardimalicy of a
cuple is also designated | |, but iz is zore appropriately called

izs DIDMENSIONALITY.




« An S Net Graphk will be a gquadruple (Z,S5,U,A), wizh an 4inictial
nariing Ko and a ser of transizion descziptors D, where:

" = Edmd £ == 1ed :
T = A Sinite set of ctransitions {:1, :2’°":LTL}'

S = A finice sec of scalas places {sl, sz,...slsl}.

U= 4 finite sec of vector-mask places {<V,, Mf>’<72,¥2>""<vlﬂl' Mfﬁﬁ?}
A = A finice set of directed arcs {al, 32”"‘!A[}' such that

AC (3xT) U (TxP), where ? « UUUS and P is called the set of places,

and the elements of A are of the fom <pi, > of “j' P>y S0 that
either an arc connecss a place to 2 transition or 3 twamsiziom to a

place.

Transizions are of two types -~ those acccmplishing a sizple
firing, and those accomplishing a mask fizing., The descriptor Zor a
cransizion T, is D tti] and designates the twansiticn type., This will
be furzher defined under "Rules for Execuzion”.

The sec U is defined as a subser of VxM, where:

V = A Zinite set of elements called veczor places {V,, VZ""vlvi};
each element of V, designated Vi, is a tuple of scme numbey of ordered

ccmponents, where V, = <V,., ¥, g40..V, > a2d P > 1, and lvil does not

b3
secessatily equal [Vﬁ] vhen 1 ¢ 4, bu:pIV]- jof.

Ww 4 Sinize ser of elements called masks {Hl, !2'°°°Hl“1}; each elemenz of M,
desigaacted ¥ , is s zuple of some number of ordered componeats, whers

M, = S, Bygseeedy >, asd q > 1, a=nd ]Hil does 20t necessarily squal

luj{ whes L % j, buc |[H] = U],
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The relacicn todetermize U, a subset of Vx4 , is:
U« {(V,, ui)lvi c V, xi c "", aad ?:(Vi, !(1) is :?'"f}
vhere Px(V,, ¥,) = "The itk element of V is assoclazed wizh che ith
element of M, and the jth componmeas of V, is assocfaced with the jth
component of X,," Siace V| = || and [H| = |0, chen V] = .IH],
i
will not alzer S Net executicn.) e

but for every V, and M,, !Vil < luil. (This difference ia dizmsicnaii:y
If ? is UUS, and A is as defined, the tziple (7,7,4) is a bi-

partite directed g:apt; since 21l nodes can be partiticned iaco tvo

sets, :;a.nsi:ions and places, such :h;.: each are direczed FROM an elexent

of one se: is d"..:eﬁ:ed TO an element of the other set, and vice versa.

Therefcre ares from(to) a vector-mask place or a scalar place are

always dizected to (f:ég) a tzansition.

Iz the S Net Graph, t-ansiticus aTe represented by } , the scalaz -

places aze represexnted by O ,~and the vector-mask places by o .

Within that last symbol, the vector symbol vi is O and the zask

O

-

® . |

symbol ¥, is X} oz . The dizensionalicy of V, oz |V,| i
Nt}

Qs Q.

The dimensionalicy of xi i3 not noted ca the graph, but is speci-

£2ad 12 the formal desigmacica of M, eswponemts, i.e.,

l>. Ares aTe dexoted ag —

Qu. :n.o ..ailxi
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Analogously to a Peszi Net, the stouctute of as S Net is delined
* S0-as =0 make clear the relaticmskip of places and transiticms. Tev

eack cransizion = £ T ¢f zhe Net, there acve two fumcticns dellized:
che izput fumeziom I(g), desiznacing czhe sez of impuz places Zor
che czansition; and the cutput Zumesicm 0(:), designasing the s¢='e£
ocutpuz places for the transizien.

It T e 2?, wvbeze I(c) = {p]| <p,z>cal

0: T = 2’, where 0(z) = {p| <z,p>ecal)
The INPTUT PLACES of a trzamsiticn are all the scalar places and vector-
zask §laces dizeczzed izmediztely 7O cthe transitien., The OUZTT 2LACES
ef a tTansiticn ace all the scalar places and vesscr-mask places
‘dizeczed izmediately FROM the tTamsizicn.

2.3.1 S Net Example

Given the S Ne2 stown iz

~guTe 3, we shall delineace the. grach

of the S Net as follows:

T = {:l, s 845 T4 Bsy :6}
S= {sl, $55 33}
Ve {50 Y35 Vg4 v,

V= <v v ..

120 V12 V13
3™ ags V95 ¥p3®
V3" ¥ips V320 Vi3’
Yo" V410 Va20 Va3

ol UL T TRY
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T = fev,, }'_l>, <v2, N>, ., X, -, Va, ¥,>}
A= {<sl, % <34, <V1, l{i>>, << 10 "l » 257 -<;.'.'2. V448522,
<<V, 4,3, 84>y T3, 5, 2, <V,, My>3, <«<¥,, M2, T3, <T,, <V ¥.>2
3 Vs Mi>, Ty, <S,, T3, <Tg, 8,3, <5, g% g 33>}
2.4 MARKTNGS
The infinire ser of noc-negzacive iztegers {0, 1,...} is desigmaced
? ¥; the ser of Scoleza mumbers {0, 1} is designated 3; che sez {0} is
i designated Z; and the set {1} is desigmated L. Aisc the r-Zold
1 Caztesizn products are defined: .
; N = Nxhx...N; each zmexmber ié of cthe Zcma <xl, Nz,...N:>
; - 3%3x...3; eack me=ber is of the for= <BI’ 32,...3:>
1 25 = 2x?x...2; each me=ber is of the form <0, 0,...0>
L¥ = IxIx...L; each mexber is of the form <1, 1,...1>
vherse Ni and 31, ace elexzents cof N and 3, respectively.
A MARKING is a function K whers
A 4, |

R: S+ N V,~N

1

¥, ckl,

b“mv =u|““3-

The =zTking associztes a nea=-negative integer
_ place — R(s) for each s ¢ S — and two vectiars cof

_incegers with each veczor-mask place, one of those

for all M, ¢ M,
wish each scalas
con=-cegative

associaced vecasTs

being a Boclesn vecsar — X(V,) for each V, ¢ V and R(¥,) for each




A satking Sor 2n § Ne: =ust spesify all thoee cozpenexts.  Heacslcril,

whe: the fumction X is speciiiad and t2e =a2pping is Is5r S, then K

- — e p— - -

. ——— —————

s beisg given; vhea zhe zapping is Zor V, thea X, is beizg givesm;

and when the =apping is

Az INZTIAL

for M, che= Xy is beizng give:.

KD i3 delized as che first marking of the § Net.

_ - 4, |

A MASK MARKING fo: a2 mask M, is a funcziem X suehr thaz M, = 3

2e set of possible nmask zavkiags for any ¥

co—<iczmain of a mask m=ariking, comsisting of desiganazed suples of 3

-
-

5 is WiM,) a=d de:o:esl: T

p
|,

or if appropriate, the eztire praduct set 3 .

2.4.1 Notation for Machkings

The comvenczicn adopted £o show zarkings will be thas of ( ) aad

T ccxponent, and the
sczpenezs 1s i=velved,

aarkings of elemex

is vsed 20 distiaguish the matking of a single elezexnt

lzzzer is used whea m=oTe t2az one elezant oT
theredy dezmotingz a2z ordezizg Wit vespect °9

¢empenesnts.

As an exz=ple, mackings Jfcr places Sys S9s S5 2T desigznaced

R(s;) = (0); R(sp) = (0); K(s,) = (0), aad i

S = {sl, S5 33}, this is

eguivalens: to K: S » 2.

oo mamam Ao




By definition Y and M are sets consisting of elememts which are

ST Y YW -

cuples, £ V= {7,,9,}, and 42 9y = w0, V5, V)42 and V, = <y, V5%
then K: Vl - 23; vz - Z2 is equivalent o

K(Vl) = <0,0,0>; alterzasely K(vll) r (0); K(vlz) = (0); K(vl3) = (0);

and K(vz) = <0, 0>; alterzately K(vu) = (0); x(vzz) = (0). Similarly,

for 181 -y, o Byg>, 3 marking K(‘MI) = <}, 0, 0> designates that

v p—— | g W —— T YA T T

R(ay,) = (1), Rlagp) = (0), Klmy) = (0).

1 2.4.2 Graphic Portrayal of Markings

Ma. xings are illuscrated with the presence of tokeas. Dets in

any place represeat tckens, Tokens ia masks may, cerzztively, be
cepresented by Boolean sy=zbols for legibilicy.

The symbol farHishovsa:okeninuﬂandnu. This is

syncncmous with the symbol g .
\@,

Givez the $ Net example of Figure 3, Figure &4 illustrates an tririad

marking where masks are marked with tokems but vector places are not

markes with tokens. This example assumes the initial marking is:

Ry(s;) = (1) Ky(s,) = (0); Ky(s,) = (0)
Rp(Ty) = Bp(Tp) = Kg(T3) = K@) = <0, 0, &
Ry04) = Ryl = <1, 0, 0>

20(113) a<l, 1, 1>
ZOCHA) = <0, 0, 1>

' _An assigoment of tokems to a vactor place V, may leave scme of the

component places marked wizh tokens and others empty, i.s., all

elevasts v,, of V, ay oot bave tokens. Since the lvi’ =ay be large,
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g-apbic designaticn cof vhich componezts aTe zatked =ust zecessatily

be limited, Tor exasple, a O poTerays a V, with three cozponexnts,

i

thea O indicazes thar two v, 5 € V, are matked, Syncacmous ave :the

o o

sy=bels aad ¥ . Sowever culy couveys that Two v,

@ @ -
are 3avked bdut does not distinguish the individual elexmeats, 20T does
iz indicarze how mamy tokeus are in ezch vy j z=2cked, Zowever § NQ:s
use veczor-mask places to oodel ceondisions resulsing fzecm and leadinog
3 events, and V i is alvays expressed grzphically im cozjmnesion with
!i’ Iz is xi which will be used gTaphically co enbkance cecmprehezsion
cf whick 7‘.3 aze zavked = at least iz =zarkings cesulzing from az
execatiom of the S Ng:.

2.5 RLLES TOR EXECUTION
The graph and sczuczuze of S Nets have been addressed iz previsus
Sectlons.of this Chapresrs Now discussed ;.'ill e the dyzamic behavior
of S Nets,
2.5.1 ©ZEZ=abled Transitions
A scalar place is ZO0LDING if it has at leass cne tckea iz iz,
A vector-mask place <71. xi> is BOLDING if:
at least coe Z(nij) = (1), 1-1,2,...]'71], and

vij [ vi has a2 pon=-zero mazking for all these 3§ for which =‘j c M,

has 2 aon~zexp markixng,

A holding for a vector-cask piacc is in contrast to a =atkiag of
thac placs. Wheseas a 2arking associlates some seZ of Intagers wish
veczor-nask places, 2 holdisg for 3 veczor-zask place REQUIRES that
the cczpenents of Vi be zavtked with tokeas everywhers that thelr

assoclated Hi. cczponents are =atked with tokezs.




A transition t is 2MASLED also called FIRASLE under the following
cendizions: ¢ is ZNASLED if all scalar places ia I(g) aTe holiding
and all vector-mask places iz I(:) are holding.
2.5.2 Fizing Transitioms

A ?IRING-is 2 fuzction of a transition which has for izs demaia
and Tange the matking of zhe izput z2mnd ocusput places of the trznsicticn.
Theze is a fizing associated with every emabled transizicn ¢, Thez a
transition ¢ is enmabled, its firing funczion is defized at a givea
=azkiag Kh of the S Net, and the firing yields Ku+l’ a new =avkiag.,
5.5.3 Iransition Types

& TRANSITION TYPE specifiies the firing capzbilities of the cran~-
sizicn — elzher sizple or zask Iizing —— designated SFT and MFT respec-
tively.
2.5.4 Transizicn Descriptors

A TRANSITION DESCRIPTIOR D[] specifies che ctramsitisn type,
either SFT or MFT, and for cveéy veszor-mask outpus place <V=, £i>
of :he::aﬁsi:ion, specilies w(xi), the sez of markings for Hi'
Descripzors for a transition ¢ with veczor-mask cusput flaces
<Vi, H1>, <Yj’ gj>....<v:, Hr> ace specified:

Dfz] = [s7pe; xM,) £ W0L), R(M,) £ W )...-z.m:) 3 U(Hg)l

3 3
whese the elgments of t-’e!i) aze explicizly listed, as:

Dlz] = [cype; K(Y,) c.{<> <>3,...1, K(z'.j) c {<>, <>,,..1,
ceesR(M) € {¢>, <>,...0




3 leasgs cae <V, , M

2.5.5 Rules for a Sizple Ficing

' A SDOPLE FTIRING associated wizh an enabled sransition 2 is such

Tor everv scalar Input nlace s, thexn

Kn_’_l(s) = Kn(s) -1

For every scalar out3ut nlace s, then

xn-.*l(s) - Kn(s) +1

For evervy vector-mask input place <V , M >, thea:

i

3'1'2"""’:.!'

Kn_!_,_ (vij) K (-&rj l_‘vfsr chose j for whi;h aij £ M,

con=-zeTs mathing; azd for aij € Hi'
(a.j) Kn(ni ) for all 4.

Tor every vector-masi cutpus place.d’i, M, >, thea: for
3-1,2,...1\7,,1,

K (vij) j)-i- 1 for chose j Jor which ey cM
aca-zero marking; for nij € )!i,

xﬁl (aij) = xn j) for all §.
As seea frem the {iring rules, Sils do not alter their iapus
zasks.
2.5.6 Rules for a Mask Fizing

A MASE TIZING i3 asscciazed wizh an ezabled tTansdics

1> outpus place, z=d is such thas:

Ter every scalar input olace s, thea

Ka-!-l(” - K (s) =1

for everv scalar cusput dlace g, thea

R_.(s) = E(s) +1

oT output

.
S35 Zas
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' X 1 (vij) -K (vij) -~ 1 for those j for which 3y € M, has 2
noa-zero matking; and fSor 2, 5 c Hi’
K:-.-i-l (aij) - Kn (nij) for all j.
TeT every vector-mask outpul place <V 1,}{, thea Zor }!i
K 1 (M:L) € W(Mi ), where W(Hi) is specified by the zransiticn

descripter Dit], and Kn-i-l (’.“'.i) is nom~deterzinistically chosea.

Tor every vector-zmask ousput place <Vi, ¥,>, thea for Vs © Vi,
-~ -

N———

3-1,2,...lvi|,

xn-l-l (vij) - Kn (-:ri ) + 1 for those j for wnica m,, ¢ M, has a

- i
aco-zero macking, i.e., whers X, (aij) = (1).
The assigaoment of a 3oolean vector to Hi by MFT ¢ is a =apping of !11
pu. rye) wo;i), where the domzin is 2'!1 and the co-domain consists of the

elezeass of weM,).

INTO .

¥, T2 wes,)

3y the firing definiticpns, fizings remove tokens fTea places and
add tokens to other places, and iz che case of the mask 5izing =atk
the masks of the vecior-mask cutpus places, It should be noted that
the auzber of tokeas sudtracsed by 2 transiticn fizing does ot

necsssasily equal the =umber thar it adds,

2.5.7 Transitions and Thei:r Descriptors
As seen from the firing definizicns, SFis om Iiring do act change

the z(ui) of their <V _, M > izpuz and output places, Where tha £izing

i "1
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S7Pe 1s sizple, the aartkings for any cutput masks of the =-azsizisca
are speciiied a: Ko. Tais trausicicn descripzor is noted simzplw as
D{z] = (sFT; _l.

Tor MFls, the !W(H )| 2 1 23z all ousput masks, ané since these

matkings are accemplished by the transizion £iriag and aot the iaisial

=atking, the se: of zarkings must be liscted in zhe transiczican 6esc=;pcc:,

il.e.,

D(t] = [v=T; x(n,.) e {< >, < > 1

2.5.8  Graphic Portrayal of Mask Firiag Transizions

Figure 5 1llustrates a M7 ¢, with ome au(t?u: mask Hl aad %o
designa ed ma-k.;ngs of that mask, i.e,,
Dlz;] = ET; RQY) ¢ {<1, 0, 0>, <1, 1, O>}].
Figure € shows a zask fizing of two sutput zasks M, amd M, with =
possidle mactkings Zor each a2sk, i.e.,
D[:l] = [M=T; K(.‘:l) € {<1, 0, 0>, <1, 1, 0>}, :(('.“.2) e {<1, 1>, <0, 1>}].
At She tize of firing, the =ask marking thac is aczozplished by the
traasiticn is atbitrary. According to the firing rules stated for zhe
T, !1, is zmatked with ome tuple of the set Wmi). iz Figuze 5
afser $izing of t., the D{=1] al.ows sackings x(ul) - <1, O, 0> or
QL) = <, 1, &,

2.5.9 :‘:zzaple. of Mask Firing Tramsiticns

Figure 7 through Figure 10 show MFTs in an S et and illus-
tTace bow they perforz. Cives an i=izial sarking:

L (s ) = (1): !o(sz) = (0); Ko(sz) = (0

Ey(¥)) = Ky(V,) =<0, 0, 0>




D ALMRE ik -

'A**“"‘_.:.—. p—tt - ~‘-j: . —

U UeSCTLPLOTS:
D[:ll = [MFT; K&Hl) e {<1, 0, 0>, <0, 0, 1>}]
D[:zl = [MFT; K(nz) ¢ {<1, 0, 0>, <0, 0, 1>}]

D[:3] = D[z,] = Dlzg] = [sFT;_]

4]

Figure 7 <reflects the initial marking and shows that t, is

ezabled, Transitiom ¢, thea fires, and the resulss zre shown in

1
Figure 8 . The marking assigned for Hl by :1 was <1, 0, 0> which is
designated ia D[:ll and is shown cn the graph as one member cf the

set W(Hl). After ¢

fires, v,, receives one tokea since 24 is mavtked

1 bR 1
with a token, a2nd 2 tokea is cexzoved from s
The v token ezables :z since nll also holds a token, seo chat

the fizing of t, can commeace. If t, fires changing the zarking XQy)

te <1, 0, 0>, and if the firing sequence :1. o :3. t, is assumed,

'
then Figure 9 illustractes the =mackiag after . hag fized, In

Figure 9 2 token is again ia-sl; K(Hl) is <1, 0, 0> f:cm zhe

previcus firing of £y K(Hz) is <1, 0, 0> as marked froro the previous
£izing of 55 KCVI) is <0, 0, 0> since the tockea in Vay placed there

as a result of the first £{iring was removed at the firing of ¢

ey 2°
KCVZ) is <0, 0, 0> since che token in Yoy placed there zfzer the

£i=4ing of €y, vas Texzoved at the firiag of ts.

Where Figure 9  shows Y ecabled, Figure 10 shows the resul:s
afzws whe second fiing of ¢,. Sere X(Y) = <0, 0, 1>, » mazking
alzerzative also described in D[:ll. (The selection of the marking
is azbicrary, and could have been <1, 0, 0> again,) Given K(Hl) =
<0, 0, 1>, by firing defiaizion Vyq DOV Teceives a zokez. Since 2,

also holds a cokea, t, is enabled, and so cm.

2
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3. S NET APPLICATION

Before proceeding with an illustrative application one more definition
is provided. An INTERPRETATION of an S Net is an assignment of labels to the
transitions and/or places of the Net to indicate for the transition the event
that it models and for the place the condition that it models.

Consider the problem of summing the rows of a 4x4 matrix A, multiplying
the resultant sum by a 4xl1 vector B, then storing the results in the first
column of A. This is described with the FORTRAN algorithm:

DO 200I =1, &

DO 100 J =1, 3
100 A(I, 1) = A(I, 1) + A(I, J+1)
200 A(I, 1) = A(I, 1) * B(I)

If it is assumed that an 8 PE SIMD machine is available for this compu-
tation, some data storage scheme for the vectors needs to be developdd.
Figure 1l depicts one such scheme. The Figure indicates that PEp has the
first row in its PEM, PEl has the second row, etc. With parallel hardware
available, the four row sums can be formed simultaneously, and then all four
sums multiplied by the vector also simultaneocusly. This is shown in an S Net
model in Figure 12 which is marked to reflect a holding of condition after a
t, firing.

Transition t)7 models the event which adds the Jth column of matrix A to
the first column of matrix A. Assuming a sequence of transition firings such
that t, and tg have conflict resolved by the status of loop counter J, when
ty finally fires, all rows are summed; and transition t7 models a parallel
multiplication of all four sums by the appropriate element of vector B.
Something less than the maximum utilization of the vector resource is
indicated when the § Net is put into this sequence of firings. The marking

on the vector-mask output place resulting from the ts firing is depicted

17
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on Figure 12 as 4/8. Thus the utilization of the array resources is a by-
product of an S Net execution. Both the parallelism achieved by the array
resource (4) and the utilization with respect to the maximum parallelism
supportable by the array hardware (8) becomes apparent. Finally, the

marking of the mask suggests some additional management activity required

of the vector resource. It is necessary to specify which of the PEs available
will participate in the process and which will not.

The S Net mask models control over the array resources, the designation
of which PEs are participating in events and which are not. The event modeled
by to is an array operati-n sip~e rhe output place of t2 is a vector-mask output
place <V, M1>. This evss . uakes place with the first four PEs of the array

resource participating and the latter four non-participating since K(Mj;) =

<14, 04>. The add operarion (the event modeled by t2) 1s performed by the

four array resourcgs‘simultaneously and results in a condition viewed as a
logical aggregate =-- a vector condition,.i.e., the Jth column of matrix A
has been added to the first column of matrix A for all PEs participating.

1f t2 haq a scalar output place (it does not) as well as a vector-mask
output place, it would model an event performed by a scalar resource con-
current with an event performed by an array resource.

4. SUMMARY

In this paper, a new modeling system =-=- that of Synchronous Nets or
S Nets -- has been developed as a modification of Petri Nets. §S Nets are
analogous to Petri Nets in that they model occurrences of events with the
firings of transitions, and model the holding of conditions with the presence
of tokens in places. However, S Nets are a modeling tool particularized to
express algorithms for SIMD and MSIMD architectures, providing richer detail

for the SIMD enviromment than do Petri Nets. S Nets have introduced vector-
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mask places to model the conditions of a set of array processors. These

places are distinguished from scalar places which model scalar resources. The
array resources are modeled as logically associated and homogeneous aggregrates
by a single vector-mask place. The underlying parallelism of the array
hardware is modeled by the dimensionality of the vector element of the place,
and the mask is used to model control of the aggregate as to the designation

of which members of the aggregate will participate in the firing of subsequent
events, modeled by transitions.

More exposition of the modeling capability of S Nets, particularly the
properties of concurrency and conflict, as well as the relationship of § Nets
to Petri Nets is supplied in [9], as are additional examples.

The richer detail of S Nets enables the differentiation of Flynn's classes
of architectures. Because of the increased modeling power lent by § Nets with
vector-mask places, the multiplicity of the data stream can be depicted. .
Figure 13 illustrates the S Net modeling of the architectural classes.

The SIMD architecture is readily distinguished from the SISD just by
the added detail of vector-mask places. The MIMD-2 architecture which allows
both scalar and vector concurrency, such as that of the BSP [10}, is distin-
guishable from the MIMD-3 architecture which allows concurrent SIMD resources,
such as that of Siegel's PASM [11l]. Both are clearly different from the MIMD-1

architecture of the conventional distributed processors.
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