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1.1 e classical data o proble s
1. at could o ron



1 r 1

oe ploit t e po er of todays processors, opti 1 ationsli e co  onsube pression eli ination,
constant foldin |, dead code eli ination etc. ust be perfor ed for parallel pro ra s as ell
as for se uential ones. Opti 1in a pro ra re uires analy in it, and t is is often done by

applyin data o e uationstot e pro ra . raditional data o analysis et odsare desi ned
for se uential pro ra s. ence t ey ay fail  en applied to control o parallel pro ra s.
Mid 1 9 presents so ee a ples, ere traditional analy in and opti 1in tec ni ues

fail  en applied to parallel pro ra s.
Current approac es in analy in t e data o of parallel pro ra s a e eit er a restricted
odel of s ared e ory, or e en disallo it. Reif 4 in esti ates t e data o of co  uni
catin processes, but t ese do not s are e ory. Processes co  unicate solely t rou syn

c ronous ¢ annels. Srini asan 9la describes an e cient et od of co putin t e Static

Sin le Assi n ent for  Cytron 9 for e plicitly parallel pro ra s it clauses.

e parallel sections ust be data independent, e cept  ere e plicit sync roni ation is used.
Srini asan 91b, olfe 91 introduce t e and t e

ic  ayfor t e basisof concrete opti 11in al orit s. C o 9 use

abstract interpretation as fra e or to obtain pro ra properties, i e side e ects, data depen

dencies, ob ect lifeti es and concurrent e pressions. Grun ald 9 present a solution for t e

reac in definition proble ,bot it and it out sync roni ation. utt ey restrict t e sel es
to PC OR RA defined by t e Parallel Co putin  oru  standard confor in pro ra s,

ic  eans access to s ared ariables is done only at sync roni ation points. or process start
and process end t ey assu e a copy in copy out se antics.

Our in esti ation is based on an 1 perati e lan ua e it e plict control o parallelis |
dyna ic process creation, and s ared e ory. Asco putin odel eassu eaM MD  ultiple
instruction, ultiple data syste , ere eac process is e ecuted on a separate processor. Eac
processor runs independently of eac ot er and asits o n set of re isters, ic are in 1sible for
ot er processors. All processors access as ared e ory, it outt eabo e entioned restrictions.

e ain result of t is paper is an e tension of t ¢ ell no n se uential data o e uations

co erin and data o proble s:
1. eore 1s o s ic data o infor ationreac es astate ent int e parallel conte t |
and
.t eore s and 1 et einfor ation ic reac es t e end of t e in parallel e ecuted

state ents.

Section defines t e lan ua e e base our in esti ation on, section presents t e idea ic
leads tot e ain result, and sections 4 and s o st et eore s.

e four classical data o proble sare classified into and proble sandt e direction
of infor ation propa ation cf. table 1 . ft einfor ation ic reac es a
pro ra point co es fro t e precedin state ents, t e proble is called a if
it co esfro t efollo in state ents, it is called a . ft einfor ation asto
be a ailable in all predecessors successors t e proble 1is called a ,if it as to be
a ailable in at least one, it is a proble ec t77.

sually, t e data o infor ationisco puted o er a control o rap . Anot er possibility
is to use t e structure tree of t e pro ra abic 7T,A o0 . ec oset isapproac ,

since it allo s easier for ulation.
n t is paper e consider only for ard proble s, for bac ard proble st e results ay be
stated in a si ilar ay.



Must May
for ard | A ailable E pressions | Reac in Definitions
bac ard ery usy E pressions 1 e ariables

able 1: Classification of t e classical data o proble s.

e e uations are al ays stated usin t e sets . ist e set of
t e infor ations enerated by state ent and reac in its end. is t e set of infor ations
in alidated by  and still in alid at t e end of . represents t e infor ations reac in
and t e set of infor ations reac in t e end of . and are defined in ter sof t e

underlyin data o proble ,e. .t esetof enerated definitions of a ariable or set of co puted
e pressions. or e a plein t e reac in definition proble , t e assi n state ent
enerates t is definition of ariable  and in alidates all ot er definitions of t is ariable.
e osti portante uationsaret e onesfor propa atin t einfor ationfro one state ent
tot e ne t in se uential e ecution: . ort eset ereis no distinction bet een and
proble sand t e infor ationis propa ated ass o nintable . ee uationsfort e ot er
se uential state ents are 1 en in appendi A.

1
able : Data o e uation for
e follo in e uation olds for t e se uential state ents A o
is section s o s t e potential proble s, en applyin se uential data o analysis to an
e plicit parallel pro ra . es all pro ra e ecutes t e processes and in parallel. t is
intuiti ely clear t at and are ne er e ecuted at t esa eti e.
A si ple inded opti 1 er could perfor t e follo in opti 1 ations ic  ould be cor
rect in se uential conte ts :
Propa ate and to and respecti ely.
en t e e pressions could be statically e aluated to
Dead code eli inationre o est e  and parts.
ot and are e ecuted
ute en it out traditional opti 1 ations perfor ed byt eco piler,t in scould o ron en

usin an asse bler ic does instruction sc edulin  reorderin |, to better use t e processor s
internal parallelis  i.e. t e pipelined processin of instructions .
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able : Si ple parallel pro ra

e non opti 1 ed code of process body on a typical R SC processor is 1 en in table 4.
e instruction sc eduler could no decide to reorder t e instructions, e. . to insert anot er
instruction bet een a re ister load and an 1 ediately follo in re ister use instruction e. .

ic results in t e code for s o n in table a. n t is case, it can
appen t at and are e ecuted bot ,ass o nin table b
ldc 1, r oad constant into re ister
st r,a | Storet e content of re ister in e ory at address
1d b, rl oad content of e ory at address into a re ister.
c p rl Co pare are ister it a constant, set condition code.
e t en | Conditional branc to , 1f condition code set.

able 4:  on opti 1 ed code for Process

ldc 1,r
1d b, rl
st T,a
c p rl
e t en
a
ti e t t t t
Processor : | ldc 1, r Id b, rl str,a ¢ prl,
Processor : | ldc 1, r Id a, rl str,b ¢ prl,
b

able : Code and e ecution of reordered code

E en orse,so eprocessors li et e DEC 9 areabletoreordert e e ory
accesses to di erent addresses to so e de ree. ence, e en t e unc an ed code could i1 et e



ron result. o a oid t is situation, t e 0 ers a instruction,
ic delayst e processor until all e oryre uests are fulfilled. noure a plet isinstructions

ust follo e ery e oryaccess, 1c resultsina reatslo do noft e pro ra speed.
On a syste it distributed e ory,t es ared e oryaccess ayi ple ented by calls to
t e operatin syste , 1c transports a aluefro t e e oryitisstored in tot e destination
ere it is needed. ft ese calls are async ronously perfor ed e. .t e e oryfetc isseparated
into t o calls: a non bloc in _ - and a bloc in _ ,toe
sa e proble arises.
a port 79 o ers a solution ic is for ali ed by Afe 9 . Me oryaccess a eto

fulfill t e t o conditions:

1. Eac processor e ecutes t e e ory access in t e order specified by t e pro ra

. All access to asin le e ory cell are e ecuted in a first in first out ueue.

t 1s ob ious, t at t ese conditions are too restricti e, since opti 1 ationsof really independent

e ory accesses are forbidden.

e base of t ese transfor ations is infor ationli et e or
e reason for t e abo es o n proble sist att ey uset e ron infor ation,i.e.

t einfor ation as calculated in a se uential conte t , not considerin t e parallelis e pressed
int e pro ra

2 e a lela ae
Asi plei perati elan ua e ill be used int is paper, a in loops, conditional state ents, and

a state ent to e ecute ot er state ents in parallel. e plict control o parallelis . Replicators
allo dyna 1ic process creation, and processes s are e ory.

ist e root sy boloft e ra  ar. is a list of state ents separated by a

se 1colon. stands for an optional part.
e state ent e ecutes all processes specified by in parallel and indepen

dently. e processes e ecutin t is state ent is suspended until all ¢ ild processes a e ter

inated. A is a list of state ents ic  aybe replicated. at is:

processes are for ed ic all e ecute t e state ents follo in t e reph

cator. Eac replicated process ets its pri ate copy of t e replicator ariable ,1c

as in eac replicated process a uni ue alueint eran e . Repli
cated processes are also called in ot er lan ua es. Eac ariable can be accessed in

eac process. o auto aticsync roni ation is done for t e access.
Procedures are not contained in t e lan ua e, since t e analysis and opti 1 in proble s can
be sol ed in t e usual ay.

el ea

A sin le run of a pro ra ay be seen as an e ecution of se uence of assi n state ents,

, startin it and endin it . e int e se uence are selected by so e



a ic , 1.e. by t e conditionals, loops, and pars . ft e pro ra ter inates, t e se uence is
finite. o co putet e data o infor ation, reac in a state ent in t 1s se uence is strai t

for ard: set e e uations for of table
ut no t e eanin of data o infor ation is to state facts about any pro ra run, not a
specific one. ence all possible se uences, or . ust be considered. e follo in for ulas
s o o allprora pat sareco puted . f is defined as t e set of all assi n state ent
se uences, : isan assi n ent , t en is defined as t e  fold
concatenation of pat |, and , 1t so e . e set is no defined as t e
set, of all pat s, produced by state ent . ore a ple, ist e set of all possible pat s
of a pro ra
assi n state ent
ere returns all pat s ic  ay be enerated by a state ent:
1 1
1 1
1 est epat soft e branc es of a state ent suc t at t e order of t e state ents
in one branc is obeyed int e er ed pat , but bet een t o state ents in a pat of one
branc t e er ed pat ay contain state ents of t e ot er branc : e. . . ay

be e tended to ta e as ar u ents set of pat s:

t is clear, se eral runs of a se uential pro ra e ecute it t esa einput al ayst esa e
pat . ut for a parallel pro ra t ere are se eral pat s possible.

Dependin on t e property of t e data o proble ,t e data o infor ation
ist e union ay or intersection  ust of t e infor ation co puted for all pat s, reac in a
state ent

4
and stands, dependin on t e proble , for eit er set union or set intersection.
is t e set of pat s, reac in state ent . E uation 4 is used en
t e infor ation depends on t e precedin state ents li e | isused if t 1snot t e case, li e
for and . or can be used too, since it depends on , for ic t e ot er e uation
is used. ese e uations correspond to t e so called solution of t e data o

proble ildall 7
Since for a sin le pat itis no n o toco putet e data o infor ation,t e al orit
to et t e data o infor ation reac in a state ent is no «clear. o e er, it as a bi




dra bac : t enu berof pat s ay bee ponentialin t e nu ber of conditionals or e en infinite
if t e pro ra contains loops.
A better solution ould be: find asi plefor ula co putin t edata o infor ation
based only on t e structure tree of t e pro ra , and proof t at t is for ula returns t e
sa east is solution.
e ne t sections s o st e ainresult of t is paper:

1. itiss o n  ic infor ation reac es a state ent int e parallel conte t , and
ic infor ation reac est e end of a state ent.

or t e first result, t o sets are used to represent t e data o infor ation reac in
a state ent, instead of only one in t e se uential case.
e second result is based ont e fact t atitissu cient to consider so e specific pat s instead

of all possible pat s. ort ese specific pat s, asi plefor ula can be 1 en and it returns
t esa eresults ast e belon in  eet o er all pat solution.

ort e state ent it t et o branc es and | t ese specific pat s
are: and , l.e. t e pat s resultin fro
t e concatenated e ecution of and

or e a ple: Analysin t e state ent, for ic t e are si ple
state ents, only t et o pat s and are needed for t e analysis. et ird
possible pat need not to be considered.

or state ents it  branc est epat sfro t e concatenated state ents ,

ere 1 is a per utation of t e nu bers 1 , are used.

ft esa plelan ua e ould a e a process sync ronisation state ent, t e nu ber of pat s
could be reduced, since so e pat ne er occur in any pro ra run. ence not considerin t is
ind of state ent, produces a  orst case data o infor ation ic 1s still correct.
ncludin a state entsdoesntc an et eideas,it co plicatesonly t e description.  is
isduetot efactt at e areusin t e structure tree and not a control o rap for representin
a pro ra in our presentation of t e ideas.

e arallel

o

r ai rea e a ae e

o

i
e

n t e se uential case only one set is defined to represent t e infor ation reac in a state ent.
n t e parallel case t o sets are needed:

einfor ationpropa ated alon t eed esoft estructure tree,i.e. 1t out considerin

t ee ect of t e state entse ecuted parallelto .  atist einfor ation ic co es
fro t e state entse ecuted al ays before
e set of infor ations reac in ic ste s fro se uentially before e ecuted
state ents and fro state ents e ecuted in parallel to
t is ob ious, t at . e sa e distinction can be ade for
t e set of infor ation reac in t e end of a state ent, but is not of interest, ence only
is used.
e set siblin  contains all assi n state ents ic  ay be e ecuted in parallel to




e proof is done in t o steps and

t astobes o n:

et ,t ent ere isin a pat a
state ent ic enerates and isnotin alidatedlaterin . eassi n entstate ents
in ste et erfro pro ra state ents, ic aree ecuted se uentially before | or fro
state ents ic  ay be e ecuted in parallel to see t e definition of . f s
astate ent ic isal ayse ecuted before t en olds. f astate ent ic

ay be e ecuted in parallel to | t en

t astobes o n:

et and ,t ent eclai olds ob iously.
et be enerated by a state ent . Since t ere is for e ery
a pat ic e ecutes as its last state ent before e ecutin | and

,t eclan olds.

L]
e a: et , t en olds.
at is, if reac es , t en is enerated by a state ent ic 1s e ecuted al ays be
fore . Ot er ise t ere ould be a state ent ic  enerates and since
, ust be e ecuted in all pat s before | ic contradicts
t astobes o n:
et , ence . o it astobes o nt at
Assu e: t ere is a state ent ic ills . en e can
construct a pat , ere 1s t e last state ent before |, and ence is not part of
Since , 18 not part of
ic contradicts our initial assu ption. ence if it cannot

be illed by a state ent e ecuted in parallel to
t astobes o n:

ecause on all pat s : state ents e ecuted se uentially

before it , 1s enerated by a state ent and and




. Since , 1s not
in parallel to ence 1s enerated on pat

, since  contains co pared to

by

illed by state ents 1ic
and it is not
only additional state ents ic

ay be e ecuted
after e ecutin

illed in

ay be e ecuted in

parallel to ence
n
1 1 r al rea e ee
out
out

All proofs follo

resultin fro t e
tatt 1se ual tot e

t esa eroad: Co putet e data o infor

state ent se uences
eet o er all pat s solution

irst e 1 et edata o e uationsfort e special pat s :

ation for t e special pat s |
and s o

ic 1s defined to be



1
11
Since:
and
)
t en
and ence
ic 1st e desired result.
e sa e is done for . m
e proof is 1 en for , e uation 9 is pro ed si ilarly. e proof
s o st et osetinclusions: and
obes o n:
et t en can not be illed by any state ent 1
. Ot er ise, assu e ill be illed by a state ent |t ent ereisa per utation |,
ere , 1.e. is t e last state ent. ence , 1c contradicts
t e assu ption,t at is enerated by all per uted state ent se uences.
ence
obes o n:
et t en 1is not in alidated by any state ent 1
, but enerated by so e 1 . ence
L]
since 1 : and 9
L]
e proofs o st et osetinclusions: and

obes o n:



since 1 : and 19 7

obes o n:

et t en

1. or

n bot cases 1sne er illed by a state ent 1 . nt efirst case 1is enerated
by so estate ent  and since not illed, it is contained in . nt esecond
case it it reac es t e start of t e state ent se uence and since not illed by it,

o t ecorrectness of t e for ulaispro ed,i.e.t att ey returnt esa eresult ast e eet

o er all pat s solutions.

if is a ay proble 1
if is a ust proble 1
if is a ay proble 14
if is a ust proble 1
if is a ay proble 1
if is a ust proble 17

e proof is 1 en for , e uation 14 is pro ed si ilarly. e

proof s o st et o setinclusions: and
obes o n:
Since a pat isapat oft eset , t e inclusion olds.

11



obes o n:

et t en t ere is a pat it . n t oere
is a state ent it and  cannot be follo ed by a state entin , ic
ills . o as t e for , t en in t e subpat t ere is no state ent
ic in alidates . et  be astate ent fro 1 tenit ustbes o nt at
f s restricted tot e state entsof ,t en contains only state ents of
. Since  containsnostate ents ic ill |t isistrue for . ence
i plies

e proof is 1 en for , e uation 1 s pro ed si ilarly. e
proof s o st et o set inclusions: and

obes o n:

et tent ereis 1

it ,ie. is 1illed by ,and isnot enerated by any
ot er branc of t e state ent.

et an arbitrary pat of t e set . Since isapat fro t eset ,
olds, and is t e state ent illin on , and after t at state ent
is not enerated on . as no t e for . n t ere are no state ents

fro 1c  enerate ot er 1ise and cannot contain state ents fro

)
1 ic  enerate ot er ise ,and ence t ere

is no state ent in eneratin . o e a e for any pat and ence

obes o n:

Since a pat isapat oft eset t e inclusion olds.

f a ,t en ob iously isa and
a . sin t e pre ious results, en calculatin
and , and t e fact t at for all per u
tations 1 olds, de onstrates t e oals see appendi
L]




out

out

e aetos o t at,if 1isreplicated t en
olds. or in
out t e e uations for and usin t eore s o st is. e proofofe uation 1
is still alid see appendi . m

e proofs are perfor ed by calculatin
, ereint e t e replicators are assu ed to enerate ore
t an one process and in t ey are o itted, i.e. enerate no process. m

1 i

it out doubt, control o parallel pro ra s a e to be analy ed and opti 1 ed as ell as
se uential ones. Since t e traditional data o analysis et ods are desi ned in t e conte t of
se uential pro ra s,t ey a e to be adapted to fit into t e parallel pro rta  in paradi
ut instead of restrictin eit ert e s ared e ory odelint e lan ua e, or force t e user
to instruct t e co piler not to odify certain re ions of code by e. . specifyin a ariable to be
or usin pra as t e e uations presented in t is paper ay be used. Since t ey are an
e tension of t e se uential ones, t ey ay be easyly inte rated into an e istin opti 1 er.
Solutions to ot er data o proble st ant ose ic a e been presented, can be deri ed
byt e et ods o nint e proofs: Concatenate t e process bodies, per ute t e | calculate a
for ulafort e union intersection of t ese  state ent se uences and prooft e e uality it t e

)

eet o er all pat s solution, usin t e proof tec ni ues 1 enint e pre ious sections.
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Da a e ail r e a ae e
ort e state ent t e e uationsloo 1 e:
f is a May proble f is a Must proble
ort e state ent olds:
f is a May proble f is a Must proble

t1s1 portant to see t at no iteration is needed to co pute t ese sets as needed if t e e uations
are for ulatedo ert e control o rap A o



lee r

since 1
since
by definition
Ob iously:
and
Ob iously, since
Since to et er it
Ob iously since, and , respecti ely.
tisonly s o n for , is pro ed si ilarly.
, since ,
, since and
. see Must and
and
re e 1 e r la
e follo in e uations for set di erences old, are sets:
1
19

if



D

a le

ise a ples o st edefinitions reac in t e state ents in and after a

state ent.
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