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Abstract

Tlr i !  paper reporls o t lLe desigrL. par i la l  i rLplementat ion and expect€d results oft ic hvbrid
appronclr  betweerr lP ( l isr  ponrts h analvsis) and CSP (context-scnsit ivc points-r ,o aralysis)

urodels to collect alias irlbrmation. IP compules a class equivirlence rrLenrorv nodcl that
cst inatcs thc possible targets of pointcfs at compi lc t imc, i r  almost l incar t ime in the size oI
thc cal l  graph. ( lSP, on thc othcr hand, gathcrs approximate points to relat ionships between
pairs oI stack loral iorrs orer al l  corLtexts oI lhe i rLvocat ion graph. ( lSP may in thc worst casc rLrn
ir  erporrel l ia l  r i rno i |  1Io sizo o'  1l ,e{:al l  graph. TlLe rLew lLi l . r r i r l  approach retses I  P krowLcdgc

ol polr ts 1o j l r lbrmal idr lo idt ial ize the ( lSP irLi l ia l  esl i rnate ol  the al jas oxtpnl i f fofmation

lor recursive f i l r r t io lrs.  ai ld las the lolcDtjal  io roducc t lc numbcr o{ i tcfat ions thcsc funcl io s
,rr l  prtcosscd. lhis st fatcg\ ' fcsul ts i r  a thster ( lSP algori thrn Lhal col lecls a(ruratc l )oints-to
ir lbnrat ior s i th ini l ia l  knowledge galhered bv thc FP analvsis on rccursivc funct ions. Other
at lcurpts pr.soutcd in this papcr,  t r icd to combin{ '  thc t 'P and ( lSP nrodds ard rerul led in a
l , \ ' l ) r id apt, t r ,a(1, i1r wI i l t r  IP, lassiJies f i r rLct iorLs as Seler l .ed or t lxchdcd depcndins on thci f
abi l i tv to nrodi ly or lcalc intaci  thc al i rs i  [o l | l l iotr .  respe(l ively.
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2 Introduction and Motivation

Alias anal ls is plays an imporlart  role i rL opt irr iz i rLg and paral lelzhg conpi lcrs- Two
or nLole expresslons that denote lhe sane nemory address, are aliascs o{ onc anoiher. The
alias relatiorslLip cirr be irtrodrced br the address-of operator (c.g. &a), bv the single pointer

LeleLence (e.g. +a).  and br- rhe mult i -poir tcr rcfcrcnccs (c.g. **a).  The ambiguit ies and side
cffc( ls introduccd bv the al ias exjstcncc afc paft ic l r lar ly importanl.  s i  ce orre or two rar iabjcs
r( l.rcr{:€r 1|€ sarne rr(]1ror'.v localicxr, anrt ruay pLrrposely, or inadvcrtantlv, .hangc l,he !il]ue held
in that nrcrrorv ccl l .  ' l 'hc proscncc of poinlers nakes data I low  ntr lysis norc conplcx. s incc

l Ic\  (nuse urrcertai l l t \ :  regardirg l r t rat  is t lcf incd and uscd. lhe onlv sale assurupt iorL abo t  arr
L| |rkown pointor p is to assurnc that an lndircct assignnent lhrorgh a point€r p can potcnt iai ly

charAe alr  var iable. Anot lLcr rLssurnpt jon that has to bc |nadc is that any use ol  the dir ln poi tc(I
lo l )r '  a poirr ler.  e.9.,  - \=*p, fan potent ial ly usc anv var iablc.  lhcsc assurnpriors rcsr l l l  nr xLore
l iv.  var i lbk,s; ,r( l  rca{ 'hnrB dol inj l iors tharL is real ist ic and fewer ava"i lablc cxpfcssions th: l i l ,  is
r)al is l i f .  As lbf  assignm€nls wi ih poi l r ler var i :Lbles, in the prcscncc of procedurc i ral ls,  t |eres

| lo  o( ' ( l  1o rral io thc wofsl , 'casc assuInpt ion ihat cveryt l i lg carr be | |arrged l)rovidcd. that
1 h .  s r 1  o f  v a r i a l ) l o s  a  l r r c c e r l u r e  r I i g | l  r l L a r r g c  c a l l  l x ' r o r n p  l c ( ] .  l . o r  a  l a n g u a g c  t h a l  p ( ' r ' , r i 1 s

, , r , , r s ; v c  p r o i . ( l r ( s .  1 1 , .  ( l a 1 . a  t ' v a i l r b l .  l o  a  p n n . d  r .  c o  s l s t s  o f  l l r c  g l o I a l s  a r r t l  i t s  , r v r r
l ( , .als.  i r  sLr. l r  : r  wn\ '  lhr l  para| l rcr.r 's rrr \ '  | l .  t lass,! i  bv r . l i . r .nrc.  A e,rxl  r t ) l ) ro) i i l ] rnt i ( , rr  1, ,
l l l . ' ! a | i n b . s i j 1 ) | l l . | ( l L | | . | a n . | l i l | l g | i | | t | | l | g k ] b  j s a l | ( i � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

l , l l . j | i ( | | a i s l l ) ( | ( ' 1 . | | | l i | l | | t o t v l a l ' | r 1 l t r r c e r l l r x . i r r f | r l c r r c o s l , | r l ' q r r r ' � � � � � � � l � � � � � � � � � u r � � � � � � � � � � � � � � � � � � � � � � � �

l l | . l ) 1 | l . | s . l l | | | | 1 ( ) C . ' | l l | ) L l 1 . 1 | l c ( l a l a J | o \ v i | | 1 ' o | l I l a t i ( ) l | l i l t t , a c l t p l x t l | u t ' i l l | � � � � � � � � � � � � � � � � � � � � � � � � � �

.or l rx1. t I r  p,) i r ls- to aralvsis i r l i ) fnral . ion is usf( l  1o r fsolvo t Ic ( :onrpl t 'x i t ics i l t roducf( l  l )v t .Lc
piJi f l . f  a. . fssc( l  | | r ( 'nrorv loc;r t iors i r  lhrt  i t  b lr i l l ls t lc fc:rd a|d rvf i t .  sots of ; r  prograrn. ' l  lLc
i , , , r I lc( l ia1..  l )crci i ls ol  dct i0i to p{, i  l .s k} analysis as inrplenrented ir  t l re McCAI ( l  .onrpi lof .
r fe lo provi(11' l t i l l i rg iolbrn,at ion. poi  t . r  lc l laccl l rcnt.  i  s isI l .  i l r ,o t i re depeldelce alalvsis

l i r r  l , r ral lc l izat ion l ) l r lDoscs;rnd r 'ot lLrct jol  i l  nrernolv k;ads ;rrd slor{)s.  OtIcf  advartagcs of

t)oir1s 1o arrahsis i r lor l rral ior ale in cal l  graphs corstf  dio0 wlth frrndi .r l  |o in1ofs.

, \  pr^cl ic,r l  cxanrpl( 'o{ thc us. ol  poi l ls- l ,o inlonl lal iorr  to derive the read ard rvl tc scts
{r1 sl i l le l l le lr ts S1, S2, Sl l ,  is leatured n{ ixt .  l 'ha notat ion {p. a,  I )}  nrcans that p poirr ts to a
del i rr i teh. Ior l |e statcncnt p = . ta.

i rL l  rp.  a,  b i lu l r ts- to LLlot t la t io tL Rcad Sots Writa Sors

t " i
{ p .  o .  D l 1a ] 1p l
{ p .  o .  D l l P , A J {b }

' lhblc l .  Polr ts ro Ir lorrrat jorL. l tedd. alrd \ \ \ i te Sers br S-t .  52, S:]



3 Background and Related Work

I ' l c C A ' l ' i l n p l c m c n t s t w o s t r a t c g i c s i n d c a l i n g \ l i t h p o i n t s t o a n a l y s i s : ( l ) f a s t l i n e a r p o i n t s -

to arLalvsls ( IP)[a,5.{ ]1.  rrLd (2)corLtexl .  sersir ive interprocedural  points-to analvsis (CISP)12. i l l .

l .P .onrpuics a nrelrrorv lnodel that cst imatcs thc possib]c tafgcts of poir ters al  colrpi ler l i l i1e,
j r  pfc. isclv.  and runs jn l inear t i lne in thc sizc ofthc program, whcrcas CiSP gathers accrrate,
dcl i rr i tc poir l ,s- lo i r lbrnrai , iorr  in l inre exponcnt ial  in thc sizc ofthc cal l  gr;rph. '1 'he t 'P approaclr
is bascr l  on Slcensgaard s [+,5] i r ferencc algori thm in which thc points-to analysis is ol tairred
ffonr thc stofagc modcl constructcd for thc program and ref ined by a sel  o1 rules orL basic
sr.alements. TlLe ( lSP Uorlel  12.: ,1 estnrates the possibte and defLnite relat ionships bctwccn
rl)s l fact star l i  locai ions i r  thc contoxt ()1 i rrvo(al iolr  graphs. and wi l l  be covered h more dctai l .
i r  t h c  | | c x r  p a r a g r a p h s .

3 . 1  C S P  O v c r v i c w

I L l i n i l . k  t  I : i l ) s l r a c l  s l a ( k l o c a l , i ( , n x ( l . l i I i l e l \ ' p o i  l s l o a l ) s l f t l f l . s l . a ( k l o c r t i o l r , i l l a s p c c i l i c
l r i v ( ) . : r l i o r . o r l f x l .  i l  x  a | l d  !  c a ( h  f ' p r . | s e  I  . x A . 1 l ]  o l e  r e n l  s l . a c l i  l < x a t i o r r  a  < l  s l . a c k  l o . a l i o  
x (orra;ns r l f  a<lr l |oss ol  the re? sl .ack locat ion of v.  I 'hc rrsc an{l  noial . ion for this rulc ar '  :

i f  (expression is tru€)

e1s  €

{ ( x ,  y ,  n ) }

1, l i t t l l io,  ) :  r \ l )s1f?r( I  s1ncl i  local i , , r  x p,,ssi1)1v l ,oir ts-to al)stra( l  s la.k lo(at ioI  y,  i r r  a sprci l ic

i 1 r v , , ( i r l i r r r  . o r t o i t .  i l  i t  i s  p o s s i b l €  l h r l  o r { '  o t  l h c  r ! a l  s l r f k  k , ( a l i o n s  o t  x . o n t a i I s  t h .  n d ( l r o s s
, ) l  , , r c  o l  l h .  I r , r ' l  s l a f k  l l , r r l i o r s , , 1  I .  I l r c  l | s c  a r d  r o t a t ; o n  t o r  t I i s  n r i .  a r o  :

t ( x ,  z ,  P ) ]

l ) .  [ in i t tdt .  ; l :  , \  t ) r) i r l  s 1o s. l  S al  r  l ) roArdrr poi l l  p .  is n sa{e appronnrnt idr,  i I  Ior n] ]  Dai ls oI

sladr local idrs.  rv lLere stacki  Lol t is -x.  arLd slack jholds v,  corqrh lo t l re 1'ol loNing rules:

( i )  i f  stack- i  points-to stack- j  on al l  vaf j .d 6x6cut ion paths to p,

t h e n  S  c o n t a i n s  e i t h e r  { ( x ,  y ,  D ) }  o r  { ( x ,  y ,  P ) } .
( i i )  i f  stack- i  points-to stack- j  on sone, but not at t  val id execut ion

p a t h s ,  t h e n  s  c o n t a i n s  t ( x ,  y ,  P ) I .
, ' i i i )  i f  S  c o n t a i n s  { r x ,  y ,  D \ } ,  r h € n  s L a c k - i  n u s L  p o i n L s - L o  s t a c k - j  o n
2 r  r  a Y A . n i i ^ n  n z i h e



The L- locat ion refers to th€ var iable reference i tBel f ,  thus for  x  I {e have :

L - l o c a t i o n :  {  ( x ,  D ) }

The R- locat ion refers to th6 stack locat ions Pointed to by the var iable reference,

such that  i f  x  polnts- to y  u i th  re lat ionship D,  ihen I Ie  have :

R - l o c a t i o n  :  { ( y ,  l )  |  ( x ,  y ,  D )  b e r o n g s  t o  S }

' l ' le ( lSP l ,asic rules Ior poi l ls l ,o analvsis pfocess lhe c1ld1,gcs to thc inpui bY getLerat ing

rc\v l i i l l  sels.  ncrv gcn scts.  ard sets tbat go frorr  del ini le to possjble. l f  and clsc slat€nrcnts

nrcfgc lhe outptt  al ias iniornrat iorL ol  both i f  and clse bodies WlLi le loops gct tho inPut as

rhc inj t ia l  al ias ost inatc.  process the body and nrcr8c th€ inprt  al ld outplr t  into a ncw input,

i l r ral ively,  unt i l  thc lasl  est imatc of al ias inform:Lt ion and thc ncw mcrged input converge to

iho sarrLe val te.  I )oinis-to analysib ior procedrrrc cal ls are meastred io tcrmsolal l  i rvocat ion

palhs in the i l rvocat ion graph ard is asimple detth-f i ts l  t rave$al ol  th€ Program.al l  s irn.1nr.

sra ing wi lh nLair .  ' l  ho rulcs rrse<l bl  l . lLe i rLlerproccdrrral  anahsis carL bt fornd ir l  ( lSt)

[ : ] 1 .  i r r  t h ( '  t i , n r p o s i t i o r a l  h r l c r p r o . c d u r a l  I l u l c s  l b r  I ' o i r r l s  l o  l n a l v s i s .  A  v a f i u l i ( ) r r  o l  l I c

i r r t o r l r ( r l u r a l  f I L . s  i l f a l i r s  w i l l ,  l h .  I r b r i ( l  a p p r { i a . h  ( l . s i r i l ) f ( l  i r r  r h i s  p a p f r  i s  l o r r t r r l  i r r

s . c l i o | l  , - )  o l  S , ) l , r l i o l l  S l r a r f g v .  ' l l c  c ( n r . f p t  a n , r r n r l  i u n c l i o n  t x ) i r l ( r s  i s  1 o  b r r i l d  l n  i r r v o r a l i o  

g r ' a 1 l h r l 1 t l r o 1 l r o g r ' r r r r r : l | l d ] r ' a v . i l i | | C l l l ) l | ) k ' t { ' a 1 l , l l c p o i I | 1 s o | f | l n | l , i ( ) n i , o i | l t ( ' | c a ] ] ' � � � � � � � � � � � � �

r , ,  r n r l \ s i s  i s  l x r l i r r r r r c r l  o r r  l h .  i r v ( , . r l i o r  g l a p | .  a n r l  r v h c r r ' 1 h o r c  i s  a  c a l l  l h o u s h  a  h r r r . r i o , ,

r ) o i r l c f .  $ r  l i r r i l  a l l  i u r r c t i o r r s  i l  ( a r  t ) o i r l  r o .  a n d  1 h .  i l ' v o . a l i o r r  s r a l ) h  i s  , r l , d a i o { l  w i l h  l . l , c I I ,

N ( , ) t l  f i . I  t | l l | c l i o r  p o i u l r d  L o  i s  a n a l y z c r l  q a i r r  i r  t h i s  c o l r l . o x l . .  I " i r r l l v  l h c  o r r t p u t  l ) o i n l s  1 { ,

arralrsis is corrr t , rLted bv rrcls ing tho ortprts ol  al l  ponrl(x l  1.o frrr{r l ions i l l  t l lc i l rvocar. ion gfal)1,.

lbr a rrrom iu ( l { ' t ) th l reatrrel t .  of t | .  l l rs i f  , \ r :  vsis l t .Lr les for Poir ts to Aralvsis fcad ( lSt '  [ :J] .

3.2 I .P Overview

TLis uorlc l  t facks t l to datal low ol  al ias i rr lbrmation wit l l  a dy anic storage model lLal

slrolvs al l  i ts fossibl . '  conl i€iruat ions at rr lnt imo. r \r I  aLstract ntcntory locat ion is associatcd

wirh cvcfv var iable i rr  l |c program al ld is refelred to a.s,Ln l iqLLivaleDce Class Raprcscrtat ive

( l i (  I ) .  Pojntcrs cfcarc ncw sets ol  E( lR oblainod from jonLnrg t le coffcspondirg E(l I l  l ie lds

o{ thc valiables who point-to the sarrre data. A graphical exatrqrle of an llCR is shown llext

i r  l igurc L T)Le D,: t lut ,  Nolp has the nane o1 the var iablc.  the E(lR. f ic ld has thc rnemorr"

nddress of thc var iable, t lLe RDF l lo ld shows the l ist  of  var iablcs this r locle points to,  and LA\4

is rhc funct ion signl lnr.  of thc node. The lP a.ralvsis consists of joirr i i ,g thc l -Cl l � 's relaled i i )

var iables l l rat  ray poi[1 lo lhe sa.rr l ]  nrcr ofv lo(at ion dnrlng t [c l i letnrre ol  r ] r .  program

Sevcral  rules heh slrape t ic storagc nlodel.  These rulcs impose to join ccrtain abstract

rr .nrory local ions of typc FICL, tA\, I .  or R.Dl ' .

I  rhe { :asc of X =.$Y lhe REF(X) conporui  is jonred with thc DalR.(Y) locairon



l ' igure 1: lssignmcnt ofan I ICR Siructrrrc

tbr statenent X = Y the rule nuptes to join R.E[(X) with R.EI'{Y).

' l ' hc  rL r l e  l bL  X  =  *Y  i s  | o  j o i rL  REr (X )w i rh  REI (REf (Y ) ) .

S l a l e r r c r r  * \  =  \ ' l s  l r a r ( l l c ( l  l , \ ,  i ( r i I i , , B  I t l i l  ( R I i I r ( X ) ) w l l h  I t l l l , ( Y ) .

Oihof forr txr l l rL( l  s lal .orrel l ls are procossod as i  (onrbi lal ior ol  l l f . l  c ses aLearlr  l ist .cr l .

l \ r n c t i t l r t  p o i r t c f s  a r c  I a r r d k r l  h y - l h o l , A M c o r r l ) o n o r l o t l L c s l n r ( l i r r c , ! v l j ( h i s d i v i d e d i n t o l h t '

Lr\  N' l  I ' : ra rcl , ( ' r 's (hrncinn fafarnch$)al ld l ,AM l tctrrrn ( fun.t io ' r  rct . I fn valuo).  In thc caso
,) l  l i r r(r . iur poir) t( '$ 1hc ioin opcrat ion is al)pl icd bctwocn thc corrcsponding LAN'l  l 'aramctcrs

ior l Ie aI lual  arr l  lb lrnal  pararrx ' l .ors.  r \ l  t l ,c phc{ ' l . Ie f l |nctnnr returns to thc cal l  s i t { ' .  thc

1 , . { N ' l  l l o l u l 1 r  ( o n r p o r t I l l  o l  l h o  l , l | r . l i o l  i s j o i l | c d  w i t h  t h c  L r \ M  l i o l , r f n  o f r h o  v a r i : r b l o  l h a r  i s

i r s l l  r ) l i a l . c r l  l ) \ '  i h c  f u l c l i o r .

' l  l r .  l ' l '  ca. lL grapI is ovalualrr l  wi1 |  a wof l(List  .ontair i ig r  1,o ,ro( los i l l  l Io gral , l , ,  wl , i i l l
( o l l ( \ l s  l h ( ' i r  r l a r l ,  w r i k ' i l n r l  p o i n t s  t o  i r l i n m a t i o r .  a s  s h o w n  l f c v i . r u s c l y  i n ' l h b l c  l ,  s o l ' l i o r  2 .

r \ t ( o | d i l l s l o ( ) l i v a I , s r n c l , 1 l u l o l o g ! , a | l o d o i ' I l , ] l ( ' g I a I ) l | i s p r r x . < ' s s u l b y 1 ' r l l l l l r v i n g i h o p r r l r c r I u l c

I ' r o r o s s N o r l o ( n o r l c ) .  o u t l i n o d  i n  t h o  I o x 1  t i a r a g r a I h .

ProcessNod€ (nod€)

{
n e r g e ( i n f  o ( n o d e ) ,  i n f  o ( p a r e n t s )  )  ;
take-out-f  ron-$orkl ist  (node) j

i f  ( info(parents) == CHANGED && chi ldren(nod6) == IN-LIST)

put-back- into-uorkl ist  (node) ;

]

'l'he algorithm Lreates n worklist of the nodes ir the graph $irh a Ill'S seaxch. For everv node

irr lire work]ist, it mereies node's information with that of thc parents, and it takes it out of the

list. If somc of the parents i folnratiorr charr8€d and sone ofthe node's chitlren arc still in the

worlillst, th. nodc is placcd right back into the list. For lrore details and i] orrrtrtion trboul

iLe IrP approa. l  as implcmcntcd ir  I ' lcOA'I ,  Lcad Ol ivar 's paper [6] .



Speciffc Problem Statement

Large benchmarlis are not sdtaLle targets fol accurate CSP analysis, sirlce their algorithm's

l imo is potent ial l , ! .  exponent ial  i r  the siz€ of th€ graph. A combincd strategv betw€en fP aIId
( lSP roult i  provc to bc benef ic ial  i rL savirLg plocessing t i l l lc for the ( lSP analvsis.  accordi lLg

to Ol ivar 's resl l l i .s [6] .  
' lhcse resulLs i rLdi(ate lhat ] 'P analysis is:r l rnost l i rLear and compares

faroraLlv rvi th CSP. as lnble 2. s lrows rcxt.  Ol ivaf s table [6]  suxrr lar izes the t ' \eclr t ion t i incs

ol points-ro analvsis rut lcr 1"P and ( 'SI ' .  l i , r  several  bechxrirhs : l r rd indicatcs that bcnchmark

rravcl  c:n rrru l92.8iJ nLorc t inrc rrndcf LISP thal unr ler IP. Nloleovcr,  bonchnark backpfop

r:r l {cs;.75 nrore t i rne i r  col lcct ing at ias informatiou under ( lSP than lrndcf f 'P. f -urthermore,

bcnclL:nark l ivc,  lakes 28u.8 lnore t ime execut ing the OSP analysis than thc FP one.

Beuchnrark Sizc ( l incs of code) lP Tirne (se() C S P  ' l ' i m c  ( s e c ) Rat io  ( ( :SP / fP )
'243 0.0 r 0 .23
34ll 0.0,1 0 .56  . 2

17 i- . 05 1 . 5 2 ]0.1
8 5 1 0(i  . 5 7 192.f i :J

I 's (i(;rl . 07 '2.( i t l i 7
l2ll .0rl I � i i s

r r r l , i k 11' 0s i  . 20 9 { )

8li5 l l l .2 l l | . ( i J

f l i r  pacl i l 0J7 .09 '2.+t,l 32.(;

t20(; ,')..')0 39.2lr
Ir t29(; 09 2 . l ) 2t;.(;

s i | l r 1 3 1 0 t 2 , ) . r ,N 79. i{ iJ

t ? ;9 0.25 7 1 . 7 0 2l( i .8

203(i ri(i I  1 . 9 I  t . r i \
'2}9 2 l ) . 1 ' 1 ;J.73 '2 t-
'2i:t1 t ) .2t i l 7 . i i 5 6I i .65

3089 0.35 u.32 23.3)
,17 5u 0..17 26.1 |

' lhblc 2: I rP arLd ( lSP cxccul io 

 

t inrcs for the computal , ior l  ()1 poi ts to infofrn:r t ion

' f lLese 
resl l l ts havc inspired rne lo attempt to sethogoodfeatureso[Ir l ' inordertoirrprove

( 'SP's t i rne arrnlysis.  ' lh.  Drain I 'P fcatures ot i r leresl  are the points to i r lbr l l la l ion krLowledgc

thar rray he rensol l  bv thc ( 'SP arahsis as l |e l l rs l  roogh cst i l t late for the i rr |erproct( loral  al ias

' l  h l  cf l icts ol  procedrLre ca. l ls to thc points to,Lnalysis tnder CSP, is mcasurcd i I I  terxrs cl1

ni l  i rvocat ion paths in ihe i rvocat ion graph and is a simple deplh l i tst  t raJcrsaL ot thc progfam

(i  l  structrrrc staft i rg with  rain.  In t le r :ase of lccursive funcl t ions. the straregy lrndcf CSP

is 1o approxinate al l  possible nnrol l ings, tcrminat ing the dept l  nrsl  l ra.versal .ach t imc thc



{unct ion rarne is thc sarne as on€ of lhe arLcestors. The CSP Composit ional Intcrproccdural

Rulcs for PonLts ro Analysis are out l ined in lhe next page with minor modif icat ions on l incs 26

and {1 thal  inplencnt thc new strategv in de. nrg with ;r l l  thc possiblc unrol l ings oI rccursivc

Ihe approach proposed by this paper is to let  l 'P run to complet ion and col let l  al i rs

irLlbruation dassificd as interprocedur poirLts to analvsis. Ncxt, this alias lnformation lray

be rersed unier ' ( lSP as the nr i t ia l  ortprt  e$t in te for the points-to information for recursive

functions. OrtrrerLlly, CSP algorithm {or recursive functions initializes thc first alias c6t;matc for

thc oulprt  rLode ot a {unct ion in thc invocat ior graph to Bol1om. and then ; t  ent€rs a . lo Lool

thi t  evu"lLrales the hody., f thc f i rnrt ion and the results are saved ir l  thc com rtcd al ias orrr tut

lor thc rccursive lurLcl ior.  l Ic in i t ia l  al ias output cst imale al ld the,:onl  l led al i rs or l lpt t

lbr thc frncl io 

 

are nLergerl  logcthfr  and thc do rvhi lc l (n)p is exi led wlLerL the lwo or l t f | l l .s

. o n l c r g o  t o  l l r c  s a r r c  v a l n e .  l l | e f s l i | l r a l c ( l  a n d  c o m f u t o d  p o i n t s ' l o  o n l p r . r t s  x r a v  t a k e a  c o t p l i ,

o 1  l l f f a t i o n s  u | l t i l  l h c \  ( o n v e f g e .

' l  h .  s l r a l e g : :  p r ( ) l x ) s c ( l  l ) J " t h i s a l g o f i t h m h a s t h c p o l . ( | r l i a l t o r e d l r f e l | c r { I n l ) { : r o i  i l c r : r l i o r i s

lhc fr \ I fs ivo l )odt fulrct iors arc l rroccsscd and rrav providc a i rstct  ror lvergelL(e nrethorl  hy

|1si I |g l .hc l )oinls ' io infoIrnal lou r1l l ( let  I iP lbr recrrsive Iunct ions 1o approximato l .hc csl inralc

o l  i h c  ( l S l '  s t o f c d  o , r l p , r t .

5 Solution Strategy

lh is 1,a1r ' r  l , roposcs r  l { 'w sl f : r teAr- that conrl) i ' r { 's l .hc I 'P and ( lSl '  r rdlels to ,) l ) tairr

I  laslrr  an( l  rrorc prccisod lralysis 1.hat uscs thc l )cs1 leatrres fror l r  bot l  apptoachfs. ' l 'hc

rL.\r  aleof i thrn prrrccss tal l  use FP resultso, (onlairs tho cIangas l .hat arc l .o be apph'd to

tLc ( lSl '  ( lomposit ional Inrerproced ral  I lu les lbr Points to Arralysis in thc contcxt of  the ne\ l

[vbl id approac|.

fun proc€ss-cal l -use-FP-results(Input,  actualList ,  fomlalList ,  nod€, funcBody)

{ ( funclnput,  naplnfo) = map-process(Input,  Jor:nal l ist ,  actual l ist)  j

t  0rdinary :

else /* conput €

{

1

2

3

5

6
7

8

I

1 0

1 1

7 2

node.storadlnput) /*  already conputed */

return(unrnap-process(Input,  node. stored0utput,  maplnfo) )  ;
outpl1t, stor€ input and outPut */

func0utput = pr-ocess-stt0t(funcBody, funclnput, node) ;
node. storedlNput = funclnput;

node. storedoutput = funcoutput;

return (unnap-process ( Input ,  node .  stored0utput ,  naplnfo));



13 'Approxinate :

14 recurslvNode = node .  reculs lvEdg€ ;  /*  get pal tner recursive node in cal l  graph */

l o  i f  (  i  s s u b s e t 0 f  ( f u n . I n p u t .  r e c u r s i v N o d € . s t o r e d l n p u t ) )

16 return (unmap-process ( Input ,  re curs ivNode .  st  or ed0utput ,  rnaplnfo));
17 eIBe /* put this input in th€ pending l ist  ' t l

18 {  addToPendi.nsl ist  ( funclnput,  recursivNode.p€ndingl ist) ;

1 9  r e t u r n ( B o t t o n ) ;

2 0 J

2 1  " R e c u r s i v e " :

22 iJ f funclnput == node.storedlnpur> /* alxeady conputed */

23 return(urunap-process (Input,  node. stored0utput,  naplnfo) )  ;
24 efs€ /*  g€t in i t ia l  input and output est inate */

25 {  node. storedtnput = funclnput j

26 node. storedoutput = nod€. stoledFPoutput;

27 \od€ .  pgndingl is!  = {} ;  done = false;
28 jdo /*  procoss the body of th€ node */

29 {  funcOutput :  process_stnt( funcBody.node, nod6 .  storedlnput ,  node);

30 i f  (node.pendinl ist  l= {})  /*  i f  unresolved inputs, nerge input*/
31 {  node. storedlnput = }1erge(node.storedlnput,pendingl ist lnputs);
32 node. stor€doutput = node. storedFP0utput;
33 node. pendingl, ist  = {} ;
34 )else iJ ( issubs€tof( func0utput,  nod€ .  stor€d0utput )  )
35 done = true;

3 6  ] € 1 s €  / *  m e r g €  o u - p u t s  a n d  t r y  a g a i n  * /

37 node. stored0uput = M6rSe(node.stored0uput, func0utput);
3 8  ]  w h i l €  ( n o t  d o n e ) ;
39 nod€.stor€dlnput:  funclnput;  /*  r6s6t stored input to ini t ia l  input */

4a return(unmap-proc€ss(Input,  nod€.storedoutput,  naplnfo)) ;
4 1  ) )

I iAure 2: New ( lotlrposiLiora] Interprocedrra.l Rulcs for Poirts-to Analvsis

' l 'hc oul ined algori t l I ] r  incorporates the new approach for the ( lomposit ional I i terprocedural

Rules lbr Poinrs-to Ana. lysis.  in wl ic i  the FP points to jnformation is rcused undcr CSP to ini
t ia l izc thc f i rst  cst inratc of tha no. la storod Output.  ' f lc fun.t ior procoss-cal l -rrsc-[ 'P-resultso

at ler+ts lo est i rrate the poir ls-to i r lornat ior fol .  everv node in the i rvocat ion graph. and
rcccivcs i r i t ia lh '  sornc al ias i rput.  thc act l ral  ard lofnr:r l  paramctors. thc nodc ard thc bodv
,t the lnncfion. It fries lo classily lhe node as OrtLinarx. Approrimatc. or,Rccursr'rr. and pl'e-

proccsscs ih€ rode al ias hfor lrat jor bascd on i ts typc. ' l 'hc input po;nts io sct {or thc cal lcd

procedrre inherit the points to infomaiion at the callinei site. such that formal paramet€rs i
l rer i t  i le poi | ts to ralat ioiships f io t lo i : (nrespondi lg actual parametels.  Nodes whose input
and output alias infc,rnation was cc,mputcd, rcturn to thc callirg lilnction and rnrnap tireir



taranel,ers.  Orcl inary \ . \ les. whose results wcfc not computed. lLave the body ofthclunct ion

evaluaicd for alias information arrd the resulting outputs are stored, returned and ulnapped

to the callirrg sile. l hc -4ecur.siuc d d Apprcxillnte nodes are used loBether to ilnplerlent

tho accural,e poirts to analysis reson.tion lbr lecursivc functions. Approrimat. nodes use the

rurrcnt siofed outpul, approxiJn:rtion {or the firnction. whereas Re.llrsir€ nodes compute lhe

ellect of points-to irrlblmation on thc particular functiorL. The fiPc?rfstr€ nodcs are processecl

i tcfat iveh. i r l rd their  do rvhi le toop is exi ted when thc input and oul,put stored al ias informa-

lion is gcneral erLotgh and can not be changed by ny more function evaluaiion. ??trt'lrsit,e

 odcs undcr the new strategv gct thcir  f i rst  cst imate lbr the orrtput al ias informatiotL fron the

points-to i r forrrat ion gathcrcd undeL the lP uethod for thc samc node. as shown or l i tLe 26

l ine 26 | node. stored0utput = node. storedFPoutput ;

' l  l ro r lo wI i le loor) i lerarcs;rs lons as thc al ias i l l forr l la l iorr  obtaincd fr ] ]n processi l rg l l l (  rrodo

is r . , t .ontairo( l  i rL l l le ol |1pIt  points-to j l | for i r la l io lr  s lorod PrcviorrscLv f tn l lLe node. Ir I )r  i ls

l i r rrwk'dge nrav bc rr .userl  br ( lSi '  r { .cursivo nodcs lo rel ine ar l l  corrvcf! ,c thc al ias oul. tN1s. i l  : r

hwoIrrurnLerol  l r ia ls.  l f1.hcronrpuk(L al ias or l .pr l .  is noi  rontainc( l  or corvergent 1o thc stof.( l

a l ias ol lpul . lho Lwo arc nrorgc( l  an( l  s l .or({ l  i Ik}  ar Ip( la1.ed slon\ l  orr lprr t  lor t |c nor lc.  l ' l |o

l , r , c o s s  o l  i t  c r a l i o u  a  r r < l  a  l i a s  r c { i n c r r r r r r t  f o n l  i n u e s  : r  ( | u r p l f  o f  i  i n r c s  , r n r  i l  I  | .  o r r l p u l s  (  o r r v c f s ,  .
. l . | l c I l l ' t \ , l l | , | ) [ ' a c h c | a ' i l ' ' s k } n ' 1 l l I ( | t l l | | l l | l | l l ) c | o l i 1 o | a 1 i I } l l s . x . ( 1 | ! \ l � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

l ) \  n , I s i r g  L I c  l l ' a l i a s  k r o r v k r l g c  1 ( J r  l l x ' i r o ( l o .  a r r d  t h c r r ' l i , r ' c  r { s r r l t s  i l r  a  f a s t o t  a l e o r i l h r r ,

Experimental FYamework

' l  hc \ '1c( l j l l  ( lotnpi l0f  Arhi t iyt  rr : ' lestbed. N{c( lA' i ' ( lornpiL:r  [ l ] .91 is the proposcd ox

l)er inrerrtal  t rarDowork 1iJ|  t l r is projeci  s irLce i t  Ias rrrbrrst :rnd rvorki tLg inrplcm0nrat ions ol  1|e

l i l 'af<l  ( lSP nrodf ls.  fhe X' lc( lA' l  ( lo, ,r f i l { ' f  ta l ics a ( l  sour(e cor le pn,gtant and translales i l

into a l l ig l  level 1r. f  fcpr ' .scntat ion cal led l ' r r |1.

' l  h.  ncxt stage ol  l {c( lAl  has l  i rs l  strucl  ure tr : Inslbr lned ir to a sinpl i l iecl  Abstract SYrr lax
' l ' rcc c:r l led 5ir fplc.  Scvcral  opl . i r )r iz i lg i leral iorLs are i ippl ic. l  to Sirrpl( '  that dcal with plograrrr

r .structur irg.  l iuLct i r i i  in l in ing, loop l lnrolhrS. poir tcf  al i : rs ar lalvsis.  Serrclatcd constant prop

agat id.  dep{rr i joncc analvsis and lLigl  lcvol  loop p aral lel izat iorr  '  ' lhc Sirnplr  2bs1rai1 rroo

sl  nrctufc is made of rrodes r lat  rcprcseDt the stalel lLents of a progran wi lh al l  tho rclat ionsl  ps

an.l logic inh€rent it. 'l'hc simplilied ,9ir,,p/e represcntation is led i to a ncw structure cdled

,(.(1 that opt inizes the tree iv i th rcgister alocat ion, instruct ion sched l ing. soft*arc pipel in-

irrg arLd loop trans{ormatior that iire bcrtcr suited lbr a specific platfonrr and erlvironmert.

Lhe ( lSP and l 'P inplenertal ior ls are fourd in \ l : -CIAT under dj lector ics :  al ias'  and ru sets.

Thr ' f i lcs belongirg lo thc FP analvsis usual ly st i t r l  rv irh thc suf i ix 'eq"

1 0



Other Results

A conrbirLerl slrategv betwee ['P and CSP models was iritially. snggcsted by Olivar [6],
HeI approati was to lel lP run Jirst and examin€ whether a {unction modifics rle pointer

irLlbrrllaliotr oI the enlire progra|lt. hnctiorLs changnrg the poirter inforrnation arc marked

S e l e r r o d a r r d l l r o s c i l a t d o n ' r a f l i d t ] r e s t o r a g e m o d e l , a r e c l a s s i l i e d a s E x c l u d e d . ' l ' h c S c l c c i c d

t i rrLcl iotrs tLoerl  1o bf p(xlssf( l  fLrr '1 lLer Lr ( 'SP i ] l  order Lo a(hieve a( l l ratc fcsl l l ts of  thcl l
a l i a s  i , r l i n r r r a t i o , r .  I r  1 1 , 1 s  ( o , 1 1 . x 1 .  O l i v a r  [ 6 ]  h  s  r r | o v i d e d  a  l a b l e  t L  i  s u n r l n a r i z e s  f o f  s c v c f a l
bcnchnra rs thc nunrbcr of Sclcctcd and l , lxclur lod l l r rct i l } l l r .  errconl, teled in 1lrel . , .

Table :1.  lP (r lassi l icaLior ol  furrct iors as Sclcctcd ol  Uxcludcd

ls thc rcsLrlts of lhblc 3. show. tlLe nunber o1 Exchded frnctions is smr i lor rnost oI the

bcrr:h nra lks. a nd t lc dcgrco of spccr lrrp CSP could gain frotrr  workirrg on the Selected funct io s

orLlr, ir rLol r'eurarl'able. RakeslL Ghila lLas ixrdenenled tlLe approaclL described above, and the
rcsLrl ts \rcrc nor .ncoufaging! srch that thc n.r '  j r rr l ) lcnrcntcd lybr id ' rppfoa.|  did not show

noticcble specdup.

l lcnchmark 'Ibtal |Llnctions Selected IurLCtiolr! E-rrlu.lerl lrulctions

c l l jJ 10
9 1
t i l j j . l

22 z l I

{ l tt.l

l i v r N2 I

y r t  t t t t 7 t , '2

,12
(i3 5 9 ,l

80 70 I

I

I I .12 ;JI 4
5rl 5 1 ,1

ll\

l ' , 1 | 9

l i t5s ;],.,.1 I

t3 I 2 I

l 7 I



8 Expected Testbed and Environment

' I  Ic approach proposed in thjs paper is to reuse the l 'P assessment of al ias informai ion in

ihe ( lSP model as thc ini t ia l  appfoxiamtion fof  thc al ias storcd output of fcerrrsivo 1lrnct lons.

I i rualh: u der ( lSP. t ic al ias storcd ol l tput oI  lc, , , rs ivc {unct ions is ini l ia l lv approxinated lo

BOTTON{. suggesting that nolhjng is knoivn about it. hl case FP is executed at Jirst Ior a
particdar progra . ?r great dcal of knorvleclge is gained inexpensively, *'hir:h can be reused

bv l lLe ( jSP rnodel to rn:rke better approximations i r  relat ionsl ip to the ini t ia l  storeird al ias

o[tput ol  fccul ls jvc funct ions. ' l  hc ]  P runs in almost l incar t imc to thc nrrmbcr of nodcs in thc

cal l  gapL, arrr l  i ts rcslrhs arc sornd alrd i rLsigt l i l .  The suitaLi l i ty of  lP r(sul ts is e plLasized

if  Ol ivar 's I iear l  rd \4 '1ire Sels Tr lr le {61 which colrpares l i re nea(l  arL( l  Ul i te sets ol  scveral

berLcl l larks tor I  l '  a lrL ( 'SP. and l Ic f indi l rgs iue ( lni t (  s i ln i lar.

Sonrc of thc tools and lorv lcvcL irnt lcmcntat ions dctai ls that co]nfr isc th.  Mc(lr ! l '

l c s l b c d  a n d  c n v i f o n n r c n t  f o r  i l i a s  c o l l e l : t i o n  v i l l  b c  c o v c r c d  i n  t h c  n c x t  p a r a g r a p h s .  l h c
poi | l ls lo arahsis i rLforxLal iolr  is stored jrL Mt(1,4.1 ( lSI '  nodeL irL l lLe al ias nLalr ix ( l - , r( l1 whifh

is ol  tvpo / l  D/, / i .  A Iuncl iorr 's al ia.s nratr ix in lbrnat ion is rctr icvod as fol lows:

AL-BLK *al-nat;  /*  al ias natr ix var iable d€clarat ion */

al-nat = AL-FUNC-UATnIX(func-decl-nod€);  /*  a€t a funct ion's hatr ix */

' l  I c  a l i a s  r r r a l . r i x  I a s  a  v a l u e  o l  I  l o r  r r l  p a l r  o l  r o ! v  c o l r r r r r r r  n l a t c r l  v a l i a b L r s .  a r r r l  a  0

valrrr  lor Lrrr l t ' latcr l  var iablcs. In of( lcr lo got 1hc inr lcx of a var iabk'  X in thc r)ratf lx l l  I l r  l

a r r r l  l l r 0  v a r i a b  e s  i l .  p o i r l . s  I o  t h .  l i ) l l { } w i r g  r o l a l . i o n  i s  u s . ( l  :

lNDEX.lNFO-lNDEX(X) ;
INDEX.TNFO-FTELDS (X) ;

i : rd6x of  X in  a l ias nat i lx  * /

th€ f i€ lds x points- to * /

-NODE*, iNt,AL-BLK*) ;

cal lee- index, cal l€€-a1-bIk) ;

86t

86t

In rrrdcr to pr int  tho a. l ias pairs rs.  the procedlLfc /r ' rnl- i i l -nr4t(r l -ntd)  ̂ t1d thc format of

1 h ( , r ) r 1 t ) u l  w i l l  l x ' ( a .  b ) : .  I r r r  a n v  s r r r r  l r a i r  o l  a l i a s e s  a .  l r .  T h c  f o f r n a t  o f  i h c  o r L i p u t  l i ) r  r r a v b e
a l i a s c s  a .  b .  i s  ( : r .  l , ) ? : .

lnvisibkr var irbles l la l  car bc nrodif icd bv a fr l lct ior.  and ale not avai lable in i ts scofe,

l )Lr1 1l l rougL lur lct ions paranleters l )v relere] lce, al 'e slored into the map i t l fo infornat io 

 

saved i

thc cal l  graph. lb acccss the urap inlo.  thc i tems npeded arc :  thc cgiodc ( thc rolatcd cal l  g|aph

fodc).  tho ca] lm indax (tho indcx of th.  cal lac var iablo in thc al ias nr:r t r jx) ,  and cal lcc al  blk
(t lLe al ias l . i lock oI tLe cal lee).  See lLe use ard rrorat ion oI al-eel-nr.rp- i l  l t r - l i  onr -r :g0 rrcrt . :

I l lP0RT-REL-VAR *al-get-nap-inf  o-f  ron-cg(CG

REL-VAR *re1-var;

re1-var = al-get-rnap-inf  o-f  ro!d-cg(cg-node,

l-or urore irLibrualion on the experinenlal teslbed and erviro nent read [8,9].
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9 Detailed Results and their Analvsis

The t ime alottcd to this projcct x 'as not sr i f f ic icnt to implement tbe ent irc sohrt ion strat

egv. therefore xratlLenatical proof will be provided instcad to validatc thc correctness and

sui labi l i ty of  this approach to rcducc thc CSP r ime complcxi ty {or rccursiv.  funct ions. i r  the

context o1 a porl,iorr tlLe pseudocode ol tlLe (loqrositiorLal Irterproceclural n.des for Poinls to

Tl,e lxrdv oi  thc do \hl lo loop rvas copicd {or convcnicncc in thc ncxt paragraphs. Ihc do

rr l ' i lc loop is rcpcatod unt j l  thc condit ion not donc'o[ ] inc 3E Locomcs false, and t lc boolcan

vari i rble is r . rpdate( l  or ly oncc on l inc 35 in casc thc cornputcd al ias outtut  is includcd into thc

sl ,ofc. l  outpl l t .  I ' lvcrv t ime throrgh the 1oop. the bodv ofthe {unct ion is evatuated again and

its stored al ias outp l  rel i red. Al  I i rsr l l re rLew approach ir i t ia l izes thc l i rst  approximatjol  lor
1le stored al las onlpl t  ol  rccrrrsivc l l lct iors 1o thc t inal  FP storc. l  al ias outpl l t  lbr thc samc

' l  l r .  ' l l ia l  arrr l  [ r ro|  approach to esl . i r rral .e l .h,  ; r l ias i l r lorIr ; r l io l  adopted by t Ie or jgi l ra]

algor i l I r rr .  Las lxtrr  rrror l i f icd 1o ir{ ludo a krrowlodsablc apprcxirnat ion providcd bv thc l ' l '

a r a h s i s .  $ l | i c h  a l t L o r r g I  i r r r p r ! t i s r ' .  i s  1 t 1 r i t ( ,  s i r r i l a r  t o  t h ( .  ( l S I ' r n a l v s i s .  l l v o r y  l i l l r c  i r  t I .

l .n, t) .  i l  l I r r f  is a ponrl ins l is l  of  rrnr.solvcd inf ,r l .s,  iho inpl ts arc rrcr lar 'd an(l  stof.d inl .o

a| l  1rp(|r lc( l  iupul. .  I f  thc conrpul.cd shrcd al ias ouipI l  is di t fcrcnl  anr l  no1 irrc ludorl  i  

 

1. lc

s l i , | c ( 1 o u 1 | ) l | 1 a p p 1 o x i l l l n l i o l | , 1 l | c l w o ( J 1 l l , l u 1 , s a | ( \ l n ( \ | g o d a n d s l , o | 0 d l } a t k � � � � � � � � � � � � � � � � � � � � � � �

s lorcd outt)r i .  ' l 'h is 
Pru'oss slor)s whcn 1hc al ias infornral . ion ( .an nol lx,  changcd arr | l rofc l ,v

rc\r  rx\Aos. or luncl ion.vahrat iors.  l 'h is rcl i r red anrl  gcncral  outplr l  ca.n bc rcachcrl  in l i ' t tcr

i l l ' | a t i l l I l s . i 1 t l l { ' i I l i t i i  1 i i a l n l l ( | I . ] | l t J | B u e s s � � � � � � u � � � � � r � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
1 l L r ,  l , ' l r r r n a l r s i s .  ' l  h c  c o r r p l c x i t v  , , 1  1 h c  (  S l )  : I l r r h s i s  i s  i l l  p n f l  r t l t r i b r L t e ( l  l o  l L r c  r u x r l ) o r  , ) l

i1t ,r1! , , rs 11,,  (1,)  wI ih lo, 'p is lepeal{r l  l i ) r  fc( l rs ivo 11Lr( l iors.  I  l )el . t ( ' r  r t )pro-\ i rnal , ioI l  l i r r  t | . '
j f i r i r l  sror\ l  o, ,rput ol) t r i , rc( l  l ro| l r  t l , .  1,1' �  ^ralvsis is bour( l  to re{tuce t l re nunrlrer ol  i torat iol ,s

l Ic rel 'ursive slofed outpLrts are rcf i t led. ard t l rerelore i t  feslr l ts in a fastcf  f l rnni Ig CSP analysis.

]do /*  process th€ body of th€ nod€ */

{  func0utput = process-strnt( funcBody.node, node .  storedlnput ,  node);
2A

2 9

30

3 2

3 3

3 5

36

38

if

{

(node. pendinl ist  != {}) /* i f  unresolved inputs, m€lge inputs */
node. storedTnput = M€rge(node. storedlnput,pendingl ist lnputs) ;
node. stored0utput = nod€. stor€dFP0utput;

n o d e . p e n d i n g l i s t  =  { } ;

)6rse l f  (  issubset0f ( func0utput,  node .  storedoutput )  )
oone = rru€;

]else /*  nerge outputs and try again */

node . stored0uput = Merge (nod€ . stor€d0uput , func0utput ) ;

]  uhi le (not done);

t 3



1 0 Conclusion and Future Work

'l his taper presenied a ncrv coubincd desilirr stratcgy boiweerr lP and CSp ana.lyses that
has tire pot€ntial to rcdLrce tlre ti e cornplexity ofpfograms with lecusive cirlls, anaLyzed urdcr
the CISP  rodcl .  l 'hc solut ion stratcgy out l ined, modi l ies the ( tomposit ional tntcrprocedufal
Rules lbr Points to ArLalysis to take  dvanrage of th€ alia^s I'P results. TIe l'p output irfor
rnnt ion 1or Iecursiv€ nodcs is rsed as thl l  f i rst  approximation for thc stored CSp outprt .  TLis
apploach is very prornissirrg and mtr.v lowcr the CSP timc analvis. frturc work should trv to
irrplencnt this rLew stratcgy under t lLe tr{cCAT testbed, and me sure thc speedup o{ the ( jSp

14
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