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Abstract 

Arcurat,c alias allnlysis i5 a cl'uciliil phase of optimizingjparal\c'liio\lllg ('0111 pi 1"1 ~ l'li\' 

languages which support pointel' data structures. The result of tilt' Hlia:- illlaly:-b i ... 
U::icd by most of data-f1ow analyses à'fid optimization phases in fi cOI11]>il<'\' 10 prodll( (' 

efficient code, 

In t.his t.hcsis, wc introduce a new R:v>pl'oach for intel'pl'ocedul'Hl Hlias élllal,\"~i ... \l'Itirll 
det.crmines t.he ('xplicit points-Io relatiionships between locations iu a\l (lbs! ritc'1 ~t <trk 
éÜ cReh pl'ogmlll point. Two variables jlave a points-to relatiollship if 0111' (Ir IlwlIl 

points, or ma.y poillt, 1.0 the other Olle, 

To pcrform Olll' intcrpl'ocedmal ana.lys\i's, we have designed a new J'{'}>n':-(\III cil iU11 III 

capture the cal1-stl'llctUl'C of the pl'ogmlU, ca,lled the invocation gl'C/ph. Titi:- i ... ~il\lilil\' 

to the tl'aditional callgmph, with some addition al properties for the l'('curl-lin' l'II 11 et i011 

calls. The invocation graph i8 used to follow the exact sequence or l'U1let ion ('1111:- illicl 

l'cturns in the progmlll, In t.his mannel', the precise information i8 propagèll <·rI 1 (1/1'1'0111 

a functioll, 

This wOl'k has b('(:11 integt'a.t.cd iu the MeCAT optimizingjpéll'édlclir.illg ('oillpill'I' 

fOl' the C-lauguagC'. The alHtlysis lumdles both scalar variableR élnd a p,gl'('p,d1<' clillil 

8 t ru ct ures (reco rd s an d art' ays ) , 

The results of the points-to al1alysis provides a base upon whicll 011\(,1' in\(,I'j>ro('I'

dmal analyses are huilt. This thesis provides both experimentall'eXlllts and l',èlll1pl(· ... 

to demollstrfltc the usefulness of the points-to analysis. 
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R
~ ~ es ume 

L'analyse d'alias est une phase extrêmemellt importallt.(· d(· t.Ollt ('Olllpil,II"111 dl' 1.111 

gages supportant les pointeurs de données. Le ré>sult,at. cle ('('t.I(. "lInl.":-!· 1':-.1 l'II ('111'1 

utilisé par le plupart des méthodes basées SUI' l'analyse de (lois dl' dOIlIIl"t'" "ill',Î '1"1' 

de ncmbreuses techniques d'optimisations aflll de géuérc·r dll f'Od(' l'IIi, d( ", 

Dans ce rapport, on introduit lIne nouvcllc approche pOlll' l'Hllill)'s(' i III ('1 III 'JI'('cl III ,dl' 

d'alias permettant dc déterminer les relations cxplicites de' t,y!>(' /W/II/' ,~I/I' ('11111' Il'''' 

éléments d'une pile abstraite à tout instant d'un pl'ogl'alllll\(', 1)1'11'\' ill'i;d,j,,:-, :-11'" 
liées par une relation de type pointe sllr si l'ullc d'elles poillt.c" 011 1'('111 PllIIII('" .,111 

l'autre. 

Notre analyse est basée sur une nouvelle stmctUl'e de <!Ollll{'(':- ilPP('!"", 1//11/,1" 

d'invocation permettant de représenter précisemlUent la bié'I'ardtil' d'"pp"!., 1'1 df' 'f' 
tours de fonctions d'un pl'Ogramme. Cette sll'Uctme est. sillliitlil'l' ;111:-' 1 l'i1f!',1 JOIlII(,I., 

graphes d'appel.s tout en possédant des pl'Opriélés additiollllc>llc's pOlir 1(, Il ,Ijl l'IIlf'lIl 

des appels récursifs de fonctions. Le graphe d'invocatioll PC'I'IlH'(, df' d("Il'l'llIilll" 1" 
séquence exacte d'appels/retours de fonctions dans 1111 pl'Ogl'éllllllH', \1 illlllllhf' 1" 
propagation d'une information précise vers (011 à l'extérieur) dl's rOlwl ÎIIII", 

Ce travail a été intégré dans le compilatclll' C McCAT. La 11I{'1.IIo<ll· pl {· ... f'lll ("('11 "JI f' 

de façon détaillée aussi bien les variablcs scalaires que les st.rlldul'l·:- .1(' dOIIlI('Of'''' ,,111"1 
complexes de C, telles les tableaux ou les emegistrcmcnt.s. 

Le contexte du travail présenté dans cette thèse est. g(~lIérill ('f 1)('111 ',(", il df O 

base pour l'élaboration d'autres méthodes d'analyse inter-prod·dul ;dl':-. ('f' 111"'111:-1 ,il 
présente à la fois des travaux expérimentaux ainsi que des exelllpips di'ni",11I1 !' illlii h '-1' 

de type pointe SU1' développée . 
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Chapter 1 

Introduction 

New and innovative compiling techniques as weil as novcl él.l'chit.c·rt.lIl'1· d(·~ip,1I l'llihl"o 
phies are required to exploit the ample hardware resout'C('S (HO\'id('d h.,· 1111' IC'C l'III 
advances in VLSI technology and architecture design. '1'0 providc' IIDI" Id,!!," P"I'IUI· 
mance and cost effectiveness, it is essential that compilatioll t('('ltlliqll('~ illid ;11 ddlc'c' 
ture models are developed together, 50 that the effect.s of Otll' 011 1111' ulllc·1' ! .III 1)1' 
studied. 

Optimizing and/or paraUelizing compilers play impol'té-L1It. l'olt· ill 1111' ("·~iJ!.1I ul' Ilip,11 
performance systems. An optimizing compilel' l'equit'cs dclailed 1111(1 ;\1 l'illilll' d;t! .1 

flow analysis in order to perform code-improving transforlllatiolls IllId ICI ,!!,1'1I1'lit1l' 
efficient code. Data-flow analysis is the process of collc·ct.illg illfol'lIlitf iOIl ..,111 Il Il''' 

the definitions and uses of variables in a, program, At t.he COI'(' or <1('1'111,,11' drll;1 
flow analysis, lie effective dependence and alias aJlalysis nwcltaliisllis. 'l'Ill' ,t!lilil,\' 1" 

accurately disambiguate memory l'eferenccs is critical in det<'l'Illillill,!!, Pll'( i..,l· d;tI" 
dependence between variables used and defincd in a pl'Ogl'é-\.Ill. 

An important thrust in archited.ural irnpl'ovements ill 1ll0<!<'I'1l iI!'1 IIil"1 1 1111· ... ill 
volves increasing parallelism. The availability or parallel héLl'dwilJ'(' i.., or IIU Il..,1' willl 
out the appropriate software to exploit parallelism. ln l'eS!JoIlH(' jo t "i~ J'(·qllill'IIII'III. 
great strides have been made in compiler technology LO aut.orllélt.indly d('I('I" \Iill,t! 
lelism and perform transformations to enhance paralleIisrn and tIlÎllillliz(' c!P\Il'lIdl'1I1 l' 
in the code. A major part of such dependency minimizatioll alld péll'lIlIuli"'llI ('Idlillll l' 
ment is based on tlsing alias information . 
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1.1 Alias Analysis 

Ali alias oc:curs ILt sorne pl'ograrn point when two or more names cxist rot' t II(' HHIIH' 

mcrnol'y location. The aliascs of a particular nltme at a program point aJ'(~ ail ot h(\)' 
names that refer to the same memory location at that point. Alias (II/(I/.tji:;t" is Cl 

techniquc that collects the information required to determine which IHllllf'S al'c' aliasC'c! 
at each program point. 

Traditionally, aliases have heen represented as sets of alia.s pairs. Figul'<' 1.1 c!PIl101l

strates thia, using &ome simple examples. At pJ'ogram point pl in Figmc l. L(a ).-+ a Hlld 

b refers to the same mernory locéition and therefore *a and b are aliasC'd. Thi~ aliHsill,!!, 

is usually l'epl'cscnted by the pair <*a,b>. Fj,~ure 1.1(b) illustrate:; allotl\('1' ('~ilIllpk 
of idinsing whcre aL pl'ogram point p2, *a" "'c and b are sharing tll<' Scll\l(' IlIt'llIul'\ 
locntioll. This J'EJsults in the following alias pairs: {<*a,b>, <*c.b>. <. a .• c>}. 

int *a 1 b ; 
a=&b; 

r p1 *' 
a 0--10 

(a) 

int *a 1 b 1 *c ; 
8=&b; 
c=a; 
/* p2 */ 

(b) 

Figme 1.1: An example of C program. 

The appropl'iate aliM analysis techniques to detect the aliases thal OCCLU' ill Fol'

tra.n, due to ca,ll-by-refm-ence pnrameters have been studied and de\,plop<,d [Hal'iX. 
Ba.n79, MyeSl, Coo85, CI<89}. Unlike the problem of aliasil1g due ollly lo ('all-h,\'
refcrence, where aliases are ollly ereated by the association of aetuai al'gllll)(,llt~ will. 
fOl'mal paramclcl's due to procedure caU invocations, the aliasing pl'Obl('11l i Il (' is 
mllch morc eomplex. ln C, one must consider multi-level refel'eucf' t.YP('~ ... wl1 il:-' 
int* and int**, a.nd Olle must support the ct and * operators that allo\\' 1)('\\' alillM':
Lo be cl'cnted at any point in a program (and not just at Pl'ocedme calI t illlC') ill 
addition to call-bY-l'efcrence parameter passing (caU by referel1ce in C is acllic,\'(·d IJ,\' 

passil1g the address of the pal'ameter). The problem of alias analy~is in (' ('(Ill 1)(' 
sepnrated into the following three sub-problems: 

(1) analysis for call-bY-l'efercnce pal'ametel's, 

(2) analysis fOl' stack-allocated, non-recul'sive data structures, and 

(3) analysis for heap-allocatcd, recursive data structures. 
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In this thesis, we present a novel technique for precise anêllysis nI' 1 ht' Iin .. 1 l ,,'U 

subproblems. Alias analysis for heap-allocatcd objects is mOI'(' cOlllplicéllnl illid Il.IS 

been the subject of sorne intel'esting studies in the past [JMS1, .IMS2. LII~K. Il N!IlI. 
CWZ90, HHN92a]. The analysis pl'esented in this thcsis hns b('1'11 d('siglll'd 1\1 rllill 

plement the path rnatrix analysis [Hen90, IIN90]. 

1.2 Applications of Alias Analysis 

The presence of pointers and reference parameters makes dat.a-lIo\\' "Ilid,\':..i:.. 11I\lIt' 

cornplicated. Without accurate alias information, one nceds l,Cl lIlakl' 1 III' \\\JI:..I '<1",' 

conservative assumptiolls regarding pointers - any pointer val'jahlc' (,illi 1'1'1'1'1 1,1 all\ 

othervariablein theprogram. Someofthetypicalanalyses I,hal, willl)('I)('lil 1'1'11111 illiw .. 
analysis are: live variable analysis, data dependence analysis, ('0111111011 :"111)('\pl'l'~:..illll 

elimination, copy propagation, array range checkillg, constallt. PI'0P'IP',tI illil. d, 'ild 

code elimination, induction-variable elimination, reaching ddillit.ioll:". Ib,'-dl'Iillil il/II 

chains, and so on. 

In the following subsections, we present some examp)cs which 1)('1\('lil 1'111111 ri' ('1\\'<11" 

alias analysis. 

1.2.1 Constant Propagation 

Constant propagation is a process of collecting constants at each prop,nl Il 1 pllilli. illlt! 
propagating the constants along control flow paths. As a.n eXHlllpl,·, ('OII:..id('1 IIIC' 

following program: 

Constants Constants 
int *a, b, c, d . without alias info. wlth ahafl lnfo, , 

c = 3 . 1* stmt 1 *1 {c=3} (e=3} , 
a = &e . 1* stmt 2 *1 {c=3} {e=3} , 
read(d) . 1* stJllt 3 *1 {c=3, d=?} {e=3, d=?} , 
b = *a j 1* stmt 4 *1 {e=3, d=?, b=?} {e=3, d=? 1 b=3} 

At statement 1, the variable c gets the value of 3. At statelTlC'lIt 4\ .ra illld c 1)('( (11111' 

aliased. At statement 3, the variable d gets an arbitl'al'y valun. Now 1('1 Il''' III"k ili 

statement 4 more cal'efully. Without the alias information, the won.\. ('''!'o(' il ...... 1 Il "l'' jOli 
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l'lays t.hat >l'a can rcrer to any of the variables b, c, al' d. However, in t 1 If' ('èlSI' litaI 

wc have access ta the alias information, by using the fact that *a is idC'ntical \0 c. 
we can say that b is equal to the constant 3. This allows the optimiz€'l' t 0 l'l'placC' -ta 
with the constant 3. 

1.2.2 Reaching Definitions 

A dcfinilion of a variable x i5 a statement that assigns, or may assign. a ndllc' to x. 
A dcfinition dis said to 7'cach a point p if there is a path from the poillt iml11l'dif\1 ('l," 
following d t.o p, Considcl' the following example: 

int *a, b, c ; Reaching Def. Reachlng Def. 
without alias info. with alias info. 

dl: c = 3 ; /* stmt 1 */ {dl} {dl} 
d2: a = etc ; /* stmt 2 */ {dl, d2} {dl, d2} 
d3: *a = 5 ; /* stmt 3 */ {dl, d2, d3} {d2, d3} 
d4: b = c i /* stmt 4 */ {di, d2, d3, d4} {d2, d3, d4} 

At. statement 2, wc get the alias pair <*a, c>, and the definition of c al sI HI ('IIH'1I1 

l'caches this point, If wc do not have the alias information at statement. l. W(' slJolild 
assume that. the reaching definition of c can be either statement 1 01' st a!<'III<'!It :3 
(becausc *a aL sLatement 3 could be either c or d), But, if we kno\\' that *a is ctlia!-l('d 
ta c, we can definitely say that only statement 3 reaches statement -1. Flirt 11<'1't1lOI'(', 

using Constant Propagation at statement 4, we obtain: b = 5. 

1.2.3 Replacement of Aliased Variables 

If two variables al'(;' aliasecl through aIl of the execution paths of the pl'ogl'HIII. 111(',\ 

can be l'eplaccd by one another. This replacement is a useful tool in lllos1 or 1 II<' 
analyses. In the following, we will hriefly explain the effect of sueh l'C'plél('('IlI('1I1 011 

live-variable analysis. 

In live-variable analysis, we want to know for a given variable x and pJ'ogrHIII 

point p, whethel' the value of x could he used in sorne execution path start illg, al II. 
One important lise of live-variable analysis i8 in register allocation. Tlw liw-\.\1 ialll(' 
information allows the l'egister allocator ta efficiently use the registcl's t'or :--1 uri Il).), II\(' 

variables, Consider the following example: 
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int *a, b, e, d 

b = 2; 1* 
d = 1 . 1* , 
e = 4 ; 1* 
printf ("Yod", d, b); 1* 
a = te 1* 
printf ("Yod ", *a); 1* 

stmt 1 *1 
stmt 2 *1 
stmt 3 *1 
stmt 4 *1 
stmt 5 *1 
stmt 6 *1 

Live-variables 
without alias replacement 

{} 

{b} 
{d, b} 
{d, c, b} 

{d, c, b} 
{} 

Live-variable is a backwal'd analysis in the sense that t.he élllalysis st.arl" 1'111111 1 II«' 
last statement of the program and continued t.o the first staLC'\IwlII, UIII' III 1 hi" 1'.11'1, 

we start From statement 6 of the given example. Without havillg UII' ili ias i 111'01'111,11 i'"I. 

the worst case assumption a,t statement 6 says that *a cali he "II,\' or tll\' \dl'illhl,':-, 
b, c, and d. Consequently, at statement .5, aU of thcse variabl{ls fil'(' Ii,,(' illI.! 11111,' 
a gets killed. The same set of variables are live at sLatomcnt :1 whill' "ilrial,I(' c ,l\I'f:., 

killed. Considering these facts, variables band d arc live aftel' SLII\.(III 1<'11 1 :1. Î\u\\' Il'' 
us consider the same example aCter the repla.cement of tlw alias illrol'lilili iOll, Illi:-. 
information results in the replacement of *a by c in sLatel11C'llt. G. TIJ(' :-'illllI' pl (J.!.',I ilili 

after this replacement is shown below: 

int *a, b, c, d Live-variables 
with alias replacement 

b = 2; 1* stmt 1 *1 {} 
d = 1 ; 1* stmt 2 *1 {b} 
e = 4 ; 1* stmt 3 *1 {d, b} 
printf ("Yod", d, b); 1* stmt 4 *1 {d, C, b} 
a = te 1* stmt 5 *1 {c} 

printf ("Yod ", c); 1* stmt 6 *1 {} 

Since c is the unique variable used at statement 6, c is t11C' ollly li\'(' 'dl iid,11' ili 

statement 5. Thus, using alias replacements, the live l'auges of variahlc·:-. d i'lIt! b il!'!' 
considerably reduced. 

1.2.4 Alias Information in Building the Call-graph 

The alias information has a special use for function pointers. 111-;1 ('ad III' il dil'l'/'I 
caU to a function, the address of the function can be assigncd t,o H variallll' or I,\'pt' 

function pointer which will be calledlatel" Without having tlJ(! nlias ild'ol'III"! iOIl lOI 
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function pointer variables, it is impossible to know which function is beillg call('(1 al 

a particular calI-site. Due to this fact, the construction of the completc' cèdl-grapll 
is not accurate in presence of function pointers. In order to complete th(~ célll-gnlpli. 
the worst case assumption has to be taken which in this case says that (,l-\Ch cali 10 

a function pointer is equivalent to calling aU the possible functiolls ill lIle pl'ogl'éIIlJ. 
This leads tO a very inaccurate result, whereas by using alias analysis a l'al' 11101'(' 

precise result will be obtained. 

fOI 

) 

gO! 

} 

h ()! 

1 
main () 1 
int (*func_ptr) () ; 

func_ptr ::: f; 
func_ptr ( ) ; 
} 

/* stmt 1 */ 
/* stmt 2 */ 

main 

/t~ 
9 h 

(a) Cali graph wlthout 
allas information 

main , 
f 

(b) Callgraph with 
alias information 

Figme 1.2: An example of the use of alias in building côll-gl'aph. 

Consider the example shown in Figure 1.2. At statemel1t J. *func_ptr éllicl f 
bccome aliased. At. statement 2, without the alias information, one must. H~SUlll<' t hHl 

the calI to func_ptr can be a calI to any of the funct.ions f, g, and h. 1-10\\'('\'('1'. willl 
the alias information in hand, we can restrict this ta the set of ail fund i()ll~ éd i,,~('(1 10 

the function pointel' (in the given example, only f is aliased ta t.he t'Ullct iOIl poilllt·1' 
func_ptr. 

1.3 McGill Compiler Architecture Testbed (McCAT) 

In arder to study quantitatively t.he effect of various compilation t.(>('hniqll(,~ 011 ~u

phistiçated architectures, it i8 necessary ta develop a complete compilet'-êll'chil ('cl t1l'(' 

t.estbed. Our alias analysis method has been developed hand-in-hand \Vith the' (\('\'('1-

opment of the McCAT [Sri92, HDE+92] compiler. Figure 1.3 gives fi g011 Pl'êl 1 \'ip\\' (JI' 
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McCAT system. 

The first componellt of such a, testbcd is a. compiler which supporls bill h high Il'\ \·1 
and low-level compiler transformations which translate high-!t'n'I prOp,l'illI h 1 Il lu\\ 
level programs suitable for a varicty of al'chitcctme si mu lal.ol'::; and 1'(·"llIlHl'hiI1t'1'o. 10'111 

example a precise alias analysis is more effective at the highC'I'-I('\'(·1 1'('1>1'('1'0('111 ill i\Jll. 
while instruction scheduling needs to be donc on a lowel'-level l'<'!>\'('s('nl nt iOIl. 011 1111' 
other hand, the information colleded in the high-levcl intcl'IIlC'dialt· l'('pl ('''1'111.11 iUII 
should be passed to the lower level, to be uscd by low-Ievd èlllalysis. 'l'Ill' "'('( \Jllc 1 

component consists of architecture simulation lools that pro(',('ss IIJ(' 0111 l'III \JI' 1 III' 
compiler to produce a variety of performance results. !\1eCAT \\'iIS dC·1'oi.!!.llI'd dllcl 
developed with the consideration of the above objective:;. 

The McCAT compiler compiles C progr~.ms. C tR chosen fiS 1.11t' S\Jlll'c (' 1.111.1.',1101.1.',(', 
because of: (i) its wide l'ange of usage, (ii) having a. varict.y of progrilllllllill,l!. Idllglld!!,I· ... 
features, and (Hi) being powerful bccause of the flcxibilit.y of it.s lISilp,c·. 

To avoid the l'edUlldant work of building an efficiellt frolll.-(·lId, 1111' 1'10111 c'lIc1 ,,1 
GNU-C compiler has been used and modified. The sourcc coc!p or Ci'\ r-(' c tlll'l.ilc·J' 
is freely available. 

The McCAT compiler first translates the C pl'Ogram iut.o FIHS'I ",hic Il i,~ il hi,!!," 
levelrepresentation of the program. Next, a series of ll'cc \.l'èlllHfol'lllill iUII1'o ri Il' PC'I 
fOl'med on FIRST to create SIMPLE which is a simplified AllI,tract S.\ 1I1r1\ '11f'(' 
(AST). SIMPLE for ms the intel'mediatc tl'ee represcntnl.ioll roI' HlIal.\ 1'of· ... .tilt! hi,l!,11 
level optimizing transformations. 

A more detailed description of McCAT will be presentee! Îll Cllélpt(·I'~. ï III' 1 C'ildc'I'" 
are referl'ed to [Sri92, HDE+92] for a complete discussion. 

1.4 Thesis Contributions 

This thesis reports on a new, general, and accura.te alias pl'occ's1'oillJ!, 1 ('c/IIII'1I1I' 1 1 li il 
estimates the alias information at each point of a given pl'ogl'él.lJI. '11110, tllltlh, ... j ... j.-. 

performed on the SIMPLE l'eprcscntation of C progmms. 

Our approach differs from other approaches in that. we do /lot ('(JIII!,I,II (' 1 lit, ;di" ... 
pairs explicitly. We have chosen an approximation that computes tiH' Il'1,,1 i()II"llÎp'" 
between abstract stack locations. The central idea is thal sinee we 111'(' d(·;dillJ!, \Vil li 
data-structures that are stack-allocated, we can model the l'(~al stad.; \\' j Il 1 illi il b
straction of the stack. Using these abstract st.ack location, wc' pst.jl lIill (' \\'11 i('!J ,,1 il(''' 
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FIRST 

LAST::) 

• program structuring 
· alias analysis 
• dependency analysis 
• high-levelloop & 

parallclizalion 
transformations 

• register allocation 
• instruction schcduling 
-low-Ievelloop transformul1ons 

Figure 1.3: A genel'al view of McCAT. 
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locations point-to other stack locations. Thus, wc cali our é\lIalysi:.. poillt:. 1" .I11"h "j" 
rather than alias analysis. This is a direct and simple élppl'Oê\clt t Itélt Ai"I'~ .1,','111,,1 l' 
results with which we can pcrform a straight-fol'\vard depelld('Il(,(' i\llill,\'~b l'd~(,d 1111 
the reads and wtites to the abstract stack locations. Furt.I\('\'Illo\'(', titi:.. illrlllllltJl j,,11 
about relationships is sufficicnt. to comput.e the convcnt.Îolléll alias illrUI'IIl.l1 jllll 

In summal'y, the main contl'ibutiolls of this thcsis arc: 

• Design of an accurate int.cl'l>1'occdural points-to é1l1alysis It'c!tlliqll<' 1"1I ~I 011" 
allocated data-structures (including records and é\.l'l'ays) wllich 1'01111" 111t, 1'01"1" 
for the design criteria of the intermediate represcnt.at.ioll SIl\IPLE, 

• Development and implementation of the nnalysis 011 t.lf(' ('OlllpIJ~il JUII,d ,,,"11,,1 
sta.tement.s, like if. while. swi tch J for. repeat, break, Hlld cont.11111P 

• Design and implementa.tion of a genet'al fl'lunewOl'k 1.0 1)('1' fol' Il 1 illt 1'1 P!'lll t'dlll.lI 
points-ta analysis in the presence of both l'C('lll'~ive and 1I01l-1'1't'lIhÎ, l' P"lll'dlll" 

caUs. 

• Presentation of experimental results indicating the ('rr('d.h·(·III':-~ (JI f III' tllloill "1" 

• Discussion of how the points-t.o H.mdysis hali heclI IIS('<I 1.0 illlprll\f' 1110111\ 111111'1 
analyses in the McCAT compilcr. 

It. should be ment.ioned t.hat sinee wc arc foclIsing 011 st.rllel,III'C·c1 illld ... 11'11,1111 ,d,I.' 
programs, any program llsing gotos in an unrestricted llHtIlIlt'1' IIIII'i1 )H' lil'~1 ((111\ ('II,',) 
into an equivalent structured pl'ogram [Et'093). 

1.5 Thesis Organization 

Chapter 2 discusses the l'equired background and the MeC"'\' t (':-1 IlI'd. ('lldplf'l .1 
provides detailed information about the intrapl'Occdu/'al pOi/lt.s-lo lIlI;lh "j ... ,,11 '-,t';d'II 
variables. Chapter Ll is focuscd on thc design of invocatioll J.!,/'ilpll iliid 1111' ,)f'I.IiI ... , 
of interprocedural points-to allalysis (including rccursive fllllcl.jllil ,.idl,,), ('lldplf'I .-J 

discusses aggregate structures (record and art'ay types). Chapft'I' ri di ... , Ilw', '11111'1 
features of the C-Ianguage like dynamic data allocation ami tyP(' (·;\. ... 1 ill).!.. ('1ldP"'1 ï 
is devoted ta sorne implementation details. Chaptcr 8 is cOllcel'lll'd \\'illl 1 1 JI' pl ,il l:t ,d 
aspects of our analysis where we give nllmerical rcsults \lsillg sf.<tllrlrlld IlI'lIf 1IIIIrlll.". 
and e'~plain other analyses which arc t1sing our l'csult. Chapt.('/' !) pn'''('llh ri If" Il''' fil 
related work. Finally, Chapter 10 contains some concludillg l'I'II1fll'k ... lIlIt! dll"f 111/11'~ 
for the future work. 
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Chapter 2 

Background 

In this chapter, we pl'Ovide the relevant backgl'Ou IId Illél I,(>\'ia 1 l'('q Il i 1'1'1 1 1111 1111' 1111 

derstanding of the following chapters. More specifica.lly, we fo('us (JII 1111' SI~II'LI': 

intermediate representation. SIMPLE is designcd t,o effectivdy support \ dl iUII" dll.1l 

yses and transformations, in particulal' alias analysis. This chap!.!·I' is il ~11111111.ti \ III 

the work done by Bhama Sridhal'all. Readers at'e l'Cfel'I'ed to [Sri!)~. liS!):!. III W 1 !)~~l 

for a complete description. 

In order to separate the front-end proccssing from otlter élltldys('s illle! Ilpl illlÎZd 

tions, the McCAT compiler is designed to support a family or ÎIiIl'I'IIII'di"k Il'pll' 

sentation, namely: FIRST, SIMPLE, and LAST (rerel' to Fip,III'(' 1 .:1). '1'111'''(' 1 li Il'(' 
representations can be summal'ized as follows: 

1. FIRST: a high-Ievel Abstract Syntax Trec (AST) l'epl'('s('1I1 id iUIi or 1111' /)1 igi 

nal progl'am. FIRST retains progl'am and data dedal'at.iolls il" Wl'ill l'II 1,\ 1IIf' 

programmer. 

2. SIMPLE: an intermediate AST reprcsentntioll based 011 FIUS'I. III SI~II'LI' .. 
complex program statements and expressions al'c prcselltee! in <t ~ilill'Iill(·d 1'111111. 

SIMPLE is designed fol' high-Ievel compile!' transfc)J'Jl1at.iolls, Hllill".,I'" dlld /)1'1 i 
mizations. 

3. LAST: a low-Ievel AST l'epresentation. LAST is design('d rOI l'l'gi~II'1 .tlillf id jfill. 

instruction scheduling, code generation and )ow-)evcl I,l'arr~rOI'Jlliltjllll" [l)rJII!).lj. 

Since the analysis l'eported in this thesis is performed at t.1J(l SIMPLE Ir·\·('1. \\'1' 

focus on the SIMPLE representation in thiR chaptel'. Wc firRt giw (III illtl'CJdlll'1 jUil t 11 

the FIRST AST in Section 2.1 and then wc explain the SIMPLE AS'I ill Srll 1 i/)II :!:2 . 
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2.1 An Introduction to FIRST 

FIRST is built to separate the front-end processing (e.g. scanning, parsillg. ilfld 1-,"p!' 
checking) From high-Ievel analysis, optimization and code gel1eration. 

The intermediatc representation of the original ONU C compiler [Sta90] is I>H:·;('d 
on the Register 'l'l'ans fer Language (RTL). In the ONU C compiler, the RTL l'CPJ'('S('Il

tation is produced one statement at a time. For each statement, the pal'SCl' builds ClII 
abstracL syntax trce, converts it to RTL, and then frees the correspondillg ab:...ll'êlet 
syntax tree. In this manner, the RTL intermediate code for an entil'c fUIl(tÎol\ is 
gcnerated. After optimization of the RTL, assembly code for a progralll is g(,))(~1'é11 ('cl. 
one funetion at a time. For several reasons which are explained in tltc> lu'xl :",!'('I iOIl. 
FIRST, SIMPLE, and LAST have been designed to replace RTL ill Md '.\'1' ('0111 pil('!', 

III Sect.ion 2.1.1, the motivation for building FIRST is expla.incd. III S,'cl iUII ~,I,:!. 

t.he modifications that have been done to the ONU C compiler ill (>1'(1<'1' 1 () 1lIliid 
FIRS'l' arc givCII. 

2.1.1 Motivations for Building FIRST 

• As mentioned before, the ONU C compiler generates the RTL for élli <'Ill in' 
fUllction. Then, several il1traprocedural optimizations are pcrfol'llI<,d 011 IfrL 1 () 

pl'oducc the tal'get code for that fUllction. After generating code fOI' il 1'1111('1 iOfl 
01' a top-Ievel decIaration, aH storage used by the functioll dcfillil iOIl i~ 1'1'!'('d 
ulllcss the functioll is "inlined". As a result, interprocedul'al opl illlizal i011 ('HII 
not be pel'formed by the original ONU C. Furthermore, as the int('l'llIC'dil1l(' ('ud(· 

fol' the entil'e pl'ogl'am is unavaUable, high-Ievel interpl'Ocedural élllaly:...h alld 
detailecl alias analysis techniques can not be applied . 

• High-level compiler optimizations such as loop transformations aile! FI 1'1''','' opt i
mizations are extremely difficult to perform on the RTL code, This is dllc' 10 Il)(' 
faet that the identity of loop structures and array references éll'e cOlllpld(","lo'il 
at this low leve}. For example, it is difficult to perform the anay dep('lIdPII< (' 

analysis because the arl'ay l'eferences are bl'oken down to lowel'-le\'el stélll'1I1('111:--, 
SimiJal'ly, as loops are transformed into blocks with goto's and labels. Itigh-It'\"C'1 
loop transformations are difficult to perform. Retaining the idell t it y of loop 
structures and arl'ay references enables us to perform a number of high-I!>"('I 
Ioop transfol'matiol1s which are otherwise far more difficult to 1)(>1'1'01'111. 

12 
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2.1.2 Modifications to GNU C to Build FIRST 

In the original ONU C compiler the syntax tree is creatcd up to 1 lit' (,xpl'I':-;:-;il)1I Il'\'1'1. 

Once the statement has been parsed, the tree nodes rc(>r<,scnt.ing t 11(':-;(' 1'\1>\'1':":";1111:" 

are freed. Since we are interested in building the sylltax t.rce fol' t.11t' ('1IIire' (lI'Op,l'illIl. 

the parser was modified to l'etain the tree nodes. The parser is rU 1'1 111'1' Illodili('d lu 
, continue building the AST for the complete program. The J>éll'S(ll' IIO\\' t'01lst 1'111'1 s 1 hl' 

FIRST tree for the entil'e program. 

In RTL, different kinds of loops al'e not differentiatcd l'rom ('/H'h ot.II('I', NI'\\' 11\).1(':.. 

to construct different kinds of 100p structures, such as: whilC'-loop. fOI'-lullp, 0111" 

do-]oop constructs, are added to FIRST. 

An additional field, the TREEJNFO field, has becll illl'OI'pOt'iI\('" ill 1111' Il,,,,il 
treeJlode structure to store the data-flow analysis int'ormat.Îo1l, 

2.2 SIMPLE Intermediate Representation 

The SIMPLE intermediate representation was specifically desigl\C'd 1,1) Ilillidle' lligh 
level data-flow analyses and transformations, and in particular alias Illlid,\ si:.., 

In the l'est of this section, we give the important chal'ad.el'Ïsl.ics or SI~1 PLI': (S,'(' 
tion 2,2,1), the transformation fl'om FIRST to SIMPLE (Sectioll 2,~.~), illid ri )!,"llI'l'id 

ovel'view of the SIMPLE AST (Section 2.2.3), 

2.2.1 Important Characteristics of SIMPLE 

Compositional Representation: The SIMPLE reprcscnt.at.iolJ j:., a ('OIIlPll:..if ilJllid 

l'epresenta.tion of the program where the control f10w is cxplicil. FuI' ":-'111111'1,·, 
it is possible to analyze a while loop by analyzing only it.s COli Il HJI WII t :... IHIIII!'I,\, 

the cOllditional expression and the body, This givcs t.J)(' OppOI't.llllil,\' l'III' idl;l:-' 

alla.lysis to take a compositiona.l approach in the implelllC!nt.alieJll, 'IIII~ killtl 

of compositional represelltation has thl'ee advantagcs: 0) t1lC' flo'" of '0111 loi 1:-' 

structul'ed and is explicit in the program l'eprcscntat.ioJl, (ii) strllC'llIl'I,rI illlid,\'. 

ses tools supporting such techniques can be used to analy:œ ail tlte· /'0111101·110\\' 

constructs, and (iii) it is simple to find and transfOl'rn gl'OllpS of IlC'sl/·.) 1001'''' 

It should be noted that in addition to ordinary compositioual C:OIl~f.I'lIt'I~ HII/'II 

as conditionals and loops, the compositionaI approach dircctly support 1 hl' ('(JIll

monly used break and continue statements for loops, and the! return ,,1 i!lc'lIH'1I1 
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for procedures and functions. However, unrestricted use of goto b Ilot ('(JI 11-

positional and cannot be supported directly. Any program with lIUHI 1'I1cl li J'C·d 
control flow must be converted into an equivalent progl'am with st.rllcl ur('cl CuJI

trol fiow [W075, Bak77, Amm92]. The McCAT compiler overCOlJ1c:-; tire prol,
lem associated with goto statements by transforming unstructured pl'oglëilllS t () 

struclured program through a process called restructu1'ing [Er093]. 

Explicit Array and Structure References: The identity of array and ~tJ'tJcllJl'(' 

rcfcrcnces is retained, Le., the array and structure refel'ences are \1ot bl'oke'Jl dOWII 

into a series of lower-Ievel statements that perform address computatiolls, 'l'Iris iH 
l'equil'ed to make full use of high-Ievel information such as array dimensiolJ. 111'1'11," 

size, pointer types, and l'ecursive structure types. Without this illt'Ol'llIéll iOIl. éllifls 
analysis could not co lied the alias information related to arl'ay:-; éllld :-1 1'111'111 l'(,~. 

This illformation is essential in arl'ay dependence allalysis [.Jus~):il, 

Types and Typecasting: The exact type information and type cast.ing i~ "):-0 1'('

taincd. OCten alia.<, analysis takes advantage of type information to pl'o\'Îd(> 11101'(' 

aCCUl'ate l'csults. For example, if there are no type casts availabl('. il CHII 1)(' 
infcl'l'cd that a variable of one type cannot be aHased to a variabl<' or Hllotll<'1' 

type using type information. A more advanced example is the usc' of re'Clll'si,,(' 
types for dynamically-allocated pointer structures [HN89, Deu92], 

Pervasive Data-ftow Information: It is possible to transmi t impol'I a 1\ 1 da 111- /IC)\\' 
information collected at a highel'-level intermediate represent.atioll 10 a 10\\'('1'

Icvc\, and thus improve the effectiveness of the low-Ievel transforlllal iOlls. Fol' 

example, alias analysis information collected at a high-level call be IIsC'd 10 P('I'

fOl'lll bettet' dependence analysis, and therefore better instructioll Sclll·dlllillg, al 

a lower-levcl. 

Simple to Allalyze: The intermediate repl'esentation is simple ellouglt Ml t IlH 1 il 
could be analyzed in a straightforward manner, To simplif'y aCCllratC' élltal~':-;is 

of su ch a program, one needs to break down complex structures alld st at.c'1I1C'1I 1 ~ 
into simpler cases. In SIMPLE, there are a smallnumbel' of basic sIHtC'1l1C'llh 
ail at a lcvel étt which stl'uctured analyses l'Ules can be easily specifi(·d. i.e, <lI éI 

lcve! most suitable to pel'fol'rn alias analysis. Further, oue is able 10 l'cpresellt 
any complicated C statement or expression as a sequence of thes(' hél~ic s\'(\I('

ments. Simi1ady, the conditional parts of whi1e~loops, for-Ioops. do-loops éllld 
if~statements are simple expressions. Any complicatecl expressioll is ~implifi('d 
wheu l'cprcsented in the intcl'rncdiate form. This results in a l'educrd Iltlluber or 
possible cases and allows the alias analysis to define a generall'ule rOI' eHch CIIS(', 

FUl'thel'lllOre, in C, side~effects cau oceur in many places whel'(, 011<' l'X \><,cl s CI Il 
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expression. In this simpler form, statements that can hav(~ sitlt'-c·lI·t·('t S êI rt· rll·.1 rly 
separated. This assure the generality of rules that wc providt' l'tH' nlicl:' clllHl,\ ... i .... 

Clear Semantics: SIMPLE has clear and obvions scmantics. 01l<' pari or 1 h i:-. plll 

cess is clarifying sorne of the implicit meanings in C pl'og\'é\lIlS. ('oll:-.idt'r 111«' 

exa.mple shown in Figure 2.1. The statcrncnt b = a llIeallS "assip,n 1 II(' "ddl'I's:, 

lIIainO{ 
int *b, a[7] 
b = a ; 

} 

Figure 2.1: An example of pointer to al'l'ay in tllC' C-latlp,u<I!!,t', 

of the fil'st item of a to b", and not "assign the value of a to b" ilh lI11t' \\'ul!ld 
expect for a seaiar assignmcnt. These two intcrprctatlons of t,Il<' SilllI(' :-.1i1ll'llll'llt 

can make a diffel'ence in alias analysis. Fol' example, in j,II<' first ('ilS(' .fa \\'Ilidd 
be alias to b, while in the second case, the alias informatioll wOllld 11\11 l'lldll).!,(·. 

These implicit semanlic rules in C are made cxplicit in SIrviPLE. 

Interprocedural Analysis: SIMPLE retains ail the informat.ioll abolll 1 h(· ('111111'11'11' 

progl'am, 50 that interprocedural data-flow and alia:; é\lIalysis ('1111 III' pt'I 1'1I1'11IC"1. 

This is particularly important when we have ItOl! .scicnWic ('od(' ('UII '1 If Ih",j ,,1' 
many smaU and possibly l'ecursive procedures. 

2.2.2 Transformation of FIRST to SIMPLE 

The following are some of the transformations that have Iwell d\)II(' 10 1 l'il " .. ,fOI 111 

FIRST to SIMPLE. The detailed explanation is givcn in Sedioll 2.2.:t 

• Complex variable names are split up whcnevCI' iL is possihll'. 

• Loops, switches and conditionals are transforrned into SIM l'LE \,()J'1IItl1 , 

• Assignment statemcnts and expression statcments are hl'ol\C'lI clOWII i 111 Il :~-;lfld 1 (.:-. ... 

code format. 

A complete gram mal' for SIMPLE IS given in Appendix A. III 1,1)(' IlI'xl ""',1 JUIl. il 

brief overview of SIMPLE is given . 
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2.2.3 An Overview of SIMPLE 

SIMPLE is basically a simplified form of FIRST. It is built of a trec_nocif' sll'l1ctul'C'. 

'l'rceJlodes arc varied according to the data type and expression. Tlwy arc' h\lill o\' 
the following two major parts: 

1. 'l'he firsi part is common to aIl the tree_nodes. Following is tlw li:,1 or t 11(, 
corresponding major fields: 

• Trec_uid : contains a unique identification integer fol' thf' COlTl'sj)()tIdillg 

tree-Ilode. 

• Trec_type: points to the type of the tree-node. 

• Trcc_code: contains an enumerated type integer which gÎ\'<>s tllC' lIallll' or 111<' 

tree_node. 

• TrccJnfo: points to an array of pointers which holds daia-flo\\' illl'Ol'Ilutl ion. 

2. The second part of tree-nodes is dependent on the corresponding t.l'('('_('or!(,. For 
example, anode with tree_code MODIFY..EXPR (modify expressiolJ) IlfI:' 1 \\'u 

fields to hold the left and right hand sides of an assignment, \\'hilC' II·'_ST~IT (il' 
statemellt) has thl'ee llodes to hold condition expression, thelJ-hod~·. éllld I·bl" 

body. 

TreeJlodes are classified into seven basic types. Different cases t.ogetlH'1' \Yil Il !'iOlll<' 

examples fOl' each case are shown in Figure 2.2. In the l'est of this chapl('\'. W(I ('xplaill 
these differcnt basic cases. 

1 Constant Nodes 1 

These noc\es represent constants in C-Ianguage. They have t IJ(' ('01 Il Il 1011 :'1If1ix 

_CST. Following are the examples given in Figure 2.2: 

• INTEGER_CST: its value can be auy integer constant (e.g. n. 
• REAL_CST: its value can be any float number (e.g. 5.7). 

• STRING_CST: its value can be any string constant (e.g. "abc"). 

1 Type N odes 1 

As menliolled befol'e, tl'ee_type is one of the fields in the commo)) pa!'t uf ('ë\elJ 

node. This field points to a node of type "type node" which contains II\(, 1,\'1)(' of 
the cOl'responding node. Type nodes have the common suffix _TYPE. SOIlI(' 01' t III' 
different kinds of type nodes are listed in the following: 
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Constant 
Nodes 

.(l. 
INTEGER_CST 
STRING_CST 
REAL_CST 

1 Type Nodes 

.(l. 
INTEGER_ TYPE 
ARRAY_TYPE 
RECORD_TYPE 
POINTER_TYPE 
FUNCTION_ TYPE 

Variable 
Declaration 

Nodes 

.(). 
VA R_DECL 
FUNCTION_DECL 
PARM_DECL 
FIELD_DECL 
TYPE_DECL (typedef) 

1 Reference Nodes 
.(l. 

ARRAY_REF 
COMPONENT _REF 
INDIRECT_REF 

Auxiliary 
Nodes 

.IJ. 
TREEJ-IST 

Statement 
Nodes 

.IJ. 
EXPR_STMT 
IF_STMT 
FOR_STMT 
WHILE_STMT 
CASE_STMT 
RETURN_STMT 

!Expression 
L.Nodes 

.lJ. 
MODIFY _EXPR 
CALL_EXPR 
ADDR_EXPR 
PLUS_EXPR 
EQ_EXPR 
LE_EXPR 

Figure 2.2: Different cases of trec_nodcs with sorne cxarnples (JI" ('ill'h ((I~(O. 
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• INTEGER:rYPE: used fol' integer basic type. VOID_TYPE, !lEAL_TYPE. mul 
CHAIL'l'YPE are other ex amples of basic type. 

• ARRAY _TYPE: used fol' specifying the array type. Among othel' fi(·lds. t lib 
Hode cantains the dimension of the array. The tree_type field of this nodc· poilll:-. 

to the type of the array which can be any valid type. 

• n.ECORD_ TYPE: used as the type of a structure variable. It has él poilltC'l' (CI t 11<' 
fields of the corresponding structure. Each of the fields is built of él FIErJILI »)o:( '1. 
node. This will be explaincd shortly. 

• POIN'rER_TYPE: used fol' the pointer type. The tree_type field of this 110<1(· b 
anothcl' "type node". Fol' example, if variable a is of type int*. t II<' \,\'pc' of a 
would be P01NTER_TYPE of type INTEGER_TYPE. 

• FUNCTION_TYPE: used for functions. The trec_type field of thi:..; 1l0c\C' is i-lll

other "type node" which contains the type of the correspollcling rUlI('t iUII. FuI' 

exarnple, if a function is of type void, the type of the relatcd FUNf'TIO;\_TYPE 
would be VO ID_TYPE. 

1 Variable Declaration Nodes 1 

These types of nodes which have the common suffix _DECL, rCpl'('SPllt '·Hl'iahl<-:-. 
dcc\al·ation. Ail of these nodes have a field "name" which contains t hl' 11H11\(' of t II<' 
cOl'l'esponding variable. These nodes also contain some other infol'matioll \\'Id('h (11'(' 

bcyond oUt' discussion. The tree_type field (a field of the common part) cOlltilillS t III' 
t.ypc of cOl'I'csponding variable. Following are sorne exarnples of the declarat iUII Ilu.!( .. ..; 

• VARJ)ECL: lIsed fol' any global or local variable. 

• FUNC'L'ION_DECL: used fol' the function declaration. O1l0 of i(:-. fi(·ld:-. 1:-. rI 

pointcl' t.o the Iist of formaI pal'ametel's. 

• PARAM.DECL: uscd for fOl'mal pal'ameters of a function decléll'otioll. 

• FII~LD_DECL: used for the fields of a structure. 

• TYPE_DECL: used to rcprcsent a type defined by the user, \Ising, t II<' typedef 
commando 

1 Reference Nodes 1 

The morc common cases of these Hodes are listed in the following,. TI\C',\' Il,1\'(' t Il<' 
common sumx _REF. Readers are referred to the subsequent part fol' SOIll(' (·:\(\1111'1(· .... 

• A RRA Y _REF: llsed for representing aI'l'ays (e.g. a[i][5]). 
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• COMPONENT_REF: used for l'cpresenting stl'l1ctll1'CS «',g, il.h,r) . 

• INDIRECT_REF: used for representing the indirect a('('{'ss 10 il \'éll·illhl(·(c·.p,. ta). 

Variables are either scalar or aggregate (al'ray and stl'Uct.lI1'C'). Si 11('(' ~r.t1rlr \cl!'i 

ables are straight fot'ward (they are of either VAR_DECL or PAHl\U>JtTL t l'c'I'_II1HII' 

type), we explain the aggregate variables. We first show how val'Îah1(' !'Ioft·n·I"'(· ... il 1'1' 

represented and then we show how the complicated cascs arf' hl'o1{(,11 <10\\'11 illl () ~i III pl(·1' 
ones. 

The example pl'esented in Figure 2.3 is devised to illust.l'iÜP éll'I'il~ 1'1'1'('1'1'111'1':-' ill 
SIMPLE, Assignment statement 1 (SI) is equivalent to t = &a[O]. 'l'hi ...... 1,11('1111'111 

mainO{ 

} 

int a[10], *t, p, q 
char *str ; 
int b[5] [7] 

t = a ; 
p = t [2] 
q = a[1] 
str = "abc" 
b[2] Ci] = 6 

= 
/" 

q ARRAY_REF 

A 
& 1 

1 
a 

(0) S 3 

1* S1 *1 
1* S2 *1 
1* S3 */ 
1* S4 *1 
1* S5 *1 

-
/" 

str & 

1 
"abc" 

(d) S 4 

/ \ 
& 
1 
a 

(a) S 1 

= 

/"-

A 
2 

(b) S 2 

(e) S 5 

Figure 2.3: An example for the repI'csentation of al'f'iLys i" SI~II'LL. 

implicitly assigns the addl'ess of a to t. Since one of the goals ill tllC' d(·~iJ!,1I of snI PLI': 
is to have clear semantics, the address operator Îs made cxplicit ill t III' SI :\11' /.1.: . \Sï . 
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This is reprcsented in Figure 2.3(a). As it is shown in statements 2 and :i. Illt" ~.\·JlI (lX 

of accessing an array through a pointer to an array (t [2]) and the aetnal iHTél)' (a [1] ) 
look exactly t.he same, but, semantically they are different. The ad(h'ess or t [2] is 
computed by increasing the contents of t by 2, while the address of a[l] is ('OIllPIlI(,d 
by increasing the address of a by 1. SIMPLE clarifies this difference by ac\dillg éllI 

address operatol' befol'e the array reference. This is shown in Figures 2,:3( b) Cl Ild (c). 
At statement 4, a string constant "abc" is assigned to variable str. Sin('(' él st l'illg 
is actl.lally trcated as an al'1'ay, it will aiso have an address operatol' élS ~ho\\"11 ill 
Figure 2.3(d). Finally, Figure 2.3(e) shows the representation of a t\\'o-dillll'lI~i()lIal 

array. 

In SIMPLE, diITcrcnt fields of a structure are connected through fi (,0;"1 PO

NENT _REF Bode. An cxample of the SIMPLE tree for variable d. c. n i~ ... !tO\\'1I 

in Figurc 2.4. 

struct cati 
int a i 
struct cat *next 

} ; 
struct foo{ 

} d 

int b 
struct cat c 

d.c.a = 1 ; 

= 
/ 

=> 

d c 

Figure 2.4: An example fol' the representation of structures in snI PLI':. 

Now tha,t the l'epl'esenta.tion of al'rays and structures is clarified, w(-' sho\\' ho\\' 1111' 

complicated data structures, which are a combination of arrays and st t'U('t.II\'(·~ ('.g, 
é\..b[4].c), arc broken down into simpler cases. This is done as long as t Il<' lJlC'è1l1illg 
of t.he val'iahle refel'ence is not lost. Fol' ex ample: a. b. c, a, a [5] [i], (1 a) . b, 
(*a) . b. c arc some basic cases which can not be broken down. 

The example in Figure 2.5 is devised to show why cases like (*a) . b Célll 1101 IH' 

further bl'oken down. The replacement of statement 1 hy statemellt 2 alld :J do('~ Ilot 

give the same result. At statement 1, variable (*a). b modifies the locatioll x. b \\'Ilil!
at statemcnt 3, tempO. bis the variable which is modifiecl. Sinet' th('s(' t \\'lI ('d!">('!"> iltc' 

Ilot identical, (*a).b or (*a) .b.c can Ilot he bl'oken clown . 
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struct foo{ 
int b 

} x, *a 

main() 
{ 

x.b = 5 ; 
a = &x 
(*a).b = 7 

} 

(a) The original C progl'am. 

struct foo{ 
int b 

} x, *a 

main() 
{ 

x.b = 5 j 

a = &x i 
{ 

} 
} 

struct foo tempO 
tempO = *a; 1* S2 *1 
tempO.b ~ 7 ; 1* S3 *1 

(c) The modified C program, 

I-"':;~::----Ip 
x.b=7 

(b) The st.ark l'PPI'I'I'>I'III.IIItIlI ,,1 
the ol'iginallH'ofl,I'lIlll, 

a ) x 
xb=5 
tempO 
tempO,b = 7 

(d) The stllck 1 l'P/I'I'>I·III.I 1 J'," ,,1 
the rnodified pro)!,1'11J1I 

Figure 2.5: An example to show the limitatior, in breakillg c10wli ('Olllplif tllf'tI d,,,,, 
structures . 
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In the following, wc represent sorne simple examples of valid convCrSiOllb ill SI~I
PLE (the lcft sample is a C language statement and the right one is tllf' SèllIlI' ... lill(·

ment as l'cpresented in SIMPLE). 

Examplc 1: 

x :;; a[5] .b.c 

Example 2: 

x :: a->b->c 

Examplc 3: 

x = a.b[i] 

I~xample 4: 

x = a.b[i] .c.d[2] [j] .e 

Expression N odes 1 

tempO = &a[6] 
x = (*tempO).b.c 

tempO = (*a).b 
x = (*tempO).c 

tempO = &a.b 
x = tempO[6] 

tempO = &a.b 
templ = &tempO[iJ 
temp2 = &(*templ).c.d 
temp3 = &temp2[2][j] 
x = (*temp3).e 

Refcl'ring to the SIMPLE grammar shown in Figure 2.6, an expressioll b huill or 
rhs whcu rhs is either unary_expr or binary_expr. We first cOllsidel' unary_expr 
a.nd t.hclI binary _expr. Among unary _expr, we are particularly illt ('l'('St "cl i)) 1111' t , 

& opcl'ators, and calLexpr because of their effect in alias analysis. SOIIl(' ('xi-lillplc'~ 

are givcn in the following to clarify the gl'ammar for unary_expr, 

Examplc 5 (on * operator): 

a = **b 

Examplc 6 (on * Opet'atOi'): 

a = *(b.c) 

tempO = *b 
a = *tempO 

tempO = b.c 
a = *tempO 

The addl'css opera tot' is also one of the cases that can not al ways 1)(' si 1 Il pl j li(·d 
(because the meanillg of the expression lllight change). Therefore, a complC'x \'arial)lc' 

na.me ma.y appeéH' alter '&' operator. As an example, &(a. b) or &(*a. b) IIIIISI re'lIlaill 
unchanged. 

I~xample 7 (on & OpCl'atOl'): 

a = &(b->c->d) 
tempO = (*b).c 
a = &«*tempO).d) 
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expr modity.expr 
rhs 

modity.expr varname '=' rhs 
l '.' ID ,=, rhs 

rhs unary.expr 
binary.expr 

unary.expr simp.expr 
'.' ID 
'a' varname 
call.8xpr 
unop val 
'(' cast ')' varname 

/. 'cast' stands for valid C typecasts */ 

simp.expr varname 1 COB ST 

call.expr ID '(' arglist '), 

arglist : arglist ',' val 1 v~l 

unop : ' +' l ' . , l '1 1 1 f - , 

binary.expr : val b1nop val 

binop relop 
'-' 1 '+' '1 ' '. ' 'r. ' 1 'Il' 'l' '«' 
'»' 1 1 - 1 

relop '<' l '<= 1 / > 1 1 / '>~ , 

'==' 1 r 1= J 

val : ID 1 CONST 

varname arrayref I+ARRAY.REF+' 
compref I+COMPONENT_REF+/ 
ID 

Figure 2.6: SIMPLE gl'ammal' fOl' expressiolls. 

The actual parameters of a function calI (ca1\ expressioll) nr(' sÎlllplili('cI III "illlpll' 
variables (ID) or constants. SomeexamplesofCALL_EXPH m(' p,i\'('" ill t III' 1,,11,,\\ ill!! 

Example 8 (on function calI): 

Example 9 (on function cali): 

fe a.b. c[7]. "abc") 

tempO = Kea 
temp1 = *b 

fe 3. tempO. templ) 

tempO = a.b 

temp1 = c[7] 

temp2 = Il abc" 

f( tempO, templ, temp2) 

Note that since string constant "abc" is considercd as ail élITlI.\'. il i ... Il'I,Id' f',j 1,\ Il 

temporary variable. 

As it is shown in the gt'ammar l'Cpresentcd in Figure 2,(;, t IH' I,illill \ ";'.jlJ ,·..."J'III .. • 

(binary.expr) are in 3-addl'css code format. This is showlI il! t Itf' 1'0110\\ 1I1.l!." " .. J/lI,I,' 
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Example 10 (on 3·address code format): 

a = (*b) + cid 
tempO = *b 
templ = cid 
a = tempO + templ 

One of the objectives of SIMPLE is to produce a clear definition for each (\xpl'<'Rsioll 

or statement. Thcrefore, SIMPLE transforms the conditional, compound and logical 
expressions into a series of simpler statements. Following are sorne examplC'l'> t 0 sho\\' 

this transformation. 

Example Il: 

(a>b)? a b = c 

Example 12: 

a = b = c 

Example 13: 

a = b 8t;8t; c + d 

1 Statement Nodesl 

if ( a > b) 

a = c 
else 

b = c 

b = c 
a = b 

tempO. (b != 0); 
if (tempO) 

tempO = (c != 0); 

a = tempQ + d ; 

In the following, we study different types of statements in SIMPLE. '1' IH':"'\ , éll'(' 

basically divided into two major groups: 

• Basic statements: are the expressions followed by 'j' (e.g. modil~' cxpl't':...::.iolls 

and funct.ion calls) . 

• Compositional control statement: are 8011 the condition al Rtatemellb (C,)!... lf 

stalcment), and loop statements (e.g. while sta,tement). 

Basic Statements: 

Different types of basic staternents in a C-program can be replaced by Oll<' 0)' mo!'c' 

of the 15 basic statements given in Figure 2.7. The node related to basic Slill<'IJH'llt~ 
in SIMPLE is EXPR_STMT . 
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1. x = a binop b tvhere binop 's any bi1Jary ol/t'ralul/I 
2. *p = a binop b 
3. x = unop a where unop IS a/ly lmary opera/ioll 
4. *p = unop a 
5. 1 = Y 
6. *p = y 
7. 1 = :f(args) whcre args is a poss,bly eml/tg IMI of ll/'!/III/IIIII .. 
8. .p = :f(ugs) 
9. x = (cast)b where cast is any typecast 

10. .p = (c:ast)b 
11. x = *y 
12. .p = iy 
13. x = .q 
14. .p = *q 
15. :f(arga) 

Figure 2.7: List of the 15 basic statements. Val'iablcs x a.l\d y dl'ilotl' varndme. 
Variables a, b, and c denote val. Variables p and q denotc ID. 

Compositional Control Statements: 

In SIMPLE, compositional control statcments consist of: the if st.at.('lllC'lIt (1 F_ST~Iï'). 
forloop (FOR..8TMT), while loop (WHILE.SrrMT), do loop (D(LST~IT). switch 
(SWITCH.STMT), case (CASE.STMT), default (DEFAUL'I'.ST~IT). break 
(BREAK..sTMT), continue (CONTINUE.STMT), and return (ImTPHN_ST~IT) 
statements. The flexibility of C-language allows the progl'arnmcl'S Lo wri t (' 1111' 1 11111 pli 
sitional control statements in a complicated mannel'. SIMPLE Chrll)~('~ 1III'il' .... '"1;1\ 

to a restricted format. In the following, we explain each of the ;tI)()\,(, l'jISI""; 

if statement: The gl'ammar of if stalement is as follows: 

stmt: IF ~(' condexpr ')' stmt 
1 IF '(' condexpr ~)' stmt ELSE stmt 

The graph representation of if statement in SIMPLE AS'!' is showlI ill Figlll'l' ~"",\ 
(the else-hody will be NULL if the else part does not exist). Cleélrly t II€' '( II/ld!''\p), 

is aIready being simplified. Following is an examplc of if staLenwlIl: 

Example 14: 

if ( a = b = c + d, d > a) 
{ ... } 

b ;;; C + d 

a ;;; b 

if ( d > a) 

{ ... } 
for iooe statement: The grammar of a for loop is as follows: 
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cond th en-body else-body 

Figure 2.8: The SIMPLE AST for IF _STMT. 

Init-stmt cond Iter-stmt body 

Figure 2.9: The SIMPLE AST for FOR-STMT. 

FOR '(' expr ';' condexpr ';' expr ')' stmt 

The graph reprcsentation of for statement in SIMPLE AST is showlI ill Fig,uI'(' :!.!l, 

Only one initial statement and iteration statement is allowed. If 1ll0\'(' t hall t)\\I' b 
tlscd, il is moved outside of the loop. This is shown in the followillg f'Xéllllplt': 

gxample 15: 

for (i=l,j=l i j<10 i++,j++) 
{ 

stmts 
} 

i = 1 
for (j=l j j<10 j=j+l) 
{ 

} 

stmts 
i=i+l; 

If there is morc tha.n one iteration statement, in order to get the COl'L'(>('t êI Il:-, \\'('1'. t 1)(' 
iteration st.atement(s) (in t.his case i=i+1) should be moved to the end of t hl' fol' luop, 

The cOllditiollôl expression should be aiso in 3-address code fOJ'lllélt. Followillg 
cxample is devised to show this facto 
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Example 16: 
i = 1 
j = 1 

(i=l,j=l i+j<k i++ ,j++) 
for (tempO=i+j tempO<k 

for 
tempO=i+j) 

{ 
{ 

stmts . , 
stmts 

} 
i = i + 1 

j = j + 1 
} 

For aU loop constructs, the continue statemcnt, indicat.cs 1.11111 Ilu\\' or C 11111 l'III 

moves to the beginning of the loop. Therefore, the newly addC'd stiltc'IIIt'IIt(..,) III 

the end of the loop will not be executed. To solve this J> 1'0 1> 1(' 1 Il , t Ill' 111'\\'1,\ "d.kd 
statement(s) should be also added before each continue stat,f!III<'IIt.. :\ Il ('\""lplc' (Ir 

this case is given in the following: 

Example 17: 

for (i=1 ; i<10 j++,i++) 
{ 

} 

if (cond) 
continue 

stmts i 

for (i=l j i<10 i=i+1) 
{ 

} 

if (cond) 
{ 

} 

j = j + 1 
continue 

stmts 
j=j+l; 

The break statement moves the flow of control to the end of 1.11<' I()op, J Il t Id:. C'''''''', 
the iteration statement(s) is not executed and, therefol'c, not.hillg shllllid IH' dlJllc' rOI 

the break statement. 

while and do-while statements: The grammar of while and do loop :.1 ill {'III1'III:. i ... 
as follows: 

stmt: WIIILE '(' condexpr ')' stmt 
stmt: DO stmt WHILE '(' condexpr ')' 

The graph representation of while and do-while statcmcnts éll'(' SIIlH\'1I ill Fil!,
ure 2.10. As while and do-while statements are similar to for sl.a1,C'III(·IIf, \\'1' dl) 1101 

give any further examples for them . 
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cond body cond body 

Figure 2.10: The SIMPLE AST for WHILE_STMT and DO_STl\IT. 

swi tch and case statements: These statements can be more complicô1.ed t lw Il ot \1<'1' 

Olles. This happens because the body of different case statemenis t'lm Iw pHI'l ially 
shared. This l'esults in the following two problems: (i) the statemelll :-'l'qlll'lIl'I' Il HI." 

ue labeled with more than one case label, (ii) the flow of control into and 0111 or 1 \1<' 
switch statement may not be regular (for example, one may have ô case' 1,,1)('1 in \ !JI' 
middlc of statcment sequence). In SIMPLE, each statement sequc'Ilce h('giJl:-' \\'it II 
one more case labels and cnds with eithel' a break, continue, 01' return :-.\ all'IIII'IlI. 

Rcadcrs are refcrred to Appendix A for the corresponding grammal' .. \11 f'Xillllplc' or 
simplifying a swi tch statement is given in example 18 of Figure 2.11. 

Example 18: 

switch(a) 

switch(a) 
{ 

{ case 1: 
case 2: 

case 1: stmt1 
case 2: stmt2 

stmt1 
break 

case 3: 
stmt2 

case 3: 
=> stmt2 

default: 
break 

stmt3 
break 

case 4: 

case 4: stmt4 

stmt4 
break 

} default: 
stmt3 
break 

} 

Figure 2.11: An example of switch statement in SIl\IPLE . 
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1 Auxiliary Nodesl 

Among the auxiliary nodes, we explain the TREE_LIST. This Ilodl' is lI~wd to 
create lists of different SIMPLE statements. An exampll' is sho"'l\ i 1\ Fip,1l n' :!.1 ~, 
Statements are linked thl'ough TREE_CHAIN field white t.ilt· Tln~E_ v,-\ 1.1 '1': Ii .. !d 
points to each statement. 

stmtl 
stmt2 
stmt3 

E~-TC-EE;~-TC-E~~ 
1 1 1 TV TV TV 

liA 

~ ~ ~ 
TC : TREE_CHAIN field 
TV: TREE_VALUE field 

Figure 2.12: An example for the connection bct,wcl'll 1.111' st.ntt'lIll'lll h, 

A new scope is defined by another TREE_LIST nocle. If il. hils SOIlII' "i1liilhlf'h. 
the TREE_PURPOSE field points to the list of variables in that, seo!>I'. Olll<'l'\\'iM" 

this field wouid be NULL. TREE_VALUE field points to the list, or sl.1Il ('1111'111:, ill 1111' 

scope. Figure 2.13 shows this fact (the newly added parts fll'C! s110\\'11 ill IH,ld 1'''1'('). 

{ 

} 

int var1, 
var2 

stmtl 
stmt2 
stmt3 

~ 
/ ......... 

TP TV 
/ " 
~ ~-TC-~-TC-03 
~ 1 1 1 

TC : TREE CHAIN field 
TV: TREE:VALUE field 
TP : TREE_PURPOSE field 

TV TV TV 
1 1 1 

~ ~ ~ 

Figure 2.13: An example for the connection betwecn statmnellts alld ";1 l'i ,II Il ...... 

This construction is done recursively for all statements alld rllllet i()Il~, Il ÎJlclllcll'h 

the scope appearing in the body of loops and conditions. Considel' 1IJ(' ('Xfllllpll' ~ho\\'11 

in Figure 2.14. The body of the while statement is defined in a lIew 1il'C)I1f', 'l'lwl don'. 
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a new TREI~J . .IST node lS defined for this scope (shown in bold face), 

while (cond) 
{ 

} 

stmt1 
stmt2 

~ 
~~ 

/ "-TP TV 

/ " ~ ~-TC-~ 

TC : TREE_CHAIN field 
TV : TREEjALUE field 
TP : TREE_PURPOSE field 

1 1 
TV TV 
1 1 

~ 8 

Figure 2.14: An example for the representation of scope in a while stajpllll'1I1 , 

The next step is to provide a connection between functions and global ,'al'iabl(·s, :\ 
tree node caUed AST _DECL_NODE is used for this purpose. Each ASrLD E( '1.-:\ 0 J) E 
is related to a function or global variable, its AST_DECL_PTR field points tu the' 1'1111('

tion declal'ation 01' global variable declaration, its AST _DECL_BODY poillt ~ 1 (J 1\11' 

body of the function in case of function, or to NULL in case of global ,'aria1)1(', alld 
its TREE_CI1AIN node points to the next AST_DECL_NODE. The eXéllnp!<' :-.110\\'11 

in Figure 2.15 clarifies this connection. By having the head of AsrLDECL~OJ)E, 
one has access to the whole SIMPLE tree. The head of the tree in tlw ('Xilillplc' or 
Figure 2.15 is caned 'declJist' . 
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int var3 
float var4 

char varS 

mainO { 

} 

int varl, 
var2 

stmt1 
stmt2 

decUst 

~®-TC -®-TO-®-TC -®-TC-® 
1 1 1 \ 1 1 \ 
PPP P P D 
1 Ile 1 A 
~ M~\ ~~ 

AST: AST_DECl_NODE 
P: AST_DECl_PTA 
B: AST_DECl_BODY 
TC : TREE_CHAIN field 
TV: TREE_ VALUE field 
TP: TREE_PURPOSE field 

/ 
TP 

6, 
~ 

~ 

TV 

\ 
~-Tc-E~:~ 

1 1 
TV TV 
1 1 

~ ~ 
Figure 2.15: An example for the connection bctwcen funcliollH HllcI p,lobill \ rli ial.lt'", 
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Chapter 3 

Intrapracedural Points-ta Analysis 
for Scalar Variables 

In this chapter, we present a detaHed explanation of our method for ('olll'cl illg IIJ(' 

intrapl'ocedural points-to information for stack.allocated data stl'uctUI'f'S ill 1 Ill' (' IHII

guage. This concerns the poinis-to analyses for the programs where 110 flll1ctioli ('all~ 

and aggregatc structures (e.g. al'rays and structures) are present. Th il' pl'('~('11 1;11 iUII 

forms the basis for extending the analysis to interprocedural analysis ( 'lié! pt (II' 1) ililei 

handIing aggregate structures (Chapter 5). 

This chapier is stl'uctured as follows. In Section 3.1, we present a silllpk C'XèIIllpll' 

to explain our motivation behind the pl'oposed approach. This examplc is Îlltelld(·d 10 

prepare the l'eader for the main appl'oach which will be explained in Scctioll :3.:!. 'l'hl' 
relationship between our approach and alias information is explained in SC'CIIOII :L:~, 

ln Section 3.4, we discuss 01\1' notations together with the main algorithm. Tilt, d<'l é!il~ 
of basic sta.tements and compositional control statements are explained in SC'rt iOlls :1':1 
and 3.6, respectively. Finally, a summary of the chapter is given in Se('1 iOIl :l, i, 

3.1 Motivating Example 

Figure 3.l(a) shows a simple C program. As explained in Chapter 2. a C-pl'ogl'H111 il' 
represenied in the SIMPLE AST format where all the analyses are perfOl'll1C'd. :\1'11'1' 
simplification, wc obtain the version shown in Figure 3.1(b). Note thélt tlH' stéllenH'll1 
**x lit 5 in Figure 3.1(a) is changed into an equivalent form composc>d or I-tatc'Il)('lJt"i 

" and 5 in Figure 3.l(b) . 
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Figure 3.1 exemplifies our abstraction of intrapl'ocedlll'ô.\ élualysis .11 ('clrli ~I HI!' 

ment. Notice that we use abstract stack locfl.tion and 111('11101')' l'('P\,('S('II 1 .. 1 iOIl 1 Il 

illustrate the value of each variable. Aftel' pl'ocessillg statclllt'llt, \, ",ll'i"hk z W'h 

the value of constant 1 (Figure 3.1). After processing statCtllcnt 2, loclItio" x pUÎllt:-

to location y (Figure 3.1(d)). After processing statement 3, hy follo\\'illJ.!, II\(, li Il l, ill 

abstract stack or memol'y repl'esentation, wc can sec that *x is eqlli\'illt'III Il> y, \ l:,illg 

this fact, we conclude that the location y in thc abstl'act stad; poi Il ts 1 () tilt' lllt ,,1 jUil Z 

(Figure 3.1(e)). After processing statement 4, tempO gets the 8(\11\(' \'"hll' il:' t x \\'hklt 
is equivalent to y. This means tempO points to the same 10('1\ \.iOIl liS y is poi 111 i IIg 

to, namely z (Figure 3.1( f)). Finally, after processing statcll1<'lIt. !J. h," rollo\\'i IIg litt 1 

abstl'act stack, we see that *tempO is the same as locat.ion z. lJSÎIIJ.!, t hi:, fill 1. Z ,l.!.I'I:, 

the value of constant 5 (Figure 3.!(g)). 

This example shows how we follow the abstract stack locatioll It) (,1111('('1 1 III' illflll' 

mation about the points-to relationships betwcen thc va1'in.hI(·s. 

In the next section, we explain our approach in mol'c det,ail. 

3.2 Our Approach 

From the discussion in the previous section, wc sec that our apPI'oil('1t IIS(' ... poilll:, t" 

relation as the abstraction to descl'i be the relationship bel. W('('II 10('(11 ÎOII:-' Î Il 1 III' fi l, 
stract stack. It is based on a structul'ed analysis which appl'OXilllélt.('S tilt' 1'(·lill i""..,IIi,, ... 
between abstl'act stack locations. At each program point, wC' coll('C'! ! III' P!/Î III s 1 Il i Il 
formation abstracting relationship between each pail' of the il bst.l'iI('1 st il(' k 1,"" 1 illll .... 
say x and y. For such pair, one of the following l'elationships Iiold: 

1. If the contents of the stack location x definitely points \'0 t,l\(' :-.1 ill k 1111 dl IIlIi Y ,II 
a given program point, we say that x definitely-points-to y. '1 Iii ... i ... I\'·IIIIII·d 

as (x,y,D). Figure 3.2 shows an examplc. 

2. If the contents of the stack location x possibly points t.o t,lJ(' l'It.iH').; 10c',11 i,," y id 

a given program point, we say that x possibly-points-to y. Tlti~ i~ d"IIOII',) ;,,, 

(x,y,P). Figure 3.3 shows an example. 

3. The contents of stack location x does not. point 1.0 stack locat.ioll y . 
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main () 
main () { x 
{ Int "x, *y, z; y 

int **x, *y ,z; int *tempO; z.1 
tempO 

z ... 1 ; z=1; 1* stmt 1 */ 
x=&y; x=&y; r stmt 2 */ 
*x- &z *x = &z; '* stmt 3 *' Xo YQ 

z , __ 
**x ... 5 ; tempO = *x; 1* stmt 4 */ L1 

} *tempO oz 5; 1* stmt 5 */ tempO rJ 
} 

(a) The main example (b) The slmplHled version (c) After processing stmt1 

x ~ y z., y 
x x G> 

y b 
z-1 ~ 

x :2 
y :> 
z=5 ~ z-

tempO temp temp V temp } 

XD~ z 
XO~--!oJ XD--!o~ x r- \ y z 

OJ -.. ~5, 
tempO 0 tempO D tempOd tempO 1 

(d) After procasslng (a) After procasslng (f) After procassing (9) After processing 
stmt2 stmt3 stmt4 stmt5 

Figut'c 3.1: A motivating example behind our approach to intrapro('('dlll'ai p()illl~-I() 

analysis. 

3.3 Rules to Convert Points-to Information to Alias informa
tion 

As explained briefly in the introduction, traditionally alias pairs W('IC' lI~('d as aIl 

abstl'action to determine the relationships between memory 10catiol11>, III t Il is :-c'!'t iOIl. 
wc show how to tranSfOl'll1 points-to relationships to alias pair relatiollship:-.. Tllc' l'Idc',,, 
fot' converting points-to relationships to alias pair relationships are: 

1. A relationship of the form (x,y,rel), where 7'el is either Dol' p, is cOllsidcl'('d 10 

be equivalent to <*x,y>. For example, in the program: 
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Int ·x, y 
x-&y 

program 

Memory Representation 

(x,y,D) 

Notation 

Abstract $taçk RQoresentalloo 

Figure 3.2: An example of a definitcly-pointH-to l'<'Ial iOl\:-;hip. 

Int "x, y, z 
if < cond > 

x-&y 
else 

x-&z 

Exmp 

Memory Representation 

(x,y,~ (x,z,P) 

Notation 

~
_ ... 
-, ' 1 

1 
Z ' 

Abstract Stack Represeotatlon 

Figure 3.3: An examplc of a possibly-points-to 1'('lilt.i()lI~h i p. 

int *a, b; 
a = &b ; 

we say that a points-to b, 01' equivalently, *a is aliafôcd 1.0 b. 

2. For each relationship of the form <x,y>, apply the ' ... ' a~ IOIl/!, il" t 1", 1 \ III' III 

variable allows. For example in program: 

int ***a, **b; 
a = &b ; 
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by applying the first l'ule, we optain <*a,b>, and by applyillg, t II(' "'('("1)".1 l'Id(· 

wc oblain: <**a, *b>and <***~,**b>. 
3. Apply the commutative rulel and, the transitive closure2 011 the re's!JlI ur (,élch 

alias pair ohtaincd so far. This has to he done recursively llntil !lO IH'\\' l'ai!'!'> 

ean be generated. For exarnple in (x,y,rel) and (z,y,rel), using t!\p fi l'hl J'III!' 
we can obtain: <*x,y>, <*z,y>. Then, by applying the commutai in' J'lIlc' 011 

the second pair, we get: <*x,y>, <y,*z>. Finally, using the tl'élllsiti\'(· ('lo!'>II)'(' 

results in <*x,*z>. 
Note tha.t the commutative ru le does not give a new pair. IIo\\'evC'l'. il pl'o\'idc')o, 

il. diffcrent way of looking at the pairs which will eventually 1]('lp 11:-. 1 fi ilP"" 1 1)(' 
t.ransitive c1osure. 

IIcre is a more complicated example which uses aIl these threc J'lllc'h tog('IIJC'I': 

int **d, *a, *b, c 
d = .ta 
a = .tc 
b = .tc 

Our result: (d,a,D) (a,c,D) (b,c,D) 
Applying rule(l): <*d,a> <*a,c> <*b,c> 
Applying rule(2): <*d,a> <**d,*a> <*a,c> <*b,c> 
Applying rule(3): <*d,a> <**d,*a> <*a,c> <*b,c> <**d,c> 

<*a,*b> <**d,*b> 

Wc conclude tha,t, in general, the alias information can be célsil,\' obtaillC'd l'rulll 

01\1' more conciscJy represe'1ted points-to relationships. 

ln caeh points-to reJ,ttionship (x,y,rel), the type of x is ah\'é\\')o, H !>oilll('1' lu 

thC' type of y3. As a l'esult of this, the definitely-points-to a.nd possihl,\'-puÎIII "-1 (1 

rcla.t.ionships a.re neith ~r commutative Bor transitive. 

3.3.1 Justification of the Proposed Approach 

Our l'easons behind using the proposed approach are as follows: 

1 a ap b => b op a, 
la op b A b op c => a op c, 
:1 Ali excepliollill Ihllll'\llc is Ihe special CASe of type ca6hng which will be discll5scrl in (,I1<1pl"1 -• 
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l. It is straight-forward and casy to undcrstand bccausl' il is silllilé1f' in Il.,t Illt' hl 

the way in which variables are actually stol'cd in the stad .. 

2. It gives accmate result,s with which we can pcrfol'Ill ail (·lIici(·1I1 d('p"IHI"lItt' 

analysis using the reads and writes 1.0 the abstl'étct. st.ack !tWill iUII:-. 

3. It provides sufficient information about the alias pairs ifl " \'0111\1;\1'1 \\01\ 

3.4 Notations and Algorithm 

The definitions and notations which will be uscd t.hroughoul I,hi:- 1 h, ..... i" dt.· """11\1101 
rized in Ta ble 3.1. 

* & 
rhs 
Ihs 

V 
Â 

base-type 
ptr-type 

rell IXI rel2 

indirect, referclIcc in the C-If\\I!;ul.\W'I (',!!, ~-I-X 
addrcss opcrator in the C-Inllglla~t'. t' !!, , II,; X 

right-hand side of an assigllllll'lll. 
left-halld sidc of an asSigllllll'll1. 
for ail 
and 
in!. 1 flont 1 chm 1 void 1 clr. 
ptr-type *1 base-type. 
Il1crge two relatiollships llsing t1u' rollo\\·I!!).!, I.tI.I" 
IXIIiDIP 
D p 
p p 

Table 3.1: Definitions al1d notations Wied ill 1.111' 111I' ... i .... 

In general, each statement is eithel' a basic statement. or a ('()lltl'lI ... il iU\I." '"111 tlll 

statement. In the intraprocedural analysis, the definit.cly-poiflls-I\) ll·l.diolt ... llÏp .... \11' 

generated/resolved by the basic st.atemcnts. The dat.a flow 111('\')1,(' IlIt (I·d 1/\ c I/till/l/'" 

tional control statements like loop and cOllditionals, dlle to Il Il kl\l/\\ \1 Il,,\\ ,,1 I.,t" t.,\ 
causes the appearance of possibly-points-to l'elationships. 

Figure 3.4 gives an overall view of the algorithlll fOI' t11(' illllil~pllH ,·dlll ,d pfllilh 

to analysis. The algorithm for basic statcmcnts (bflsicpoillbJu) i" di ... c Il'''''./ III 

Section 3.5 (Figure 3.6). The algol'ithm fol' compositional (01111,,/ ... till"IIII'ld- (fI)11 
troLpoints_to) is discussed in Section 3.6 (Figure :3.) 5) . 
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1* Gwen a basIc statement and input information, retur71 II/( o1l1Jl1/1 

* information (where input.in is the points_to relatiollshiJls) */ 
points_to (S,input) = 

if basic_statement(S) then 
/* S is basic statement */ 
l'eturn(basic-f>oi nts_to(S,input»j 

olso if control_statement(S) then 
/ * S is a compositional control statement * 1 
rcturn( control-f>oints_to(S,input»j 

clso 
l'cturn(input) ; 

Figll1'e 3.4: General algorithm for intraprocedural ana),\"sh. 

3.5 Basic Statements 

The simplifying pt'ocess reduces the many different cases that one Illa,\' ellCUllll«'1' ill 

a typical program (refer to Figure 2.7) to the eight types of basic stal('IIICJlt~ listC'd 
in Table 3.2. Case 2, 6 and 7 are discussed in this chapter, case <1 and 8 é\ l'l' d iS(,II~~('d 
in Chapter 4, and case 1 and 3 are discussed in Chapter 5. Note that ca sc' .W) d()c'~ Ilot 

intl'oduce any points-to information and consequently is not of an,\' COJl('C'J'1l 1 () liS, 

(1) (2) (3) (4) 
x = a binop b x=y x = cast y f(args) 
*x = a binop b *x = y *x = cast y 

(5) (6) (7) (S) 
x = unop a x = *y x=&y x = f(args) 
*x = unop a *x = *y *x = &y *x = f(args) 

Table 3.2: Ail possible Basic Statements. 

The type of the variables plays an important l'ole in our approé\ch ln pl)illt~-tn 

é\.ualysis. A basic statement will be studied only if it is involved ill ail assiglllll<'llt 

with a pointel' type variable. Let us consider the example illustrated ill Figure' :I,!), 

Since *x and *y, in statement *x = *y, are not of pointel' type. tlti~ stHI<'lIH'lIt 

does Ilot make RUy difference in the points-to information. Therf>foJ't'. it i" Ilot or 
concern to us. Now consider the example: 
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int ·x, .y 

·x - .y; ,. Stack shows that thls 
asslgnment means 
x1 - y1 ., 

MemorY Representation 6Qstraç' S1ack Representation 

Figure 3.5: An example where no pointer is iuvolved in the assigllllll'lll :.lillc'lIlt'lll. 

int *x, •• y 

x = .y ; 

In this example, since variables x and *y are of pointer tyP(', ;dl(', 1111' ('\C'C'III iCl11 

of statement x = *y, the points-to information of x will bc a.H'ed(·cI (x l'0illl:. ICI IIIC' 

same location as *y is pointing to). Thel'efol'e, this stat,cment. shollid III' IOII ... idc'l'c·d 

in the points-to analysis. 

We have classified aU the cases studied in this chaptet· élccordillp, tu 1111' l'il..,jc' 

statements and the type information. These are summal'izcu in '('abl!' :J.:\. 

~ lhs &y Y *y 

x 1 2 3 

*x 4 5 6 

Table 3.3: Basic statements to be studied in this chapter, WJU-'II Ifls (01' III"') i" III' 
pointer type. 

The aIgorithm for the basic statements of scalar variables ;s gi V('U i Il Figlll'(' :Ui 
(we will discuss arrays and structures in Chapter 5). Each cut.ry ill t II(' '1 Hill<, :J.:~ IlrI', 

a corresponding l'ule in the function basic_poinls_lo. In cach Cél"C, W(' mlll PIIII'; (i) 1111' 
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1* muen a basIc slatement and input informahon, return the output 
* rnforrnallOn (input.ln .s the points_to relationships) *1 

11It.~ic_pointa_to (S,input) = 
if ( ! pointef_typc(S)) 

fctUfll( inpllt ) i 
cise case S of 

1* rule 1 *1 
< " = &y > : 

{ kill = { (x,xl,rel) 1 (x,xl,fel) E input }i 
gcn = { (x,y,O) }i 
retUl'll( gen U (input - kill) )i 

} 
1* rule 2 *1 
<x=y>: 

{ kill :;:: { (x,xl,rel) 1 (x,xl,rel) E input }i 
gon :;:: { (x,yI,rel) 1 (y,yl,rel) E input }i 
l'ctUl'U( gOIl U (input - kill) ); 

} 
1* rtllc :1 *1 
< x :;:: *y > 

{ kill :;:: { (x,x l,rel) 1 (x,x1,rel) E input } i 

} 

gCII = { (x,y2,rell !Xl rel2) 1 (y,y1,rell), (y1,y2,reI2) E input}; 
l'etUl'u( gen U (input - kill) )i 

1* rule 4 *1 
< *x = &y > : 

{ kill = { (xl,x2,rel) 1 (x,xl,D), (xl,x2,rel) E input }i 

} 

change = (input - { (x1,x2,0) 1 (x,d,P), (x1,x2,0) E input}) 
U { (xl,x2,P) 1 (x,x1,P), (xl,x2,D) E input}; 

gen = { (xl ,y ,rel) 1 (x,x1,rel) E input}i 
l'etul'u( gen U (change - kill) )i 

1* rtl//' 5 *1 
< *x :;:: y > 

{ kill = { (x1,x2,rel) 1 (x,xl,D), (xl,x2,rel) E input }i 

} 

change:;:: (input - { (x1,x2,0) 1 (x,x1,P), (x1,x2,0) E input}) 
U { (x1,x2,P) 1 (x,x1,P), (x1,x2,0) E input}; 

gen = { (xl,yl,roll I><l rel2) 1 (x,xl,rel1), (y,yl,reI2) E input.}; 
rctul'u( gen U (change - kill) ); 

1* T'"le 6 *1 
< *x = *y > 

{ kill = { (xl,x2,rcJ) 1 (x,x1,D), (x1,x2,rel) E input li 

} 

change = (input, - { (x1,x2,0) 1 (x,xl,P), (xl,x2,D) E input.}) 
U { (xI,x2,P) 1 (x,xl,P), (xl,x2,D) E input}; 

gen = { (xl,y2,rell I><l re12 !Xl rel3) 1 (x,x1,rell), (y,yl,re12), (yl,y:!.J'f'I:q E inpuII, 
l'chn'u( gen U (change - kill) )i 

1* any other sunple sialement *1 
< _ >: l'etllrn(input); 

Figmc 3.6: Aigorithm of basic statements fol' scalal' vl'Il'iahll'!-o. 
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points-to information which gets killed, (H) the changes in t.llt' poillt:.-tu illlullIl.ltÎl111 
where sorne definitely-points-to rdationship beco\l1es possibly-poillts-to. Hlld. \ iii) IIIC' 
points-to information which is generatcd. Then, we retl\1'11 il/plll (II\(· ol'i.c,illid :-.('t 
of points-to relationships) while updating the information h.,· l'I'lIlO\'ÎlIg 1111' killl·d 
information, incorporating the changes, and adding t.he )\('wly cI'I'al<'d Îllflll'lIlill iOIl, 
In the next sections, we examineeach case in det.ail. To facilitak tl\(' IIl1dl'l':.tdllllill,t.!,. 
we use a simple pointer type, int* or int**. 

3.5.1 Case 1 

This is the case denoted as l'ulel in FigUl'e 3.6. 

int *x, y 

x = &y ; 

The rules applied in this case are as follows: 

kill = { (x,xl,l'el) 1 (x,xl,rel) E input} 

gen = { (x,y,D) } 
return( gen U (input - kill) ) 

Referring to Figure 3.7, we see that artel' pl'ocessing t.IH' l'taU'III(lllt x = &y. x 
should point to the location y. This means that ail t.he relat.iolls ill ",hicll x poilll'" 
to a variable should be removed from the points-to inforlllal.ioll (kil/ :'(11 J, '1'111'11. 
x definitely-points-to y is the unique element of the ncwly gC'II<'1'ilfcld SI't (,1111/ :'1'1 J. 
Finally, by removing the kill set and adding the yen set. to il/plll SI'l (tlll' IJl'il!illdl ~f'l 

of information), we obtain the new set of information. 

3.5.2 Case 2 

This case is denoted as r1l1e2 in Figure 3.6. 

int *x, *y 

x = y ; 

The rules applied in this case are as follows: 
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Int ·x, y 

x .. &y 

1 eefore Ststement 1 1 Alter Statement 1 

:'~I 
M,mON Rgpresentation M@mor:y RepreSt'tOtatlon 

Abstract Stack R@presentQJloo Abstract Stack Representation 

(x, x1, D) (x, y, D) 

Polnts·to Information polnts.to Info[matloo 

Figul'C 3.7: An example of l'ule 1 in the basic sta,ten1f'lIts. 

kill = { (x,xl,rel) 1 (x,xl,rel) E input} 

gen = { (x,yl,rel) 1 (y,yl,rel) E input} 

return( gen U (input - kill) ) 

ACter processing the statement x = y, x gets changed. This is SltOWII i" Figlll'(' :L::-I. 
Therefore, we should remove aH the relations in which x points to a \'éIl'Îablt' xl 1'10111 

the points-to information (kill set). Thell make x point to the Sél111(> lonlt jOli as y j:, 

point.ing to (gen set). The new set of information can be obtained h," n'IIIO\'ÎIlp' t 11(' 

kill set from the input set. and adding the gen set. 

A more complicated, self explanatory example is given in Figlll'E' :t~) 

3.5.3 Case 3 

This case is denoted as l'ule3 in Figure 3.6 . 
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Int ·x, .y 

1 Before Statement 1 1 Alter Statement 1 

XQ Q y 

x1 0 "[:] yl 

MemQry Represer.tUltign MamON Representatigo 

Abstract Staels RepresentatiQn Abstract Stack Representation 

( x , x1, D)( Y , y1, D) (x,y1, D)(y,y1, D) 

PQlnts.tg InformatlQn poInts.tg Information 

Figure 3.8: An example of ruic 2 in the baRie si"klll('lIt~. 

int *x, **y 

x = *y ; 

The rules applied in this case are as follows: 

kill = { (x,xI,rel) 1 (x,xl,rel) E input} 

gen = { (x,y2,rell t><lreI2) 1 (y,yl,rell), (yl,y2,l'cl2) E input} 

return( gen U (input - kill) ) 

Referring to Figure 3.10, after proccssing the statcment x = .ry, X :-Itolllrll'oilll lu 

the same location as *y is pointing to. This means that ail t.he rdét1 iOIl:- i/l \VIii,,!. x 
points to a variable, should be l'cmoved from the points-to informatioll (1 .. ,11..,,., ) a IId X 
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1 Before Slalement 1 
y 

y1 

y2 

Memo[y Rep[esentation 

Absl[aet Stack Representation 

( X , x1, D) (x1 ,x2, D) 
( y , y1, D) (y1 , y2. D) 

Polnls-to Inf9[maUon 

Int "x, "y 

1 After Statement 1 
y 

y1 

y2 

MernolY Representation 

Abstract Stack Rep[QSentatlon 

( X , y1, D)( x1 , x2, D ) 
( y , y1, D)( y1 ,y2, D ) 

Polnts-to InforrnatloQ 

["igme 3.9: A more complicated example of rule 2 in the basic si al ('11]('111 .... 

should point to the same location as *y is pointing tO, If y definitely-poillIS-lo IUCHI iOIl 
y1, and y1 definitely-points-to location y2, we can say that x defiuit.ely-poilll ~-I u y2 
(bccause it is guaranteed that *y points to y2). If one of these relationships is plJ~sibl.r
point,s-to, then x possibly-points-to y2 (because it is not guarantced t.ltal -l'y poillt:-. 
(,0 y2). The new set. of information can be obtained by removing the "'il! s('1 1'1'0111 1 fIC' 
original set of information and adding the yen set. 

3.5.4 Case 4 

This case is denoted as 1'1l1e4 in Figure 3.6 . 
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Int ·x, •• y 

Isefore Statement 1 
y 

yl 

y2 

Mem0'l' Representation 

&stract Slack Representation 

( x , Xl, D) ( y , yl, D) 
(yl, y2, D) 

polnts.te Information 

y 

yl 

y2 

Memory Representation 

èbstract Stacls Representation 

( X , yl, D ) ( y , yl, D) 
(yl ,y2, D) 

polots·to Information 

Figure 3.10: An example of mie 3 in the bnflic stat.('lll('III~. 

int **x, y 
... 
*x = &y ; 

The rules applied in this case are as follows: 

kill = { (xl,x2,rel) 1 (x,xl,D), (xl,x2,rel) E input} 

gen = { (xl,y,rel) 1 (x,x1,rel) E input} 

changedJnput = (input - { (xl,x2,D) 1 (x,x1,P), (xl,x2,J)) E illputl) 

U { (xl,x2,P) 1 (x,xl,P), (xl,x2,D) E iupllt.} 

return( gen U (changedJnput - kill) ) 
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Referring to Figure 3.11, after proccssing the statement *x = &y, if x d(·fillit<'I~'
points-to xl, the modification of location xi is guaranteed and we 1'('111 0 \"(, t 11(· 1'('

tations in which xi points to a variable from points-tq information UiI/ ~('t J. If x 
possibly-points-to xi, changing of xi is not guaranteed. In this case, wC! CI!HIl,lI,c' ail 
the definitely-points-to relationship of xl into possibly-points-to (challfJc(UIIJlIII spI). 
If x definitcly-points-to xi, thcn xi definitely-points-to y. But, if x possibly-poillts-to 
xi, thclI xi possibly-points-to y. So, the way that xl points to y depends on tllf' war 
that x points to xi (gen set). Finally, by removing the kW set from t.he c!1(/fIfJ((Un/l1l1 

set and adding the gen set to it, we obtain the final information. 

int ··x, '1 

·x. &'1 

1 Betore St8tement 1 1 Mer Statemen~", J 
x 

x1 

x2 y 

Memg[v Representation Memgry Rlpresentation 

Apstract Stack Bepresentmlon Abstract Staçk Representation 

( x , x1, D)( x1 , x2, D) (x 1 x1, D)( x1 1 y, D) 

points-to Information PQints.to Information 

Figure 3.11: An example of l'ule 4 in the basic statement.s . 
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3.5.5 Case 5 

This case is denoted as m/e5 in Figure 3.6. 

int **x, *y ; 
... 

The rules applied in this case are as follows: 

kill = { (xl,x2,l'el) 1 (x,xl,D), (xl,x2,l'cl) E input} 
gen = { (xl ,yI ,rell1><1 re12) 1 (x,xl,rell), (y,yl,l'c12) E input.} 
changedjnput = (input - { (xl,x2,D) 1 (x,xl,P), (xl,x2,D) E illpllll) 

U { (xl,x2,P) 1 (x,xl,P), (xl,x2,D) E inj>lIq 
return( gen U (changedJnput - kill) ) 

Figure 3.12 and Figure 3.13 help in undel'standing the allalysis. A ft 1'1' PIO( (':-,si Il.!!, 
the statement *x = y, the kill set and the change(Lin}Jul set éll'C' ('01111'111('" il! IIIf' 
same way as in case 4. If x has a points-to relationship 1'eIJ \Vith xi illld y Ilil:-' Il 
points-to relationship l'e12 with yl, then xl will have a point,:;;-t.o 1·('lnt.iollsIJip \Ir 1111' 

form rell 1><11'el2 with yl. This l'elationship says that xl dcfilli I.l'ly- poi Il t :-,-1 Il Y 1 i r ,., Il 
and ?'e12 are of definitely-points-to type, otllel'wise, xl possibly-poillt.:-'-Io yi. Fill,dl\. 
by removing the kill set from the changed_inpul set and addillp, \.Il<' .'/, /1 -.,"1 I() il \\,/' 
obtain the final information. 

3.5.6 Case 6 

This case is denoted as ru/e6 in Figmc 3.6. 

int **x, **y 

*x = *Y j 

The following l'ules are applied in this case: 

kill = { (xl,x2,rel) 1 (x,xl,D), (xl,x2,rel) E input} 
gen = { (xl,y2,relll><l rel21><l l'eI3) 1 (x,xl,l'ell), (y,yl,rcI2), (yl..v:!.I'I·I:l) 

E input} 
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1 Belore Staternent 1 
x 

x1 

x2 

Mernor,y Representation 

Abstract Staak Representation 

( X 1 x1, D)( x1 ,x2, D) 
(y,Y1,D) 

Polnts·lo Information 

Int ··x, .y 

·x = y 

~ Slaternent 1 
X 

x1 y 

y1 

Memor,y Representation 

Abstract Stack RepresentatIon 

( X • x1. D)( x1 • y1. D) 
(Y. y1. D) 

Polnts·to InformatIon 

Figure 3.12: An example of rule 5 in the basic statel11cnl s. 

changedJnput == (input - { (xl,x2,D) 1 (x,xl,P), (xl,x2,D) E input}) 

U { (xl,x2,P) 1 (x,xl,P), (xl,x2,D) E input} 

return( gen U (changedJnput - kill) ) 

Hcferring to ~'igul'e 3.14, aftel' processing the statement *x=*y, t.he {,·ill ~('l and 
the changed_Ï1I/J/tl set are computed in the same way as in case 4. If x lias Cl poillls-to 
l'clationship rell with xi, y has a points-to relationship l'el2 with y1. a\ld y1 hé\~ 

a points-to l'elationship 1'el3 with y2, then xl will have a points-to l'clat ionship of 
the Corm {rell 1><1 1'el2 1><1 rel3} with y2. This relationship says that xi t!pllllii('I.,·. 
points-ta y2 if f'ell, 1'el2 and ,'el3 are aH of definitely-points-to type. otlH'l"\\'isp. xi 
possibly-points-t.o y2. Finally, by l'emoving the kill set from the chflll.llutllljlllf :-1'1 . 

and adding the gen set to it, we obtain the final information. 
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lot .. x ,.y 

1 BefOfe Statement 1 
xp 
xl r!J Q y 

X2~ ~ Vl 

Memory Representation 

x ., 
xl 
x2 ~ 
... 
V J 
y1 .. 

Abstraot Stack Representation 

( x • xl, P) (Xl , x2, D) 
(V, yl. Dl 

points-ta Information 

Memory RepreseotatiQO 

x 
x1 
x2 . .. 
y 
v1 

~ ... , 
~ , 

1 , 
~ 1 

~ ra 

Abstrad Slacls Representation 

(X.Xl.P) (x1.x2.P) 
( xl, yl, Pl (y, y1, 0) 

Polots-ta Information 

Figure 3.13: An exa.mple of rule 5 that contains possibly poillts-Io /'l'l,II i()II~lli Il ill 1111' 

basic statements. 

3.6 Compositional Control Statements 

In the previous section, we pl'esented our analysis method fol' ~illlp'" ..,\ ,d ('1 1 II'II\'-., 

In this section, we extend our method to progl'étms that Îllcllldc' !'Olllml ~I ,,1"1111'111 ... , 

SIMPLE supports the following control statements: if) for) whlle, do-whlle 1 

switch, continue, and break (note that return statemcllt. apIH·ar:-. iu iUle'l'l'lt1! (' 

duraI analysis, thel'efore it is explained in Chapter 4). '1'0 sÎlllplil'y 1 1 If' ('xphllliil iOIl. 

we first consider compositional control statements without. tll(' [>1'('S('JII'(' 1)1' break ,iliri 
continue statements. Then, the more general case contaillillg break tllld contwue 
statements is studied. To support control statements sueh as COllclit iOIl;d.., <lurl IIHIP"'· 
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1 Belore Statumenl 1 

Mamory RlllrQSanlallon 

Abslracl Siaets Reprasanlallon 

(x, x1, Dl (x1 ,x2, Dl 
(y, y1, D) (x1, )(2, D) 

Poinls-Ia !nlormalloD 

Inl ""x, Uy 

1 Aller Siaiemeni 1 

Mamory Rlllrasanialiop 

Abslract Slack Bepreseotatlon 

(x,X1,D)(X1,y2,D) 
( y , y1, D) (y1, y2, D) 

Polnl$-Io Iplgrma!loo 

Figurc :1.14: An example of rnle 6 in the basic sta.tellH'lIt:-,. 

wc t1ced to define the following two concepts: (i) tnm'ge between spI s. alld (ii) li'\(·d

poillt computation. 

The concept of merge between defillitely-points-to and possibly-points-to \'(·1111 ÎOII

ships was dcfined ill Table 3,1. Here we extend this definition to the Cé\:-,C' or 1I11'l'ging 

Lwo sets of reJationships. This is denoted as Merge(Sl, S2) whel'(' S J (\lit! S~ élI'(' 

the sets of the relat.ionships to be merged. The definition is as follows: 

Definite-sct = {(x,y,D) 1 (x,y,D) E (81 n 82) } 

Possiblc-set = {(x,y,P) 1 (x,y,rel) E (81 U 82) A (x,y,D) rt. Defillilc'-:-'('1 

Mergc(8 1, 52) = Definit.e-set u Possible-set 

whcrc 'l'cl' is either 0 or P. Berc is an example: 

8t = { (a,al,D), (b,bl,D), (c,cl,D) } 
S2 = { «(\,a l.D), (b,bl,P) } 

50 



• 

• 

Definite-set = { (a,al ,D) } 

Possible-set = { (b,bl,P), (c,cl,P) } 

Merge(Sl, S2) = { (a,al,O), (b,bl,P), (',d,P) } 

Note that the relationship (a,a1,0) is in the Definite-sct l>e('I\IIS(' 'il' illld 'il l' h.I\ (' " 
definitely-points-to relationship in both SI and S2. The \'e1at.iollship (h.hl.l l

) i~ ill 
the Possible-set because lb' and 'bl' have definitly-point.s-t.o \'C'I,d iOllship ill SI bill 
they have possibly-points-to relationship in S2. The rclat.iollship (',!'I.P) i ... ill 1111' 
Possible-set because the relationship between 'c' a.nd 'cl' is ill SI è1l1d Ilot ill S~, 

The concept of fixed-point computat.ion is d('fill<'d ill colljlllll'l iUII ",il Il 1111' ,,".d 
ysis of loops and recursion. Wc say that a. fixed-point. is r<'acll<'d \\'111'11 ,1I1.d\ ... i ... III 1111' 
loop-body in two successive itet'ations does not l'c8ult. in ally II('\\' illfOl'lIldl illll, \11 
exarnple of fixed-point will be given Iatel' in om disClIssioll (,OIl('('l'ItÎlI.l'. whlle l, 1111' 

Figure 3,15 gives an outline of the algori th 111 fol' t.he étlléllysis or t III' 1 111111,,1 ... 1.11,' 

ments. Each of the function calls will be discussed in detail ill t.I\(, l'I'~I or Ilri~ ... ,', t \tlll, 

Note that in SIMPLE, the expressions in condit.iollals and loops an' "id,· l'Ir.,. 1 1'11'1', 
so we ignore thern during the analysis. Fol' the sal1le l'eaSOIl, t 1 \(' ,'\ 1111 ....... 11111 ,,1 IIIt' 
swi t ch statement is aiso ignol'cd. 

3.6.1 Points-to Analysis without break and continue 

if statement: 

For the if statement, we pl'opagate the input t.o boUI t.1l(' t.11I·II-body ,lIld 1111' .'1"'1' 
body. ACter processing both parts, we met'ge the illrOl'tnat.ioll to .l'.l't 1 lit' 111'\\ illl"li 
set. In the absence of the else-body, the output or clsc-body is 11)(' ~;IIIII' "" 1111' 1111"11 
to the if staternent. Thet'efore, the output of the t.hell-hody i~ IIlt'l'g"" \\'1111 1111' 
input to the if staternent. Thc corresponding algoriihm (d<'lIotl'd ,1'" 'Pll)( (''''-, ri' III 

Figure 3.15), together \Vith its gmph l'epl'escnta.tiol1, is giv(~11 ill Viglll.· ,LilI \'11,' 
that the parameter in is a st.ructure that contains t.he POillb-1r1 illlollll,III"11 dlld 
other fields which are useful during the analysis (e,g. 1.11(' field~ Il'I;II(',j II) 1/1/'"'' IIlId 

continue that is explaincd in Sectioll 3.6.2). 

while staternent: 

In general, the body of a while-loop, depcnding on tire wlril<'-lo(Jp IlIlIdll illii l, 

executedforn = 0,1,2, ... tirncs. As wearcnot sUl'cabollt t!)('I'X;llllllllldH'11I1111I' 
iterations, we have to approximate the out.put of our analysis, 'l'III' fil .... 1 (11'pl 1/;'; 1111,11 iU11 
corresponds to the initial stage before starting the iterat.iolJ!., III Illi" 1 ""'.',111/ 111111'"1 

51 



• 

• 

/* Gwen a basic statement and input information, return the ou/put 
.. information (input. in .s the points_to relationships) */ 

controlJ>oints_to (S,input) = 
case S of 

< IF(cond,s_then,s_clse) > 
returll(processJf( cond ,s_then ,s_else,input»; 

< SWITCH(expr,caselist) > : 
"ct urll(process_switch( expr ,caselist,input»; 

< WJIILE(cond,s_body) > : 
"cturn(proccss_whilc( cond,s_body,input»; 

< DO(s_body,cond) > : 
retua'll(proccss_do( s_body ,cond, input»; 

< FOR(sjnit,cond,sjter,s_body) > : 
rctm .... (process_for(sjnit,cond.s_inter,s_body, input)): 

< BREAK> : 
l'Chll'Il(proccss_brcak(in put» 

< CONTINUE > : 
,'ctm'll(process_continue( input» 

< >: 
"chu'u(input) ; 

Figure 3.15: Algorithm of the compositional control statf'lIlc'llb. 

process_if( cond, thcn_body, cIse_body, in) { 
ouH = points_to(thcn_body, in) ; ln 

} 

out2 = points_to(elsc_body, in) : 
l'etul'Il(ll1crgejnfo( outi, out2}) ; 

I1Icrge_info(in L, in2) { 
out = inl ; 

} 

/* merge the pomts-to informa/ion 
* field of the two glven UlJlut */ 

out.in = Merge(inl.in, in2.in) ; 
l'etm'u(out) ; 

~ 
~ in 

1lhenr 1 le,se-rdYj 

out1 out2 

Figure 3.16: Algorithm of the if statement for points-to HllHly!-li!-l. 
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is the sarne as the input. The second approximation is Obtèlitwd h)' IIwrgi Il).!, 1111' 
following sets of information: 

• the previous approxima.tion, 

• the output obtained from processing the white-body with t.11<' pl'I'\'Ï\)Il~ ilPPlo'\i 

mation as the input. 

This process lS l'epeated untU a. fixed-point is l'eached. Thl' COI'\'('spolld i Il).!, .dgo 
rithm (denoted as ~process_while' in Figure 3.15), togethcl' wit.h its p'l'nph l'I'\I" ':-('11 1 d

tion, is shown in Figure 3.17. 

process_while(cond, body, in) { 

} 

{ 
last_in = in ; 
out;:;;; points_to(body, in) 
in = merge_info(in, out) ; 

} white (lastjn != in) ; 

result = in ; 
return(result) ; 

in 

out 

Figure 3.17: AIgorithm of the "hile statcment. fOl' point.H-1 () ;111<11.\ ~i .... 

Following example demonstrates the process of finding the fix(·d-p()illl Ill' il \\'Ilil!·· 
loop. The information represented for each statemcnt., is artel' j>1'()('('H:-ill,!!, 1111' ... titl!· 

ment, The following shows the fixed-point calculation fol' Ct wllil(·-Ioop: 
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int *a, *b, c, d : First approximation 
-------------------

b Il tc ; /* 81 */ {(b,c,D)} 
while (cond){ /* s2 */ {(b,c,D)} 

a • b ; /* 83 */ {(b,c,D) , (a,c,Dn 
b = id ; /* 84 */ {(b,d,D), (a,c,D)} 

} 

1* sl */ 
1* 82 */ 
1* 83 */ 
1* s4 */ 
1* s5 *1 

/* sl */ 
/* 82 */ 
/* 83 *1 
/* 84 */ 
1* 85 */ 

/* 86 */ {(b,c,P) , (b ,d. P) • 

Second approximation 
--------------------

{(b,c,D)} 
{(b,c,P), (b,d,P), (a,c.P)} 
{(b,c,P), (b,d,P), (a,c,P), (a,d,P)} 
{(b,d,D) , (a,c,P), (a,d,P)} 
{(b,c,P), (b,d,P), (a,c,P), (a,d,P)} 

Third approximation 
-------------------

{(b,c,O)} 
{(b,c,P), (b,d,P), (a,c,P), (a,d,P)} 
{(b,c,P). (b,d,P), (a,c,P), (a,d,P)} 
{(b,d,D), (a,c,P), (a,d,P)} 
{(b,c,P), (b,d,P), (a,c,P), (a,d,P)} 

(a,e,P)} 

The input to the loop at each iteration is the set represented at st.atellH'tlt s2 alld 

the cOl'l'esponding output is the set represented at statement s6. \Ve ob!'l('1'\ (' 1 1 III 1 

aCter the thil'd itcration the information does not change anymol'f' (fixC'd-poilit of t li<' 
loop). ThereCore, the final points-to information is the infol'lnatioll olltai\l('c! HI tllb 
stage. 

do-while slatcment 

The do-while statement is similar ta the while-Ioop with t.he difl'c]'('IH'C' t Itat t 1](' 
body of the do-while is processed for n = 1,2, .. times. This mealls t hal t Il(' bod,\' 
will be processed a.t least once. Therefore, the first approximation to t he' do-loop 
iH what wc have aftel' analyzing the loop-body once. The cOl'l'espondillg algol'it !tlll 
(denoted a.s 'process_do' in Figure 3.15), together with its graph l'('III'('Wlltitl iUII. i ... 
given in Figure 3.18, 
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process_do( cond, body, in) { 
out = points_to(body, in) 
in = out; 

} 

{ 
lastjn = in ; 
out ;:: points_to(body, in) ; 
in = merge_info(in, out) ; 

} while (lastjn != in) ; 

result = in ; 
return(result) j 

ln 

t 
body 

result 

Figure 3.18: Algorithm of the do-while statemcnt fol' poillts-In illlid\ ... j.,. 

for statement: 

The for statement is also similal' to the while staloment. 'l'Il<' difr"\I'\I('I' i!> Illid 

the initial statement has to be pl'ocessed befol'e pl'Occssing dl<! hod~' Hlld 1 Ill' ill'nd iUII 

statement has to be processed aCter processing the body. The COl'I'('Hpolldill~ ,,1~()l'il 11111 

(denoted as 'pl'ocess_for' in Figure 3.15), togethel' wilh ils gl'élph l'l'p 1't'!>1 'II 1 id iUIl. i~ 
given in Figure 3.19. If it can be det.ermined at compile tim(' t.hal thl' fol' IlIlIp ",ill 
iterate at least once, then a. more accurate answcl' might, he oht.aÎll!'d h~' pl 01 fl ... ~i1I)!, 

the body once before computing the fixed point. 

process_for(iniUtmt, cond, iter_stmt, body, in) { 
in = points_to(init_stmt, iu) ; 

} 

{ 
lastjn = in ; 
out! = points_to(body, in) ; 
out2 = points_to(iter_stmt, out!) ; 
in = mergejnfo(in, out2) ; 

} while (lasUn != in) ; 

result = in ; 
l'eturn(result) 

out1 

liter_stmt 

Figure 3.19: The algorithm of for statement fol' poillts-t.o allill.v..,j.., . 
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3.6.2 Points-to Analysis with break and continue 

In this section, we present our analysis for programs with break and continue slal('

ments. First, let us recall the semantics of break and continue. Executioll or a 
break statement terminates the execution of the closest while, do-while, for 01' 

swi tch statement. Then, the program control is immediately transferl'cd to 1 hC' poi nt 
just after the body of the corresponding statement. 

Execution of a continue statement terminates the execution of the body or the' 
c10sest while, do-while, or for statement. Then, the program control is illlllW
diately transferred to the heginning of the body and the executioll cOlltin1\C':-' 1'1'0111 

that point with a l'c-evaluation of the loop condition. In the case of tlw for-loup. 1 Ill' 
iteration expression is also l'e-evaluated. 

Note that the continue stat.ement has no interaction with the swi tch :-.1 al ('II1<'IIt. 
The continue statement within the body of a switch statement act.uall,\' 1J('luIIg,:-. III 

the closcst while, do-while, or for loop. 

In our analysis, we han dIe break and continue statements as 1'0110\\'8: \ r(, d('fill(' 
two structures, called the break-list and continue-list, to collecl 1 he' poÎJII :-.-tu 

information at break points and at continue points encountered cllll'illg, 1>1'0('(':-':-'

ing the while, do-while, for, and swi tch statements. Whenevel' W(' <'1)('011111 ('1' 

a. break/continue statement, we save the corresponding points-t.o inforlllal iOIl ill 
break-list/continue-list and pass BOTTOM as the output whcl'c' BOTTO~I 
donotes no information. Propagating BOTTOM corresponds to takillg pat h:- ill 1 II<' 
pl'Ogl'am that wou Id ne ver occur in any execution (dead-code). Any stat('11I('1I1 ",it II 
the input BOT'l'OM, produces BOTTOM as the output. The mel'gc' 1'111(' rOI' HO'\'
TOM is as follows: 

Merge(Sl, BOTTOM) = Merge(BOTTOM, SI) = SI 

The intuition bchind this l'ule is that a path resulting in BOTTOM correspond:-. to (III 

impossible execution path and, consequently, can he ignored in the mcrge, Tlli ... l'flcl 

is l'cpl'csented in Figure 3.20. The input to the if is called in, and the r('sult or then 
statcmcllts (S1 and S2) is l'epl'esented as outl and the result of else stHtellIC'l1t (S3) 
is representcd as out2. After pl'ocessing the break statement, BOTTOnl is prl:,~('d H~ 
the result. This path is not a valid path, therefore only the path comillg 1'1'0111 S3 ('(Ill 

reach to this point. That is why the input to 54 can he only out2. In ot IWI \\'(mb, 
that is why the merge of out2 and BOTTOM is out2 . 

In the following, we explain how to use the information gathered in t Il<' break-l i st 
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mainO { 

} 

while(condl) { 
if (cond2) 
{ 

} 

51 i 
52 i 
break 

} 
else{ 

53 
} 
S4 

Figure 3.20: An example of if statement with a break si fi 1 l'Il te 'Ill . 

and in the continue-liat in our analysis. Let us first considel' \.IH' continue-list, 

RecaIl that a continue statement takes the pl'ogram control back 1.0 IIH' l'''.u.illllillp. 
of the corresponding loop. This means that we should met'ge t,he l'ollo\Villp' Il'11'1' ~('I~ 

ta get a new approximation (each of these sets can he a ncw input. tu 1.11(· 1l/1I1'): 

• the previous approximation (the first approximation for while si a 1<'11 lI'l Il is 1 II!' 
input set, for for statement is the result aCter processing t.h(· illil ial si ;11('1111'111, 

and for do-while is the result after the first process to ils body,). 

• the output ohtained from processing of the loop.body wit,h 1,1)(' p/,(,\'i(),,~ lll'l'l'OX 

imation as the input. 

• aU sets of information stored in the continue-list. Not.(· t.lli11 1',1( Il III 1 114'~I' 

sets is a potential input to the loop and corresponds t.o é\ pat h i" th" Ilocl\' t hid 

was terminated hy a continue statement. 

This process is repeated until a fixed-point is reached. 

Unlike the continue-list, the break-li st does not participal(' ill tllf' fixl'd-pIIÎIII 
calculation. In the case of the break-list, wc merge the final approxi'lIi11 il/II ill'tl'/' 

reaching a fixed·point (for loops) with each set of the informat.ioll ('()lIl.ailll'd ill IIIf' 
break-list. The reason behind this approach is that cach set of i,II'ol'lll;11 il)lI ill III!' 
break-list is a potential output of the statement . 
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The corresponding algorithms for break and continue (denoted as ·pl'o("('..,~J)J'Nlk· 
and 'process_continue' in Figure 3.15) are: 

process_break(in) { 

} 

/* break_lst field contain the merge of ail the information 
* reflrhing to the break statements re/ated to a /oop */ 

in.hreakJst = merge_info(in.breakJst, in) 
return(BOTTOM) ; 

process_cont(in) { 

} 

/* conUsl field contain the merge of ail the information 
* reackmg to the contanue staternellts re/ated to a loop */ 

in,contJst = mergeJnfo(in.colltJst, in) 
rcturn(BOTTOM) j 

Figures 3.21 to 3.24 illustrate the algorithm together with a gl'aplt l'l'prpi'lC'1I1 (1-

tion of the while, do-while, for, and switch statements containing, break alld 
continue. 

3.7 Summary 

In this chapter, we discussed the intrapl'ocedural points*to analysis fol' :,ndHI' vari
ables. 1'he analysis l'ules for basic statements and compositiol1a.l cont.rol hl al ('III('lIb 

were described in a structul'ed and compositional way. We also described éI syslc'Ill

atic strategy to hancHe the analysis of control statements with break alld contlnue 
features embedded. The algorithm devised for points-to analysis C1Hl bc' IIhe·d élh il 

model to design stl'llctured algorithms fol' other flow analyses. In the 1\<,:\1 (·!tapl('I'. 

the il1tel'pl'ocedul'al aspects of calculating points-to information al'C' dis(,lI~h('(1. 
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in 
process_while(cond, body, in) 

{ 
{ 

lastjn = in ; 
out = points_to(body, in) 
1* get the continue list *1 
COlltJst = in.contJst j 

out! = merge_info(out, contJst) break 1 in = mergejnfo(in, outil i , , 
} while (lasUn 1= in) i , 1 , continue , 

1 break breakjst = ill.breakjst ; , 1 

result = mergejnfo(in, breakjst) 1 1 

return(result) ; ~, continue .. 
} result 

Figure 3.21: Algorithm of the while statement in the pl'cscncC' ol'break il !Id contlnue 
statements. 

process_do(cond, body, in) { 
1* the body is processed at least once */ 
out = points_to(body, in) i 

} 

/* get the continue lisi */ 
contJst = in.conUst ; 
in = merge_info(out, contJst) ; 
{ 

lastjn = in i 
out = points_to(body, in) i 
1* get the continue lisl *1 
contJst = in.contjst ; 
out! = mergejnfo(out, contjst) 
in = mergejnfo(ill, out!) ; 

} whilo (lasUn != in) ; 

breakJst = in.breakJst i 
result = mergejnfo(in, breakJst) 
return(result) ; 

, , , 
, .,.--

, ,"", , 
1 1 
l , 
1 1 
1 1 
1 1 
1 1 

++ 
result 

continue 
break 

continue 

.. 

... ... 

" 

,-.,. 

, 
\ 

\ 

1 
1 

" 

Figure 3.22: Algorithm of the do_while statemcnt in the PI't'S('11f'1' or break (Illd 

continue statements . 
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process_Cor(init_stmt, cond, iter_stmt, body, in) { 
in = points_to(init_stmt, in) ; 

} 

{ 
IssUn = in ; 
out! = points_to(body, in) 
1* get the continue list *1 
conUst = in.conUst ; 
out2 = mergejnCo(outl, conUst) 
out3 = points_to(iter_stmt, out2) 
in = mergejnfo(in, out3) 

} while (Iastjn 1= in) ; 

breakJst ::;;; in.breakJst ; 
result = mergejnfo(in, breakJst) 
l'eturn(result) ; 

1 

1 , 
, , 

1 ' 
,~' 

resuh 

break 

continue 
break 

continue 

... ... , , 
1 

... 1 
\ 1 

, 1 
, 1 , , 

l , 

Figure 3.23: Algorithrn of the for statement in the presence of break and continue 
statements, 

proccss_switch(expr, caselist, in) { 
for each case in caselist do 

} 

tmp ::;;; points_to(case_body, in) 

breakJst = in.breakJst 
result ::;;; break_lst 
rctUl'u( result) ; 

~ /A, 
ln in ln 

case- case- default-
body 1 body2 body 

break break l break 

" , , , " 
'" , , , ,,' , , , 

'~1 ~' 
result 

li'igure 3.24: Algorithrn of the swi tch statement in the presence of break a IId 
continue statements, 
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Chapter 4 

Interprocedural Points-to Analysis 
for Scalar Variables 

This chapter is concel'ned with the interpl'ocedural abstl'act Rt.ack élllal",sis \\'Idell is 1111' 
process of collecting the points-ta information in the pl'eSCIICC or 1'1\1\('\,11l1l l'illlH, 'l'hi:-. 
is more complicated than the intl'aprocedural abstract stack analysis disClIss('" ill 1 Iii' 
previous chapter because il. takes cal'e of: (i) the renaming pl'OCC'ss IlI'l.\\'('('1I l'Ol'lllitl 

parameters and actual parameters of pointer-type, (ii) the cffcct of l'llllct.ioll (,,,Ils 011 

the ,points.-to information involving global variables, (iii) the point.s-to illl'Ul'Illilt iOIl 

for variables of pointer-type which are returned by a fuuction, and (iv) 1.111' 1'11'1'1'1 (Ir 
recursive function ca.lls. 

To perform the interprocedural analysis, we make use of a Speciélll'Pprl'SI'III ill iOIl fllr 
the interprocedural structure, namely the invocation gralJh. Wc rinit, ('xplaill 1111' ('011 

struction of the invocation gl'aph in Section 4.1. Then, wc disCllR~ 1.h(· ill1.('1'J1I ()('(·dIl l'itl 
analysis. Since the methods for recul'sive function calls are moro cOlllpliral(·d. W(' Ii!':-.t 
consider the interprocedural analysis without the presence of rcclll'sÎ \'C' 1'1111('1 iOIl ('HIis 
in Section 4.2. Then, the recursive function calls are included ill S('ct.iOII ,I.:L 

4.1 Invocation Graph 

In this section, we explain the construction of thc invocation gl'aph ill t III' pl ""1' JI ('(' or 
both recursive and non-recursive function caBs. The constructioll of 1111' in \'IH'alilill 
graph is independent of points-ta analysis and can be uscd by (111)' <JI!.!'!' HJlHlysi.." 

Before presenting the details, let us first explain the following tel'lllÎnol(j~,\,: If ft 

function f calls another function g, f is called the caller and g is callC'd 'h(· (,fllI", 
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An invocation graph captures the activation order and structure of fUllctioll calls 
in a program. Our invocation graph is made up of: (i) a set of nodos l'(,pl'(,~(,lltillg 

function caB instances, and, (ii) a set of edges specifying the callee-caller l'plat i()l\s"ip~ 

betwecn functions. 

Thc fol1owing are three major reasons for using an invocation gl'aph: 

1. Our invocation graph is specially useful in the presence of recursi\,(l 1'1111('\ iOIl 
calls. This is discussed in Section 4.3. 

2. Dy using an invocation graph one can save the analysis informatioll of (lHcl! 
cali separately, This can be used for the optimization pUl'poses, R(,éldc'n, HI'C' 
refel'red to the section "future work" in Chapter 10 fol' fUl'thcl' inl'ol'lllal i011 Ill! 

this subject. 

3. The invocation graph can be used in conjunction with function-poillt(,t'~. H('ild(·!'" 
are referred to the Section 8.2.3 for further information on this subj('('t. 

In the case of non-l'ecul'sive function caUs, the invocation graph is in t.he fOl'lll or ail 
ordinary tree white for recursive function calls it is a tree with 8011](' illlpli<'il b,wk
edges. We first explain the non-recursive invocation graph and th ('Il pxl ('Ile! il 1 () 

include recursive calls. 

The nodes in a non-recul'sive invocation graph are called o/'(li/w/'Y /lod, .... and toll<' 
edges al'e called calling arcs. To build a non-recul'sive invocation gl'aph, fol' (lac" l'III\('

tion, we collect the list of aIl the functions who gets called by that functioll. '1'11<'11. \YI' 

l'ecursively constl'uct the invocation gl'aph stal'ting from the main by lillkillg 1 Il(' ('(dkt 
and the callee functions. Consider the example shown in Figure 4.1. Figul'!' "1.\ (h) 
shows the Hst of functions called by each function. For example, functioll maln ndl~ 
threc functions, fO, gO, and hO. The construction of the invocatioll ~l'aph C"II 

he undcrstood by following the steps shown in Figure 4.1(c). 

Next, weconstl'uct an invocation graph for a progl'am with a. reclll'~i\'(' rUllcl iOIl (ail 
using the same steps as explained before. Considel' the example giv(,11 in Figlln' -1.2. 
Using the pl'evious method, we obtain an infini te caU to function f. l'hi:; i:- :-110\\'11 ill 

Figure 4.2(c). 

To solve this problem, the numbel' of function calls has to be approximaI ('c\. rlllt~ 

is achieved by cutting down the infinite number of the caUs to the functioll f 0 illlo 
two calls: (i) the first appeal'al1ce of the function call in the invocation graph. IIèllll<'I.\' 

/'ectLf'sive node denoted as f-R, and (ii) the second appeal'ance of t IH' 1'1111 el iOIl calI 
in the invocation gl'aph, namely approxima te node denoted as f-A. To 1'1<,1 IIp llt<' 

correspondence between an approximate node and the correspollding J'(lClll':-i,'(' Ilodc'. 
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roain ( ) 
( 

fOi 
gO: 
hO; 

) 
fO 
( 

hO; 
hO; 

) 
gO 
( 
) 
hO 
{ 
} 

(a) C program 

Figure 4.1: 

main ( ) 
{ 

fO; 

fO 
( 

if( ... ) 
fO; 

(a) C program 

Func 
main () 
fO 
gO 
h() 

Func-list 
f -> g -> h 
h -> h 

(b) 'Func' Is the functlon name and 'Func-lIst' is 
the IIst of functlons who get called by 'Func' 

main main main main main 

1 1 1 1 \ 
f f 9 

1\ 1\ 
h h h h h 

main 

/1\ 
1 9 h 

1\ 
h h 

(c) The steps of generatlon of invocatin graph lrom left to rrght 

An example fOl' the construction of the illVOCiltiOIl ,l!,1'i1pll. 

Func 
main () 
fO 

Func-list 
f 
f 

(b) 'Func' Is the functlon name and 
'Func-list' Is the list of functlons 
who get called by 'Func' 

main main main main 

1 1 1 

1 

1 

(0) The sleps 01 generalion 01 
Invocation graph Irom lolt 
to right 

Figure 4.2: An example fol' the construction of the recursi VI' i Il \'O,'rl 1 iOIl ).',1" l'II, 

a link is established from the approximate node to the rccul'si V(> lIode' i Il 111«' i Il \')1 tll illli 

graph. Figure 4.3 shows the extended invocation graph for L~J(' eX;lIllplc· 01 Fi).!,lliI· 1 :!. 

Now that the idea is c1ear, we give the formaI definitioll aud il IH·(·e·b(· ;d).!,ol'il h'll. 

A caU is recufsive if it has all'eady occurred once in the cali-chain l'rolll Il](' 1'1)(/1. 1 Il 

the presence of a recursive function caU f, the following ateps arC' 1 ake'lI: 
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main () 
( 

co; 

co 
( 

jr(. .• ) 
CO; 

(a) C program 

Func 
main ( ) 
f() 

Func-list 
f 
f 

(b) 'Func' ls the function name and 
'Func·lIsf ls the IIst of functions 
who get called by 'Func' 

main main 

+ 
main 

+ 
f·R 

+ ~ 
f-A' 

(c) The steps of generation of 
invocation graph fram left 
to right 

l"igure 4.3: An example of the construction of the recul'sive invoca( iOIl ~\'itplt Il''IIIp' 

our method. 

1. Change the fil'st occurrence of f from ordinary to recursive node f-R. 

2. Crcate an approximate node for the l'ecursive caU f, denoted as f-A. and ('0111\('('( 

it to the CUl'l'ent place (the caller's node in the invocation gl'é\ph) h," tI ('allill11. 
arc. 

3. Connect the approximate node f-A and its cOl'responding l'ecul·:-,i\'(, lIuell' f-R 1,\' 

an aPP1'oxÏ1n.ale m'c, 

ln the following, weexplain the construction ofthe invocation gl'aph ill ! II(' \>1'1':-.\,11('(' 

of mutual recursion, using the example shown in Figure 4.4( a), Figm'f' -1.-\ (h) :-,ho\\'~ 

aH the steps of this construction. The new modifications at each step are sho"," u:-,illg 

bold face notation. Since function main caUs f, we create two ordinal'y llod(·~ 1'01' main 
and f and conncct them by a ca1ling arc. When f calls g, we crea te allO! IH'I' onlinary 
node fol' g and connect it to f by a calling arc. Now g caUs f recursin'ly, Sill('(' f lJêl~ 

already occurred once in the call~chain from the root, we do the following: (i) /11H1Ig,/' 

the first occurrence of f to a recursive no de denoted as f-R, (ii) crea Le élll appl'u:-' i Illil1l' 

Hode fol' f denotcd as f-A and connect g and f-A by a calling arc, and (iii) COIIII('cl III(' 

approxima,te node f-A and its corresponding recursive node f-R by an a/>Pl'oxillléllC' 

arc. Appl'oximate arcs are shown by dott,ed lines in Figure 4.4. Sjl11ilal'i~'. 1'1lW! iOll~ 

h and w cali themselves recursively. So, we con vert the first occurrence of h alld w to 

h-R and w-R, create new nodes h-A and v-A, and connect them by appI'OXilllitl/\ (lIn 

to h-R and w-R, respectively. 

The depth-fil'st algorithm for building invocation graph is given in AppC'lIc1ix Il, 

Each node in the invocation graph (except main) corresponds 10 il ndl·"il/· in 111«' 
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gO f-A 
) 
g( 
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~ , 

w( \ , 
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t 
, \ t 1 1 

wO; \ , , 
\ f-A w-A 1 1 , \ w·A , hO; f-A f-A , , 

1 
h·A , 

(a) The C program (b) Ali the steps wh Ile building the Ivocatlon graph for the given program 

Figul'e 4.4: An example fol' construction of the invocation graph ill Il]1' pl '· ... '·111 ,. fil' 
mutualrecul'sion. 

program and each function caU in the program corresponds lo a IIlIiqlll' l'il' Il 1" 'III' 
invocation graph. This fact is shown in the examplc of Pigll\'(' 1':). Tilh ('\rllllJ>\t' 

pose the question that how the same function cali gO (in the' hody or t()) pl/illh 

to two different nodes in the invocation graph. In order 1.0 Illililltilill il 1l11(' III 0111' 

relationship between the paths of invocation graph and the ca.1I si\.('s. 0111' ... hlJltld I,(·,'p 
track of (i) the invocation gl'aph node related to corrcspondillg cilll"1 (11/1 ('\;1111,,1,' 

the f nodes from the invoca.tion graph) and (ii) the correspolldi"v, l'id 1 11111111"'1 (lOI 

example function g is the fil'st function call in the body of fUJlctÏ<!l1 f. 1111·1f·1.",· 1 1 If' 

caU number in one). 

In the subsequent section, we cxplain how the invocation gnlpll j:., Il,,,·rI ill illl ('1 
procedural analysis . 
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main ( ) ( ......... -. "' .. 
co;........ .. " 
f(). . ....... ...... main '1 

t~... ............... ./, . 
) .... ,-._ ................. ~ "" ~ 
fO ( f f 

) gO;.:::._.............. + 1 
'.. ....... t gO ........ g 9 

( ) 
.......... _,_._._ ..... .,..y ... 

Figure 4.5: Relationship between program and invocation graph. 

4.2 Interprocedural Analysis for Non-recursive Function CaUs 

In this section, we discuss intel'pl'ocedural analysis in the presence of lJOIl-\'('clll'~i\'(' 

function calls. Interprocedural analysis captures points-to informa.tion élCI'o~S rllllf

tions affected through both function pal'ameters and global variables. 

We first give a motivating example to demonstrate the need fol' the iut<'I']>I'()l cd1ll'al 
analysis. Figure 4.6 represents a progl'am that indirectly swaps two \'nrial,I(·!'>. 'l'III' 
memory represel1tation of main befol'e calling function indirect_swap. t II(' 11l('IIlUI,' 

representation of indirect_swap before it is processed, and the l11f'Il101'y l'('I)\('!'>('11111-
t.ion of main aCter the caB to indirect_swap is processed, are shown in Figul'(' I.(j (il), 

(b), and (c), respectively. The variable y1 which points to the IOClltioll zl 1,1'/'01'<' 
the caU to the function indirect_swap in main, points to the location z2 art ('1' 1 hi!'> 
call is completed. This is due to the fact that the memory locatioll yi is (l('('e~sil>l(' 

t,hrough the pointel' dereference *a (although y1 is not in the SCOP(' of tl\(' rllIlC! iOIl 

indirect_swap). The points.to relationship for the variable y2 chang,c·s ill a ..,illlÎlal' 

way. 

Two impol'tant observations can be made here: 

1. A fuuction cali can considel'ably affect the points-to relationships holdillg ill lit(' 

caller. 

2. The progl'am val'iables, whose points.to information can be Illodifif'd 11\' ri 1'1111('
tion calI. need Bot lie in the scope of the callee. 

The above two possibilities make interpl'ocedural analysis neceSSé1l'y l'or mll('cl illg 

accurate points-to information . 
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int *m 
main() 
{ 

int **x1, 
int **x2, 

xi = "yi 
yi = &:z1 

x2 = &:y2 
y2 = &:z2 

*y1, z1 
*y2, z2 

indirect_svap(xl,x2) 
} 
void indirect_svap(a, b) 
int **a, **b ; 
{ 

} 

jnt *temp 

temp = *a 
*a = *b ; 
*b = temp 

x1 y1 z1 

0 .[ 1 .. 
x2 y2 z2 

[J .["~ 1 .. ' , 
(a) The memory representation of mninll , 

bafore functlon cali indil'ecCswlIJl( 1. 

a y1 z1 

D .[" ~ 1 • 
b y2 z2 

Cl ·1" 1 • 
, 

(b) The memory representatlon of indil'I'ct _HWllp() • 

bafora the execution of the functlon hody 

x1 y1 z, 

0,.....----+1·[ >< 
x2 y2 z2 

DI-------'·r ' 

(0) The memory representatlon of Ulnln() , alter 
returnlng trom the cali to indÎl'I'('l.kWllp(). 

Figure 4.6: A motivating example for interpl'oc(·dul"id illlill"':-.i .... 

A conservative approach: 

In the absence of interprocedural analysis, safe conserva.tivc a:->:->uIJlptioll:-' 1I1'I'tI 10 III' 
made about the effects of a function caU on the points-to infol'lnatioll i 11 the' 1 ,d Il '1. TIll' 
minimum requirements for any such approximation is 1,0 élRRUII1C' thal t III' l'1J11()\\'illj.!, 
types of variables can point to any val'Îable in the scopc of t.he ('"IIc·C': 

1. Pointer variables which are global in scope. 

2. Pointel variables whose address is passed as a pararnetcJ' 1,0 1111' (,;.111'1'. 

3. Pointer variables accessible thl'Ough one or more level:-> of tlN(·rl'II'II! 1 ,,1 tlll\ 

variable of the above two types . 

67 



• 

• 

As type casting is permitted in C, we have to assume that thcse poilltC'J' "Iriabl!'s 
can point to any variable, irrespective of its type, in the scope of the> (,flllc'c'. 

Using thesc assumptions, the memory representation after the cfill ta the l'tlllet iOIl 
indirect_swap is estimated as shown in Figure 4.7. The relat.iol1Rhips from/to m 

m 
------9 .... -- ... ,,,,,,- " ...... , " ,\ .. " ,,,', / ~ ____ 6Z1 \ 

1 L~" 1 
1 l '" 1 < 2' 1 x2 y2' , , z , , ~" , , ' ... " ----0-.. , 

'..... ...----_ .... 
Figul'e 4.7: The memory representation without the interprocedUl'él1 <l11I1"·..,i:-. llcl:-'('" 

on a COI1Rel'vative assumption instead. 

are caused by the fact that m is a global variable and therefore côn 1)(' l,rrl·('II·d Il,\' 

any function calI. The possibly-points-to relationship between the poiulc'I' ""rinlJII':-' 
of the same levcl, e.g. (yI,y2,P), can be caused by type casting. Sinn' IIH' Clddl'<':-':-' 
of variables x1 and x2 are not accessible in function indirect_swap. 1 h('il' puilll :-.-1 Il 

information does not change. 

Wc conclnde that the conservative approach introduces substautial illl 1'1'('('Îsioll i /1 

the points-to information. This imprecision accumulates with frcquenll,\' ()l'I'IIITi III-!, 
functioll caBs in C-programs. Thus, the need for interprocedural élJ/alysi:-. j.., (·,'ide'III, 

Our approach using the invocation graph: 

Wc ha.ve already discussed our representation for the invocation gl'aph \\'hicll l'lIp

turcs the interprocedul'al structure of the program. The invocation graph i~ il bél~j(· 

rcqnirement fOl' interprocedural analysis as it makes both the intcl'pro('('dl/I Id pro

gram paths and the nature of function caUs, explicit. The usage of invoCétl iOIl grHpl1 

in our analysis is explained in Section 4.2.1. 

Fol' interproccdural points-to ana.Iysis, we need to propagate poil/ts-Io inl'o/'IIldt iU11 

from a cali-site to the entry of the corresponding function. As thit> propilgilt jUil 

progrcsses, we modify thc points-to information to take care of the follo\\'illg: 

1. The rCllaming of variables caused by parameter passing. 
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2. The possibility of accessing a variable inside thc calIce which is 1101 ill 1 III' "'1'1'(11' 

of callee (as shown in the indircct swap examplc). 

Next, the body of the function is analyzed using this point.s-Iu illfol'lllili ;1111, l'Ill' 

information computed during this analysis is retul'flcd to th(' (,illi sik. nll(' III Illl' 
above-mentioned factors, this information has t.o bc modified flgaill, 'l'h(' lllilp "1Ie1 1111 

map processes, explained in Section 4.2.2, arc dcsigned to PCl'fOl'1I1 p\'OP('\' Pl'lIp"g,t1 illii 

of points-to information from the caller to thc calIce and vice' \'l'I'SiI, 

After simplification, the occurrence of a function caB is lilllÎlc'd 10 1I11(' III' 1 Ill' 
following cases when each argument, argj, is a scalar variable o\' Il ('ulIsl il lit : 

1. f( arg., arg2, ... , arg71 ) 

2. a = f(arg}, arg2, ... , arg71 ) and return(var) 

In the following sections, we discuss the first case in detail. 'l'h(' Hl'C'olle! (,iI:-'(', ",Ilil'II 
is obtained by adding some slight modifications to the rirsl. casc', will 1)(, di:-'I Il ...... I·d III 
Section 4.2.3. 

4.2.1 Relationship Between Invocation Graph and Intel'pl'occdlll·:.1 ;\ Il:11-
ysis 

As mentioned before, our interprocedural analysis follows tllC' SC'qlll'II('(' or 111111'1 ÎIIII 
calls. This means that for each function cali, analysis pl'occcds frOl1i 1 II(' l,dl :-.ill· III 

the analysis of the body of the callee and then retul'lls to t1w ('éllI-~ÎI l', 

The relationship between our analysis with invocation gmph is ('xplilill(·d 1,\ ..,llld\,
ing the example given in Figure 4.8. Analysis of the progl'étlll still'b 1'1ll111 tlll' rnaln 

function. For each fllllctioll, the intl'aproccdural analy:->is is dOlll' 11111 il WI' 1<'<11 Il " 
function caU (in this case fO). Then, the analysis procceds via t1w jll\'(will jOli ,!!,I tipi!. 

If the corresponding invocation graph node is an ordinal'y node (01.111'1' killd III 110.1,,:-, 
will be discussed in Section 4.3), the body of the callee (f) is llllidy1.(·cI rllle! tilt' 1'(' 

suIt is returned thl'ough the invocation gl'aph to the cali-site IlpOIi c'uJllpkt iUII, .\11 f'l 
that, the analysis continues in the body of the caller (main) II/ll.il n'Mllillg <lIJlltlll'l 
call (fO). Analysis continues in this fashion llntil ail statcmelll.s or ('(dl('1 (maIn) Ild\l' 

been analyzed. The movement to/fl'ol11 the invocation gmph is ~II()\\'II fi'" tl". 1,.1",1.., 
of the links between the invocation graph and the pl'ogl'al1l i" Figlll'!' ( ;-., 

Using this method, we can be sure of the followillg points: 

1. The points-to information coming fl'om different call~sites will 1101 IH' Il..,,·t! id t III' 
same time to collect new points-to information, 
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main ( ) ( main 

,'Ù': :.;;::.1 : •• ::: •• :.-: - .... -. -. .""- / ~ 
-'''4. -t~ ......... ,.c. , 

••• ft _.,..:-,::'1" 
f(): ·'·'-·-.5, •. _._ .•.• ···-;::::·-.. -' .' .If 
• If ...... ··,·8- ___ .•.• ,._ .. ·::::- ",f"I:' 

} , .' .' .. ' 
""' f' .,t 2 ........ ..',' 

f() ~·.·.·.:·.·,·.:6· ... ··············.:::· 
{ . . .' 

"." ,t' .. ~ ... ,".. . ..... .......... ,,' .......... _ 7.".······· 

.' 

( a) The source code ( b ) Invocation graph 

Ii'igllre 4.8: Relationship between progl'am and invocation graph (the Iltln!lH't's 1\'1'Ï1t('1l 

011 the edges show the arder of the process). 

2. The points-to information always l'eturns to the apPl'opriate uniqufl célll-..,il<'. 

4.2.2 Map and Unmap Processes 

Wc charactel'izc the interprocedllral analysis by the following sLeps: 

• Map pl'ocess: is a pl'Ocess that compares aIl the actual and fOl'lmd péHèlllll'1 <'1'" 

and sets aB the possible points-to information for formaI paranH't{')'~. Il dc)('i'! III(' 

same thing for the global variables, 

• Function process: is the intl'aprocedural analysis for the body of' 1.11<' ca llcc'. The' 
input to this pl'ocess is the abstract stack as created by the map »1'0(,('''':-', 

• U nmap process: is a pl'ocess which takes the resulting abstract :-.lélck 1'10111 t Il<' 
function pl'ocess and unmaps the variable names - changing t1H' IlHIlI(':-. il! 1 he' 
caIJee back to the names in the caller, 

Figure 4.9 shows a graph repl'esentation of the map and unmap proc('ssc':-.. 

The intcrproccdural points-to algorithm is represented in the follo\\'ing; 
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Map Procass t:.IIH 
C.lle, --

/ 
g(x) ; 

I() { 
( Function · g(a) : Procass · } "-. · 1 

Unmap Process 

Figure 4.9: The map and unmap pl'OC<'SS. 

/* Given a basic stalement and mput mformallOlI, ,.d,"'" 1//1 (l1I11'"t 

* information (inpllt.i1J IS the pomls_to relatwlIs",p.~) *1 
points_to (S,input) = 

if basic_statemen teS) then 
/* S is basic statement */ 
retm'n(basic-points_to(S,input» ; 

else if control_statement(S) thon 
1* S is a composltional control statemcnt */ 
return( control"'points_to(S,in put); 

else if runc_call(S) then 

else 

1* S is a cali expressIon statement *1 
l'etm'n(runc-points_to(S,ÎnPllt» ; 

l'etm'l1(input) ; 

The algorithm for 'basic_points_to' and 'controLpoiIlLs_to' WClS gi\'('11 ill ('Itrlpl ('1 :L 

The algorithm for 'func_points_to' in the absence of reclll'sivc f'Ullct,iOI/ l'il 1 1.., ih gi\"'11 ill 
the following (the algorithms for 'map_process' and 'unmap_pro('('Sh' ",hirll ill'/' tl"l'd 

here will be explained later in this chapter). The algorithm of 'flllH'_IHlil/h II)' ill 1111' 

presence of recursive function caUs is given in Section 4.3 . 
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/.----------------------------------------* Function name : func"point,_to 
• Purpo,e : fond out the pointlJ-to information after 
• proce"ing a non recurlive ftlnction cali, u,ing 
* the input information to the cali, 
• Parameters : calLexpr_node -- the cali node in caller 
• in_data -- the input information to 
• 'ca/Lexpr _node' before it is processccl. 
... Note that the fielcl ',in' represents thC' 
• point,-to relationlJhip" 
... Return : out_data -- the output information 01 caller 
... alter procelSing function coll 

.------------------------------------------------*/ rUllc_points_to( caltexpr_node, in_data) 
{ 

/. get the rela/ed invocation graph node to the collee by usmg litt 

* invocation graph node of caller (lin_data.curjg_node') (md 
... "e1ated call numbel' 01 calice ('caILexpl'_node.caILe:rpl'_num '). 
* Fol' example, if '1(a)' is the t"'rd lunction cali in the body of '[1', 

• the l'elated invocation g""ph node to calice '1{a) , ;s the thild clllid 

* 01 tlle l'elated inlfDcation graph node 01 caller 'g', • / 
ig_lIode = get_relatedjg_lIode( in_data,cur_ilLnode, 

caltexpr_"ode.call_ expr_1l UIII) 

/* get the lunction node 01 the callee Irom the 'caILexpI'_node' */ 
rUllc_uode = get_func_node( call_expr_node) ; 

/* get the li,t of argllments (actual parameters) */ 
argJst = get_argJst( call_expr_lIode) ; 

/* 'lIIC1p-process' maps tlle points-ta inlormation ('in_dCltCl.m'), 1'11111'11' 

• the mClpped points-ta inlormation ('1lmc_in_data.in') and thc I//fl/' 

* illfo"mation ('map_inlo ') ./ 
[mapjllfo, funcjn_data.in] = map_process( fUllc_uode, arg_If-t, ill_dal" III) 

/* sClve tlle map inlormatlOn and the entry points-to "elaho"shi[J~ 1/1 'h, 
• invocation graph nocle l'elated to tlle lunction call. */ 

flavejn_info( is...lIode, mapjnfo, fuucJn_data.in) ; 

/. get the body of the callee */ 
fUllc_body = get_rullc_body( fUllc_node) ; 

/. if the invocation graph node is an ordinary node (non-I'eclIl'.'1It'C' J. (l//(tI,j:t 

• the body 01 collee a'ld retllf'n outPllt information in '1utlc_OIIUIr",,' ~ / 
if (is_ordillarY_lIode(iS-lIode) 

runc_out_data = points_to( (unc_body, funcJII_data) ; 
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} 

/* save the resldt of the points-to analysés of calice", tht, n II/Ittl 
* invocation graph node */ 

save_out_info( ilLnode, fllnc_ollt_data.in) i 

/* the unmap p"ocess gets the points-ta mformatlon of ('cllI, ,. 

* and collee and "eturns the new set of points-to IIIfcll'llloftCl/I 
• for caller ('.in' is the field re/atrd to points-to m/o}.+/ 

out_data.in = unmap_process( in_data, func_out_data.iu l lIIi1p_info) . 

return( out_data) : 

As mentioned before, the following two cases cornplicat,e t1l<' Illilp Hlld t III' 1111111.11' 

processes. 

1. The renaming process between the actual and fOl'lTIé\.\ pill'III1II'1('I'~, 1 hi" 1" t'\ 

plained in the next two sections. 

2. The accessibility of the variables which are not in the SCOP(1 of t.h(' t'édll'I' (11'IIIII,!!,h 

indirect reference). To solve this problem, we introducc 1.11(· ('011('('(>1 of' III"""M, 
Variables1• These are narnes used for the variables thal. IIl'I' Ilot III t III' ~(OIHI III' 
a function but are accessible trough indirect referencc. Th(, ill\'i:-.ihll' \il! jiddc'" 1/1 
x with type int** are Lx and 2...x with types int* and int, l'I'sl)('c'l j"I·h. 

The following example explains the use of invisible val'ia bles. 

mainO{ 
int *a, b, *c, d 1* stmt 1 *1 
a = &:b 1* stmt 2 *1 
f(a) j 1* stmt 3 *1 
c = &:d 1* stmt 4 *1 
f(c) 1* stmt 5 *1 

} 1* stmt 6 *1 
f(x) 1* stmt 7 *1 
int *x 1* stmt 8 *1 
{ } 

After processing staternent 2, we get (a,b,D). As the result of t.he cH11 tu 1'1111< 1 jl)ll f 

at statement 3, x gets a copy of the contents of a. This meallS t.hat x :-.I!<JI titi 1 JI li III 10 

lA simllar notation of non-visible variables is given in [LR9'2], 
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the same location as a. is pointing to, namely b. Even though b is not in 1,1)(' scope of 
fllnction f, the memory location represented by b is still accessible in the fil Il ct iOIl f 

through the indirect reference *x. Since we deal with locations of abstl'act s\ (\d~, wC' 
need a name corresponding to the location b. There are two solutions lo this probletll: 

Ci) Having a location in the callee for each possible access to a. variable C\'('II if the 
variable is not in the scope of the callee. For the ab ove example, we shonlcl 1111\'(' 

abstract stack locations for variables band d because they will be usC'c! b," t.11C' 
calls to f at statements 3 and 5. 

(H) Introducing invisible variables and using thern instead of the variahlps \\'hie\! 
are not available in the scope of calIee. In the above example, x 11èI~ 0111.,' 011(' 

invisible variable namely Lx with type int. At the caU i1l statC'IlIC'II\ :L III!' 

invisible variable Lx stands fol' the local variable band leads t.o the n,laI i()lI~hip 
(x,Lx,D) as the result of the rnap process. At the caH in stateuWlI1 ,j. 111(· 

invisible variable Lx stands fol' the local variable d and resoh'es \ Il(' \'(>\;11 iOIl:-IIip 

(x,l..x,D) as the result of the map process. 

The following are the advantages of using the invisible variahlC's ins\('nd or the' 
local variables of the caller in the abstl'act stack: 

1. Adding the local variables to the abstract stack location of the céllkc' iIICl'('H:'(':

the size of the abstract stack. In the above example, without. usillg ill\'b.ibl(· 
variables, we would need two locations for band d in the ctbsLl'élc'\, :,LllC'k or f, 
Using the invisible variable Lx is sufficient to handle both of thesp ca:,(':' (i Il t he' 
first calI Lx sLands for b and in the second calI it stands fol' d), This 1'('sIIlI:.. il! 
a more compact l'epresentation for the points~to information. 

2. The points~to information of each function caU can be l'eused by kc('pillg t nlCk of 
the input-output sets of points~to information of each function, If ail illpllt ~('I 

bas ah'cady occUl'l'ed and an output is computed for it, in the second élPP<'iHHIIC(' 

of the same input, we can use the all'eady computed output. Thc illpll\-OIlI.pUI 

information of each caU is saved in its related invocation graph nocle, III tlll' ,t! JO\'(' 

example, the input to the function of in both cases is the saille, ('Olil-ll'q 11('11 \ I,\'. 
there is no need to pl'ocess the second caU to f, if the output of 1.11(' fil'I-II !'éd 1 il-l 
alrcady available. On the otller hand, as we have two different lonll iOlls 1'01' b 

and d in the abstl'act stack for f, it becomes necessary to process bot Il rtllle! iOIl 

calls to f, Although this could have been possible if a fUllction is cal1f'd b," \ III' 
same parametel's (e.g. if the second caU to f was f(a)), but it can hp dOII(' 11101'(' 

orten white using invisible variables . 
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3. Adding the local variables can result in a problem in the cast' of r<'l'ursiulI, This 
happens because the number of iterations in a recUl'sive t'Ullct iOIl is 1101 kllll\\'lI. 

In this case, we select a fini te number of invisible vôl'iablps IISillA 1 hl' 1,\'pC' \If 
arguments and global variables. 

To make sure that each accessible variable has a location in t.l\(' ahst 1',\('1 sI H('k. 
we generate names for aIl the possible locations that caeh indil'('ct iOIl or 1\ f'''"lill 
parameter or global variable may need to access. 

A set of relationships between local variables in the caller é\11(1 illvisihle· \'ill'iahlps 
in the calIee is kept for the unmap purposes. This set is calice! rnap_info, III 1.h(' 
presence of possibly-points-to relationship, an invisible variablc' HléI." sl;1I Il 1 l'CIl' 1I1111t' 

than one variable. The details will be explailled in subseqllC'llI. S('cl jUtI~, 

In the following sections, we descl'ibe: (i) a general algol'i t.hll 1 roI' I"ap l'I'IIC "~", 
(H) a genel'al algorithm fOl' unmap process, and (Hi) out' éltCl\I'êlt(' ;tlgOI'ÎI 11111 r()1' 111<' 

map and unmap processes. 

Map Process 

The idea of the map process was explained in the pl'cvious sc'('1 jOli, III ).',1'11I·I'ill. 

one can devise different algol'ithms for the map process. lu this S('c'l.ÎOII, \VI' pl(,~c'Ilt .1 

generaI, and straight-forward algorithm for the map proccss, Latl'I', t his Î~ c''\lr'lIe1c'cI 

to a more accu rate method. 

Consider the case that the function f is called as f ( arg" arg~"", arg,,) rliid 

is defined as f( paramll pararn2,"" pararnn ). As in t.he C-Iallp:,lIil!!.(" pal'illlll'I('lo., 

are always passed by value, to get the equivalent abstract sLack linl,s fol' ('ill'II fOllllill 
parameter parUj, we consider the parametel's as: 

pararnl = argl 

pararn2 = arg2 

pararnn = argn ; 

The ru le determining the points-to information is sÎmilaJ' 1.0 t1l1' ('H~(' 1111 1111 ... 11' 

statements which was described in Chapter 3. This rule spccifiC's thal pararn, :-.lllIld" 

point to the same location as argi is pointing to. In the pl'eHelit Cil:-'(', \\'(' hil \ l' 1 \\'11 

additional features for this rule which are as follows: 

(i) For multi-level pointers, the rule ex tends the points-tu relatiollsllip lu (';1( It CIl' 

the corresponding lower level of dereference that is of pointel' tyW', Fol' l'!\ltillpl(·, 

if arg; is of type int**, the rule should also apply to *pararn, = *arg" 
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(ii) The invisible variables are used instead of th~ variables whiclt arc' 1101 III (1)(' 

scope of calice. 

Since a global variable might point to a local variable of caller which is ail illvisihlc· 
variable for callee, the map process should be applied to global variables as wc>11. Titi:-. 
is achieved by applying the assignment varj • varj to aIl the global variable var, ill 
the aame way as was explained for the function parameter. In this assigllllWIII.. t Ilf' 
global variable varj appearing in the lhs (left hand side) is related to the sCOIW of LIH' 

calice and the global variable vari appearing in rhs (right hand side) is )'c'latC'e! 10 t 1)(· 
scope of the caller (each function has its own abstract stack). 

In the case that an actual parameter or a global variable points 1.0 H loca 1 iU11 \\'h kil 
is not in the scope of callee, we use the related invisible variable and sc'I if-, 1'('lall'e! 
location in a set called map_info (this set is later used by the unmap pl'o('c·~:-,), 1 f IIIC' 
location is already assigned to an invisible variable, wejust use that invisible' "éIt'ialdl', 
The reason behind not redefining an invisible variable is to avoid a situa1 iOIl \\'h(\l'<' 
olle l'eal stack location is u!:l~d for two or more different abstrad st.élck local i()II~, 

The general algorithm for the map pl'ocess is as follows: 
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/.-------------------------------------
• Ftmction name : mapy"occu 
... Purpou : findmg the points-to inlormation 01 rallt'f', 
... and the corre.sponding map inlormatlOlI Imng 

,.. the points-to information 01 caller, 
... Parameters : func_node -- the functloll declaration nod! IIf ('111111 

... arg_'at -- argument Iist 
• caller_in -- the pOlnts-to mformataoll vI l'tllll'I 

• Return : map_info -- a set of relationship betwern IIIviMMI 
• variable.! of calice and local va";lIMI'~ 
• of caller. 

• calice_in -- /lle points-ta inforl/iatlOn r'ltl','/II,I/ /0 ((/1/, ( 

.------------------------------------------------ - +/ 
map_process( fllnc_node, argJst" callerJn) 
{ 

} 

/ * mitialization • / 
mapJnfo = { } ; 
callee_in = { } ; 
param_lst = get-paralll_lst( fllllc_lIo<lc) ; 

/* doing tlle map process /0" t'acll pClmmc/e,' */ 
fOl' caeh 'paraJII_i' in 'parall_lst' and 'ars_i' in ' ars_ltl t· d" 

/. 'callee_in' and 'map_m/o' WIll be tlpe/atctl, '/'1If' fl/I/"''''''/ 
• co,','esponding to 1 is tlie defJlh 0/ Ille llO;lIt!" /Y/H, 1';" 
• the first cali, deptli 18 t. */ 

[map_info, calleeJn] = 
map_fullc( paramj, argj, c:lIlec_in, callcr_in, J, 1II.lpjulo ) , 

/* domg tlie map p,'ocess /01' each globed v(lI'Iablr */ 
for caeh global variable 'var _i' do 

/. 'callee_in' ancl 'maIJ_in/o' will be upda/cd. 1'1Ic' "'!l"III,,,1 
• corrcsponding to 1 as tlie dCfJtll of the llOml(" 1 fI/U, 1"", 
• the first cali, deptll is 1 .• / 

[mapJnfo, callceJn] = 
map_fullc( varj, varj, callceJn, caller_in, l, map_"llo) . 
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/.,---------------------------------------
• Ftmclion name : mapJunc 
• Purp06e : auigmng the points-ta information of caller_var 
• to callee_var (con6idering the invi6ible 
• va ria ble6). Thi6 function i6 recur6ively called 
• to aS6ign the points-ta information of ail the 
• indireclly acceuible variables through caller_va, .. 
• Parameter6 : callee_var -- the variable tn callee 
• caller_var -- the related variable in caller 
• callee_in -- point6-to information of callee 
• caller_in -- points-ta information of caller 
• deptll -- the deptll of current invisible var'iable 
... (for the firsl cali, it is 1). 
• ma[J_info -- the set of map information 
... Retlll'fl : map_info -- the updated set of map information 
• calice_lU -- the updated set of points-ta informatlO" 
.. of collee 

• */ 
map_Cunc( cali cc_ var, ca.ller_ var, callee_in, caller_in, depth ,tnapjnfo) 
{ 

/. if 'callee_va," is not 01 pointe,·-type, there is no need of 
• points-ta analysis (no extm IJoints-to "elalionship can be 
* genemted) ./ 

if !(is_pointer_type(calJee_var)) 
l'ctUl'll([mapJnCo, calleejn]) 

for cach 'x' such that a relationship '(caller_var, x, rel)' ('xi~t ... do 
/. 'rel' can be eillie,' definitely-points-to or possibly-poinls-Io */ 
{ 

if (isjn_callee_scope(x)) 
{ 

/. add the same type of relationship ta 'callee_in' */ 
callee_iu = callee_in U {(callee_var, x, rel)} ; 

/. reclI"slvely check ail Ihe ,'elationship 01 the vclt'lClble~ 
... wllich l'cm be del'lved from 'caller_var'. ln tllis caSt, 

... Il IS ail the va,.,ables that 'x' pOints to. 

• As ':1" is olle level deeper, depth is increased by Ollt t / 

[map_inCo, calice_in] = 
map_fuuc( x, x, calice_in, caller_in, depth+l) : 
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} 

else{ /* vanable 'x' is not in the /leope 01 cClllce */ 

} 

/* look at 'map_inlo' set ta check Il an invl.4lblr 1'(II'IUM, 

* i/l already assÎgned to the varwblf' 'l" */ 
if (existjnvisible_for( x, map_info)) 

/* il an invi,!ible var'iable is al,'eady aIMignt'c/ 10 l'II/'II/ldl 

* 'x', get that variable and ulle tlle IImllC 1101111' • / 

x_invisiblc = get_invisiblc_ var( x, map_inro)) ; 

else{ /* an invisible variable does Ilot exisl 10" 'J' '*/ 

} 

/* get ClII invisible varIable lor 'x' IISlIIg 'c/Cll'h' 
* (".d 'callec_vClr'. Illhe nmm: 01 VIII iable 'cClII"-"11/ ' 
* is 'data' and 'de/Jill' IS l, the mVMiblc !}(llll/M, 

* wOlllcl be 'l_data', loI' 'deptll' 2, Ihe /lIIIIHM!' l'II/ ",/,11 
* would be 'S_dCltCl', alld so 011. */ 

xjnvisiblc = define_invisible( clLllcc_ val', dcpth) ; 

/* set the eql/ivCllency 01 'x_invISible' CllIII 'J" III Ihl 
'" 'mClp_inlo'. This in/ormatiem i.~ IIsed Ily 11/1' '11"11"1' /",." '" / 

add_mapjnfo( xjnvisible, x, map_inro) ; 

/* add the relalionsillp ','el' belweell 'cClllcc_,m/" ,,,,d 1/" 
'" mvisible variable 'x_iflvisible' in 'callcc_III'. */ 

caIlcc_in = calice_in U {( callec_ var, xjllvisihlp, l'(.I)} : 

/ * recII"sively check ail tlae relations/aip 01 the I"u'wM, '1 

1< which can be de"ived Irom 'calle,,-var'. ln Ihis "/1'1", 
* it is ail Ihe variables that 'x' points to. 
* As 'x' III one level deeper, depth u inc"t'Ilard (JY Il,,, 1/ 

[map_illfo, callcejn] = 
map_cunc( xjnvisiblc, x, ('allcc_in, callcrJn, d('plh+ 1) • 

retUl'n([mapjnfo, calleeJn]) 

In the following, we further explain the general mai> pro{'(':;:; II~illg ..,1/1/11' 1·\"lllpll .... 

which are devised to give a clear idea of the concept. 

Consider the example given in Figure 4.10. At statetllcllt l, IH·rIJl!· 1111' "ltll 1",.., 

of function f, we get {(a, y, D), (x, y, D)} (reCcl' to Figlll'e II.J()(il)). \\'" lil ... 1 ;1I'ph' 

the map process on the parameters. To do this, wc add UIC' poilll,>-10 1I·I;ilÎII" ... llIp 

resulting from m = a to the set of the points-to infoJ'rnatioll or (fil/('I·. ï 1/1\ 1111'tll'" 

that m should point to the same location as ais pointing Lo. AH 1.111' 1(· ... 1111. \\'('111,1,,111 
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int *x, y 
mainO 
{ 

} 

int *a 
a = &y 
x = &y 
f(a) ; 

f(m) 
int *m 
{ 

} 

1* stmtl *1 (a) Abstrack stack of 0111 in ( ) al slalüllH'1l1 1 

1* stmt2 *1 

(b) Abstrack stack of f ( ) al slatülllont ? 

Figure 4.10: A simple' examplf' of lIIétp pn)('(':-.:-., 

the relationship (m,y,D). Next., wc p('1'fol'l11 t.he Ina.\> 1>1'0('(':;:; 011 1!.11I1'tll \dll.Ji.!,', 1111" 
results in the relationship (x,y,D) for call('c. 'l'II(' final Il'slilt of l''''P PI'H ,",,, l'. ,,1'111111 
in Figure 4.10(b). 

Figure 4.11 shows anothcr pxamplc t.hat rnake:; I\SI' of t.h(' ill\'i"il,l,· \dll.Ji.!"" Il,,, 
main pl'Ogram under consideration and its si1l1J>lincd V<'l'sioli (ol,ttlillt'd 11\ l'd''',III!', 
through the simplifier progl'am) are shown in part.s (ct) allcl (1.) of tllh IIL'IIII' \, 
already mentioned in Chapter 2, an a.ddrcss opcrand ('ail II('V('\, 01 PIH'd l' ;,,, 01 poil 01 1111'1, '1 
in the SIMPLE AST. This faet is shown in stat.eIllcnt 1 of Figll\'(' 1.11 (l,), III Il,1'' , d',,', 
the address operand will be llloved out by dcfilling a IIC'W varia l,l, ' (i Il Il,,,, , d'" t,prn[IO) 

and using it as a replacement. At. statclllcllt l, bcfore tlw pron'!'>!'> 01 11111,111111 i \\,' !!l'I 

{(x, c, D), (a, b, D), (tempO, h, D)}. The c01'rcspolldillg .. hst.!,,, .. 1 :-.1 d' " 1"1'1'" /'111.11 11111 
is shown in Figure 4.11(c). At this pOillt, the' Illai> PI'O('('S:-' i:-. p('llol'I'l"" 'III 111111 1"", 
parameters and global val'iabl('s. We tirst apply the rnap PIO«'''!'> 1" 1111' 1\\11 1'11,,111111 
parameters, m and n. This is de'scribed in the following: 

1. We should add the points-to information rcsolv('d 1'1'0111 m = a III 1111' fi ,,1 Il,,, 
points-to information of callœ (f). This m('aw; tlrat m slwllid p!J11i1 1'11111' ",111' 
location as a is pointing to. This results ill the J'('laf.lolI"llip (111.1,1)) "111111' 
variable bis not in thp scope of fUl1ction f, wc do 1101, Wi:1 Il 1 lu Il'''' 1111' 1101111' b III 
the analysis of f. Rather, at this poillt, wC' use t,}}(' illvi:-.il,l(· \,'lIdllll' 1 III III l'olt! 

of b. We also note in the map_lnfo set that Lm and b ;1)'(' ('(l'III',cI''III \, Il,,. 
final result of this stcp, wc get the rclatiollship (m,Lm,») Silill' 1 rn 1- Il,,1 ,,1 
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lnt **x 
malnO 
{ 

} 

lnt *a, 
*e, 

a = 8tb 
x = 8te 
c = 8td 
f(a, 8tb) 

f(m, n) 

lnt *m, *n 
{ 
} 

(a) A C-program 

b, 
d 

int **x 
main() 
{ 

} 

f(m, 
lnt 
{ 
} 

lnt *a, b, 
*e, d ; 

lnt *tempO 

a = 8tb 
x = 8te 
c = 8td 
tempO = 8tb 
f(a, tempO) ;/*stmt 1*/ 

n) 
*m, *n 

(b) The simplitled version 

x 
c 
d 
b 
a 
tempo, 

(c) Abstrack stack of III <11 Il ( 1 

at statement 1 

(d) Abstrack stack of f ( , 
at statement 2 

1_x Q c 
,2_x Q d 
,1_m Q b 

(e) The map Information 
(map_lIlfo) 

Figu)'(' 11.\\: Ali exal11pl(l of map pl'ocess wherc invisiblf' Véll'iélhl('" d)(' 11'--,·<1 

pointer-t.ype, t.his st.e)) is completed. 

2. We should add t.hC' sanH' points-to information resolved t'roll 1 n .: tempO 1 Iii ... 
means that n should point 1.0 t.he same location as tempO i~ poi1lt ill.!!, tu 1 Iii ... 
resultoH in the l'c1atiollship (n,b,D). Once again, we want to C'xpn':-.:-. t hi.., )'('Iill iOIl 

ship in l.el'l11S of the names in the scope of function f. I-IO\\'('\'(·\'. ill t hi~ (ct..,('. cl" 

il is Ilot the fil'st OCClllTCIlCC' of b, the invisible variable Lm aln'cHI., :-.\ (111«1:-. Illi 
variable b. Tlwl'cfo)'e, we can use Lm instead of b (thcl'e b 110 1)('('c1 t () d('[i1l(' 
ânoth(')' variable). As the final l'l'suIt, we get the relationsltip (11.1_111.1»). Sill'" 
Lm is Ilot of pointf'r-typC', this step is completed. 

Now, W(' apply the map process to the global variablc x resultiug ill (x.(.I». III tlli ... 

('a~;(', c is not in tIlt' 8COP(> of f, and. consequently, it is the first t illH' t Iiell c i" 11"".1 ill 
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the map proccss. Due to this reason, we use alloth('r illvisihlt' \'.I1'i,lhlc 1 x dl1d "dtl Il 
to the 3et ofrnap_l.nfo. This rcsults in (x,Lx,D). Sinn' Lx i~ of pUillll'l l'\lt' (Int.! 1 

the map process continues to a lowel' lev("1. B('cause Lx is ('qlli,'.!h'lll Ille. 1 X 1'"1111, 
to the same location as c is pointing t.o. The variable c ddillilt'I,\-poillh lu li 1'111 li 1', 
not in the scope of function f and also is ilOt. all'<'êHly assip,lIt'd 1 Il illI i 11\ i ,i 1,lt' \ dl l.iI.\t' 
In this case, another illvisible variable has to \)(' llsC'd, llill1\t'ly 2 x, 1'11(' (·'1 I1 I\."t·III" 
of 2-x and d is added to rna~_info. This resolw's tlU' \'(,laliollship (1 ,:2 '.Il\. \ ... .2 x 

is not of pointer-type, the process is complc,ted at. t.his pOillt. Figllll' 1.11(d) ,11111\0., 
the abstract stark artel' the completion of lIlap protess alld Fi).!,III(· 1.11(t·) ... lltll\" Ih,' 
corresponding rnap_info set. 

U nmap Process 

In this section, we explail~ the gCl1enl1 1I1l111ap pl'O(,('SS éllld Iht' Iht' ,,1 11111 ... 11.1" 
variables. In the nf'xt scctil)ll, wC' ex \.C' Jl(1 t.h<' 1I11lllélp pl<)('t'~' lu " 111"1" .111111"1<' 
method. 

As mentioned before, ",lJ{'1I t.1l<' Illap pro('('ss is cOlllpkl.('(1. III(' 1)(111, III Il,,, l.tlll'l' 
will be processed (intraprocedural a.1la.lysis). Aft.er t,hat" t.1H' 1111111.11' \lltlll'o.,', Il'111111' 
ail the changes to the caller. In otller words, t.he 1I1llllap pro< t'S~ IIIHldl (', 1 lit' .11",11 dl 1 
stack of caller according to the changes ocrlllTing ill t.1H' pro('('~~ (JI (.1Ilt·t· Il,,, 111.11' 
information (rnap_info) collected from map ')J'OCt'SS is \U-wd for l "i~ Il pd" 1 III!.', 1'"11 H ,'-1 
The relationship between local variables ofcall<'I' fllld ÎllvisilJlc' \'illi;iI,!t" td I.dlt'I· .III' 
kept in the rnap_info set. 

Assume that caller_input is the set of points-t,o illfol'lllilt.ion ,,1 (;dlt'I f pl',1 1)1'11111' 
the function cali to g, and callee_output is tlw set of points-lu ilift/lllitil IIJlI 111/ .1111'1' 
g after the process of gis completcd. Wc wallt 1.0 élPply tlw 1I11111"\! IJlII"',' III 1111 
two sets caller_Input and callee_output and ther<'hy ('(JIIIIHIII 1 1 If' calI er ()utpll t. 

set which is the points-to information of f al' tel' t.he pl'()c('~:-' or (,,11(·(, g i·, /111111,1,'''''' 
Following is the general algorit.hrn of tllllllap p/'ocess: 
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1I'I/lIap-,)rocess( callprjnput, callee_output, mapjnfo) 

kill = {(x, y, rrl) , (x, y, rel) E callerjnput /\ 
(x_map, y_map, rel) rt ca Il l'P_O li 1 plll J 

raller_output = gen U (caller_input - kill) 

wh('J'(' x/y is ill t.IH' score of caller (f) and x_ll1ar/y_mar is it.s re'lal"d \ili i"LI(, III 1 III' 
(,éI.lI(·(' (g). If x/y is in t.he scope of t.he calIce (g), x_ll1aP/y_1l1é1p i~ t II(' ~dll\(' ".., \j\, 

Oth('J'wi:;c, il cali he round from the map_info set. 8asically, t Il(' (lI)o\ (' pl (H ('dlll (' 

l'elllOVCS ail t.IH' chélllged information from points-to set of call(')' (1I1d rleld" 1 li(' 111'\\ 

infoJ'mat.ioll to il. 'l'Il(' following are sorne examples to daril\, 1 Ill' l'urt 1"'I)I)lldilll.', 

algoJ'ithm. 

COll si der t.11(' ('xampleeivcn in Figme 4.12. As it is shown in Figlll'(' 1.1:.!(ct). 1111'11' 

lnt *x, y ffi ~ mamO 
{ 

mt *a ; 
fO 1* stmt 1 */ (a) At statement , (c) At statement 3 

before the cali to f after the cali to f a = x ; 1* stmt 3 */ 
} 1* stmt 4 */ 

~ ~ 
fO 
{ 

x = &y 
} /* stmt 2 */ (b) At statement 2 (d) At statement 4 

Figl\l'e 4.12: An example of unmap process. 

is no point.s-t.o informat.ion that. holds befol'c the calI to functioll f (11 ..,1,,\('111('111 l, 
Du(' t.o t.ltis fact, the map pro('ess does not pass any informatioll 10 III(' 111111111111 f 
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At statement 2, we get (x,y,D). TIl{' cOlTesponding strICk 1't'\H"'''','l 1 Icll 11111 1'" ... 11\1\\ Il III 
Figure 4.12(b). Now is the t.ime for t.he Ulllllap pro('('s~ ",hi,ll i .. c1ppli('" 1 1111\11",11 
computing the sets mcntioned in t.he' al>o\'(' aigorithlll. TI\!' illl,ll",d ..,,'h dl" .J', 

follows: 

callcLinput. = { } 

callee_output. = {(x,y,D)} 

kill = { } 

gen = {(x,y,D)} 

callecoutput = {(x,y,D)} 

Note that since x and y ill t.he sd calleLinput a\'(' ill tilt' :-.( IIp'' (II mal!1 IIIC'I! 
mapped variables do not change. As a \'C'snlt., gen sd holc\:.. tll(' Il'I,dlllll,,llI/, 1 \, 1 1)) 
The result of Ul1lllap process is shown in Figul'(' ,l.l~(('), '·'ill,dly. ,d'l,'! 1 III' "\'" 111 Itlll III 

statement 3, we get (a,y,D) (sine<' x d('fillit,c'ly-poinls-to y, a ,d~() d,'IIIIII(,I, 1'''1111'' l" 

y). This is shown in Figure 4.12(d). This eXélllIpl(· shows t hat t \1<' 1111111.11' l'lt.f """, 1'" 
essential in t.he case tltat no Îl.visible vélriable is élvailahlp. 'l'Il(' ('\<11111'1('1111'1"111" 1 1 \ 

shows the importance of the invisible variables in t.\H' 1I1111lilp pl'!)( (''''''' 

The points-to informatbn availablc- l)('fo1'e j,J\(' fUIlct.ioll (',d\ f ,JI ..,ldl"lllt 111 1 l', 
shown in Figure 4.13(a). The result. of the Illai> procpss or flliit 1 iOIl l 1" ,,111'\\ Il III 
Figure 4.13(b). Th(' abstrad stack re'pre:wntation al, stat,('IIIC'1I1 .1 ,11\1'1 1'1 lit ""III!', 
the body off, is shown in F'igllre'1.1:3(c). The·map illfol'lllcltioll"i1\('" 1llllIr:q lIdo l, 
shown in Figure' 4.13(e). The followillg are tll<' iuvolwd s('(,s (011'1/111,'" .(11 1111' ,11111101/, 
pl'Ocess: 

callel'Jnput = {(a,b,D), (b,c,D)} 

callee_output = {(m,Lm,D), (Lm,x,D), (n,x,)))} 

kill= {(b,c,D)} 

gen = {(b,x,D)} 

callecoutput = {(a,b,D), (b,x,D)} 

The 'kill' set is {(b,c,D)} because (b,c,D) is ill the ('alh'l 1)111 II... ll,ldl,'" 1,""11 1/, 
relationship which is (Lm,2_ITl,D) is not in t,he callee. 'l'II<' '11,('11' "1'11" III, , IJJl 
hecause (Lm, x, D) is in callcc but its rclat,üd pOÎlItH-t,O illfoJ'lllill i011 III (,,11"1 \\ III' Il l, 
(h, x, D), is not availablc. Notc that the J'clatioll (m,JJII,D) i.' illl ,dll'I·I,"1 '111/ " rn 1', 
not in the scope of main and it is not in t.he map_lnfo HP!., il. Il:1') iJ(1 Il,\,,11 ,ri 11·1"1,, 111'.11 'l' 
in the caller. AIso, (n,x,D) is in thp callee but, since n is local 101\11' 1 ,dl,"', Il Il,,' Il'' 
l'elated l'elationship in thc caller. The final rCHult is HIJOWII ill Fi~IIII' 1 1:\1"1 
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int x ; 1 malnO 
{ 

n 
Int **a, *b, e 
a = .t1:l (a) At statement 1 (cl At statement 3 

b = .te 
f(a) 1* 1 *1 x 

~ 
stmt --m 

} 1* stmt 4 * 1_m 
f(m) 2_m 
Int **m 1* stmt 2 *1 n 
{ 

(b) At statement ,2 (d) At statement 4 
int *n 
n = .tx 

~-- ----

1.J1Y1 Q b 
*m = &x 2_'t.ll Q C 

} 1* stmt 3 *1 
(e) Map Infolt'mation ( mapjnfo ) 

Figl\l'e' 4.13: /\11 example of Hnma}> pl'Ocess in the presen\cc of ilJ\,i..,ihlc "dl j,d,II'''' 

Through this cxample, wc see that variables which are not in t 1)(':-,( ope' (JI d 11111('1 jUil 
llIay ge't, changer! through a pointel' variable. One can 110t tat,.<, car(' ur tlli.., ..,,,1(, ('111'11 

witltout. lIsing t.he map information (map_info). 

ln the next section, we ex tend the map and the unmap pl'OCe'S:-'C':-' 1 () III1JI (' dl ( IlI'd '" 
m<'!,hods which are' implenwnted in t.his thesis. 

Extended Map and U nmap Pro cesses 

The' map/unmap algorithm plays an important l'Ole in the é!CClIré\C,' 01 ! lit' ill! ('1-

!>rocedural analysis. We have designed an accurate map/unmap algorit 11111 l)d..,(·" UI1 

t.\w following t.wo fads: (i) It is safe to say that an invisible variablc' l'I'P)'(':-'('Ilh 111011' 

t.ltall olle variable'. IIowe'ver, silice this may result in some ext.la po:-...,il)I., plJlIll-llI 
l't'Iationships, wc would like 1.0 reduce the number of such casc:-.. (ij) 1 \\ () ,d,..,tl dl 1 

st.ark locations are Ilot allowed to represent the same variable and :-'11(," (il..,.· ...... 11(JltI.! 
b(' a,voided. 

The' following are t.he major points of these algorithms which will 1)(' ..,,,1,-'(''111('111'' 

disCllsscd in this section: 
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1. If a variable is a pointer t.o a st.ructure, it should h,,\'(, " 11l)!,1I('1 pl'llllll \ III III,· 
map process. Note that structures are explaill('d in ('haplt'I ~l 111 1 lit' '01"" ,,1 
having difficulty understanding this part., il, Illip,ht hl' 1H'lIt'1il'i,d 1 \1 !t'IIIIII 1 .. ,hl" 
section artel' reading Chapt.cr 5. 

2. In the map process, the definitely-point.s-t.o J'('latillnship~ 11<1\(' ItI).!,Iit'1 1'1111111\ 
than possibly-points-to l'elationships. 

3. In the map and unmap processes, as far as it. is p()~"ihl(·. dl'illlikh !'''"" " l,. 
relationships are not changed to possibly-pùints-to. 

The first point conccrning our map/unmap pl'O('('HH is \'('Iall'd 10 pOillll'l" 1" "III[, 
tures. The goal is to avoid cases that two illvisihl<' vélriablt·~ "I""d 1111 1 lit' '>011111' 
location in the abstract. st.ack, WllC'n a variable y points-Io ail ill\hil.ll· Idll,ddc'III 
structure type Ly with fields .f! and .f2, if Ly stall(1H fol' Sllill 1111't· 1.111001.lc· li III 
the caller, clearly Ly.f! stands for a.fl and Ly.f2 Ht.élllds 1'01 a.f2 III CIi"I'1 1" 
make sure that no other illVisibl<, variable is already stalldilll!, roI' a. f 1 011111 él. 12 Il " 

give a higher priority to pointers to structures. Wc first assip,n Il''III<'~ 1,,1 1 III' 1111 htl.\ .. 
variables of structure type (at this Icvel we do Hot assign I.h<· poi Il h- 1 () IlIlc JI 11101 IIC JlI ) 
Then, we apply t.he map process to ail the pointer typ<' variahl(·~. III 1 Ili~ 111<111111'1 III' 
guarantee that the double naming for the fields of a st.ructul'(· l'il Il lIul "PPI'dl 1111" 
point is essential for the correcLness of the concept of illvisihl<' \·illl.""/· .... Il 1111'" 1"11111 
is not considered, two invisible variables can stand fol' OIH' val'iilhl(· Wlill Il IIJlIII dclll 1 ~ 

the main concept. This point. is explaill<'d in the r <all1pl<, p,iV('11 il! 1·'t,l!,I1II· 1 1 1 

At statement 1 of Figurè 4.14, if c is processed hdoJ'(' a. \\'(' )!.('I 1 \111 1111 h""" 
variables Lx and Ly.fl standing fol' the variablcb.f1. Whil(· illllill 1110Ij/ l'ICIlI·, .... 
the naming of variable a (a pointel' to structure) is applied fil'st. 'l'Iii ... 1('"111,,, ill 1 lit' 
map information rcpresented in Figure 4.14(e). Then, th(' lIIi1p pl()«(· ...... i ... dpl'llI'd 1" 
C and a. Variable chas a dcfinitely-points-to l'<,latiollship \Vith b.fl. SIIIII' IIdlll" 
Ly.fl stands for b.f1, the relationship (x,Ly.fl,D) is J'(·solv(·rI ,,"cI 1111' plc,I.I'·1I1 c,1 
having another name (Lx) for b.fl can not appeal' élllyIlIOI'(·. 'IIi(' 1(·I"II·cI dl",lldll 
stack representation and map information for this exalllpl<' al(' J!,i\'('11 i" l·i).!lIlf' 1 1 Il dl 

to 4.14(e). 

The second point of our map/ullmap process is l'c'Iatc'd tu t III' killd ,,1 1"'1111-.. 1 .. 
relationship (definitely or possibly). In the map pl'oœss alp,oritlllil ('\\11011111''' ('''111''1. 
there is a potential of changing definitely-points-to rdatioJl!.ltip~ 10 pl' ...... "'11 p(jlllt... III 
and/or generating sorne extra points-to information. This haplH'll'" Will'il .111 111\ i ... tI,ll· 
variable, e.g. Lx, stands for more than one variable and a IH)illh-lu 1(·I"llc111,IIIP 
to Lx is generated because of a relatiol1ship to one of HIC! V<uial,I(· ... Illdl 1 x ,t"II'" 
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typedef struet{ 
Int fl. 

f2 ; 
} FOO j 

Int *z 

malnO { 

} 

f(x. 
Int 
FOO 
{ 

} 

FOO *a. b 
int *e 

a = &b 
e = &b.fl 
f(e. a) ; 

y) 

*x 
*y 

z = &(y->f2) 

1* stmtl *1 
1* stmt2 *1 

1* stmt3 *1 

1* :1tmt4 *1 
1* stmt5 *1 

a 
b 

b.f1 
b.f2 
c 
z 

1 z 
z 

1_x 

(a) At statement 1 before 
the cali to f(). 

(c) At statement 5 

1_x 

(b) At statement 3 (d) At statement 2 

1_y c) b 
1_y.f1 c) b.f1 
1_y.f2 c) b.f2 

(e) Map Information ( map_mfo ) 

Figure 4.14: An example of our accurate map process when ail ill\ i..,il,I(· \dll,t1d(' 
stallds for a st.ruct U1'C. 

fol' (not t.o aIl the variables that Lx stands for). An exampl(-' of thi~ tlld{ (llld( \ h 

1'('I)J'('scnted in Figure ,U5. 

Thc point.s-t.o information available before the function calI f al :-1 .. 11('111<'111 ~ i~ 
showll in Figurc 4.15(a). The result of the map process of fUIlCliol1 f i.., ..,\tO\\'1I ill 
Figure 4.15(b). Sincc b definitely-points-to e and La represents C c\lId d (..,110\\ Il ill 
Figur<' II.15(c)), tht' rdationship between b and La is establishf'd, Tite file! lllil1 1]J(' 

illvisible variable La stands for more than one variable (in this ('(1:-(' e dlld d) .tIlt! b 

point.s-to La but not. to ail the variables that La stands for (in t.his (cl~(' b puill! ,,-1 u C 

and Ilot to dl, rcsuHs in some inaccuracy. After the unmap proC(':-:-. III<' )('I,I1I()II~hip" 
(h,c,P) and (b,d,P) art' propagated t.o the function main and 1('(>1(\( (' (I,.{ .1)) 1111' 
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int *a, *b 
mainO { 

lnt e. d, e , 

if ( ... ) 
a = &:e 

else 
a = &:d 

b = &:e 1* stmtl *1 
fO 1* strnt2 *1 

} 1* strnt3 *1 
fO 1* strnt4 *1 
{ 

int *z, w 

z = &w ; 
} 1* stmt5 *1 

(a) At statament 2 bafore 
the cali to f(). 

a 
1_a ~ 
b I~' , 

... 

1 b 
z 
w 

(c) AI slalemel1t S 

a ,--
" 
~ 1 cl 

, 1 b 
/ \ -..,.....-1 
\ \ , , 

" 

(b) At statement 4 (d) AI slalomont ~ 

(a) Map Informallon (map 11110) 

Figure 4.15: An example of gencral ma» pt'OCC'SS whclI élll i Il visi 1,1(· '01 1 id l ,1.· ,,101 Il,1·, l, '1 

more than one variable. 

result of unmap process is represented in Figure 4.I.l(d). I\s t!)(' !(·~Itli. 1 Iii' dl 1111111,1, 

points-to relationship (b,c,D) is replaccd by possihly-poillb-Io 1(·1011 iOIl·,IIII' oIlid .III 
extra triple is generated. 

In order to reduce the number of sueh cases, wc a~so('i,tI.c· (Jill, 11111' '011 loti.!,· 1" 

an invisible variable (as long as it is possihk·). This is iI('!ric'vI'c! ill Ijlll 111.11' p\fll 1' .. 

by giving priority 1,0 the order of pl'ocessing tll(' paralTH'tc'l'S 01 il fllll(lillil \\,.III'.t 

apply the map process to the pointel' pararnctcrs and glohal val ifd,I(·.., \\'III( Il Il.1\ l' .1 

definitely-points-to rclationship, and t.hcn 1,0 tlte poilltC'1' panlll)('II·I.., dlld t'1"I"tI \0111 

ables which have possibly-points-to rclationship. lJsing tlti~ Ilwl "od flii 1 1 If' 1 • dillpl( 
of Figure 4.15, the global variable b will he pl'ocesscd 1)('1'0('(' a .. \.., Il,,. If··"dl 1,1 1111' 

map process, Lb reprcsents e, and La rcpl'('scnts d. TIIC' !C'latjcJ/I..,llip.., 01111'1 1111 111011' 

process of function f are as follows: 

{(b,Lh,O), (a,Lb,P), (a,Lél,P)} 
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III thih case, the IIl1lTlap IH'OCf>SS c10es not change the points-to illf'ol'lll<l1 iD11 or 1 If(' 
('all('r ({(b,c,D), (a,c,P), (a,d,P)}). 

This irnproV<'TrJ<'Ilt. is not always applicable. When the following two ('<1"'(''"' ,'\i ... l cil 

the sarne Lime, 011(' can not. avoid the generating of extra triplets): 

1. two invisihle variables, La ancl Lb, stand for more than 011(' vé-ll'iahl(·. cllI(!. 

~. tllf'l'C' Îs a variahl<' tltat points-to both of the invisible val'iahl('~ (La ,lIld Lb) 

alld Ilot 1,0 ail the val'iahlf'fl that La and Lb stand for. 

1 fi ÜI(' ('xamplf' of F'igurC' 4.1.1, this casC' appears by the repla(,(,Ill<'l1t or ... 1 (If ('Il 1<'11 1 
with t.1H' fol1owing st.al<'ment.s: 

lf ( ... ) 

b = &e 
else 

b = &e 

The l'cléll.(·d ahsl.l'act stacks and map information of thifl ('asc' (11(' \(·pl(· ... (·II1<'d III 

Figul'C' ~ .16. 

Combining 1.11(· first and second points of our mapjunmap pro('('"", 1(''''ldl,", III IIJ(' 
fol1owing pl'iol'Ïty fol' map proccss: 

1. ntap naming pl'OCCSS for definitcly-points-to relationship 1.0 ~trl1('II1I(' \dllcll,I(· .... 

2. map nallling pl'ocess for possibly-points-to relationship 1,0 ~tlll( 1111<' \rllI,II,I(· ... 

:J. map proCt·ss fol' definitcly-points-to l'elationship. 

,1. Illclp pWCC'ss for possibly-poillts-to re\ationship. 

It shoulcl \)(' Ilwnt.iollcd t.hat, fOI' each of these cases aIl the variable's t héll " P"I,IIlI
('t.('r or glohal variable is pointing to are recursively processed to makI' ... 111 (' lllc11 ,dl 
t.he indirectly élcœssed variables are checked. Therefore, aIl the t'I'lat iOll~"ip~ 1<·lél1<'<1 
t.o pé\l'amctcrs and glohal variables are processcd four times. C'ollsidC'1' 1 II<' r()I!D\\'illi!, 
('xampl(': 
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1'/ 

" 1 1 , \ 
1 \ , 

\ 

, 

:IIi 
... 
'~ 

a 
, a 
b '_b 
C 

d 
e 

.. , 
" \ • 
, 

~' 

1 
1 

(a) At statement 2 before 
the cali to f(). 

a 
~ '_a .. 

b ;, 

'_b .. ... 
z 
w 

(b) At statement 4 (c) At statement 5 

, 1-,---1 .,. 
" 1 1 , \ 

l , , , 
... 

... , 
~ ~,d 1 

(d) At statement 3 (e) Map Information ( map 1111'(1) 

Figure 4.16: An exampleofolll' a(,cllrate lllai> pro('('ss WIH'11 1\\11 III\I"II.!., \0111,11.1,,, 

stand for more than one variahl<,. 

mainO { 

int **a, *b, c 

} 

if (. .. ) 

a = &b 

b = c ; 
f(a) ; 

f(int **x) 
{ 

} 

1* stmtl: 

1* stmt2: 

{(a,b,P), (b,c,D)} *1 

The points-to infŒmation beforc the flInctioli cali f i~ 1 ('I)J('''.'liI.',j dl '·,1,11, III' Iii 1 

The points-to information after the Jnap pl'ocess is J'(·IH('~('1I1(·d dl ~,1 ,JI ('III"ltl 1 III III' 

third step of our map proccss, the rclatiollship (Lx,2_x,D) i~ 1.!,f'II('lti1('d \\ III, III 111', 

rectly resulting from (a,b,P). In the fourth step of OHr TIlap l'lOI l'''''' 1111' ",l,II 1",1,11'1' 
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(x,Lx,P) i~ gC·IWltllt·d wlridl is dirC'ctly r('sulling frolll (a,b,P). 

'J'If(' tlrircl point. of our map/unmap process has the sal1\C' goal a~ tIf(' "('C Ulld !Julill 
Wlllcli il' ke'c'pillg t/IC' df'finit<'ly-points-to rclationships as long a~ l)(h~ibl('. 1111'" (d"'(' 
IS f(·lat.ed to 1ll1lIti-I('vf'1 pointers when the following two cases 'H(· "did dl 1 1 If' "dlll(' 
tillt<': 

1. Ali illvisible' variable Lx of pointer type st.ands for mol'(' Ilttlll 011(' 'dlldll\(' (." 
a and b, and, 

~. a alld b htlv(' d<'fillit.ely-points-to l'clatiol1ship with SOIllf' ot lJ('r "<II'idlll(·(..,) (',!! 

if t)H'y hotll ddillit.C'ly-point.s-to cl. 

Sill(,(' a vélriélblc' (in t.his casc' Lx) cali Ilot have a definitC'ly-poilll"'-lll 1(·ldl 1()1I ... lllp 
wit.h two vitriahl('f" sllch a rC'lationship should be l'eplaced by po:-,:-,i""-I)(lllll"'-IIJ. 1111'" 
1(·(>léU·{·II1(·lIt Céln hf' avoidc'd wlwu t1H' variables that Lx dcfillitpl,\'-poilll"'-lu dit' I('!I 

J'(·S<·II!.t·d by él lIniqlH' variabl(' or by a ullique invisible variable .. \11 (·\dIIIJllc· ul 1111" 
CélS(' i!-. ,Il,iv(,11 ill Fi,ll,lIl'<' ,1. 1 Î. 

lnt *y ; 
malnO { 

lnt **a, *b, *c, bl, cl 

If ( ... ) 

a = &b 
else 

a = &c 
b = &bl 
c = &cl 
f(a) ; 1* stmtl *1 

} 

f(lnt; **x) { 
y = *x 

} 

1* stmt2 *1 

a x 

2 x ~ 

(a) At statement 1 before 
the cali to f. 

(b) At statement 2 

1_x c:> b. c 
2_x c> b1. c1 

(c) Map Information ( map_lInil ) 

Figurt· l.1 Î: An (·xampl<· for the thircl point of tll<' Illap pr()( ( ....... 

'l'II(' 1l1('1ll0r~' rl'prcsentat.ion b('l'ore/after the map proccss aud 1 III' IlIdp IltI()lllldllUII 
<lJ't. showll ill Figll\'(' <1.lï(a) to (c). Variable Lx stands for 1"'0 '''llrdllt'''' b dlld C 

which have' a delinitt'Iy-points-t.o relationship with bl and cl. !'C':-IH'ct i, ('''. ')IIJ( t' 2_x 
n'pn's('uts hoth bl and cl, W(' k('('p the' de'finitely-points-to relrltioll"ltip IH'l\\t'('11 Lx 
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and 2_x. By applyi ng a proper un III a p pr()("('ss, w(· a void gClll'1 dl III,!!.. (,,1 Id Iii 1. Il 111,11 1. 'II 

like (b,c1,D) . 

Our unmap process does Ilot afff'c!. the defillit('ly-poillb-tn Ilt/Olllld! "'II III \11t', ,tll,'1 
that already exists in the call('('. This is showlI in t hl' 'g('II' ~d 01 t It(· 1"11 .. ,, 1I1t' 1111111,'1' 
process. 

/ * ollr accltralc 111111/(111 II1'OCl',\8 * / 
IlllmapJlrOcess( callt'l"_lIlPIlL, calk('_olll pllt. Illap_lIIfo) 

{ 

} 

kili = {(x, y, rel) . (x, y, rel) E ('allt'Ullput 1\ 

gell = {(x, y, P) 
{(x, y, D) : 

(x_map, y_llIap, Id) V: 1'.111.,. ,,"11'"11 

(x_llIap, Y_IlI,IP, P) E ('alll'" .01111'111/ Il 
(x_lIIap, y_lIIap, D) E ('11111'('_ ()1I1 l'III \ 

(x, y, D) f/:. (';II"'UIIPIlI} 

l'ctlll'U( calle 1'_0 Il t.pll l,) 

The precision of this ncw condition is obviolls wlwlI ail ill\'Ic.II,I(, \ dll,tloI" ,I.tliol 
for only one variable. Following is ail illfonnal proof loI' tl\(' ((JIII'(III""', ,,11111 Il' Il 

condition in our unmap pro-:::ess wlH'n an invisihl(' variahlc' c.ldIHI ... 1111 Il'''''' 111.111 ""' 
val'Îable: If there is 110 change in t11(' points-to J'(·latio.l:-.ltip (JI .III 111\ 1"tI,l, \dll.tI,l, 

say Lx, the unmap Pl'O(,css is COlT('ct (l)('callsC' il. will Ilot Clttlll).',(' III" l'''lllh \ .. 1It/"1 
mation of caller). Othenvis(', sinc(' an invisible variable i:-. Ilot dll('( 11\ d( (( Ii,J, \1" 
corresponding change has to 1)(' dOIl(, thl'OlIgh ail indir('('t. IdC'IC'II( (', ',.1\ 1 t. ~III" 1 1 

stands for more than olle variable, x and Lx has a possibl,v-pulilh III l' j"II'," 1111' 
Therefore, any change of Lx (*x), changes ail i\,s d('finit,('ly-polilh II) 1,·1,,11111, 1111' III 
possibly-points-to (this is a basic poillt.s-t.o l'Ille', !('f('r \'0 ('ltapll'l 1) III 1111' /' ,,1111,1, 
of Figure 4.17, if *x changes, t.he l'(·lat.iollship (Lx,:Lx,D) C h'lll).',('" 1" 1 1 l') \ 
the result, the newly change in tlH' IIIl1llélp I)!OU'S~ will 1101 1)(' dpl,ll' ,d,l, \\, •• ,11 
clude that the new changes of t!)(' unlllap pro('c':-.s illC' on" lUI 1 III' 1". ,1" Il III' 
definitely-points-to information is 1l0\' chang('d in t!\(' c'allc'I', 

The algorithm for the pr('cis(' !lIap proœss i~ givc'n in Apl)I'lIdl I~ 
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4.2.3 Return Statement 

Ali ou/' previous discussions concerning function calls were basC'd 011 1 Ill' 1'01'1 li f ( varl, 
var2, ect.). III t.his section, wedisclIssthcformx = f( var), var,.!, ect.). IIli ... 
fonn haPP('lIs a)ong with at lcast one occurrence of return stal ('1111'111 ill 1 II<" l,wh III' 
fllllcf,ioll f (e.g. return(var»). 

For cach fUlIct,ioll f rcturlling a pointer-typc variable, wc defill(' a glol'cd \ rll iclltl(· 
return..:f with t!J(' samc t.ype as f. Using this newly defined variélhlC'. \V(' 11('rll (IIi(' 
C-prograrn is Ilot changed) return(var) as: 

return..f = var ; 

return ; 

and Wl' t./'('(\t. x = f( var), var2 •... ' varn ) as: 

'l'lU' ahovC' Ii,}(':'i arC' procesfiC'd in t.he usual way as describcd hf'l"oJ(' (11011' llldl X (.III 
hl' r<'placcd by *x). The return statement is similar to break sl.al('1I1I'111 ill 1111" "'('1''''(' 
t.hat it. f(·turns t.he control to t.he caller. To pro cess the return ~I a 11'11 H'IIl . \\ (' Il'''(' 
t.h(> structure return-list which is a list of points-to informat.ioll )p(}chill.!.!, return 
st.al,C'IIlCllLS. The following should be donc in the presence of a return ... ldl(·III(·111: 

• Mcrge tl1(> points-to information entering to a given return sI al ('11 lI'II 1 \\ 1111 1111' 
COITf'sponding return-list . 

• Pass BOTTOM as the output. In t.his case, BOTT01\1 n)('a".., Il,,11 1 If(' ... 1 dl ('
lI1ents art('r return c10ps Ilot contain any valid information. 11101111'1 \\(JI ri ... 1111'\ 
éHf' d('ad code. 

At, the ('lId of each function, we merge the points-to set reachiug t Il(' ('111101' r,lll( 1 il)" 
with t,lH' informat.ion savcd in return-list. This wou Id be the ll1f'rp,(' of cdl p()1I'IIllid 
out.put.s. 

Figure 4.18 shows the corrcsponding algorithm together \Vith éI g,rclpll 1(·plt· ... (·111d 
t.ion of return statelll<'Ut. 

Figur(' ... 19 illustrat.cs ail example of return statement. Figul'('''' 1.1 ~)( d 1 d Il,) (1,) 
art' the main progralll and its simplificd version. The simplifier r(·plél((· ... II\(' ,[(1,)11'''''' 

op<.'ralld ocrurred ill a return statement by a l1ewly defined \'al iahk. ill 1111" ld"" 
tempO and templ at. statenwnts" and 8. Figure 4.19(c) to (n) ~h()\\'" 1111' ,d, ... lld( 1 
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process_return(in) { 

} 

resultJist = mergc_lIlfo( resultJist., in) 
l'etul'u(BOTTOM) ; 

Ifl 

1 rotum (v.1r 1 \ 

1 

1 
1 

" roturn (v.u2) 
1 l' 1 

l , 

,',' " rolurn (var J) 
; 

1 , ; 
1 , , 

'11 j/ 
rosult 

Figure 4.18: The algorithm for return st.at('I1)('111 

stack corresponding to cach statemcnt. du1'Ïng OUI' analysis. W(, ('\pl,1I1I -"1 HIll' III 1111',1' 
cases in detail. After the execution of t.he st.aL(,lIIcnt. 4, locat.ioll f _ret urn 1 Il 11111 ' III 1111' 
same location as tempO is poillting to (Figure 4.19(f)). 'l'hi:- illl'ollllrllillii l, "01\1 ri III 
return-list and BOTTOM is rcturned (Figurc ·1.19(g)). 'l'I\(' illlOlltlrlll(HI 1'111<'1111,1', 
statement 6 is the samc as the infOl'mation cntcrillg st.at.ellU'ltt, ~ (Fi,!!,1I1 (' 1.1 II( Ill), 1 III' 
same process as explained abovc is l'epeat.cd fol' thc return élpP('i1lill,!!, ,11 "1.,1('1111'111 ~ 
This is composed of saving the information in return-list éllid P"":'III.!!, HO 1 1 ()\I 
Statement 10 contains the mergc of t.he informat.ion a.1 st.at,I'II)('lIh'-, jlliri 1) \\ 111'11 1111' 
process of the function is completed, wc nWl'gc t.he filial ('('slIlt. (l-'i,1.!,111I' 1.11I,kl) \\111, 
the points-to information in return-list (Figur(\s 'I.l!)(f) <llId (i)) 1111" 11'.1111, III 

the points-to information shown in (Figure 4, In(l)). Now w(' t Il',,1 ,,1.111'1111'111 

a = f() ; 1* stmt12 */ 

as if it were composed of the following t.wo stat.emcnt.s: 

fO 
a = return3 ; 

1* stmt12a *1 
1* stmt12b *1 

The result after unmaping of the function f is sltowll ill Figlll'(' LI!)(III) III!' 1 .. -1 -kp 

is the process of statement 12b. Whcll the proccss of stitt('/I)('III I:!I) 1" f IJlllpl"11 d ri 

the points-to information of return_f has no furth(·l' Il SI', i1, will Ill' 1"11111\',( f Ilf' 
finlll result is shown in (Figure 4.19(n)) . 
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int x, y 
main() 
{ 

Int x, y int *a ; 
mainO a = fO 
{ } 

int *a ; int *fO 
a = fO { 

} int *tempO, *templ 
int *fO 
{ if (x == 1) 

if (x == 1) { 
return(&'y) tempO = &.y 

return(tempO) 
else } 

return(&'x) else{ 
templ = &.X ; 

} return(temp1) 
} 

} 

(a) A C-progralll (b) The simplified progl'am 

return f 
X return f 

return_f 
x x 

Y -temDO ? 
x y 
y tempO 

y 
BOTTOM tem 

a temp1 temp1 tem 1 

(c) Stmt 1 (d) Stmt2 (e) Stmt3 (f) Stmt 4 (9) Stmt 5 

return f 
x 

BonOM y 
a 

(k) Stmt 9 and 

1* stmt 1 *1 
l'ir stmt 12 *1 

1* stmt 2 *1 

1* stmt 3 *1 
1* stmt 4 *1 
1* stmt 5 *1 
1* stmt 6 *1 
1* stmt 7 *1 
1* stmt 8 *1 
1* stmt 9 *1 
1* stmt 10 *1 
1* stmt 11 *1 

return_f 
x 
y 

tem~O 

temp1 

(h) Stmt 6 

, 
1 

1 

return f 
~ x 
J,; y 

a 

, 
\ 

~ 
~ ... 

(i) Stmt 7 (j) Stmt 8 Stmt 10 (1) Stmt 11 (m) Stmt 12a (n) Stmt 12b 

Figurc 4.19: An example of return statell1CIlt. 
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4.3 Interprocedural Analysis for Recursive Funct.ioll Calls 

Now that the process of non-rccursive function caIls has 1)('('11 (,()llIplt'l(·(1. \\1' di ... , Il ...... 
the processing of l'ecul'sive function caBs. The l'<,clII'siv(' ('H IlH ,II (' IIHlIt· Will pl il .t kt! 
because the number of iterations is not known. 

The difference between recursive and non-rccUl'siv<, ('ails in 0111' alli".\'~I~ I~ Il'11,·( It'd 
in the corresponding invocation graphs. Recall from S(,ct, ion 1.1 t ha t t 1 H' )1 i\ 1 Il "'1011 
graph is composed of three different kinds of nodcs, oroinéll'y lI()d(,~, 1'('('111 "il l' 1111.11"", 
and approximate nodesj whcreas edges could be cit.h('r callinp, ('d,l!,('~ 01 dI'PIIl\III1t1II' 
edges. If the invocation graph node COl'l'<,sponding t,o él fllllct.ioli (,dl i ... .III Il,dllloll\ 
node, we apply tilt' map proccss, aualyZ<' the body of t hl' (':\ 11(·( " 111('1 !!,l' 1 1 II' ,,"I il III 
with the return-list, and perfonn t.he lInlllélp PI'O(,(':';S, as ('Xplillll('t! ill SI'I 111111 1 1 

If the invocation graph nod<, cOl'l'esponding t.o a fllllCt.ioll cali i~ il I("III~I\I' 111,,1,· 
a fixed-point has to be found. A fixcd-point fol' a rcclII'siV<' Hotl(· h I('dl IlI'd 11111'11. 
(i) there is only one input to the l'ccursive node (othcrwisC' t.\t<' illpllt .... dit' 1)1('1 I!.,·d tllId 
the process of the body restal'tcd), (ii) t.hc input ooes HOt. ge'lINitt" d dill('I"lIt 11111 l'"I 

from the previous iteration 1,0 the recul'sivc fundioll. This is Il,,· .... dlll(' idl'" ", 1111' 
fixed-point for while loop statement. 

Unlikerecursiveand ordinal'y llodes, an aPPl'oxima\.e Ilod(· d()(·~ II\JI 'dll~I'" 1111111" .... 
to the body of the function. ft just appl'oxilllatcs 1.11(' 0111.1'111. 11'111(' 1111'111 (ln) 1" 
an approximate node (f) is all'cady entcl'cd 1.0 the l'CClI1'siv(' lIod('. il 1111'dl~" Illdl Illi ... 
input is already processed, thcrcfore, the related output. will 1)(' t ,,1.."11. 111111'1 \1 1 ... 1' 1 TI 

is a new possible input to f implying t.hat f should be pl'oC('s~"d ,II 1·(Jldlll!..'.I\ 

The process of recursive calls does not malœ ally di ff('J'('Il( (' i 11 111 d il dl III 1111111"" 
processes. The only differencc is in the way that Wc' tn'at Il'' III"i\"/"I'"I'I\III1.11 1' 
no de in the invocation graph (evel'y cali has to pass t.hrollgh il1\ UI ,d i(J1I !!,I d "II) 

Now that the idea behind our approach if> explélillC'd, ill th" 1(J11()\\,'IIIt' l' l' l" ,,1.1'11 
our algorithm. 

If the caU node corresponding to the fllnctioll cali is il 1'('(1"""'" 111111". \If' Ild\I' 
to iterate until a fixed-point is reached. Wc have a lis!. of il1plll-ollllllll pdll, 1,1 

information stored in a recursive node. Thesc pairs COlT('SpOlld lu ,dl IIi/' diflf'II'1I1 
types of inputs and outputs which can possibly occU!' durillg 011<' il ('ud 1011 01 III/' Il \f',j 
point calculation. In each iteration, wc check if thcre is mol'f' tlldll (,"l' 11111111 1/1 III/' 
node under consideration. If the answer is positive, t.hen we COIl( IlId,' Illdl " 1 fI III -1\ 1 

caH is found with an input not included in the curl'ent. approxilllal i(H' III illi'''1 III 1111" 
case, we merge aH these inputs, store this newly mCI'ged inplll i" III!' II f'l' "Ild ',1. ,11 
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agaill wit.h t!J(' J1<'wly mcrged input. If there is a single input-output pail' kl't. dllcltll"t 
output. and the ncwly created output from the rnost recent itcratioll HI'(' Ilot tlll' ~c1tll<' 
(fix('d-point is Ilot reached), we rncrge the two outputs, store the )u'\\'ly IIH'l'g('cI ()III put 
in I.he t.rce, and start again with the input available in the input-ollt put pHil'. Fillnll,'" 
when a fixed-point is reached, there is a single input-output pair \\'hich COI J('~p<Hld~ 

1.0 a supcrset of ail the input-output pairs possible for this functioll. IlIt nit i, (Oh, 1 lli~ 
pail' sUlIlmari'l;es ail the possible input-output pairs of the invocat iOIl gl'aph, 

If the cali node corresponding to the function calI is an approxilllcllC' lIodl'. \\'(' 
find ils corresponding recursive node in the invocation graph. W<' clH'ck 1 II!' li~1 of 
illput.-output. pairs to see if an out.put exisls for this particular illP1ll, lI'it do(· .... \\(' 
just l'{'tUI'll this output. Othel'wise, wc store this new input in thC' 1'('( IIr~i\l' lIod(· 
élnd ret.urn BOTTOM. Berc, HOTTOM has essentially the samc proj)('rl i<'~ éI~ 1 IJ(' BOTTOM 

d('Herihcd in t.he prcviolls chapter. In specifie, it rneans that Wf' st il! do Ilot klll)\\ tll<' 
out.put. for t.his part.icular input. 

General algorithrn for the appearance of a calI expression is a~ r()lIo\\'~, 
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/*----------------------------------------* Functlon name : luncyolllts_to 
* Pllrpose : find oui the pomls-Io m/ormatlOli aflrl' 

* 
* 

processmg funchon call (Ihat can be a rf'cursIN' n"I), 

usmg the mput III/ormahon 10 the cali 

* Paramt'lers : calCerpr'_node -- tlle coll 1I0de III culin 
* m_data -- the input mformatlOn 10 

* 'calCexpr _lIode' belore.t IS l)r'o('(',~,wl 

* Note that tlle field 1 ln' reprt"~l'lIt,~ Ih, 

* pOlllts- to relatlons/llps. 

* Retu,," : out_data Ihe outpllt III/0rmatlon 01 caller 

* alter pl'occ.~smy IUlicl101i CCIII 

*------------------------------------------------ --- ,/ 
Cunc_points_to( call_expr_"ode, ill_data) 
{ 

/* get Ihe l'elated IfIvocatlOn gmpll 'lOtll' ta tllf; ClllIrc bg "~1I1t1 1/" 

* invocation graph node of caller ('1II_dnta.cur_,y_lIodl") 111/11 

* l'elated coll nllmbel' of calice ('caICl'rp',-lIorlr.m/CI'JIJ1,-'II11" '), 
* Fol' erampll' .1 'I(a)' .s the tllll'tI /u/lcllo/l enll III thl' Iwrl'I of "1', 

* the relaled Inl'ocatlOli gmph lIode to cnllee 'f(e,) , u tilt 1/111" ,1111.1 

* of the rt'latecl IIIvocatlon 9ml1" nocle 01 caller '9' * / 
ig_lIode = get_relatcJjg_lIodc( iu_data.cur_iS-IIIHlc, 

call_cxpr_lIodl' cflll_I'XIII_1I Il III ) 

/ * gel ~lIe funchol! Jlorle of the cnlll'c /1'01/1 tht, 'm/Cl'flJ1'-'lIId.' '1 
Cu"c_"odc = get_ClIllc_"ode( call_expr_'lOdc) ; 

f* get the lisl of arguments (actuCll pClra1/letel'.~) */ 
arg_lst = get_ar[Lh.t( call_cxPUJOdc) ; 

/* 'mapyrocess' maps the pOlIIts-lo in/ol1/l(l1101i ('1II_rlutu 1/1'), "'II/'h 
* the mapped pomts-to IIIfol'1/IatlOn ('IIlIIc_lII_dnta ",') (II/ri 1/" /I/fll' 

* m/ormataon ('map_lII!o '), */ 
[mapJnCo, Cunc_in_data.ill] = map_procl'1>i'>( fUII<-_"0c\!', .tr'LI~I, III ,1..1 ,. 1111", 

/* save the map III/0nnatlOn and the l'nlry pOlllls-to ,d,lIw/I,IIII" II/ 1/" 
* IIIvocatlOn graph node re/elied la Ille fil Il cl 1011 ('(lll (1111 Ou/,,,,/ /1111111< ,,, 

* relahonsh.ps .s saved as BOTTOM). */ 
saveJII_inCo( i[Lllode, mapJnCo, Cu Ilcj lI_dat.!..Ï Il ) 

/ * get the body 0/ tlle rallee. * / 
Cunc_body = get_Cunc_body( CUllc_node) 
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8witch (get_mode( ig_"oclc)){ /. clieck for tlie mode of tlie Invocal/OII '/"'Id, ,,,,ri, • / 
Cltllü "ordinary"; 

/. If Ole mvocahon grapli node 18 ordanary , analyze the body of ((tI'lf • / 
fUlIc_out_data = points_to( runc_body, fllnc_ill_data) ; 
/. merge the resull wath ail the pos.4lble output from retu,." ~lfll, 1111 III ~ / 
rlllle_oUt .data = rncrge_info( runc_out_dat,a, return_lst) ; 
hl'(>ak ; 

CIlII() "approxillate"; 

/. fiel tlie recursrvc 1I0de to tlle approxamate node, by fo/loll'/I"/ 
• Ihe appro:rlmate arc . • / 

Tecllrsivc_node = ig~raph.approximatc_arc j 

/* ,'t'fII'cI, for ,/,mc_In_data.In' an 'recurslVe_node'. If ,1 la 
• fOlmd (If ,/11 Il C_"'_ tlala.an' IS a subaet of a/ready e:rlal 
• InIJlII), relur'lI Ihe re/aled OII/put. O,lier'lvlSe returrl B01''/'O.11 
• arlcl save ,/urlt'_III_clala.w' HI the 'recurslve_nocle' a~ (/ lit 1/' 

• lJO,',4Ible crl/ry. • / 
Cllnc_out_data.in = search_info( recursivc_node, Cunc_ill_data 1/1) 

hl'l'Ilk , 

enllo "recursive", 

/. pl'Ocea" the bocly of the calice . • / 
fUllc_out_ùata = points_to( Cunc_boùy, fllnc_in_dat.a) ; 
/. mn'gr the re.4ult wltll ail the possIble output from l'etUI Il ~/(/II 111/ III _ / 
Cunc_out_data = mergejnCo( fUllc_out_data, return_lst) ; 

/. tlle pomls-to IIIformailoll from the preVlOliS ItemtlOn " /JO 1 1 () 1/ 
• (breause no previolls IteratIon exut for tlle /irat ,temtlOlI) ~ / 

ig_outpllt = nOTTOM ; 
/. cllt'ck for tlle fi.xed-lJOlIlt. A fixed-pomt 18 reached whtll tI" 1/ 

• 1.' one entry 10 the HlvocatlOn grapll node and for' (1 gWlIl /I11J111 
• Ihe oulpul 18 nol dwnyed compare to the preVlOlla ,/emlwlI _/ 

whiic « nlllTI_inputsjn( ig_uode) > 1) Il 
( Ig_output not contained in fuuc_out_data.iu)) 

jf ( Illlln_lIIplltsjn( ig_nocle)) > 1) { 

cls(' 

/. therc l,' more Ihan olle mput. Merge ail Ihe 1TIJ!"I~ (/11'/ 

• <~ave Ihe reslill ln 'func_In_data.In', and ln tilt 
• 'Iy_nocle' as the next Input. */ 

CUllc_ill_dat.a.ill = ig_lst_rnerge( get_inputs_from( Ig_lIod(,)) 

/. save nell1 IUput-output (fllflc_ln_data.IU,BOTTOM) /II 1/" "1_""'/' t! 
sa"c_ilL"ode( ig_IIode, fuuc_in_data.iu, BOTTOM) , 

/.. thl:l'(' I.~ a dlDer'ent output compare to Ille prev/O/I <1 

.. I/craflon, So mer-ge Illem . • / 
i&,...out.put = Merge( fUllc_out_c1ata-in, ilLoutput) , 

/* pl'O(,f's.~ tlle body fOl< the next iteratlon ./ 
fUlle_out_data. = poillts_to( CUllc_body, fuucjn_data) 
(ulle_out_data = merge_iufo( rUllc_out_data, retllru_l~t) 

99 



• 

• 

/* .mue the IJOmls-to "t'sult of ClIIClly,n~ of CClIlt'!. 111/., Il /,,/ .. / 

* muocatlOn graph node */ 
sa\'e_outJnfo( ilLllode, func_out_clatll.in) ; 

/* the unmap proceu gel the pomls-/CI IIIfOl"lIIa/loli Clf l'II//' 1 

* Clnd callee and ret"rn.~ the nelv set of I)OUlt,~-/() IIIfalll/lI/I"" 
* for caller ('.in' .8 the field related 10 poinb-Io mffl) ./ 

out_data.in = unmap_process( ill_data, func_out_d.lla.ill. 111'\1' __ 11110) 

l'cturn( out_data) ; 

An example is given in Figure 4.20. Thc lWOCCSS st.arts rl'Olll t III' maln IIII\( Il.11\. 11\1' 
intraprocedural analysis is done untilreachillg thc fUllctiol\ cali f(a) \\'111« Il ill\llk.· ... 
the map process. The set of points-to information is sav('c! ill tll(' 1,·I.d,·e! IIl1d,· III 11\1' 
invocation graph (f-R). This is shown in Figurc 4.:W(h). TI\(' illl'olllldlllJlI d' "il.d,ll· 
at statement 1 is shown in Figure 4.20(c). The rccUI'siv(' CcIII f(n) 111\11\.;'· ... 1111' Illdl' 
process again. The information artel' thc mai> proccss is sélV<'d ill t 1)(' 1I·lill,·d iII\IH.II 11111 
graph node (f-A) as shown in Figure 4.20(d). Thc 'Ill' set. of f-R i ... ~I'dl 1 l\I'cI 1111 1111' 
'input' set of f-A. Sincc it. is not fouud, the 'input' sPI. will 1)(' ~d,,·d 11\ 11\1' III ""'1 
of f-R (this is considered as a possibly ncw input), and BO'I"r()~1 \\'dl III' Il'1 III IlI'rI 
Figure 4.20(e) shows the result artel' unmapillg. The pl'O('('s~ will 1)(' '11111111111'd l" 
following statements 2 and 3. Since the 'In' set of f-R lias 1110)'(' thdll 1)111' ""1 \\1' 
merge aIl the elements in 'In' set of f -R. The pl'Ocessing of fUllet iOIl f i~ )1 " .. 1" Ilfod \\ 1111 
the result of the merge as a new input (rcfer to Figure 11.20(1')). 'l'II<' ilili "1'1111 1·.1111.11 
analysis is continued untill'eaching the recursiv(' cali to f (n). SC'! {(" .,' .1 ) ). ( 111.'.1) ) 1 
is the result of map process. A more general casc of t.his sel. (wlli,l\ 1 ... {(do \.1». 
(m,y,P)}), is available in the 'In' set of f-R. Thcreforc, W(' l'('t 111'11 1111' 11·1.1"''' 111111'\11 
which in this case is BOTTOM. The process contillues by st,II('IIII'II1o., :! dlld 1 1111' 
points-to information reaching thc elld of the functioll f, whicll i~ dl'III/II'" "" ,,"l jllll . 
is shown in Figure 4.20(g). At this itcl'ation, there is ollly dll(' (·1('1111'111 11·11 III 1111' III 
set. But, since the 'output' set from Figure 4.20(g) is <lifr('J('lIt, II()JII 1 III' .( )111' ,"1 
of f-R (which is BOTTOM), we assign 'output' ta the 'Out' sC'!. or f-R " .. 1111' liI'\\ 
output. Then, we start the third iteration. Figurc 4.20(h) J'(~pJ('''('lIh IIJ(' Ild"IIII<l1 il/II 
at this stage. The same pl'Ocess, as explained for other itelilt.ioll ..... Il,\ .... 1" 1". d"liI' 
once again. The final result Îs shawn in Figurc 4.20(i). Tlw/'(' i~ ollh· (JIll' ... , 1 III 1111' 
'In' set, and the 'output' set is same as thc 'Ollt' set. COIIS(!qllC'lItly.llJf' Il'.,'.1 jllllllI 
is reached and 'output' set is retnrned as the rc~mlt of tlH' 1'('( 111"iu·IIIII' Il''" f() 
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int ·x, y ; 
f (m) 
int tm; 

int "n ; 
H (y •• 1) 
{ 

} 

n. &y; 
rstmt1*' 
f (n) ; 
rstmt2*' 

} I*stmt3"' 
main () { 

int "a ; 
x .. &y; 
f (a) ; 

} 
(a) The C program 

main 

1 ln .. {{(x, y, D))} 
.. f - R Out. BOnOM 
~ 1 
, f - A 

output .. {(x, y, D)} 

(b) first iteration 

main 

1 ln .. {{(x, y, D)}} 
.. f - R Out m BOTTOM 
~ 1 
, f - A 

output .. {(x, y, D), (n, y, D)) 

(c) at stmt 1 

main 

1 ln .. {{(x, y, D)}} 
.. f - R Out .. BOnOM 
~ 1 
, f - A ln. {{(x, y, D), (m, y, D)}} 

Out. BOTTOM 

output .. {(x, y, D), (m, y, OH 
(d) aher map process 

main 

1 
f R 

ln .. {{(x, y, D)}, {(x, y, D), (m,y,D)}} 
.ttf - Out .. BOnOM 
~ 1 
, f - A ln. {{(x, y, D), (m, y, D)}} 

Out- BOTTOM 

output - BOTTOM 

(e) after unmap process 

main 

f i R ln - {{(x, y, D), (m, y, Pl}} 
of - Out ... BOTTOM 
~ 1 
, f - A ln .. {{(x, y, D), (m, y, D)}} 

Out .. BOTTOM 

output .. BOTTOM 

(f) second iteration 

main 

1 ln .. {{(x, y, D), (m, y, P)}} 
of f - R Out .. BonOM 
~ 1 
, f _ A ln .. {{(x, y, D), (m, y, D)}} 

Out-BOnOM 

output .. {(x, y, D), (m, y, P)} 

(g) at stmt 3 

main 

f 1 R ln .. {{(x, y, D), (m, y, P)}} 
-;# - Out .. {(x, y, D), (m, y, P)} 
\ 1 
, f - A ln .. {{(x, y, D), (m, y, D)}} 

Out .. BonOM 

output .. {(x, y, D), (m, y, P)} 

(h) third iteration 

main 

1 ln .. {{(x, y, 0), (m, y, P)}} t fi R Out = {(x, y, D), (m, y, P)) 

, f - A ln = {{(x, y, 0), (m, y, D)}} 
Out ... {(x, y, D), (m, y, P)) 

output .. ((x, y, D), (m, y, Pl) 

(i) The fix-point information 

Figurt, ,1.20: An C'xamplt:' of the intel'procedural points-to anal,\..,i.., \\'illl 1('( 111"1\(' 
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Chapter 5 

Aggregate Structures 

Our analysis concerning scala.t' variablC's was prcscllt,('d ill C!J"plc'l" :\ 111101 1 III 
order to analyze l'eal C-language benchmitrks, one should itlS\i (1l1!"id"1 .11101\" .111.1 

structures. In this chapter, wc' explain how tlwse mol'(' f.!,<'IH'l'iI 1 ( iI!-o( '" d Il' Il.1 Il' Il,·( l, "(' 
first discuss the abstract stitck represcnt,ittion for nOIl-scalar ViiI i;d,h· .... III S", Il' III -, 1 

Then, in Section .5.2, we explain how up<lating strudllJ'cd Villi,rI,I(·" 1" 1"ld"'.! III III<' 
updating of their components. Finally, in Sectioll 5.:3, wc' gi\'(' t 1If' 1,01"1' Ild,", 1111 

calculating the points-to relatiollship of cach possible l'as('. 

5.1 Abstract Stack Locations for Arrays and Strlu·t.ll)'PS 

The major diffel'ence betwcen aggrcgatc' structures alld sntléll "dl I.tI,I(,,, l, 111011 dt', 

gregate structures are composed of many stack locat,ioll:--. Olll' nl,j('( 11\('1" 1 .. Il.1\,' d 

name for each location in the abst.rad. stack. WC' pxplaill 0111' a"~!ld( l "loi' l, 1"pl""'11 

tation for al'rays in Section .ri1.1, for non-l'ccursive st 1'Ild. Il 1 ('si ill S(,( 1 1 Il Il -, l ' 1,,1 

recursive structures in Section .5.1.3, and for union type' ill Sec! iOIl ,-, 1 1 

5.1.1 Arrays 

An array is a sequence of variables of the saille type. III 0111' èIIlal",>,,, \\1' (,,11 Id"1 .dl 
the clements of an array as one locatioll in the abstract. st.riek, ï 1111 .... 1 1 If' 1",1111" If) 

analysis finds the relationships bct,wcen cntirc array:-> , ilnd llti~ Ild"IIII,"I',11 l' 111'11 

1 A structure is nQn-TeCUr!IVe if none of ils fieldo; (directly or IIIcllf''' lly) p()lI\l .. 1', 1 h. ,,,"" _, ''', 1"" • ,.),. l ,',.. ,1 

is calJed a recur6Îve btructurc. Linkcd lisl i~ I\n cxampll' of ICCllr.,ive .,lI Il.:tllf'· 
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Ilsed in the array dcpendence tester which rcasons about location:'> withill III<' <11-

rays [8an76, WoJ89, ZC90]. Our points-to analysis is in fact a prC'-\wo('('f,:'>illp, ..,1 ('p loI' 

a practical array depcndence analyzer which computes dependenC('s fol' al 1'<1.\ \ ''l'i,dll(·.., 

in ncsted loops [.Jus93]. 

5.1.2 Non-recursive Structures 

Unlike in the case of arrays, each element of a structure is explicitly élc('(·~:-.il)1P ('.p" 

a.I». This makes structures more complicated than arrays. Eaeh possiblC' cH'( ('~" ! () cl 

field of a structure should have a unique location, and conscquC'nlh- é1 l""IJlI!' Il;1111(', 
in the abstract stack. 

In order to have a unique location for ail the possible fields of i-I ~'III( 1111 (' j" 

the abstrad stack, we enumerate the fields of the structure. In 111<' ('''élillpl(' p,i\('11 
in Figure 5.1(a), ail possible ways to access the structure root (t 1((' l'(JO! III' d,il d 

strllcture) arc root, root .fieldl, and root.field2. The COJ'l'('''POllllill,t!, dl,..,lld( 1 

stélck rcpresentation is shown in Figure 5.l(b). 

struct { 
int 
float 

} root ; 

(a) The C-program 

*fieldl 
field2 

root 
root. field 1 
rooUield2 

(b) The abstract stark J'('pre''''('111 ,II i011 

Figure 5.1: An example of structure representation in thC' ah", l'<lcI ..,1 d( k. 

In the casc of a nested structure, this process should be douc 1'C'(,1l1'~1\('" IIIIIil <ri 1 

the possible accesscs to a structure are considered. Figure 5.2 rcpr('sellb ,III ('\,11111'1(· 

or a nested data structUl'C along with its related abstract stack l'f'pl'C':'>('/I' al jOli, 

What we explained is sufficient for any structure variable which is lo( ,,1 10 d l'li 1 Il -

t.ion but it is Ilot sufficient for global variables and actual parallH"C'I':'> 01 ,,' 111('1 111(' 

type that have a field of pointer type. Assume that a is a global variél hl(' 01' d(" I\,t! 
pa.rameter of structure t.ype that. has a field of pointer type b. LoeRt iOIl a, b ('<III pOIII! 

to the location(s) that are 110t in the scope of that function. Thel'C'rolC', t II«'I (' dl (' 11111 

('nough names in the abstract stack for accessing *(a.b). To :'01\(' ,lti~ pl'lIl,I('1I1. \\(' 

lise the concept of ill visible 'variables fol' structures. 

The concept. of invisibl<.' variables for structures is similar to lh(' ('ol'J'(·"'IH)lIdill!.', 
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typedef struct{ 
int **sub_fieldl 
float sub_field2 

} FOO ; 

struct { 
int *fieldl 
FOO field2 
char **field3 

} root ; 

(a) The C-program 

root 
rooUield1 
root.field2 
root.field2.sub field1 
root.field2.sub field2 
root.field3 

(b) 'l'Il<' al>Ht.racl S1.I1 k II·PI'·"'·II1.III"II 

Figure 5.2: An example of nested structure reprcsPlüat.ioll ill l!t" d 1",11 d' l ',1 d' 1\ 

concept for scalar variables which was discusscd in Chapt!'1' ,1. I<'()I l'd' Il d' ll1dl pd 
rarneter or global variable of st.ructure type which has a fic'Id or poi 111,'1 1 \ p" \\,. dcld 
an the invisible variables of corresponding field t.o tl\(' ahstl(\rl ~I.I( k, 1'''/1 "\dlllld,' 
the invisible variables corresponding to variable' x.y wil,h typ(' lnt l' <III' X 1 Y d"cI 
x.2_y with type inh a.nd int, respectively. 

Figure 5.3 shows a C-prcgram and its corrcspondillg ahst.l'é1c 1 ~I dl k..,. 1 1 If' 111\ 1..,11.1,· 
variables cOl'responcling to iunctions main and f, with t\t('il' l'('Iakd 1 \ l'th" dl(' ..,1111\\" 
in Figures 5.3(a) and (b), respectively. Using the invisiblc' vali.",I, ..... \lt' l!,lldldllll't' 
that any cornbination for the access to a structul'e will ha ve' éI lOI .t! iOIl III Il,,, ,,1"-1 1 d' , 

stack. 

Without having a specifie strategy fol' 1'CC'/ll'sivc da/a HI/'lLdlll t, .... 1111" ('''''''1111 Il'''' 
rnethod results in infinity. The proposed strategy for halldlillp, 1111~ plflldl'I" 1 L'II"" 
in the next section. 

5.1.3 Recursive Structures 

Sorne data structures are defincd recUI'sively. This means t.ha1. the'\' Il,1 \ l'" 11f'1.\ \\ l'II l, 
points to the same data structure (directly or indil'cd,ly). Lillkc'cI li:--I i.., 1111' ""lIpl,", 
exarnple of a direct recursive data structure. Wc explaill our :,lldlf'g\ ill 1111' dl',I!!,I' 
of the abstract stack for the recUI'sive data structurC's IlSillJ!, 1.I1!' IllIk(·r1II~1 l' .111'1,11' 

A linked list is typically defined as: 
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typedef struct{ 
Int **z 
Int w ; 

} CAT ; 

typedef struct{ 
Int x . • 
CAT *y 

} FOO ; 

malnO{ 
FOO *a 

f(a) ; 
} 

VOId f(m) 
FOO *m ; 
{ } 

a 

Related type' 

FOO· 

(a) Abstraet stack of mainO 

m 
1 m 
1 m.x 
1 m.y 
1_m.1-y 
1 m.1-y.z 
, m.'-y.1 z 
1 m.1-y.2 z 
1 m.1-y.w 

Related type: 

FOO' 
FOO 
int 
CAT" 
CAT 
int-
rnt" 
in! 
rnt 

(b) Abstraet staek of f() 

1"i~Hr(, :'.:l: An ('Xéllllp)e> of the> abstl'élct stack representation fol' ill\ i~d,jl' \dll,d.I(' .... 

struct foo { 

Int data; 
struct foo *next j 

} cell ; 

lJsillg t.he' lIlC't.hod p,ive>1\ III the prcvious section, we fi .. :;!, IH'(·d 10 ('011 ... 1 Ille 1 1 III' 
locat.ions shoWIl il\ Figure 5..t. The process of attaching the' fi('ld.., 01 1 III' ... ! 1111 11111' 

eell 
eell.data 
eell.next 
eell.1 next 

Related type: 

struet foo 
int 
struet foo· 
struet foo 

Figll\'t' 5.,1: The incomp)de ahstract stark for the stl'uct un' foo 

foo ton tht' location cell. Lnext result.s in an infinite loop. This i:-. duC' l(j 1 II!' LI! 1 

t.hat t.ht'n' will 1)(' alwa)'s a location wit.h the type of structure' foo. III<' "'(jl Il 1 jUil lu 

this prohlt'Ill is as follows: Each t.i111C that wc add a new invisible' \dl'jctl,)(, (JI ..,1111111111' 
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type, we first check the typ{' of the p\'{'viollsly add<·d fields. If 1 lit' t \ pt' . .11 (·.Id \ ,'\ 1"1, 

a flag will he s{'t and the 11<'\\' invisibh· "a\'iahll' poillts 10 th.· (\lIII· ... I'''II.!III .. 1," .I11.tll 

in the ahstract st.ark. Figlll'(, 5.5 shows the ahstract st,lek for th.· ,"'1'\""\.11111,1., \ 

... cell 
cell.data 
cell.next 

,. - cell.1 next 

Related type 

struct foo 
int 
struct foo' 
struct foo 

Figure 5.5: The cOlllpld.e ah~t.tact. ~Iaek for 1 Ill' ... , IIIt t 111(' t \lO 

the type of cell.LIIC'xt al\'C'éHly <'xists (struct foo), \\'(' do Ilot 1111 t 111'1 "dol Il,, lit 1,1 

of structure ecll, Lllcxt. 

An example of a multi-levcl st l'II ctu \'(. is sl!oWII ill Figllll' .·,.h(<I), 1111' ,,1,,11.111 

stacks corrcspollding to fUllctions rnaln éllld f él),(' SIIO'VII ill 1·'t,l!,IIIt", ',1,(,,1 .1111111,1 

respectively. 

struct cat_type { 
struct foo_type *bb 

} ; 

struct foo_type{ 
int 

} ; 

struct cat type 
struct foo_type 

rnainO 
{ 

*cc ; 
aa ; 
*next 

struct foo_type x, y 

f(x) ; 
} 

f(z) 
struct foo_type z ; 
{ .. ,} 

v 
v.cc 
V.aa 
v.aa.bb 
y.next 
x 
x cc 
x.aa 
x aa.bb 
x.next 

(a) Abslract stack 
of mainO 

r - Z r 
l CC 

Z 1 cc 
z aa 
z aabb 

,- z aa 1 
z nexl 

,- - z 1 next 

(b) Abstract f,I.t(j' 
of f1 ) 

Figure ,5.6: Ali cxalllplc· of ft l'CClIl'siV(' dat (t .,111111111 f 
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III titis way, wc' arc actually approximating a recursive data ~tl'llct1\I(' llJ III' 111111-
posee! of on~ c('11 witl! a pointer pointing back to itself. 

5.1.4 Union Type 

Union tyP(~ variables are not considered in our present version. IIo\\'('\('I. !->ÎII! (' 111(''''(' 
art' an extension to structures, they can be easily included using t he' ~(lI1\(' 1I1<'III<HI. 
This is achicV<'d by attaching ail possible reference narnes to a union t,\'I>(' \rlIÎélhl(·, 
The only diffcl'f'nc(' bctwC'<'n unions and structures is that in tlw cas(' of Illlioll" 1I10!!' 

lIallH'S are crc·a!.('d, Vve plan to include unions to our analysi!-> a.., l',ul or IJIII 1111111(' 
work, 

5.2 Handling Complex Structure References 

A complex structure refercncc is a variable of structure type', S1\( Ir \ dl i" IJI('" (.111 
appcar in a basic staternent (e.g., a = b when a and b are of stru('\IlJ'(' 1.\ 1)('). 01 d" " 
pal'ametcr of a function (e.g. f(a) when a is of structure typC'). III 1 hi.., "'1'1 lioll. \\'(' 
show how our élnalysis for complex stl'Ucture references is cOJ\\'(>I'1c'd illl(J " "'1'(1'11'111 l' 
of simplel' st,at,('ll\('nts that. involvC' only simple structure l'eferell(,(,~, '111<'11, III 1111' 11('\ 1 
s('ct.ion, WC' explain our mIes to get points-to information fol' the bél~j, ("..,1" ill\O" ill,!.!, 
stl'Ildure n'fel'<'Ilccs. We first explain il. for the case of intrapro('(·dll l'il 1 rllldl\ "1'" (IJ""j( 
statelll<'llts) and then for interprocf'dmal analysis (function calls). 

A basic statel11cnt is of struct.ure type if its left hand sicle> (1I1~) <lIld 1 Îu,111 Ilrllld 
side (rhs) arC' of struct.lIl·c type. Each basic statement of struct III (' 1,\ tH' I~ 1 lIll \ 1'1 1 (·d 
iuto several simple\' basic statements. This is achieved by attachill,l!, t II<' fl('ld ... 01 1 III' 
stl'uctme to the val'Ïablcs a ppca\'ing in lhs and rhs. If the I\('\\, 1,\ !-!,l'II('I .1 1c'd 1'<1" Il 
st.at.e1l1(,1lt. is of st.ru('t.lI\'c t.ype, the sarne process will be repeatc'cl \('CI 1 l'..,j \ l''', l, 111,,1", 
we gel. a set of basic state\1lents of cit.her basic type (integer type'. float 1 \ IH'. ('( 1,) 
o\' point.er tyP('. 'l'hen, we apply ou\' basic l'Ules to each of the B('\','I,\ g('III'ldl('d 1'<1"1« 
st.at.C'llIt'llt.s which are of pointe\' tyP(>. This is shown in the follo\\'ill,l!, (''\<11111'1('' 
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void mainO { 
struct foo{ 

int *subfieldl 
} a, b ; 

struct{ 
float *fieldl 
int field2 
struct foo *field3 

} X, *y 

a = b; 1* stmt 1 *1 
X = *y 1* stmt 2 *1 

Statement 1 il' of structu!'c' typc'. This statc'IlI<'II1. is 1 n'al('c1 ,1" ("11111 ,Ii"1I1 1 .. 1111' 

following basic statement: 

a.subfieldl = b.subfieldl 

Statement 2 is also of structure type. This stat.('Illf'IIt. is 1.n'rtfcod 1" III' "'JlII\ ,d.'111 lit 

the following three basic statements: 

x.fieldl = *y.fieldl 
x.field2 = *y.field2 
x.field3 = *y.field3 

1* stmt 2a *1 
1* stmt 2b *1 
1* stmt 2c *1 

The newly generated basic statement 2a is of poilltpr typ(' tllld UI\(' ,,1 1111' l'rI',I' 
cases. Statement 2h is of basic-type and therefore il. do('s 1101 III<1k(' ri 11\ dill'·I.·II •• · III 
the points-to information. Statcmcnt 2c is of st.rucLllrC' type', ,\lHI. (011 ..... '111 •. 111 k 1111' 

breaking clown process is pel'forll1ed which results ill the follo\\'illl!, l,d·,te ... 1,,1"1111'111 

x.field3.subfieldl = *y.field3.subfleldl ; 

The above basic statement is of poillter type alld olle of t1u' IJtI..,i( 1 fi..,"" \. 1111'11 dlf 

no more basic statemeuts of structure type Icft, the !>ro("('ss i~ ('<1111 l'II 'l, ,cl 

For interpl'ocedul'al analysis, the pl"OCCRS is the same as ('''plélill l 'c1 III ('lldl'll'l 

The only diffel'ence is in assigning the actual paramc!ters to f(JI'IlIéd 1)(11;1111/'1, l', Il,, 

functioniscalledasf(avarl. avar2 •... )anddefinedasf(fvarl, fvarl. J,"',I' 
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should compute the points-to information resolved from: 

fvarl = avarl 

fVcU'2 = avar2 

If any of the above statemcnts is of structure type, we should do tl)(' sanw 1 Iii Il,!!, il:' 

w(' did for the basic statements of structure type. This means that for ('ach ('quaI iOIl 
fvar. = avare of structure type with n fields f}, f2,"" f n , wc s!Jollld add Il)(, poilll ,,
to rclationships obtained from the following statements: 

fvar,.f1 = aval',.f} 

fvar,.f2 = avar,.f2 

fvar • .fn = avar,.fn 

TI)(' same process will be rcpeated for any newly generated hasic ..,1 al ('111('111 \\ hi( Ir 
is of st.ructure type. 

Wc conel ude that the problem of intraprocedural and intcrpl'oc('d li nt! p(Ji Il h-I () 
allalysis fol' complex structures can be broken into sm aller problelll!-> cOII('('nlill,!!, l'd"l( 
statements of pointel' type with aggregate structures in Ihs and l'h:-.. III III<' 11(''\1 

section, wc explain how these basic statements can be solved. 

5.3 Points-to Analysis for Aggregate Structures 

ln the previous sections, wc explained the stack representatioll fOI ag,!!,l'l'gal<' dill cl 

st.ructures. In this section, we expand our points-to analysis fol' aggn'!V1I (' :-.1 1 II( -

t.ures. Figure 5. ï shows an ovcrall view of our points-to analysis. The (JIlI.\ (<1"(' Illitl 
aggrcgate structures can affect interprocedural analysis is whell a pa nllll<'l ('1 h or 
st.\'Ucture t.ype. In S(>ction 5.2, we showed that this case can be diril\c'd illlo "OlJl(' 1,,1-
sic cases and then the gcneral interprocedural rules given in Chapt(·!, 1 willlH' ilPplwel. 
'l'h<, intrapl'Ocl'dural analysis is divided into two major groups: (i) ba:-.Ïc :,léll('lJl('llh. 
(ii) compositional control statements. As compositional control stétl<'IlH'lIb <11(' ill
d('pendent of the t.ype of data structure, there is no need to consid('!' t 11('111 ill t hi., 
chapter. Consequently, it is sufficient to find a solution for aIl tlH' basic :-.1 <II (·III('lIh. 
Table 5.1 summarizes ail basic statements that affect points-to r('lat jOllslJÏp:-. (wlll'Il 

the statement, is of pointel' type). This is a generalized version of the' Trlhl(' :L! ,,"\ril Il 
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Points·to Analysis 

/~ 
Intraprocedural Interprocedural 

Analysls Analysis 

/ "" (e.g. f ( x )) 

Basic 
Statements 
(a.g. x = *y) 

Composition al Control 
Statamants 

(a g. if. while. break) 

Figure 5.7: The ovcmll vicw of points-to allal~· ... i~. 

is only for scalar variables. Thc cases which arc dCllotpd hr Ill(' 11111.1 1'.1(1' 1 1 111. il 11111 

correspond to the entries of Table 3.3. 

Ilhs l rhs- Il &y 1 &yLilI &y.b Il y 1 YUlI y.b Il *y 
x 1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 :J :1 

xli] 1.4 1.5 1.6 2.4 2.5 2.6 3.4 3.5 :Ui 
x.a 1.7 1.8 1.9 2.7 2.8 2.9 3.7 :1.8 an - -

*x 4.1 4.2 4.3 5.1 5.2 5.3 6.1 6.2 fi .:\ 
(*x).a 4.4 4.5 4.6 5.4 5.5 5.6 6.4 65 OCi 

(*px)[iF 4.7 4.8 4.9 5.7 5.8 5.9 6.7 6.8 li li 

Table 5.1: AlI possible cases of basic statements which aff('d t,I\(. poi III ... 1 () 1111111 Illd 1 iUIi 

when basic statement is of pointel' type. 

The different kinds of basic statemen ts that can affect poi Il t.s- 1 () illl il 1.\ ... i:-, "II' Il i \ 1,1, 'II 

into eight cases which are numbered from 1 to 8 in Tabh' .1.1. E,t( Il 1.1""'. \\ Ilil Il l', 

divided into sorne subcases, has its own genel'al l'Ille which élppli(· ... III IlIllll ·,I.ddl 

variables and aggregate structures. The left hand side 11111111)('1 ill ('dl Il 1'1111 \ 01 1 1 If' 

table corresponds to the case and the right halld si de 11111111)('1' (!I·((· ... plJlld-, III 1 1 If' 

subcase. For example, the entry 7.3 l'cfel's to subca.sc :J or ('clS(' ï. 'lu 111111'''''1' 1 1 If' 
readability of the table, multi·indices such as x[id[i 2][ ••• ][in] (lrc' 1"PI'(''''''llkd d" 11111' 

index such as x[h), also multi·fields such as x.f,.f2 •• .fn al'(, ('('1)('(':-'('111('" " ... 1l111' IlI'ld 

su ch as x.f1 in the table. This abbreviatioll does Ilot ilJl!>Oh(' cilly Illnii il1 i011 011 IliI' 

generality and one can easily replace the a.bbreviated repl'eS('1l 1 (J 1 iOIl 11\ ,h 1.1 i).',i Il'' 1 

form. 
2(.py)[j] is the semantic representation of pyU] where 'py' is a pointer LI) an al my. ï lll~ I~ Il''' •• \ • .Jld -\ /II •• ' III 

C-language. We jUllt use this notation to differentiate between pomtf'rs tn arrayK and 01 dllllll~' .111.1'" 

3&( ... py)[j] is the semantic representation oC &pyUl where 'py' ill a pointer tn lUI aJl<1V \V, I"" /1-' 1111- Il,,I.tll,./I 

to differentiate between pointers to arrays and ordinary arrays. 
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The following is thc list of aggregate structures that can appcar ill il b(l~i( ~I ,II ('

ment. Wc first expiain the effcct of each of the aggrcgate strllclur('~ alld 1111'11 p,i\'(' 

the rules corresponding to each case. 

1. z[h][i2][ .. . ][in] and &Z[h][i2][' . . ][in] 
In this rcprescntation, 'z' is explicitly defined as an arra)'. Althollgll ill 0111 

abstract stack there is only one location related to each M'Cess or dll élITél.'. 

we tl'cat the first element of an array differently from other elen\('nt~ (1 11(' nr~l 
clement is used when indices il to in are equal to zero). l'Il(' )'('asoll Iwhillcl 
this approach is that the analyses which needs to know whcn a )loillt('r 'i\l'iélbk 

point.s t.o the beginnillg of the array and when it may poillt 10 ..,(11)('\\ 111'1(' III 

the middle of t.hc a1'l'ay. This is particularly important for tll<' ana,' d('I)('II<I('III'(' 

module which needs to ensure that pointers to arrays point to 1 1 If' 1 H'gill IIi Il!.!, (JI' 
an array. 

In the following example after processing statement 1, we \\"ollld Sil,' 111<11 b 

definitely-points-to a if i is zero, otherwise, we would say thal, b po..,silJh -pnilll..,. 

to a. 

mainO { 

} 

int a[7] , *b 
int i ; 

b = &a[i] 1* stmtl *1 

The replacement of arrays by scalars in a basic statemcnt do('~ 1101 IlIa!.;(' <111,\ 

diffcrence to our points-to mies when the first index of ail (liTa,' i~ "''l'd. II' 
the middle index is used, the corresponding relationship shollld 1)(' clldll,!!.('d 1 (J 

pORsibly-points-to. 

The notation &z[itHh][ ... ][in] refers to the address of the abst r(lel ..,1 ,t( k I(J( ,II ilJII 

relat.ed t.o 'z'. 

2. (*z)[h][h][ ... ][in] and &((*z)[itHh][ ... )[in]) 
In the C-language, tltel'e are t.wo ways to access an arra)'. Fi ,'..,1 i" ,1 di 1'<'( 1 

access which is done through the name of the array, e.g. a[l] ",It('('(, a i~ <III 

array. Second is an indirect access which is done through a point(11' 10 ,111 (IITcI.'. 

e.g. pa[i] whel'e pa is a pointer to al'ray(s). These two ways of cl('('('~~III.!.!, (il(' 

sYlltacticaIly the same, howevel' they have a complete different Il lC'élIIÎIIg tlild cil<' 

l'epresent.ed differently in SIMPLE (as explained in Chaptel' 1). lîl/' Ilui d11011 

pa[i] means the i'th element of variable(s) that pa point~-to. \\'(' Il''(' IIi(' 

notation (*pa) [il to represent the actual meaning of pa[i], 
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This case behaves the same as the general cat(>gory *x wlH'1I Ill<' lin.1 Illdl'\ ,,1 
an array is used. When the middle element of an anay is lIs('d, il Iwlt,,, ( ..... dllll'I 
ently. In case of indirect reference to arrays, two factors shollid hl' 101l .... icll.J'(.(1. 
(i) the use of the first index of the array, (ii) the possihIY/lh·lillitl·I,\ Illtinh III 
relationship of the array pointer to othe!' variahle. 

3. z.ft .f2 •• .fn and &z.ft .f2 • • .fn 

Variables of this form have a unique location in tlH' ahstl'clct sI,\( k, ï Ilt'll ollh 
difference with scalar variables is that they have a mo\'(' COlll plic(\kclnillllt', \ 1 t "1 
finding their location in abstract stack, they are trcal.<'d in 1 II<' salll" \\ cI\ li ........ t ,titi 1 
variables. 

4. (*z).f}.f2 .. .fn and &(*Z).f1.f2 .. .fn 

This case is similar to *z. The only diffel'cnce is "hat t () ~('1 t 1 te' cI,'III,t! 1. Il li 111111 
one should attach fields .ft .f2 •• .fn to the variablc(s) tltal Z pOlllh III 

In the rest of this section, we give the detailed rules for t.1J(' ('iI~('~ 1 ~ cliid ."\,1 III 
Table 5.1. These cases are selected to explain the idea. SOIJJ(' 1110\'(' \'ltI(·~ cllt' l'I\ "II III 
Appendix C. Vle use the following notations in conjllllctioll wil Il 111<' .... (· IltI,·~ 

• D: represents definitely-poillt-to rclationship. 

• P: represents possibly-point-to relationship. 

• t><l : represents merging which is defined in Tahlf' :J. J • 

• firsLelem: is defined to distinguish the first element of ail al'l'il\, '1 Il(' d,'11111111111 
is as follows: 

fi 1 ([']['][ ][']) {D if Ît=b= ... =ill =() rst_e em 1} 12 ••• ln = P tl . 
o lerWISC 

In case of scala!' variables, firsLelem is always D. 

• input: the points-to relationships at the cutry poillt or a l)él~11 .... 1.'1'·1111'111 

• gen: the newly generated points-to relatiollship(s) hy il bil:-.i( ... 1.,11'1111'111 

• kill: the points-to relationship(s) that are killed in a basic ~t;t1('IIII'1I1 

• changedJnput: is an updated version of 'input' when' SOIl\l' of ,lit' d,'IIIIII,'" 
points-to relationships are changed into possibly-poillls-to. 

Case 1.8: The general format of this case is: 
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struct{ 
int *a ; 

} x ; 

lnt y[size] 

Tlw l'ulcs applied in tbis casc are as follows: 

kill = { (x.a,xl,rcl) 1 (x.a,xl,rel) E input} 
gen = { (X.él,y, firsLclem(liJ)) } 

return( gcn U (input. - kill) ) 

COllsidcr the following examplc: 

mainO { 
struct{ 

} 

int *f1 ; 
} x. *z 
int y[70], w ; 

z = &x ; 
(*z) .fl = &w 

x.fl = &y[O] 

1* stmt 1 *1 
1* stmt 2 *1 
1* stmt 3 *1 

Case 1.8 appcars at statemcllt 3. Using the given l'ules, the' !'leI-. 1('ld1c'd Il) Illi ... 
staÜ'ment arc as follows: 

input = {(z,x,D), (x.f1,w,D)} 

kill = {(x.fl,w,D)} 

gen = {(x.fl,y,D)} 

output = {(z,x,D), (x.fI,y,D)} 

Case 8.4: Th(, gCllcral format of this case is: 
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struct foo{ 
int *a 

} *x ; 
int *py ; 

The rules applied in this case are as follows: 

kill = { (xl.a,x2,rel) 1 (x,xl,D), (x1.a,x2,rel) E input} 

gen = { (xl.a,yl,relll><lrcl21><l firsLclcm([j))) 1 (x,xl,l't·II). (p,\',,\ I.II'I:!), 1111 1111 1 

changedjnput = (input - { (x1.a,x2,D) 1 (x,xl,P), (xl.a,x:!.D) 1 1111 1111 11 

U { (x1.a,x2,P) 1 (x,xI,P), (xl.a,x2,D) E 1111'1111 
return( gen U (changecLinput - kil!) ) 

Consider the following example: 

f(float b, int i) { 

struct{ 

} 

float *a ; 
} *x, Z ; 

float *py, w[70] 

x = .tz ; 
if (b == 0) 

z.a = .tb ; 
py = .tw [0] ; 
(*x).a = .tpy[i] 

1* stmtl *1 

1* stmt2 *1 
1* stmt3 *1 
1* stmt4 *1 

Case 8.4 appears at staterncnt 4, Since py is a pointel' ln flII illlil,\', \\'(' I,,',d &py llJ 
as k(*py) [i]. Using the given l'ules, the sets rclated to llris sli11('IIJ('11f "II' d', 1111111\\': 

input = {(x,z,D), (z.a,b,P), (py,w,D)} 

kill = {(z,a,b,P)} 

gen = {(z.a,w,P)} 

changed input = input 

output = ({x,z,D), (z.a,w,P), (py,w,D)} 
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5.3.1 Interprocedural Points-to Analysis for Recursive Data Structures 

III this section, we explain the interproccdural analysis in thc' ClI:-(' of' fi 1('('lIl'~i\'(' 
dat.a st.rudure. The major point is that, when an invisible \'ariablC'. ~(I.\ Lx. i~ ur 
re'cursive data structurc type, aIl the instances resolved from Lx éll'(' rppl'(':-'('III('d 1" 
Lx. This compact l'eprcsentation cau result in sorne irnprecisioll. T"i~ i., :-,110\\'11 ill 

t.he example given in Figure 5.8 ]leaders can skip the l'est of t his sc'cl iOIl \\ il !lOIII 

losillg thc cont,inuit.y. 

typedef struet foo{ 
int data 
struet foo *next 

} FOO j 

FOO *a, d 

mainO 
{ 

} 

fO 
{ 

} 

FOO b, e 
a = &b 
b.next = le 
fO ; 

a->next->next = &d 

(a) Th(, C-progl'lIl1l 

typedef struet foo{ 
int data 
strue~ foo *next 

} FOO ; 

FOO *a, d 

mainO 
{ 

} 

fO 
{ 

} 

FOO b. e 
a = &b 
b.next = le 
fO ; 

FOO *tempO ; 
tempO = (*a).next 
(*temp).next = &d 

1* stmt 1 */ 
1* stmt 2 */ 
1* stmt 3 */ 

1* stmt 4 */ 
1* stmt 5 */ 

(b) The simpJific'd \·I,I .... illli 

Figlll'(' 5.8: An exampl(' of int,el'pl'occduraJ points-t.o analysis ill t 11(' plI'''('II((' ,,1 1 (._ 

(,\II'siv(' dat.a strucLuI'C's. 

The points-to informlltioJl at statement 3 of Figure 5.8 (bc'fol'<' 1 III' fUII( 1 jUil (,dl) 

is shown in Figlll'C' 5.n. The point.s-to information are shown ill t JI<' follo\\ illl!, 1111 ('(' 

diff('l'<'Ilt, fOl'lIlllt.s: (i) abstl'ad. stark represcntation, (ii) me11101'.\ 1'('jll<' .... ('III,ili(lIl. ,111.1 

(iii) point.s-to t.l'iplC's. 

The Illai> process f1lOUId pass the information concerlling t Il(' gloha l 'dll,d ,1<- .... lu 

th(' functioll f. From the relationship (a,b,D), we resolve (a,a.I.])) for 11111('1 jUil f 

(h('cause b is Ilot in the scope of f). From the relationship (b.lH'Xt.I'.D). \1(' 1('''111\(. 
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a 

c 
c.data 
c.next 

(a) Abstract stack 
representaion 

aq] c 

.. __ H~·JI 

(b) Memory representation 

{ ( a, b, 0) , 
( b,next. c, 0) } 

(c) POlnts-to tnple 

Figure 5.9: The poillts-to illformatiol1 of fUl1ct.ion main !Jt>foJ'(' 1 lit' IIld/, 1"\11' 

the relationship (La.next,La.Lnext,P). Note t.hat. as variélblt, C 1" 11111 III 1 Iii' ""l't' 
of function f, we have incol'porated tll<' new illvisible vilriabll' (1 " 1 Ilt'\11 1 lit' 
reason that the dcfinitely-pointR-to rclationship in caller maln i~ ('lldll,!!,".! 1 .. 1" ..... "JI" 1 

points-to relationship in calIee f iR that the locatioll L" is 01 ll't 111 .... 1\ t' "Illlt 1111t' 
type (explained in Section 5.l.3), and, (,ol1seqllelltly, héls t.ht· pOlt'lIli,d III "Idlldlll," 
for more than one stack location. As a rcsult, the poillts-tu l't'Iilli()ll~llII''''' lt'l.ilt'tI l" 
this type of location must he possibly-poillts-to ('('latiomdtips. l '\!!, 11 1 (' -l, III "lit ,II, III' 
corresponding points-to information. Figul'e .5.10(b) shows t.llt' Wd,\' Illdl lit' t """'lolt'I 
the memory locations. This is callcd as the 'simula.t.ioll of l11t'l1l1l1 \ ItH dllllli \\ Ilt'lt, 
the word 'simulation' l'eflcds the fad that it is diff('J'(,l1t l'i00ll 1 ht, \, d\ Illdl 1 1 If' d' 111 .. 1 
memory looks like. 

Statement 4 resolves the rclat.ionship (t.cmpO,La.LIlt·xt.Y) St.llt'lllt'Iil " I../t'I , l,. 
location (*temp).next and locat.ioll *temp l'efC'l'S 1,0 La. Lnext. ,\ .... III" ·111/\\11 III 
Figure 5.11(a), this location eiOCR not have any othc!' fi('ld~. HO\\'("t'l " .... 1111"1,,. 0111.,11 
is related to the rccursive data structlll'C' La, it will tak(' tll(' next 11(,ld tl/II' '/,"11011111' 
to La. That is why we get the relatioHship (La,r\('xt.,d,P) (tl1(' 1(''''-,1111 It,l 1101\ III" 01 
possibly-points-to relationship is alrcady cxplained). 'l'Il<' poillt... lu Ililolllldll"" ,dll 1 
finishing the process of function f and bcfol'c UIIlllap pl'o('('~~ i" .... 11011'11 III 1 1!'IIII' -, Il 

Next, we apply the unmap process. Since locatioll~ La filld 1 a.l T1flXt 1011101 
for variables c and b, respectively (t.hC' COITcspondillg illfol'lllili jUil '" ',,1\ 1 tI III III" 
map-info and is repl'esented in Figure .5.1O(d)), w(' gd t!J(' J'(·lalioll"l"p .... (l, III ',II l', 
and (b.next,d,P). The location La.next also stands fOi 10('(111011 1.a,1 f!fJXt. nçjxt 

(becauseitisarecursivedatastructurc), Thisfactrcs()lve~tll(',(·ldlll}ll .... IIII',I. II" l, l') 
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a 
• 1_a 

1 a.data 
1 a.next 

~ 

'- 1 a.1 next ~ 
d 
". 

tempO 
". 

(a) Abstract stack 
representalon 

(b) Simulation of memory 
representation 

{( a, Ca, D), 
(1_a.next, 1_a.1_next, P)} 

(c) Polnts-to triple 

1_a c::::> b 
_a.1_next c:> c 

(d) Map Information 

Figure 5.10: The points-to information of function f after t 1)(' Illajl plfl( f'"'' 

a 
• 1 a 

1 a.data 
1 a.next 

.- 1 a.1 next 
d 
". 

tempO 
... 

~ 
.. 

~~ 
~ 

, -,. , 
, 1 

1 
1 , 

1 , 

(a) Abstract stack 
representaion 

(b) Simulation of memory 
representatlon 

{ ( a, 1_a, D) , 
( 1_a.next, l_a.1_next. P) 
( 1_a.next, d, P) 
(tempO, 13.1_next, P) } 

(c) Polnts-to triple 

Fig\ll'c 5.11: The poillts-to information of function f befol'e 1.1lC' 1I111llcljl jlltll f''''', 

and (c.lI<,xt.,d,P). The filial points-to information of function maln i~ ... llu\\'11 ill Fi!!,· 

Il)'(' 5.! 2 . 
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a 

c 
c.data 
c.next 

(a) Abstract stack 
representaion 

, , , 

(b) Memory representation 

{( a, b, D) . 
( b.next, c. P) 
( b.next, d. P) 
( c nex!, c, P) 
( c next. d, P) } 

(c) POlnts-to tnpln 

Figure 5.12: The points-to illformatioll of fUIlct.ioll main aft(" 1 1 If' 1111111"1' 1'1"" 
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Chapter 6 

Handling other Pointer Features 
in C 

III t.lw pl'('violls chapt.cl's, wc discussed points-to analysis in detail. III Il)(' ('-ldll!!,lId.!!,(' 

t!)('I'(' al'(' many otlwr kinds of pointel' manipulation that can e[f('c! poillh-Io "11.d,\ "'1"', 

III t.his chaptcl', we bl'iefly discuss these cases and give a simpk :-'01 lit iOIl lOI 1111'111. 

'l'II(\H<' solutions lIave been implemented to enable us to pel'foJ'lII ('XP('I'IIIII'III.., 011 ri 

!'t'asonahle set. of IWl1chmal'ks. ln Section 6.1, wc discuss the poill t ('1' êll'i Il,, 1 wtl' . i Il 
SpdioJJ 6.2 W{' explain our analysis for type casting, and in Spctioll fl.:L \l,', (111"'1t!('1 

hl'ap-allocal.f'd dat.a st.l'lICt.UI'{'S. 

6.1 Pointer Arithmetic 

'l'lu' C-Iangllag(\ allows al'ithmetic operations on variables having poillt('I-I\ Pl' 1/('11' 

is a simpl(' exalllph' of this case: 

int *a, i 
a = a + i 

III most. caSI'S, illHt,eao of il1<Tcasing t.he array index. a pointer to atTa~' i:-, illlll'd""·11. III 
ot.lu'r wOl'ds, arit.hnH'tic operations are uscd 1.0 access different. ('!c.'11H'1l1 :-, 01 d Il d" d \ 

Due to t.his l'ad, Wl' tl'f'at. t.he al'ithmetic operations achieved 011 tlH' poillt,'1 III dlld\'" 

difr('I'('nt.ly. 'vYt' hasically divioe different cases into the following t \\0 h" ... i( gl (lIIP"', 
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1. The arithmetic operation involv<,s a pointe'\' to il \'a\'iahk \\'111111 i .... Il lit ,d 0111.1\ 

type. In this case, there is no limit.ation in tilt' co\,\'('spl)llllllig dllt 111111'\ \1 "1"'1 
ations. The only potf'ut.ial probl<'1ll is t.hal W(' Illa)' ,\«('( ......... 1111' \\llIlIt', 1111'111111\ 
location. Sillce there is no consistt'Ilt. \Vay of followill!!, tl\(' \dll,d,l('" .tll(·1 tl\l' 
arithmetic operations, we use the \Vorst. CélS(' assulIlpt iOIl. l'lIi:-. """.11 Il IJ 1111111 "01 1.., 
that the pointer v~riable has a possihly-point.s-to J'(·latioll:-.llip \\llh ,dl 11\1' 10111 
ables of its scope. 

2. The arithmetic operation involves a pointc'\' to a variahh' (JI 0111.1\ 1,\1"' Il tiH' 
pointer x point.s-to the array a, the COlT('sponding 1'('latioll:-.lllp 1'" dil 1.1".\ III 11\1' 
following two subgroups: 

(a) x definitely-points-to a. This case happ('II!'! will'Il lo( ,1111111 X 1'"1111 1 .. 1111 
first element of' arl'ay a. If' W(' have' ail <tI'it.hll«·t J(' 0p!'ldl 111111111 x 111'11 x ,l,,, 

not point to t.he first ('1<'ll1cnt ally Illon'. III thi!-t ('''!-t(., 1 III' d,·IIIIII.·11 1'"111\ \ .. 
relationship sholllct 1)(' dliwg('d to possibly-point!-t-Io l'lit' 1,,11""111" 1 0111 
example: 

:',tainO { 

int *x, a[7] 

x = &a[O] /* strntl */ 
x = x + 1 /* strnt2 */ 

} 

After proccssillg statplIH'nt. l, \VC' ~(.t. 1.11<' J'('!atioll!-thip h,oI,I») 01 III' l' 1111 
while procc'ssing stat.ellH'lJI. ~ l'('slllts in t.11<' n'Iai iOIl ... lllp (\ 01 l' 1 

(b) x possibly-points-to a. This casc' happe'lls wl((,11 1{)(,llioll x l)tlllli 1" ""' ,,1 

the elements of the alTay a (Ilot 1,11<' fil'st. 011<'),01 \\'111'11 \\.' Ild\' " '''1111,,1 
statemenL. Obviollsly, aft.('1' P('l'f()l'lIIill~ éllI .... ithlllc·ti. "1H'1.I1"J\1 1111 Y 11\ 

either of thesf' two casC's, wc' still do Ilot kllow whi( Il c'lc'\I Will III d Il,,' .\ 1 
pointed to by x. This llH'élnS that the COIT(·!-tpOlldlll,!!. 1(·1.1111111 1111' l' 111,,111 
unchanged. Bc'l'c is ail C'xalllpl(· of thi!-t CilS!': 

rnainO { 
mt *x, a [7], l 

} 

x = &a[i] 
x = x + 1 

;* strntl */ 
/* stmt2 */ 

After processing statcHH'nt l, w('gd the r<·Ii1tioll~hip ('· .. tI PI ,\- Ill' l' 1111 
The process of statem('nt ::! <I0('s Ilot tnakp ally dif!'('I('II' (. III 1 1 If' 1111,,1 l' 1111 
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III accessing tlH' anays, wc assumc that the index expression is \ril Il i Il Il)(' (UI H .... 1'( llltl

illg boundal'ies. 

6.2 Type Casting 

Typ~ castillg in the' C-Ianguage allows one to assign variablc~ of dirr(')'('lIt 1.''1)('''; 10 

each other. Sillcc the type of a basic statement is a determining faclor ill .\(·(·idill.!!, 
wlwther that. stat.clllent shoul(J be considered in the points-to alléll~'~is 01 1101. 1.\ 1)(' 
cast.ing plays an important l'Ole in this analysis. In the C-languagc·. 1 h(' prO,!!,I'<tIIIII)('1' 
iH a\lowcd to challge t.he t.ypes \Vith no limitation. This flexibilil.\ 01 t 1](' ('-ldll!!,lld!.!,l· 
IIpcc·ssita!.C's special )>l'<>caut.iolls JIl the analysis. 

Any type castillg appcaring as an argument in a function cali i:- 1('lIlll\(,tI 11\ 1111 
simplifier program (by usil1g a t.cmporary variable). Thus all argllllwlll" IIld 1 1 Ir t 11(' 
lypc' of th('ir correspollding format parameter. Furt.hermore, any t~ï)(' ca~1 illg dpl)('dl
ing i/l t.he Icft hand side of an assignmellt statemenl is movf'd to 1 he' l'ight Iid Il.\ "id/' 
of the assiglll1lcllt. As a lesult, t.ype ca.sting is an issue only in III<' illlrrlpIfJf('c!III,d 
analysis. 

Dcfiue Uu' poi 1I1"I'-lc/Jel of a variable x, denot.ed as poi Ille "-Ir 1'( 1 (.r). <1:0. t 1 If' Illd \" 1111111 
lIulllbcr of indin'cl refcre'nces t.hat x may have. For example, tlH' poillt ('1-1(·\ (·1 fil' x dllrl 
y with lyp('s float* * * and int are 3 and 0, respectively. The poilll :o.-I() 1,,1.11 IfJlI"llip 
(x,y,rC'l) is devised in sueh a way that. the type of the \"ariabk x j" dl\\cI\'" .1 P(JIIII"1 
to the type of the variable y. In other words: 

point<,r-level{x) = pointer-Icvel(y) + l , and, type (*x) = 1 \ IH' (y 1 

'1'1)(' only e'xccption is in t.he presence of type casting, where 011(' IIIH \ IlrI \ " p(Ji Il h-

1.0 rdatiollslrip betwcell variables of different type and point.C'I'-I,'\(,1. III 1111-" (d"'(' 
aSSllll1 ing a poi Il t.s- lo rclat.ionship (x ,y,rcl), any of the followillg 1'C'la t j 011,,11 i l'''' 1"'1 """11 

X and y can appC'éll': 

• POillj,(\I'-I('wl(x) = pointe'I'-level(y) + l , and, lype (*x) =1- t~ï)(' (y) 

'1'11<'1'(' Illighl he' a points-to relationship between the variablf's or COlT(', t d j 1f('1 1 '111 (' 

on poinl('r-If'wl, but with diffe'rcnt. base-type. Consider the follo\\'ill,l!, ('\dlllpl(': 
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typedef struct{ 
int a ; 

} FOO 

float y 
FOO *x ; 
x = (FOO *) ty; 1* stmt 1 *1 

Here, x has the type FOO* whilc y has t.he tYI>(' float .. \111'1' pl 11('('''''''1 Il'' ,,1.111' 

ment 1, wc get the relationship (x,y,D) . 

• pointer-level(x) = pointer-level(y) 

There might. be a poillts-to relationship hPlw('('1l t hl' \'ill'i,\ hl(· ... ,,1' 1 lit' ".1 III" 1" Il III, 1 

level. Consider t.he Collowing f'xample, 

int *x 
float *y 
x = (int*) ty ; 1* stmt 1 *1 

Here, pointcr-Icvels of x and y are <,quaI to 1. Aft.(,,, pl'O("I·~ ... ill!!, ... l.tI'·IIII·111 l ",. 

get (x,y,D) . 

• pointer-Ievel(x) < pointer-Ievel(y), or, pOÎllter-I('v('l(x) > (pullll"1 1(·\ ,·11 yi 1 1 1 

There rnight he a points-t.o relationsh i p het W('('II t.I J(' Vil ria hll· ... III ri" l, 'l' '111 111111 Il' 1 

level. ConsidC'l' the Collowing eXillllpl(" 

int *x, **y ; 
x = (int*) ty 1* stmt 1 *1 

Here, x has the type int* and y has t.h(· t.ype lntH. ,\1'1('1 PIf/f"",III" '1.11,' 

ment 1, wc get the relationship (x,y,D). 

There are special cases of type casting that al'(' 11101'1' (0111 pl Î l ,,1 «'d III Il,, Iid l,· 1 111"" 
caseshappenwhenuserfol'cesabase-typ<,(e.g. int, float,('\I.) ,,,11,",1,'1"","11111' 

address of another variable. III otll<'l' words, us{'/' ptJSJI('~ il IIOIl-poilll"1 \ "llotld,· l" '!I 1 

the addre~s oC another variable. Followillg Hhows ail (·xaillpl!· (Jf 1111" '.1.-.,. 

mainO { 
int a, b ; 
a = (int) (tb) 

} 
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In this exalllple, we should get (a,b,D). At prescnt, we do Ilot hrtllcllc' ~ldl('lll('llh 
whic:h have a Ihs of scalar type. Our analysis can be easily ext,e'Ilc!('c! 1 () 1 rI k(' ( .11 (' or 
t.his case, howevcr, we are Ilot sure if it is worthwhile. 

6.3 Dynamic Data Structures 

ln t.his section, wcdiscuss the last possible case that results in il poillt.s-to J'(·léll il)II~llip. 
This is the poillts-to information obtained from the heap allocatioll. '1'11(,1'(' cll(' :-ollH' 
Iihl'ary functions in the C-Ianguage which get a location of a gi\'f'1l size' 1')'0111 Il)(, IWelp 
and assigH it 1.0 éI va)'iôblf' during the execution time. The followillp, i ... dll ('\<11111'1(' 

lnt *x j 

X = (lnt*) malloe (sizeof(int» 1* stmt 1 *1 

AftC'1' t.he cxecllt.ion of st.atcnwllt 1, a heap location of size 'iJ1I.C'gc'\'· \Viii 1)(' d ... ...,igll('" 
t,o t.he variahlc' x. This meaus that x is pointing to a location iu tllC' IJ('clp. \ ... t 111'1(' 1 ... 

no consistcnt way fol' usillg the heap, it is considered as a bunch of IIlC'IIIOI' l'H ,1111111'" 

with HO specifie type which can be pointcd to by any type of variahl<': ui (cili pllliit lu 

auy t.ype vi variahle. Figmc CU is devised to explain our \Vély of lookillp, ili 1 III' 11('dl! 

var1 --...r
var2 

Heap 

-",var3 

var4 

var5 

Figl\l'C 6.1: An ovel'view of the abstraet heap reprc'sc'Il ta 1 iUII. 

'1'0 il\corporat<, h(>ap illto our analysis, we define a single loeélt iOIl ill t 1)(' ,d, ... 1 1 rll 1 

st.ôck, callcd heap, which has no specifie type. This location l'epresPllb 1 1)(' \\ 111l1I' IlI'dl' 
This approôeh of approximating the heap as one location introdlll·(·..., 1 ()11"'I'l\dli\I' 

approximations fol' l'elationships within the heap. However, tlH'sC' J'(·léJl i(JII~llip.., (<III 
he further l'<'fined by a heap points-to analysis that is l'un aftel' tllC' ...,Ia(" pllillh-Iu 
allalysis [Chi93]. As we have found that it is very rare to have poillt('I~ h(ll k 110111 1 III' 
lIeap t,o t.he stack, t.his division iuto stack and heap analysis phas(>~ i~ \ ('n )'1·él"Olltll,II'. 
Ali t.he poillts-t.o relationships dealing \Vith heap location are of type' ]>o...,..,il,I., -puillh
to. The l'('asoll is that. we do Bot exactly know which locatioll of 1)('01' i ... l ,,1J ... idl·II·" 
This idea is further explaiued usillg the example given in Figure ().~( t1) • 
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typedef struet 
int a j 

int *b ; 
} FOO . , 
void mainO 
{ 

FOO *x 
int *y 

foo{ 

x = (FOO*) malloe (sizeof(FOO» 
y =" (*x).a 

} 
(a) The C program 

1* stmtl *1 
1* stmt2 *1 

1 heap r X'I 
- 1 

Y _ _ ~ 

(Il) 'l'III' 1,'1.11'" d,,,II.(,1 

.,1", " 

Figure 6.2: An example of c1yllélmic dat.a ,dlo(';!1 iOIl. 

In this example, statement 1 allocates sOllle 1llC'lllOly 1()(',1I.1()11~ 1'10111 \11"'11 \" 

the result, we get t.he relationship (x,hcap,P). The &(tx).a ili ~t.tll·1I1C'1I1 .! 1" .1 III 
cation in the heap. Due to ihis l'ad, aftt'l' proccssÎllg t.lti~ ~t.t1I·IIII·III. \\1' !!,('I 1111' 
relationship (y,heap,P). The final stack repl'csenta.tioll of thi~ pIU,!!.I""1 1" "\111\\11 III 

Figure 6.2(b). Functions causing the heap aJlocat.iolls an': mallac. callac. va Ilot:. 
realloe, memalign, mallapt, and allaea. The sanH' I}I'O('('S~ il!> ('\plillllf'd .11111\ " \1.1, 

to be done for them . 
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Chapter 7 

Implementation Details and 
Limitations 

'" t.his chapt.N, wC' ('xplain some details of our implementation. Thi:-. i:-. 1 OIIl\HI..,I,d III' 
OUI' dat.a structure for the abstract. stack representation in Sectioll Î.1. "'01111' "'PI '1 l,.! 

featlll'es of our analysis in Section 7.2, sorne details of map and 1I111llélp Pll)( (' ... ..,(' ... III 

Section 7.3, and finally the libl'ary functions in Section 7.4. 

7.1 Abstract Stack Data Structure 

The concept of an 'abstract stack' is introduced in the previolls C!télP"'I.... III 1111-' 
St,ctioll, we cxplain its actual data structure and the reasoning \wltilld 1 hi ... illlpll'III1'11 

tat.iol1. 

For several l'casons which will be explained later, we use a bit mat ri\: dal ri ..,11'111'1 III (' 

for our abstract, stack representation. As a bit matrix requires ail éll'l a,' (JI cl Il;>,'''' 
size, we first pass through the program to collect the variables COIT<':-.p<)Jld i Il~ ! (/ ('d( Il 
functioll. To minimize the size of the bit matrix, we collect only th(' ,'ariablc'", ",lli( Il (l)'(' 

involved in point.s-t.o analysis. These are: {il the actual/formal paJ'élllH'tc'l':-' or POilll('1 
types, and (ii) t.I1(' variables appearil1g in the Ihs/rhs of the assigllllH'1I1 :-.1 dl ('1111'111 ... 

l'<'pr('sellled in Table 5.1. Each function has its own bit matrix wl1('I(' Il](' :-'1/1' (JI t III'" 
mat.l'Îx depcnds Oll the number of collected variables. If a global '<lI iclhl,' X i ... 011(' 

of the collect.ed variables of any of the functions, it should be al:-.o ill< IlId('" ill 1 III' 
('ollected variables of aIl other functions (because it is indirectly (\c('(':-.siIJI(' 1" Il](1''(' 
f\ludions). Aft.e!' collecting the variables for each function, we l)('rfol'lll 1 III' poilll .... -1 (J 
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analysis starting fl'om the main functioll, This analysis is (,Oll'lHbl'd of 1 hl' IIIII\I\\'III~ 

steps: 

1. Building the points-to bit matrix for the funct.ion main lISill1!, 1 lit' ('01/1'( II'cI \ dl i 
ables, 

2. Calling the 'points-to' function (givcn in Chapter ,1). 

Each index of a bit matrix represents a variable in li\(' 1'(·lillt'd fllll( 111111. l'lit' 
global variables keep the same index in aIl tl1(' bit mat.ricC's. 'l'hc'I'I' .11 (' 1 \\'11 , \ pl'~ III 

bit matrices, one for definitcly-points-to rclat.ionships and thl' 01111'1011(' for pll~~ill" 

points-to relationships, If the (i,J)'th clement of the d('fÎllil('I,\-p"illh '" 1,11 IlIdlll\ 
is equal to 1, it means t.hat t.he varia.ble cOl'l'cspollding 1.0 t Il\' 1'1 Il dl'lIlI'lll Ild" 01 

definitely-points-to relationship with the variable cOl'l'espolldill,!!, III 1 III' J" Il 1,11'1111'111 
If the content of the (i , j )'th element in bot.h defin i t.e1y- poi Il t.s- 1 Il (illd 1 Il I~"" ,/\ 1 Il 1111 h 
to bit matrices is equal 0, it ll1eans that t.he variabl('s 1'(·lélt.('d III 1 .11111 l 1101\1'11" 
relationship. 

Figure 7.1 shows a graph repl'esentation of the cor!'('spolidilll!, d,lI.1 ", 1111' 1111' Sil Il l' 
dynamically alloca,ted functions (Iike malloc) al'(' costly, \.III' w/roll' 1111'1I1()1 \ Il''111111''' 
for the complete data structure (as reprcscntC'd in F'igurf' 7,1) i!-> (OlllPIIII'" dlili "II" 
cated only once. The necessary links arc computed hy 1H'l'rOl'lllill,!!, """11' 01111111111'1 Il 

operations involving sizes of thc fields. 

The following are the advantages of using the bit. Illat.l'ix dat ri ,,11111' 1111' 

• Memory Space: As a single bit is lIsed to indicat(' if two ".Ili,tI,II'" .III' Il'ldll'c! 
or not, we are using the minimum space for OUI' f'(·prc'sc'II1.i1ioll, 1'1)1 l'\dll'ldc', 
ifthere are 60 variables in a function which are illvolv(·d ill l',,ilil'' II/ dlldl\,i-. 
and an integet' is composf'd of 32 bits, the rclatc-d hit III,tt 1 i( ('" ,dC' 1 \\11 011101\', III 
integer type with 60 l'OW8 and 2 colurnns (this cali 1)(' fllr1.I!!'1 IIIIIIII/\C'" III d 'I" 
2 matrix), 

• Speed: Th· operations are fast and efficient because t1lC'y ,11(' IlIdlld\ 1IIIII/HI'-I'" 
of bit operations, Some examples are given in the foJlowillp,: 

- The merge of two matrices is the 'logical or' of t1H' 1.\\'0, 

- One may need to access the (i, j )'th clement of a bit 111,11 1 1 \ III 1111" 1 d' ,l', 
index i provides a bit vectol' ta look for the indc!x J, '1111' i Il "'11,1'1 Pd Il III 
the ratio of j ta the numbcl' of bits pel' word (il! Uli", l ""'(' :t~ ) !!,I\ l', 1111' 
actual column number for j, The rcmaindcr iu dividill/l, J 1)\ .12 p,1 \ C'" 1111' 
bit number in that column, Fol' example, fol' j = 65.1 Ill' (/J11i1I1I1 1IIIIIdJl'I 1-' 
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n 

Variables Vector 
- - -.-. -- ---------, 

var 
field {ALJNFO_YAR(aLblk, iH 
next {AL_INFO_STR_PTR(aLblk, Il} 

. _f!l!9.lA.L .. J.N!? ... ~~~(~~~,!2l_ . _ . 
val (AL_INFO_YAL(aLblk)} 

·The variables wrltten in small case are the 
names of the fields (e.g. val). 

• The names wrltten within { } are the names 
of the maa-os to access that field. 

• The arrow links correspond to pointers. 
• Thelndented variables (e.g. 'field' in 'var') 

are the fields of structures (e.g. 'field' is a 
field of 'var') 

fields of 1 th variable 
-

field (AL_YARS]IELD(aLvars)} 
next {AL_YARS_NEXT(aLvars)} ---. ... 
flag {AL_YARSJLAG(aLvars)} 

FigUl'C 7.1: The data structure of the abstrad stad:. 

2 and the bit numbcr in 1. This means that the first bit in ü. 2) '111 ('I('IIWIlI 
of t.he corresponding bit matrix is demanded. Masking i:.. Il:..(·<1 t () d( «'''':-' ri 

given field. An array of masks is defined to speed up 1 Ill' él<·('(':-.:-.illl-', pl()(·(' ...... 

The sizt-' of this array (maximum number of masks) is ('qlldl 10 1 lit' 1IIIIllllt'i 
of hits pel' integer (in this case 32). 

- 1'0 det.crmine if *a and *b refel' to the same locations, one ))('(·cl:.. 011" lu kllO\\ 

if two array pointers are pointing to the same array(s). In t hi:.. ( il:-.('. d l().t',i( ,.1 
'xor' opcrand is used. If the result of 'xor' of the rows ",hic!. cl 1'(' 1<'1,,1t·c1 10 

the pointer variables is 0, we conclude that the variabl(·:.. (In' poillt illg t 0 

the sarrw location(s). This is particularly useful for tl1<' and." d('IH'lId('II( , 

module that needs to know if two array pointers point to t I\C' "'<lIIH' ;11'1'" 

• Accessibility: Since wc need to frequently check the point:..-to illfol'ilidi iUIi. it 

is important to have a fast access from a variable to its Îll(lc-X i Il t II<' IJil IIléill i~ 

and vier versa. In our case, this is quite fast because thel'C' i:.. êI ('())')('''IH)lId('II( (' 
bet.wecn ('ach illd(lx of the bit matrix and a variable node in t II(' 1 J'('('. 
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7.2 Sorne Special Features of Our Analysis 

• As the result of points-to analysis is used by othe\' anaIYHI'I'>. 1 III' ('('l.l!t'cI 1111"1 
mation should be saved for later use. The corrcspondinp, bit 11I.ltl'in'.., .Ill' ~dll.d 
at the statement level. If a function is céll1ed more thall 0111'1'. III "'dll' "'01111' 
space, the information from different caUs is first Illel'p,('d togl'llll'l' illld 1111'11 1 Ill' 
result is saved. Therefore, the possibly-points-t.o inforlllat,ioll 111.11' IH' .1111' III 1 Ill' 
merge between two different calls and not, duc 1.0 a. loop 01' III .1 IUlldilllll1. Il 
space were not an issue, one could easily save the point.s-tu infol'llldt IUII 1111 t'''t Il 
statement sepal'ately (each containing the rela1,ed invocat.ioll ,Il,1'i1plt 1111.11'). \\C' 
are planning to fmther investigate this issue in our fllt.II\'(' \\'01". 1·1t· ... t·1I111. 1 Ill' 
points-to information ca.n be used in one of the followinp, t I\'lI "'d,I ... · 

1. Other élnalyses are donc simult.aneollsly with t.he' poillt~ 10 dlld" "'h, III 1 1,,-. 
way, those analyses obtain the precise point.s-to in 1'01'1 11 itt iOIl. l'lit' di ... "dl "Il 
tage of t.his approach is that it. is more cOl1lplicat.C'd 1'1'0111 tilt' IlIlplc'IIII'1I1 ,,111111 
point of view. 

2. Other analyses are donc after the points-to alléllysis is (,()llIpll'kd, 1111' "tI 
vantage of this approach is that the implell1ent.al.ioll b ~t l'il iglil 1111" d 1 d, 1 h 
disadvantage is the possibility of gel,ting more' j>ossihl,\'-plJillh III Il,1,,111111 
ships . 

• As mentioned before, the points-to information is saved 1'01 ('il('h ..,\;ttt'II\('III 1111' 
sequence of statements that do ilOt. affect the points-I.o c111.tlysi:-. Iidl C' 1111' "'''"11' 
points-to information. To save some mClBory space, l.hi~ :-.('q"t'III C' III -,1,,1"111"111, 
point to the sallie bit matrix . 

• Our method can pel'fol'Ill some co\'rectncss cl!c'('killg for 1 If(' i'IO).!,ltllll Il,, ... 1 
normally donc at l'un-time. These checks pl'oducc' SOIll(' ('l'lOI /" ,II ""I.!!, III" ....... "L'" .. , 

to the user. For precise chccking, wc initialize ail t.llC' poillt ('1' rill i,tI,lc'", III PIIII" 
to NULL at the beginning of each function. The followillp, i:-. tif/' 1i ... 1 III 1111' 1 III" l,·, 
which are performed: 

1. If the user applies an indirect refercllcc opcJ'allcl 1.0 li \'<11 i;tI,I" 1\ Iii, Il dl·11 
nitely points to NULL, an errol' message t.ogetl)('1' wit Il 1 III' '1I11I"'1"I"dillj', 
line number is repol'ted and t.hat line is igllol'c'd. '11)(· ItJlI,'\\'II1L' .III' Il'01' 
examples of this case: 
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mainO { 

} 

int Ua, c 
*a = &:c ; 

mainO { 

} 

int ua, c ; 
if (. .. ) 

*a = &c 

ln t.hese examples an error message appears for statement *a = &c. The' 
error occurs because a does not point to any variable (it. definitf,I.\' ]loilll ... 10 

NULL) and, consequently, *a does not exist. 

If t.he indirect reference operand is applied to a variable t h",1 possihh (loillt:--
1.0 NULL, it is not guarantced to be an errOl" To dari/\, t hi" poillt. (1I1I ... icl('1 
the following ex am pie: 

mainO { 
lnt **a, *b, c 
if ( ... ) 

a = &b 
if ( ... ) 

*a = &c j 

} 

1* sl *1 
1* s2 *1 

At sl, wc get (a,b,P), (a,NULL,P). Although at s2. *a Illight 1)(' '\1 '1,1,. 
but. sincc this is not definite, no message is givcn. 

2. If t.here is an arithmetic operation on a pointer variable which i~ 1101 P(Jilllllig 
1.0 an array, the worst case assumption is made, that. is, tll(' \'Miahk (luillt:
to ail other variables of its scope. As sueh arithmetic OpC'l'élt iOIl liligiit 1)(' 
duc to a programming error, a warning message is gencl'ô{c'd. 

• Sillce syst.em commands are not part of the C-Ianguage, the.\' arC' Ilot ... IIPIH)l'fI'd 

by our analysis, <'.g., exitO. This means that our allaly~i:-. lIlel,\' 1)(' (J\('rh 
conservativ(' since wc muid include non-realizable paths aflel' III<' eXl t (), 

• Union type variables are Ilot considered in the present vel'sioll of 0111 clllclh ... 1 .... 
llowcvcr, sinee thesc arc an extension to structures, a possihlf' '"'01111 i011 1'" !.!,I\ ('II 

in St'cLion 5.1..t. 

• Functions \Vith a variable Humber of parameters are not cOBsidc're'd 
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7.3 Sorne Inlplernentation Details of Map and Ullluap Pl'O
cesses 

As it was mentioned in Chapter 4, the map information (map-lnfo) is 1l~I'd \0 ".\\1' t ",' 
relationship between the invisible variables of calle(' and tlll' 10(',\1 \'al i,lhll'~ III l.dl"I, 
The data structure of map-info is a two dimcnsionallinkC'd list ",hil It i~ !'l'PI,,,,,'lIlc-cI 

in Figure 7.2. 

,--------------- ----- ----
vaUndex (MAP _INFO_VAR(mapJnfo)} 
related_vaUndex {MAP_INFO_REL_VAR ma Jnfo 
nex! (MAP jNFO_NEXT(map_info)} 

-~------

reLvar 

index (REL_ VARJNDEX(rel __ var)} 
-next {REL_ VAR_NEXT(re --. 

-The variables written in sm ail case are the names of the fields (e,g. var_Index) 
• The names wrilten withln { } are the names of the macros to access Ihal field 
• The arrow links correspond to pointers . 
• Following is a description of 'mapjnfo' (map information) fields: 

var_index: is the index of an invisible variable in callee 
related_'iaUndex : is a pointer to the variable(s) in caller which are represented by 'ViU ,ndox' 
next : is the pointer to the next invisible variable 

• Following is a description of 'reLvar' (related variables) fields. 
index: 15 the index of a variable in caller 
next : is the pointer to the next variable in caller 

Figure 7.2: The data structure of maj) illfo)'Jnatioli (map ] nfa) 

Any intel'procedural ana.lysis that lises t.he point.s-to illrOi III,tI 1011. 111"\ 111'1" III 

access the invisible variables. Therefore, wc nced to savc' tltp III<tp illlOIIlI"t 11)11, j' .. 1 
lowing shows an example of constant propagation where tll<' Ill;, p i Il 1'01111" t 11)11 l', Il -1 ,,j, 
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maIn () 
{ 

} 

int *a, b 

a ;:: .tb 

f(a) ; 

*x = 1 1* stmt 1 *1 

Silice at st.at.('Ill('llI. l w(' have (x,l....x.D), artel' constant propag<ltloll Lx 1" "1'1 
equal t.o const.allt. 1. Aft.er rcturuing to t.he main function, we should COlI< 111111' t 11it1 b 
is ('qllal to collstant. 1. This can be done only ifwe know thal Lx i:-. ('qlli\,I!I'l11 III b 

'l'he map infOl'mation (map-info) related to each functioll cali i:-. :-'cI\(·d ill 1 III' 
)'(·I,tL(·d Bode' in th(' invocat.ion graph. This information can 1)(' (·êtsil\ 11"('" 1,\ 1,1111'1 
analyses. 

7.4 Library Functions 

Ail t.\w libl'al')' functions except those listed in the following arC' ~id(· <'Ir(·( 1 11('(' 

malloc, calloc, valloe, realloe. memalign, mallopt. alloea 

The ahove functions genemte a points-to relationship between \'ariabl(·., éllld Il](' IW'IjJ 
which is discusscd in Chapt.cr 5. Note that function alloca alloeat(·., d IUf d111l11 IIUIII 

st.ack and 1'('1('a8('8 il. aftel' )'(·t.ul'Iling from the function. In this CéI:-.(·. "'(' ,,1 dl gi\ (' 1 III' 
point.s-t.o r<'lat.ionship to heap, because it. does not. change tl1(-' gC'II(·ralit \ (JI Il](· 1](',,1' 
dnalysis. Not.e t.hat WC' do 110t hancHe memcpy because we belic\'(' it i:-. Idl('" Il''('d lu 

afft·ct. t.he point.s-t.o informat.ion. However, we will send a l11<'Ssélge 10 III<' 1)"'('1. Il 1111'" 
('(\8(' happ(,lIs fr('qll(,l1t.ly, wc can easily ha.ndle it . 
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Chapter 8 

Experimental Results and 
Practical Uses of Points-to 
Analysis 

In this chapter, we dcmonstrat(> th(· effcctivclI('ss of OHI' !>oillb-Iu dll"l, "1" 1., 1"'" 1,1 
ing some experirnental results. \"le €llso disclIss how 0\.1)('1' alJilh'~I'" llIll'l/·III/·III/·.j III 
the framework of the McCAT compiler bcndit. l'rolll 0111' poillh III Ildlll Illdl 1"" 1111' 

experimental results obtained by running the analysis on :-;0111(' ~liJllddld IH'III 11111011/" 

are pl'esented in Section 8.1. In S<,ct.ioll 8.2, W(' discuss 01111'1' i111t1h .... / .. , \\111/ Il dl/ 
curl'ently using the result.s of our analysis. 

8.1 Experimental Results 

This section contains our experimclItal result.s 011 SOli 1<' ~tdllddlll 1)('11111111.111. Id 

ble 8.1 contains the following information ahout t.he hell< hlll<ll k lill'''' 

1. Benchmark: is the namc of the bcnchmark 

2. Lines: is the number of lines in the benchmétrk indlldill).!, (III 1 1 If' / /)IIIII)I'IJi III)/' 

3. lof stmt in SIMPLE: is t.he total llumber of C-st.atplIl('1J h III 1 1 Il' l.) 1 \ Il' 1.1 1/ l' 
resentatiOl, cxcluding the comments 

4. lof func: is the number of functiolls ill the IWllchmal'k 

5. Min lof var: is the minimum number of variahl('<'; aillOli).!, ,d' ,'/).,11 d/ 1 1 d' 1. 
(this also includcs the invisible variahles alld ail t.he fi(·ld., 1/1 1 d,/' 1)1" 1 1 Il' 11)1' ) 
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(i. Max #of var: is tbe maximum number of variables amollg ail (\h~1 1 MI "1 iH k" 
(tlli:; also incllldes the invisible variables and aIl the fields ill ('a~(' of a "1111<'1111(' ) 

7. J)('scriptioll: i:; a brief description of the benchmark 

Note that each function has its own bit-matrix where the size of t Il(' llIal 1 i\ (l<-p<'IIc1" 
0/1 tJl(~ totallllllnbf'r of variables involved in the points-to analysi~. Thc' ('Ollllllll~ '~Iill 
Hof var' and 'Max lof var' give an idea of the size of this lIlatrix. 'l'Ii(' larp,(':-'I 
bit-rnat.rix SiiW for the given benchmarks is equal to 187 (for tlw progréllll .( olllrp,'), 
Assurning that cach word is composed of 32 bits, only six words are IH·pdc'c1 10 ,,101<' 
011(' l'OW of t.his bit mat.l'ix. Seven programs need a maximum of Ollf' WOJ'(!. 11\ (' 1I(·(·d 
t.wo words, alld t.he l'C'st. nccd four to six words. The smallest :oi;œ of III<' I)il-Illdlli\ 
is CHlC' word fol' fOlll'teen of the bcnchmarks and two words fol' tll<' J'('lll<lillill,!!, 1111('(', 
COllsidf'ring t.hat thcsc Ilumbcrs include ail the invisible variablc'~ alld édl t III' IH)""il)I(' 
combinatiolls of struct.ures, the required memory size is quite ~Illcll!. 

Ali poillt.(·1' t.ype variables are initialized to NULL. This illitializdliull 11l( 1('cI"('" 
t.IJ(' IIl1mb(·1' of pOillt.S-tO rclationships. Since these relationshipfl an' 1101 1)('( 1'''''c1l'ih 
init.iali~cd hy t.he user, the points-to information contributcd by 1 hi~ illit i,di/dt i011 
is ilOt. (,oullt(·d. The relevant statistics is provided in Tables 8.2 aile! ~:L \\'('111"1 

all(\ly~e 'l'ab 1(· 8.2 which essentially contains the number of illdin'('1 11'1'('1('111 ( .... III <1 

program. 'l'hi:; tablp represents the actual use of points-to inforlllalioll dlld «()lIldill" 
t.JJ(' followillg itPlll:; (from Idt to right): 

1. Benchlllark: is t.he' name of t.hc bcnchmark 

2. 

:1. 

,1. 

,1). 

G. 

ï. 
S . 

#01' illd l'd' for Dd l'cl: is t.he number of indirect l'efercll(,('~ 1 Irat Ird\ (' dl'lllIil(,I, 
point.s-t.o l'plat.iollship. 

lof ind l'er t'o' 1 l'os l'pl: is the number of indirect referellc(,~ tlldl 11<1\('llld, IJIII' 
po:-;sihly-po:nt,s-t,o relôt.ionship wit.h other variables. 

#of ind l'cf for 2 Pos l'cl: is the number of indirect r('fp['('IJ«'~ tlldl Iid'I' 1\\11 
possihly-point.s-to relationships with other variables. 

lof illd rd for 3 Pos rel: is the number of indirect l'ef('I'('IJ«'" 1",11 Ird' l' 11111'(' 
possibly-points-to relationships wit.h other variables. 

lof ind rd' for 2:: " Pos rel: is the number of indirect rdel'('Il< ('~ t Il,11 Ild' (' 111111 
or mOI'p, possibly-points-t.o rclatiol1ships with other val'iabl(·~. 

lof illd rel': is t.he total Humber of indirect references in the bell< III11dl" 

Avg: is the' av('rage llumbpr of variables that an indirect n'l'pr('II( (' 1" pUIllt ill!..!, 
t.o. This is cOlllput.ed by dividing the number of definit('I,\/po,,~il"'-Jlf)il",,-I\) 

133 



• 
Benchmark Lilll's 

genetic 506 

swap! 25 

swap2 30 

dry 826 
intmll1 71 
clin pack 1231 

config 2279 
toplev 1637 

compress 1923 

mway 699 

hash 256 
misr 276 

xref 146 

stanford 885 

fixoutput 400 
allroots 225 

• 

#of #of Min Max 
stmt in flln(" #of #of 

SIMPLE var var 

449 1~ 28 rl4 

25 3 :~ 8 

28 3 3 8 

206 13 21 43 
44 5 -1 10 

UIU Il 10 lOG 

45:11 52 18 187 
811 :n 'IS U7 

1275 Il 41 17f> 

871 2:3 .) 1 125 

110 .') 15 ao 
235 5 10 ,14 

1:3ï 7 25 60 

848 48 :11 44 

382 5 15 2fJ 
245 fi 2 8 

A gt'lIP1 H' alp,o 
IIIg 
1 nll i n'ct 1)' S"',II 
dit.ion 
Indirl'd Iy ~\\'al ) ... 1 \1 • 1 1 li 11111. 1 \" 1 1 li". ~ Il JI " , , 'II' Il 
t.lon 
DhryslolH' IH'II 1'11111,11 " 

Inf('!!.1'I' III al 1 1 \ 

'l'III' (' \ """'1011 

Llllpal'k 
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0111' of tilt, lill' 
top Il'vl'l of ( ( 
fil l'S, III vokl':" 1 

d"r, and rl'('ol 
IIIl'ssagps alld 1 
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UNIX IIl.lIily Il 
t III' fill'!'. 
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part itloll 
Ali IIIIpll'II1f'1I1 
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l.allls t.1t" 1 r Il • 
oul.pul.:-. art' Il 

III 111111' Il' 1 

.. 1 III' 1"111""' 1,,", '" 1 .. Il' 1"",11 1. 

I~', Il III • .., • 01 1 h. ( l '" ~',11 "" 

..... 1(;\1 ('1,,,,,0111111' Il,,111' 

Il ".11"" "'111111 Il,01 "", "1" Il, 
Ill' \01""11" 1'"'''' ", Il,. 1'1"1" 1"1 
d~ 1 1", 11111' Il "" 1 l, \ .", Il " "1 

011' 1.,\.11111. d"" 1 .. "' dl .. , Il' d,,, 

1 Il)!, 1 ""I 1-" '"1111''' 

1111 '''1 ," 1 1" ',1 "". '1 Il 11111 ' l, '1 "' \\ ,,\ 

;1111111.1\" Il,,,,11 1."", 
t'H',II'" 1 \\11 \11"'11 "II' ,,111.1""11 

01111'"1-. "lId III' "II,. 1 III "III' It III' 
01 ""11111".01 \\111, Il,. 1""I"d,IIII\ 
plll 'II ... \.d".,.01 Il,, \11"'11 ~ dl' 

"> "11" 11I11"01",,.J. Il''1 1"1\,, 0111 

glvPII III t.I\f' III 
cOlllparl'd lo~' 
('ph'd t.lwlIl!!I'1 v l'" 
This progralll 1 ~ C/lI'",d """1.101\011, •• 01 ('l''''~,1.J1I1 
lIIillg 011 1 1 If' 1 B 1\11" 1111,' 1 .. ' 1,1. 1. l'" 1""~',ldlll 
bill Ids a l,rpI' Il r Il "III" 
Stallford Ilahy 1"'11""11.111. ,1111, Il' ,III ,/.01'11 Il. Il 
IH'Ssy 'l'III:" lill '1I1C1"d,'" 1"111' (l''IIIIIII,JII''"~''" 

Il' (1111. 'j.!,' 1 11101 1 Il \ 1111" l ,,01 l' 1 1 \/111 

1'11,1 (III I •. d ''''11.1''''1 (~""II (l

Il). '1 ,,\\. 1 Il,,\\. 1.,1 110111"1 '1" III 

l'lIul,', 1111101". (" ,II J 1 l'll' l, h"ll J 

('mlor), '11111111 

(lIIal.rr '( 1111111.1 

qlJ('I'II!! problf'1 
~I v(' progralll). 
Trl'I' (~ort. Il:''1 lI~dyll.JIIII' d,Id 1,'1·111" 1 Il '''1 
(Fa . .,1. FOllr1<'1' ' 1 rHII ... r, .111 1 1 

~Ial III A si III pl" t.\'11 Il , 
Filld ail tlll' rI loI., "1,, 1, •• 1\ li .. Il Il " 

-

Table 8.1: Charadc/'istics of heTICIJlTlarl< fi 11'''', 
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rdatiollships by the numher of indirect rcferenccs. For exalllplC'. 1 hi~ 111111")('1' fOI 
the 'genc,tic' henchmark is equal to: (5+33+2*2+2*3);'12= 1.11. 

An indirect rderence can appear in the form of *x, (*x) .y.z, and X[l] [J] (\\'111'11 
x is a pointer to array). Wc have collected three rows of informatioll 1'01 c'a( Il I)I'IIC 11-
mark. The first row in each case is related to the indirect rcf'C'!'('II( ('h of 1 III' 101'111. 

*x and (*x) .y.z. The second row in each case is related to tll<' :-,c'lllallli(cllI, illfli
rect. refere'lIccs of the fol'P.l x [1] [j] (.x) [il [j]). This information i:-. pétrI indrl!'h 
important in t.l1C' anay analysis. The third row in each case is t I}(' Stllll of 1 II<' IiI "t 
two rows. The rCRults in this table are generally quite impressi\'C'. This illdi('étl!'~ t III' 
C'ffc.'d.ivenesR of 0\11' point-to analysis. Following are sorne spC'cific ('()JI('llI"iIJII" d('II\ ('d 

from this t.able. 

• The av<'rage numbcl' of variables that an indirect referencc' i~ poilll ill,!!, 1o 1" IllIil/' 
close t.o OllC, whcr!' 01\(' indicates the be"t possible casc>. 'l'II<' o\I'ldll d\('ld!!,(' 1" 
c<lual t.o 1.0,1. 

• Overall, 47.10% of t.he poillt.s-to rdationships are defillitc'JY-Polllh-I o. 

• The Humber of indirect l'efcrences of the fOl'lTI xCi] [j] (\\'1\('11 x i" cl POlIlll'1 lu 
an array) t.hat have a dcfinitely-point.s-to relationship, play:-. élll i11lP()1 1,1111 1011' 

in array dependencc analysis. For most of the benchma!'ks. :-.p('ciétll.\ "Iillprl' k" 
and "stanford", this is a targe numbcr compared to the totéll 11111111)('1. 

• 1'he1'(' is no case wit.h more than four possibly-points-to l'elat iOIl~hip" clllc\ 1 h<'II' 
is only olle case wit.h t.hl'ee possibly-points-to l'elationships, 

Table 8.3 cont.aills t.he genel'al points-to information. The IlIl111C'l'il (d Il'''>1''''' Il'plf'
SPlit the sum of tllC' points-t.o information for all the pl'ogralll poillt:- ,1111'1 1)111 dlld" "1" 
is complcted. This table is composecl of the following items (l'rolll 1('f1 t () 1 Il..',! 1 1 1: 

1. U<'llchmark: is t.he name of t.he bcnchmark 

2. Total: is t.he tot.al nUll1ber of points-to relationships of ail t.hc' :-.t <11<'111('11'" ill t II!' 
('orrespolldillg benchmal'k 

3. Max pel' st.Illt.: is the maximum number of points-to relat.ionshiph 1)1'1 ,,1 dll'lIl('1I1 

.1. Avg pel' still\.: is the avC'rage number of points-to relatiol1shiph I)('\' "t dll'II\1'II1 

5. FI'OIll pal'l1l: is the Humher of points-to relationships from <1 1>(lIdlll('I"1 IfI <1 

variabl<' 

n. '1'0 parm: is tlJ(' numb('1' of points-t.o relationships from a "aria!>I(' tu cl l'dl dllIf'I<'1 

ï. From invi val': is the number of points-to relationships from ail ill\ i"il,I" 'dl i,d,ll' 
t.o a \tuia biC' 
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#of ind ref #of ind rcf 
for Def rel for J Pos rel 

0 6 
genetic 5 27 

5 33 

8 0 
swapl 0 0 

8 0 

4 0 
swap2 0 0 

4 0 

2 32 
dry 11 0 

13 32 

0 3 
intmm 2 0 

2 3 

7 0 
clinpack 123 16 

130 16 

#of inti ref 
for 2 Pos rel 

0 
2 
2 

0 
0 
0 

" 0 

" 1 
0 
1 

0 
1 

0 

" " 

#of inti ref 
for 3 Pos rcI 

0 
2 
2 

0 
() 

0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
() 

Il 

Il 

tl 
tl 

tl 

tl 
(1 

(1 

tl 
(1 

(1 

Il 

Il 
--

l ,o.fi. 1 ~ :~ 0 0 :: 

1~=to=p=le=v==~I====~~====~====!=~====~========~========~====~:: 

! romp" .. ! ~:~ :: 
~!=m=w=a=Y==~I==~~~!====*===~:~~~==~====~==~====~===*=====:: 

!~=h=M=h====~I====~~~==~====~~====~====~==~========~====~:: 

1 mi" I! i :: 
1~=x=re=f====~I~==~~~==~==~:~1====~====~==~====~==~====~:: 

1 .I •• ro,d I:::~ :: 
~1=fi=x=o=ut=p=u=t~I~==~~~==~====~~====~====~==~====~==~==~ :: 

~1=~=lr=o=o=ts==~I====~~====*=====~~:====~====~==~====~==~====~:: 

l'III #." 
1 

\ \" 1 
111.1 1,1 

1: 1 Il 

, IlltI 

, 1 ',11 

1ft 1 Il! 

10 1 1 ; 
--

I-il' 1111 

1: 11111 

1", 11111 

.-. , Iilli 

i, 1 IIi 

Il 11111 

1'1 Il.'1 

\1 1 .!'I 

l'II 1 li' 

1111, 

Iol 1 .. 
Table 8.2: Statistics for the number of indirect rcfcl'cllœ a('('(".,~ in fi IWIII 11111,,1 k. IIJI' 
first line in each case is l'clatcd to cases likc *x and (*x) .y.z. ï Ilf' '-I1'lolld 1111 1' III 

each case is l'elated to xCi] [J] when x is a point<~J' 1.0 alTély. '11)(' 111ildllll' 1· Il,, 
sum of the first two lines. 
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8. To invi var: is the I1l1rnberof points-to relationships from a \"al'iahlc 10 (Ill ill\ l ... d,I(· 
variable 

!). From struct: is the number of points-to relationships frolll (\ ..,1 l'wl III l' 1 () ri 

variable 

10. '1'0 struct: is the number of points-to relationships from a variahle' 10 (\ :-.11 \ICI 111(' 

II. From heap: is the number of points-to rclationships from hcap to él "ill'jillllco 

12. To hcap: is t.he p.umber of points-to relationships from a \'ariahl(' to lH'ilp 

JI, is seen that sometimes wc get large values. This is partially Iwc(\ IIS(' 1 II<' :-'iH 11<' 

informatiolJ is cOlll1t('d for lIlany statements. Bere are som(' ('0111111<'111 ... ()II Il)(''-1' 1111111-
bers: 

• The suhstantialnumbcr of points-to relationships from a pal'éIIlH'IC'1 111 ,l' al j.d,ll· 
ernphasizcs the' nccessity of the interprocedural point-to ail a Iy:-.Ï:-.. 

• An intcrcsting observation is that we have not encountC'rC'd a :-.illgl(' jll ... 1 .1111 (' 
whcre a poillt,cr points to a parameter variable. 

• Anotht'r inte'rcstillg observation is that there are very few ('a~(':-. of illl jll\ l..,jl,I(· 
variable poillt.ing 1,0 other variables. The few encounten'd ('a~(':-. IlclPI)('11 \\ 1)('" 
one has a parameter (or global variable), say x, which is () Illlllli-I(·,(·1 PIlIIII('1 
type and *x is an invisible variable which points to anothel' YHriélhh·. ('"Ii"(' 1 Iii ... 
cas(' , our statistics shows that it is quite probable that a parallwl ('1' ((JI glol,,,1 
variable) points 1,0 a variable which is not in the scope of thal fllllCli(J11. 1 Iii ... 
conclusion is derived from the numbers in the 'To invi val" COllll1111 il! 1,,1,1(, X. L 

• There arc not many rclationships from/to variables of sI l'nelll Il' 1 \ 1)(' 1 () tll 111'1 
variables. 

• AlIot.her import.ant result is that there are no points-to l'f'lalioll:-.llip ... 1'111111.1 
dynamically-allocated location (we use the location 'heap' for aIl 01 11\1'111) 1 () .111\ 

stack-residcnt variable. This means that pointers in heap-a Iloca I<'d (JI, jl'( h UI'" 
point. 1.0 otlH'r heap-allocated objects. This observation support... UIII dpplllrl( Il 
of separat.illg t.he points-to analysis of stack-allocated and lwap-(dloCi-II('d d.llrI 
st.rllct.\I1'eS, and developing different abstractions for the two CéI:-.(':-.. FIIIIII('I. t III' 
substantial number of points-to relationships to heap, uJ1(krlill('''' 1 II!' 111'11(,111 ... 
achievablC' l'rom a powerful heap analysis . 
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Bench- Total Max Avg From 
mark per per parm 

stmt stmt 

To From 
parm invi 

var 

To 
invi 
var 

~r-t 
~J~"::' 

Frolll 
slrllel 

------
1::~ 1~ ~~ 1 J -- -- -1 

:===:==~6~0 ==;:=5~~~~~~~~r ~ --1 

~~ ! l~ \ r --1 

::::::::::~:~!::::I;::::::::::::::::::::::~:~:I::~=J_ 1 

~~~=*~~~7~*=~:~~~~~~==~===*~~~==_1- 1 

r- -~L 1 
:===:::=~~~~====l==~~ 1- 1;\Ii 1 

:!Oll 

-r 1 

J 1 

1 compress 4815 14 :l - - --
6:\0 1 17694 66 13 511 -- --

-_ .. 

-r 1 
1 mway 10708 48 12 967 -- -- 1044

1 5733 28 6 78 - - - 173 

_1 - 1 

:=:;:===::=:;;:;=*=:::::;;;:=::::=::;:=:=;;:;=*====::===*=''7.2:;:3(::=) ~=--[ 1 

128 114 llifi __ 
~~==~==~==~==~====~==~==~===*=== 

~~~~=::==:=~-_l j 
.--,---, 2:Jfi _ r 1 

~~~==t==~~----f _ 1 

\ xref 25\ 
1 stanford 654 538\ 

489 115 

1 fixoutput 741 
=1 3116 

Ifi9 ] f 
'------'-_-'---'-----'----L----L----'-_21--'O '----- __ 

1 ail 164 159
1 605 420 

1',,,'11 1 .. 

1r""I' 1r""I' 

IlIhh 1 

1 

1 

,'i, 1 

1 

1 1 

1 
p, 1 

1 f, 1 

1 
111.\ 1 1 

1 1 

1 1'1'1 1 

1 

',I/i 1 
1 

1 1 

.\11 1 

j'Kf, 1 

.\,(, 1 

Table 8.3: General statistics of the points-to analysb. 'l'II(' fi 1' .... 1 lilll' III "dl Il 1 li," 

contains the statistics of the definitely-points-to infol'Illatioll \Vllil" 1111' '-0/" f'lld 1111" 
contains the statistics of the possibly-points-to information . 
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8.2 Practical Applications of Points-to Analysis 

Points-to analysis acts as the initial step for many other analyses pel'fol'J1H'cI b., lli(· 
McCAT compiler and improves their accuracy. In the following, wc brif'fI.\' ('xpl,till 
sorne of these analys<.'s which are developed by other members1 of our r(>s('al'cll glOllp. 
We summarize the impact of accurate points-to information on thcir 11\('1 ho(b. 

Section 8.2.1 discusses the replacement of indirectly referenccd variables ",il 11 1 1 1<'i l' 
adual variable. Section 8.2.2 is on dependence analysis for the ALPHA 1'C'PIl'h('1l1 (1-

tion [IIGS92]. Section 8.2.3 is on extending the invocation graph (relatin'Iy poilllh-Io 
allalysis) in the presellce of function pointers parameter [Ghi92]. Sc'cl iOIl ~.:!. 1 i ... Illi 

generalized constant propagation [LH93]. Section 8.2.5 is on ana)' dcpe'lllkll('(' <1 Il,d \
sis [.Jus93]. Section 8.2.6 is on reaching definition analysis [Sri92]. St'cl iOIl ~.:.!. ï i ... 011 

live variable analysis [Sri92]. Section 8.2.8 is on loop unrolling which i~ ill'l>I('lIl<'ll1 ('" 
as a course Pl'Ojcct by M. larocci and C. Pateras. 

8.2.1 Replacement of Indirectly-referenced Variables 

III accessing an indirect reference variable (e.g. *a), different élllal.'·h('h 1)('11<1\(' dilkr
ently depending on having possibly-points-to or definitely-points-to J'('1<11 illll ... ltijl. 1 () 

avoid redundant checking, we can replace an indirectly access varia!>I(' . ..,H.' *x \\ illl <1 

variable y WhCll they have the relationship (x,y,D), and y is not. ail ill\'ihih'" \ <11'1,,"1(·. 
The fad that replacement is not done for an invisible variable doeh 1101 IIl1'dll Illal 
they can not. be useful. As an example, they are useful for register allocéllol' \\'11<'11 III(' 
life time of keeping a variable in a register can become longer for dcfillil('h-poillh-l0 
variables. They will be also useful in propagating any data flo\\' illforlllal iOIl l'Will 

('allec to caller. 

Table 8,4 represellts some statistics on benchmarks of Table 8.1. 1'1)(' li 1 ... 1 f Ulll11111 

is the totaillumber of indirectly rcference pointer variables that ha \'C' dc·fill il ('" -pui 111'-
t.o relat.ionship wit.h any variable. While the second column repr(,:'C'lIh tote" 11111111)('1 ur 
indil'ectly rcfcrence pointer variables that have definitely-points-to 1'<'lal iOIl ... hip \\ illl 
rf'gula.r variables. This number shows how many cases of indirect ('('fe·J'(·IIC·c· ... ('cl Il 1)(' 
l'cplaced by their points-to variable. One can increase this Humber b.,· t II(' IIh(' of 
function inlining2 • This is due to the fad that callee has access to a loccd '-dl i,d,I(· X 

of caller (which is not in the scope of calIee) through a pointer px. If t 1)(' fUll( t iOIl (',dl 
fl'om caller is rcplaced by its body, this limitation in scoping docs 1101 (·xi ... 1 ,111\ IlIUJ('. 

1 El\cept the llIt'lhod III Section 8.2 1 which is due to the author . 
l Ht'placing 1\ runct ion calI by it s body. 
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Benchmark #indirect. rE'f to 
-

#indlrl'('t rd 1 n 
regular & invisihle rE'gular varlah(.· .. 

variables 
--genetic 5 5 

swap! 8 4 
swap2 4 0 
dry 13 !) 

intmm 2 2 
clinpack 130 () 

con fig 9 0 
toplev 0 0 
compress 0 0 
mway 55 () 

hash 7 0 
misr 4 0 
xreC 0 0 
stanCord 67 51 
fixout,put 5 5 
allroots 0 () 

Table 8.4: The statistic results for indil'cctly éH'('('ss('d ""l'i,"",''', 

8.2.2 Dependence Analysis for ALPHA 

In this section, wc briefly present the work of lIcndn'n, Gao, alld SII·(·,III"1 1111 ,\ L 
PRA [RGS92], ALPHA is an intel'mediate representatioll t.hat. <dlo\\',> (JII" l" 1"'11111111 

sparse analyses, The first step in constrllcting ALPHA is t,o l!.('IWI"!I,· Il',,dj\\'llic' "t'I, 
for each statement using the points-to information. The J'C'adjwlit" :-,,'1 "IWt IIlt'" .dl 
the abstract stack location read/written at each statemcllt ill Slï'vIPLI':, ï III' ",,\ It, 
generate this information for pointer variables is to follow tlll' lillk:- ill 1111' .d,',11 dt 1 
stack of the points-to analysis, This is done \Ising the 1'1I1('s giV('11 ill ''''',!" ;-., " \\ 111'11' 
S is a statement, PI is the points-to information, Wp(s, PI)j \·F,!! . .,. III) 1" 1 Iii' Il' ,', 

sible/definite write at s with PI as input, R(s, PI) is tI}(' /'(,;\(1 :-1'1 dl ,'" \\1111 1'1 d', 
input, P,,(x, P 1)/ Pd(x, PI) is the set. of variahles that x <le·nllit.e·l,\' jpo:-:-.i 1," ~ \Jill Il 1-, Iii 

in PI, and P(y,Pl) is the set of variables that x definitelyfp()s:-ihl\'~p/)lllh III 111/'1 

The example represented in Figure 8.1(a) shows a C-pI'Ogl'êlllI. Figll\(' x 11I'l ..,llfI\\" 
its SIMPLE representation, Figure 8.1(c) shows the rclate'cI élb~tl'tI('1 ..,1 dl k. dlld 1· Il!, 
ure 8.l(d) shows the readfwrite set rclated to each staternellt, ~(/\\' \\'" llil\ /' d 1IIi',"1 
look at statement 4. Clearly tempO will he in the rcad sC't. Ali t 1 If' llil ,II iUIII' J 111.11 
tempO is pointing to will be in the write set, in this case variable- c, 
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s Wp(s, PI) Wd(S, PI) R(s, Pl) 

x = y 4J ~:~ ~;.t x = unop y 4J 
x = y binop z 4J {x} {y,z} 

·x = y Pp(z, PI) Pd(Z, PI) tx,y ! 
.x = unop y Pp(z, PI) Pd(Z, PI) {x,y} 
.x = y binop z Pp(z,PI) Pd(Z, PI) {x,y,ttz} 
x = ty 4J {x} tP 
x = .y 4J Jx} {y} U pey, Pl) 

Tahle 8 .. 5: Rcad and Write Sets for statement s relative to point-t.o illfortlldt iOIl /)1 

mainO { 

} 

int •• a, .b , e 
a = tb ; 
b = ae ; 
•• a = 7 i 

(a) A C-progralll 

a 
b 
c 

tempO 

(c) Stack Matrix 

mainO { 
int •• a, .b , c ; 
int tempO 
a = tb ; /* stmtl */ 
b = te ; /. stmt2 */ 
tempO = .a /. stmt3 ./ 
.tempO = 7 /. stmt4 */ 

} 

(b) The SIMPLE l'cpl'ebl'lltallOIl 

S Writ.e(S) Rl'fld(S) 

a = ab {a} 0 

b = ae {b} () 

tempO = .a {tempO} {a, b} 
.tempO = 7 {cl {tempO} 

(d) Read/Write Sets 

Figul'(' 8.1: A simple example of dependenct' a\lal~·"i!'-. 

Once the rcad/write set is computed for each statement, e:l']Jo~Il"( {/lla/IJM" dI'C' 1'('1-

fOI'l1\('d. Exposme analyses, which consist of willbe_read, wil/be_II'!'ill( Il. //'{/'''_' (arl <llId 

lI'fi.'ullrilten, identify program points where a-nodes are intl'odu('ed. III<' <I-1I0c!(''' 

('ssentially captmc data-dependences crossing different control regioll~. IIII'Ollllrtll\. 

O'-no<l('s are Iike ùlenfity assignmenfs (e.g. x = x). Once Q'-nod('~ an' ill~('l't ('(1. d(·
p('ndcnce ana.lysis is performed to generate dependence informatioll alld t II<' 1 ('''Idt ill)!. 
l'<'!>l't'scntat.ioll is called the ALPHA representation. 

Th<' accuracy of dependellce information depends on the poinb-to illlOlllldtiull. 
Wit,hout point.s-to information, one has to make conservati"e asslIJl1pt iOIl'" 1 (·!.!,dl "ill!!, 
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the dependence informat.ion and this in tum ge!l<'rat,('s Cl 'd('lIs('I" ,\ LPI\.\ dep"lld"II( (' 
representation. 

8.2.3 Function Pointer Parameters 

The presence of function pointers complicates the intcrp!'()('('dlll'id ,lll,lh ... 1 .... 1,'11111111111 
pointers are special pointer variables which point to fUllct,ions. Tllt's(' <11'1' tt'II'II'II1 ('.1 
at run tirne to call the pointed-to functions. Unlike a norlllai fllll( t iOIl ,.dl. " l',dl 
through a function pointer can not be bounded to a uniqll(' l'II Il ct iOIl dt 1 Ollipildt 11111 
tirne. The function invoked from snch a call-sit!' dC'pends 011 t I\(' ,1< Ici 1 1",,, 11111 1.1 i IlI'cI 
in the function pointer when progl'alll exeeution l'caches I.h,,1. !loillt. 11111" dlIlC'I('111 
functions can be invoked from the same ('ali-site in diffcr('nl ('X('('II t iOII:-- 01 1 Ill' pl Il'!. 1 01111. 
Under these cÎrcumstances, the invocation gl'aph bC<:OIllCH é\ d.\'IIi1l1li( l'Iupl'II \ (II 1 Ill' 
program and can not be cOllstl'llcted by a simplc paSH Lltrollg" tlll' l'III,!.!,!'oIlIl 

However, a precise and safc static approximation of t.11C' iIlV()(',tI jOli .l!,1 tlpll 10111 ... 1 ill 
he obtained using flow-analytic techniques. The key idca is that t III' :-,c'I III IIIIIC 111111'" 
invocable from a function pointel' call-site is identical t.o the HcI. of IIIII( t jUil" 111.iI 1 II!' 
function pointel' can point to al. the program point just bcfon' 1.11/' ('id I-:-.i II' Il 1 II!' 1 1" Il 
piete points-to information for each function pointel' is availahl(· id Il,,· 1 Illlt· ... I)(llIdlll~. 
function pointer calI-site, the invocat.ion gl'aph can be e[('div('ly l'lili ,,1 111I1t'd. III 1111'" 
case, different interprocedural ana.lyses can he efficient.ly P(·l'fOI'llIl'11. ï 1) plll\ Idl' l'II' 

cise and useful information, points-to allalysis itself lIecds 1.(1)(. illflol plW (·dlll.d 1111' 
problem is how to build the invocation graph for poillts-t.o élllill.v.,j:-. 1\<,(,11 

The solution lies in updating the invoca.tion graph whil(' IWl'l'Ol'lIlill.l!, 1 II(' pllllil ... 
to analysis. First, the invocation graph is constructcd using tllI' 1l011ll,d d('plll 1" ... 1 
algorithm described in Chapter 4. This construction is Idt ill('Olllpld(' dl 1 III' IJI li Il "
where a function-pointer-call is encountered. Nexl., poillt.s-t.o êlllill\·:-.i ... j" 1)I'iiIIIIIII'd 
using this incomplete invocation graph. Once encoullteril1g c\ l'II Il ( 111111 POIIII('1 (.dl 
ail the functions it can point to according to the currcllt. poillt .,-10 IIdIJ111ld111J11 dll' 
determined. The invocation graph is updated acconlillgly 1,0 illrli( .11(' Illdl dll 1111''01' 
functions are invocable from the given cali-site. The poillts-tu (1I1t1h "1" d' .... IIIIII .. , ,dl 
these functions to he invocable from the calI-site ullde\' cOII.,id"l" 11011 dllt! 1l1I'1l!,1 ", 
their output points-to sets to compute the points-to illforlllal.ioll HI. 1 IJ(' PlI I~I dl Il poi III 
after this calI. Thus the points-to analysis keeps updating the' illv(j( iil jOli J..!,I "pli. \\ Ilill' 
calculating the points-to information, and constructs t.he COHl pl(,t (' i 11\ (J( ,lIlull J!,'" pli 
to be used hy other interprocedural analyses . 

Consider the example shown in Figlll'e 8.2. Withou1. pOl/lb-I() Ilii/Ji Illdl 11111. 1111' 
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adual f\lndion call(s) for fp at statement S2 is not known, thcrcfore, a (,Oll:-C'I'\ al i\ C' 
approach should he taken which says that fp can be aIl the possihlC' fUliel iOIl'" ill 1 li(' 
prograrn (in this case f and g). The related invocation graph for t Iw \\'01':-.1 ('a:-(' i~ 

reprcscnted in Figure 8.2(a). Figure 8.2(b) represents the invocation grapll d('( 01 dlc'c1 
with the points-to information after the complet ion of points-to analy~i~. .\:- it i~ 

shown in this figure, in case of having more than one possible case for il l'lIl1Ct iOIl 

pointer, the rcsult from different caIls should be merged. This llwrging )'(':-lIlls ill 
sorne extra points-to information that will propagate an inaccurat.e 1'<'slIlt llll'oup,llolll 

the analysis. 

int *x, y ; 
int *a, b ; 

rnainO { 
void (*fp) 0 

S1: fp = g 

52: fpO 
} 

gO 
{ 

x = &y 
} 

hO 
{ 

a = &b 
} 

main 

l 
fp , .. , .. 

jJ.' .. ~ 

9 h 

(a) Invocation (Inv.) graph 
for concervatlve approach. 

main 

~ 
fp 

main {(x,y.P). (a.b.P)} 

~ 
fp {(x,y.P). (a,b,P)} , , , .. 

jJ.' ", 

9 h 
{(x,y,D)} {(a.b,D)} 

(b) Inv. graph and points-to Information 
for concervativa approach 

main main {(x,y,D)} 

~ + 
fp fp {(x,y,D)} 

~ + 
9 9 {(x,y,D)} 

(c) Incomplete (d) Complete Inv. graph (a) Complata inv graph 
Inv. graph at 5tatement 52. plus POlnts-lo inlo 

Figure 8.2: An example of extending the invocation graph and poillh-to dll.", ... i ... ill 
the presence of fundion pointer. 

Using the points-t.o information, the invocation graph is complet c'd al III!' ""III<' 

time as the points-to analysis. First an incomplete invocation graph i:- l)llilt. d:- it i ... 
shown in Figure 8.2(c). Next, points-to analysis is performed. Aft(,!, ('IICOllllt('( ill!!, t h(' 

function pointer calI fpO at statement 52, the points-to information (l'p.!!,.\)) 1:- tI,,('d 
for updating the invocation graph, by adding the calI g as the child of fp. IIi(' 1I':-lIlt 

is represent.ed in Figure 8.2(d). Next is to follow the newly addf'd cali 10 ((mtllltl(· 

the points-l.o analysis. This resl1lts in a more accu rate points-to illl'orlllal i011 tllrlt i" 
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represented in Figure 8.2(e). 

Note that the structured natlll'e of points-to analysis plc\)"s <III illlporldlll 1,,1,· III 
efficient handling of function pointers without requirillg éllI)' ("11'<1 jl<1:-. ... 1111\1I1L',11 1111' 
program. More details can be found in [Chi92]. 

8.2.4 Generalized Constant Propagation 

Ceneralized constant propa.gation is an analysis that att('llIpt.s 10 dl'l('I'1IIII\(' \\'1Ie11 
range of values each variable can get at each point in a giv('11 prO!1,I'éIiIl. l':,\( Il 1 illll' .1 
variable is assigned a va.lue, the value so givcn (if it is not. lISC'I'-illplIl) i ... d 111111 11(/11 (II 
existing variables. Thus, since most. progl'ams cont.ain a lil)(,l'al sprlllklillg ,,1 t tllI ... 1 "III ... 
throughout, and provided one defines appropl'iate sClIlaut.ic l'uuet jOli'" lUI ('d( Il 1 H ,·, ... il dt' 
operation, it should be possible to detel'lninc the sd. of t.ht' l'illl,!!,(' Ill' \.dlll·'" t'dl Il 
variable could contain at any point in its lifetime in any (,ollc('ivahlt- 11111 ul 1 lit' III 1 IL',l .1 III 
by performing a top-down semantic analysis of the pl'ogralll. 

If one is to apply semantic functions to comput.e' possihle \·,dll(· .... (JII" III 'ClIII""· 

needs to know the possi ble values of the variables sel'vi Hg as i Il p"l. e1:-' ,,(, III dl ,., \ "', 
possible. For example, if it is known that a could have Hlly \'alll(' ill III" 1/l1Il')" 1,1 
[0,3] and b could have any value in the range of [1,2], tllC'1l a+b (illi 1", dll\ \ . .111' 
in the range [1,5]. The range [1,5] is ca\culat.ed l'rom t\H' rlbm'(' \,,111(· ... """" 1 l!. 11\1' 
semantic function corresponding to simple addition of illt('g('J'~. Ilu\\(·\('I .. l',i\ ('11 1111' 
ubiquity of indirect referencing in popular languages sucll dS (' illid 1' " .... 1 ,.1 ..... 11. Il 
information may not even be readily a vailable, let a.lolle aC<'l1l él f.<'. III 1111'''''' , ,1"'1",. 1 1 \C' l' . 
are two options: (i) eithel' one assumes the WOl'st case asslITIlpt.ioli l'or (',1< Il d('1 1'1('1 ('III ,. 
variable (i.e., that each dcrcference variablc could assume éllly \'é1lu(' ,,~ 1 \ P" ,d 111\\")' 
or (ii) one makes use of points-to analysis to detcrmiue whieh \·,lIi"I,I,· ... 1111).'.111 1", 
the result of each dereference. In the formcl' case, the qlléllit.\, III 11\1' 1I11l1lll1otllllll 
gathered via generalized constant propagation is substalltially Il'dll' ('cI. '-,11 1111' I.JI ('1 
method is naturally preferable. Points-to analysis, thcll, is of parI i( 111,,1 11111"1110111' (' il 

generalized constant propagation is to be uscful fol' analyl'-ÎlIg <Illy 11011 t 11\ lot 1 l'Il )~" .1111' 
in such pointer-based languages. 

We show the effect of points-to analysis in two cxamplc's, OIH' willl 1'''1111'> 1., Ild.,1 
mation and one without. In order to undcl'stand the exarnplc's, W(' cldill" 1111' 1"11",, 111t' 
notations: 

• GCP comments: represents the information availablC' aft('1' t h(· .,1,11 ('1111'1" \\. III Id 
have been executed. 
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• ± Inf: mcans ± infinity . 

• val':[vall,vaI2] : means tllat 'var' can get the valucs betwf'c'II "'all' cliid ·\dIF. 

The following represents a small program with the result of gCl1cJ'al (,oll~1 ,1111 plOp

agation aCter each statement of the program. After processing stal.elllC'llt 51. count 
gets the const.ant zero. The range of ptr is positive numbers, hecawl(> ptr i~ a POilllc'l 
variahle and pointers can hoid only ad dresses (which are aiways a posit,i\'(' 1IlIIldH'I). 
Since variable i is not assigned to any value, it can be any valuc. If t11C' Jloillb-I (J 

)'(,Ifltionship is not available at statement 53, the worst-case aSSlllllpt iOIl :-'rI.':-' t liaI 
*ptr can Iw either i or count. Therefore, the constant 1 should 1)(' iHlclc·r] in 1 III' 
range of tJ)(' variables that they cau get. This results in incrcasillg 1111' Idllg(' (JI III(' 
variahle count and leaving the value of i unchanged (because infillil' plll'" ()III' i.., -.1 i Il 
infini!.y). 

t'* WITHOUT points-to information *1 
int main() { 

int i ; 
int *ptr 
lnt count 

51: count = 0 
1* Gep = {count: [0,0] ,ptr: [O,+Inf] ,i: [-Inf,+Inf]} */ 

S2: ptr = &i 

1* Gep = {count: [0,0] ,ptr:[O,+InfJ ,i: [-Inf,+InfJ} */ 

S3: *ptr = 1 

1* Gep = {count: [0,1] ,ptr:[O,+InfJ,i: [-Inf,+Inf]} */ 
} 

The following shows the result of the same program while point:-.-Io i1l1'01'l11d11011 1'" 
available. At. sla!.ement 53, the points-to relationship is (ptr.l,D). 1 1II'I'pioi (' *ptr i ... 
('quivalent. t.o i. The l'('sult. of general constant propagation \\'ould 1)(' t Iidl count j.., 

constant zero and i is consta.nt one . 
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1* WITH points-to inforrnat10n *1 
int rnainO { 

int i ; 
int *ptr 
int count 

S1: count = ° 
1* GCP = {count:[O,O] ,ptr:[O,+Inf] ,1: [-Inf,+Inf]} */ 

S2: ptr = &i 
1* GCP = {count:[O,O] ,ptr: [O,+Inf] ,1: [-Inf,+Inf]} .j 

S3: *ptr = 1 

1* GCP = {count:[O,O],ptr:[O,+Inf] ,i: [l,l]} */ 
} 

This simple example shows t.he stl'Ong afre'ct. of poillt.s-t.u ilil'OIlII.!1111I1 1111 ''l'IIo'I.ti 
constant propagation, 

Table 8.6 l'cpresents the statist,ical re'sldt of gC'IIL'l'éll COW-itilllt pl Opcl ,L',' Il 11111 III IIIf' 

presence and absence of point.s-to analysis. This tahl(' cOlltaill'> 1 1 If' 11111')\\111" Il'''11 
mation about the bf'nchmal'k files: 

1. Benchmal'k: is t.he name of the benchmark 

2. Exact const: is exact constants, like [:3,.3] 

3. Bounded ranges: both ends of the l'ange are COllstallt, li!';(· [0,1111 

4. Half ranges: one end of the muge is infillite, IikC' [2,1111'] 

5. Unbounded l'anges: both ends of the range arc' illfillit(·, Iik" [ Iid Iid 1 

6. Range instances (total of the abovc tl) 

7. Description: is the description of the' benchlllark 

Referring to Table 8.6, il. is observed that the preSeTl('(' of poilll<., III dllrlh ... 1', 1101, 
generally resulted in a noticable improverncnt. In specifie, tlH'II' i ... " 1;11J!,1' dlll/'lt'lll l' 
between the values of exact constant which is the rnost illlpolt.lI11 /1'11,,111111 Ildfllllld 
tion in a prograrn . 
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BCllcJunark Exact Rounded Half Unbounded Rangc Dt>:-,( Il,,'lf~-II--- ] 
('on st ranges ranges ranges instances 

spanning 74 81 0 26267 26422 l\11II11l1ll1ll ~pall""IJ!, -l 
84 93 648 25597 26422 ('Irclf' ('alrillai 1011 

:Isorts 1 0 29 3765 3795 ~'Sorts: Buhhll'. Qllie!....1 
2 3 204 3586 3795 Quick (l\kdlall of:1) 

dctf~rmillant 20 18 77 3375 3490 l\lalrlx <lf'II'I"III11II1111 

1 57 113 159 3161 3490 calculai III Il 

knighUour 19 57 50 2362 2488 HeclIr:-.ivp 1'"lglrl <, IO'"'l 
30 248 0 2210 2488 SOllliiOll calcillailoli 

--------
rooLcornplex 9 15 46 17548 17618 ('omplf'x I-I~;-;ï--.., -l 

59 159 215 17185 17618 nr pol~ ~IIJI~,,-;_lI ... _ _ 

Ir elllu;or 1. 31 68 20 6257 6379 111'1111 ","'1 __ J 103 89 82 6105 6379 
- ---

Merscnne_prime 54 104 141 2906 3205 ~11'1""'f'lIlIf' pt ïI;;;-~-~-] 
61 240 157 2747 3205 

2sorts 13 8 9 2457 2487 ~ SOl'i.., Hllhhll' (Jllif-Cl 
21 12 79 2375 2487 

- - -

'l'able 8.6: Stat.istirs of gencl'al constant propagation in the a b:-'('I If (' (fil.., Iii ",' l "II d 
pl'l'sencc (secolld lille) of points-to analysis. 

~.2.5 Practical Array Dependellce Allalysis 

This aualysis dct.cl'Inincs whethel' dependences exist between Iwo .... lIb, ... ('/'ljJl," ,,/; 1-

Cllrcs 10 Ihe same a/Tay in a loop nest. This is a two-step proce:-.:-.. 'l'II<' fll:-.I ..,1 t'p i.., 

t,o set up a system of dcpendence equations and inequalities. ln t.11t, :-'('('011<1 pll""'(" d 

c\('cÏsion algol'ithm dctcrmines if the system has a solution [BC8G]. Tht' go,d ur 1 II(' 
d('!>c'ndence test.ing is to disprove dependence of array subscriptc<l pai,.., <1:-' '",111\ cl'" 

possible and as l'ady as possible. If dependence exists, il. trics Lü flll<l d"IIII/(' IIl/d 

dircction vecto/'s:l. There arc three cases where pointer alias ill f01'll1 dl jOli j ... Il,,,'<1 1,\ 

ar\'a.y depcndellC<' analysis. These are listed in the following: 

• '1'0 dist.inguish a good-Ioop4 in the program. If (t 100p is Ilot a good-I()op 1 Ill' 
dept'ndcllce analysis does Ilot continue. 

At st.at(\ment. Sl, therc is a relationship (a,b,D). Thereforf' t.!l<' mudifi( <lIIOII III *a 
is indepcnd(\Jlt of 100]> index i, consequently, the followillg looj> i ... cl gllod-Io(}\!. 

3 [).5tll.Il·" and d'Trrholl l!frlOI'5 l'epresenl the access pattem betweell loop itelat,o\l~ 
4A 91,od./OOI' i. a loop-'I<'sl \Vith 110 slalcmclIls in betwcen two loop statemelll~ and 1""" III'''''' Il,,1 1 Il,,01 d" 01 III 

IIIt' IlIlIp body . 
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main() 
{ 

int w [100] 

int *a t b t i 

a = 8Gb ; 

for ( i = l' i <= 99 ++i ) • 
{ 

Sl : *a = i * 2 i 
w[i] = w[i+l]; 

} 

} 

However, in the lack of point.u-t.o informat.ion, éllly 1001' wit Il 01 111111111110111"11 1 .. 

an indirect l'cfel'ence would not he' (,ollsid('l'ed élS il goorl-Iuop 

• To replace, if necessary, éluy iudirC'ct rcfcI'C'Ile<' variahlp \\'illJ 1'" 11I111"IH,"dllll' 

points-to val'iable{s) along the backward clllalysis p,dlJ. 'l'Iii" Il'1'1.11''1111'111 l' 

used to increase the possibility of a SlICC('ssf'lIl (,(1I10/l/('U/ 1l'llIh/tJ/IIII/II/l1/ Il IIIt Il 

is a transformation that cOllvert.s array suhs<Tipt. ('XPI'(,:-,:-,i,lll'" 111111 (1/1//1/11,1/1 

expressions5 • 

In the lack of this information, one can lIOt COll t. i IIUC t,\ l(' ha (' k w fi 1 d fi Il fi l , '-.1, \\ 111'11 

an indirect reference variahle is found. Therc{o\'(', t1lP ('<111011)( 01 1 1111111 , d Il Il' ,1 1 ... 
constructed . 

• To detect whether two point('r rcfNcnces point Lo tlJ(' :-'illll(' dlld' Il'1''1''1110 III 

a pointer reference points to aIl array r('fcrcll('(', Thi:-. d('k( 111111 1111 Il'01,' , III' 

numher of array pairs to be allalyzC'd hy pmctintl illld,)' d('IWlld"1I1 " l' -II'I III 

the following example, without points-t.o inforlllat.ion, 01)(' ,11111" 11111 .1"1, ,1 111 .. 1 

s[i+l] (from statemcl1t Sl) and a[i+l] are the Sétlll<' 1()I'dtHIlI. 111f'11 1"11. /JII' 

should take the conscrvative assumptioll that says: S ('rllI ",/"1 III ,,11\ "" .... 

consequently, a is dependcnt on ail the arrays in it.s (11111'111 .." "l'" (b ",," ',) 

5A canonical expres~ion ib a subsctipt l!xpre ..... OIl that ('<lll bl' "xpr .. ' ... ·rI <l~.L 111"'.11 f.,IlII'" 1"". l, •• " .. II., 1 .... ,. 
variables 
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malnO 
{ 

int a[100], b[50], c[7]; 
int i; 

lnt *s; 

s = a ; 

for Ci = 1 ; i < 100 i++) 
Sl: a[l] = s[i+1]; 
} 

Headc'rs (Ire wfer to [Jlls9~J] for more details on this analysi~. 

8.2.6 Reaching Definition Analysis 

Il(·aching defillitiol1s have 1>('('11 formally defined in [ASU86] é1~: \ d, /illii/o/l 0/ Il 

/J(u'ù,ble l' is a st.atemel1t that assigns, or may assign a vahl(, to l'. .\ d('lllIit i011 il 

,.('oches a point p, if thel'e is an execution path immediately follo\\'illg Il Il) " ..,11t Il 
that. li is Ilot 'killed' along that path. This is a fOl'ward allé1I'y~i~ \\'11<'1'(' d jll()'..!,ldlll i ... 
é1nalyzed fl'0111 top t.o boUom [ASU86]. 

ln tht' cas(' of pointers, points-to information is used to mak(' 1'<'éldlillj!, t!(·llllilloll 
information as éH'Cl11'ate as possible, Consiàer the followillg (>xalllpl(" 

S1: *t = 3; 
S2: ---) 

Wh('11 S 1 is rC'élclu'cI, ail th(' variahles that t points-t.o al'f' COll~id(·('('d. Il t c1('1 1 Il Il ('" . 
points-to a variahlc" say a, it is conc\uded that the definition Si of a d!'lllllt!'I,\ -)('d( II<'''' 
S2, If t possibly-point.s-to S0111e variables, say a and b, thell it i~ ('oll('IIIr!(·d Illdl 111(' 
c1dinition Si of hot h a and b possibly-reaches S2, 

If the points-to information \Vere not available, then ail tlw "al iabl('~ or III!' ( III )('111 
seope would 0(' cOllsidered to possibly-reach to S2. 

The gell<'l'al case of t.his analysis together with an examplf' is gin'II i 11 ('\It! pl ('1 1. 
l{t'aclers al'(' \,('f(,I'1'('<1 to [SriH2] fol' more details, 
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8.2.7 Live Variable Analysis 

A variable x is lit'f at a point p in the progl'am if t.ll(' valut' of .r <II Ilnlldd lit' Il,,,,'d 
along sorne exccution path in the program starting at point Il [ASllS(ij. 1'1111 .... dllllill', 
live-variable analysis, at cvery point in the program, tll<' lwt of '·,II·i,lbk ... t Il.11 dit' 

live at that point in the pl'Ogram are computed. This is a hack\\',lId illld""'''' (1111' 
program is analyzed from bot tom to top) and is absolut.i'ly ('s:wnl idl fol' opt 11111/.1111111 ... 
like register allocation. 

For pointers, the points-to information is uscd to del.('\'Illill(· li \'('II('~'" d' , III .1 "'". 
Consider the following exarnple: 

(--- lai is definitely-llve 
S1: = *t; 

When the staternent S1 is l'eached, ail t.he poillts-t.o i n fo 1'1 mlt iOI 1 or t oIl!' IIlI''''ld'·I,·d 
1ft definitely-points-to a val'iablc, say a, then it is concludpC\ thal holll t .ttltl a .III' 
definitely-live at 51. If t possibly-points-to sorne va.ria.blc·s, SéI,\' a dllel b. Il,,," Il 1'-. 
concluded that a and b are possibly-live and t is definit('ly-liv(' al S1. 

If the points-to information wel'e not availahlc, t.hen aIl t!H' ",11 ii",jl'~ or Il,,, 1 11111'111 
scope would be considered to be possibly-live at S1. This illcl'!·a:-,(· ... 1 Ill' li \ l' 1 d Il''.'· ... ,,1 

variables and, hence, makes the registel' allocat.ion less Cmei('111 . 

Another examplc of this analysis is given in Chapt.C'1' 1. He·Clde'l'" .III' Il,1''1 1 .. 1,",,1'1.'1 
for more details. 

8.2.8 Loop U nrolling 

Loop unrolling rcfcrs to the pl'ocess of rnaking olle or mOI(' copi('''' 01 1111' 11/1/1' 1,. ,,1 \ 
whereby the loop control must. be suitahly modifi('d. Loo!> IIl1lollill).!, Il,, ... IIldlll .Id 
vantages including: increasing t.he numher of imMuct.iolls tlt,1f 1"" 1)(' ... 1 Ii"dl"",j III 

a basic block, decreasing the lllllH'CCSsary data llIovellWlll ill " 111/'111111 \ 1111 l.tll 11\ 
architecture, redllcillg loop overheads, etc. 

One of the conditions for \oop ulll'oiling is t.hat. t.J)(' loc}!> illdl'\ ..,111/llld 111/1 III' 
modified inside the body of the loop. Without. points-to illfol'lllitlilJlI. il i ... ddllf 1111 III 

know whether any pointer (whose derefcrcncc is bcing modifi(·cl ill 1 III' III/d \ 1/1 liIf' 
loop) is indirectly pointing to a loop index or not. Fol' exarnpl(·. «/I, ... idl·1 1 II/' 1,,111/\\ tll!' 
program: 
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mainO 
{ 

int a [100], b [100] 

Int *x, y 
x = 1I.y ; 

for ( i = 1 ; i < 100 i=i+l){ 
a[i] = b[l-l] 

S1 : *x = *x + i ; 
} 

} 

Without. the points-to information, it is not safe to unroll t II<' loop. 1)('( ,111'-(' 1 x 
could bc i. Wah points-t.o information, it is trivial to notic!" 1,ll<Il al :-.lill('III('1I1 S1 

t.Il<' points-to rclat.ionship is (x,y,D), and the loop cau be unrallr'c1 a:-. ... 110\\'11 1)(,111\\', 

mainO 
{ 

Int a[100], b[100] 

int *x, y 
x = &y ; 

for ( i = 1 ; i < 99 i = i + 2 ) { 
a[i] = b[i-l] 

*x :: *x + i ; 
a[i+l] = b[i] 

*x = *x + 1 + 1 
} 

} 
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Chapter 9 

Related Work 

As mentioned in the introduction, two variabl('s a and b ill'(' (,oll!'>id(·I(·d 111 III' .dld·,t·" 
at a program point p, if thcy l'der to the saille l11el\\Ol')' lo(',tI iUII 1111'-, 1" Il'1'11' 
sented as <a,b>. Thcre arc two gcncral appl'Oaches t.o :.iol\'(· 1 III' ,di""III,!.!, 1'1111.11'111 
(i) automatic alias analysis in which 110 input. is n('('dpd [1'0111 1111' pIU,!.!,I,IIIIIIII·1 ,,"01 
alias analysis is done by the compiler cluring t.he optillli~ilt,i()11 pllrl!'>I" .11111 III) dl 
rective code annotations in which the programmer J>l'Ovi<I('s SUIII(' illioi 111.i1 11111 ,,111,111 
the properties of pointer-based data structures to cnable 1'0\\'('1 f III ( 0111 pi Il'1 "11111111/" 
tions [HHN92a, HHN92b]. In this tllesis, we havc foclIs{'d 011 III(' lil!'>1 "1'1'111"1 Il, 

In this chapter, we first give the historical work that !Jas 1)('('11 d())1!' III 1111' ''l''d 
of automatic alias analysis, in Section 9.1. Theil, w(' f()(,I1~ (JIll Ile' (1IIIII'dll"',,11 1,1 
our work with the latest work that has becn done on iIlU'rplO('('dlll,d ,di"""I" III 1111 
presence of pointers by Lamli and Rydcr [Lan92, LH92], ill S('( 1 II/II Il,.! 

9.1 Historical Background on Alias Analysis 

An alias analysis is needed for different cases in CL prograllllllill).!, lilll).!,lld!!,l' 1 Il'III' " 1 
shows a general division of these cases. 

Traditionally, the alias analysis methods have fOClIs(·d 011 (al( Il l,il III!!, 1111' "lld" , 
generated by the association of actual argumentfo. with call-l'Y-II'!'('II'IIII' l'dld1111111' 
This sort of aliasing is charadcristic of languages Iik(! FOllrall <llIcI Il,,''' 1111' If/II"I','III!! 
important properties: (i) only call-sitps cOlltribute to Uw cl'('al iUIi (JI' ,di""'I", "lit! (II) dll 

alias relation valid at the cntry of a pl'OcC'd me holds througll()111 j t ... 1 JI)I", \ l'I'I''!'I Î,Jl.' 

techniques for computing such alias{'s have bcen devdof)('d alld 1\(· ... 1 1 Ji ",d 1 H" 1 Î,' 
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Automatic 
alias analysis 

Call-by-reference 

Stack-allocated structures 

Pointers 

Heap-allocated structures 

Figurc 9.1: A gencral division of alias analysi!-l. 

BaIl7H, My<'SI, Co085, CI\89]. Most of these analyses collect. Ill(' édirl" ild(Jllllrlll(J11 
ill two pass('s ovcr the program: (i) an introductory pass to cOllllHl1<' ,dl 1111' (11,\ i(Jll:-
alias('s gCI\('I'ated at cali-sites, (ii) a propagation pass to propagalf' t III' "Ii"..,('", 111111l1!!,11 
t.he call-graph of the program. 

II nlikc t.he call-by-rcferencc mechanism, the presen('e of pointers ("oll:-.id('l"d I,h 1 1I111-
plicat,es the »roblcm of alias computation. This is dlle to tl](' follo\\"ilJ,!!, 1;)('1 (JI" 

• In addition to the cali-sites, the alias information cau be af['C'ct('d 1)\ illl\' plU!!,1 .1111 
statcmcnt ll10difying a pointer variable . 

• III the' presence of multi-level pointers, a function can challg<' t 1)(' .. did'" 1111"01111.1-
tion of pointel' type variables that are not in its scope. 'l'II(' indil'('("l "'\\rlP (JI' 
f,wo-I<,Vf') point.er typc variables (given in Section 4.2) is ail C'XélllIpl(, ()I llli" (ri"'.' 

FUI'tht'r, there arc' Ilu:.lbcl' of featmes particular to the C-IallguéI,!!,(' t hill 1 Il ri k(' llli" 
prohlcm t'ven harder. SlIch features inclllde: pointel' arithl1letic. poillt('I'" 1(J .111.1\"'. 
and type casting. The complications introduced by these featur('s h" \ (·111'('11 ('\ pLI i lI('d 

in Chaptcr 6. 

As shown in Figure 9.1, point.ers can be classified iuto two Immd ('dt (',!!,() 1 1(''''. III<' 
hasis fol' this cat.cgorizatioll is t.he location of the pointer target ill t II<' 1I11'IIIIlI \ (JI).!."
ni:t,atioll. A point.er is categol'ized as stack-directed, if it points to éI 1111'11101 \ UIJj(·.l 
rt'sid<'II1. 011 t.he stack. Similarly, a pointel' is classified as heap-dil"<'cl('d. il it puillt... 
1.0 illl ohject. allocated in t.he heap. Stack-directed pointers ha\"e t II<' lIie (' PIOI'('l"l,\ 
that. tlwir tal'gct always possesses a unique compile-time name. This d(J('''' 11\11 Ilol.! 1\11 
heap-diJ'ccl,('d pointers as aIl the objects in the heap are anonymous. III t hi.., 1 h(''''I''', \\(' 
havc focuscd 011 thc analysis of stack-directed pointers, with our poiIlb-t (J "I,,,t 1 <l("t iU11 
d('sigued to <'xploit their special propel'ty. A good deal of work Iw:-- 1)('('11 .11111<' 1111 111<' 
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analysis of heap-directed pointel's [JMSl, JM82, LIIS8, Il N90. C\\'Z!IlI. 1111 \~I:!" 1. \\ l' 
now compare our work with the previous wOl'ks keeping j,hi~ di~t iwl iOIl ill 11111111 

Weihl [WeiSO] gave an algorithm for intel'pl'o('('dural data-lIo\\' .1I1i1ly~i ... III 1111' l'II· ... 
ence of pointers. He considers programs with procedlll'e val'iablc':-; ,lIld 1,.1 11'1 \ .. 1 i.d ,11· ... 
Therefore, the complete control flow information is not. a\'ail"hl" 10 !till\. 11(· 111 ... 1 
calculates the alias information generated by carh rel('vallt. progl'ilill ~I <1It'III1'III. Illtl(· 
pendent of other statements. Then, he pel'fOnllS a t.rallsit.i\'(' clo:-;I\!t, 1111 1111'" 1111111 
mation to obtain the set of aliases that can he valid in t.he pl'O/1,I<1111 1\lId"1 .111.11\ "'1'" 
This information is not p/'ogmm-point-specific (is not r<'laj,ed III " ~p"( III, 1'111111 III 
the program), but is progmm-specific (is l'dat.ed to t.h(· whol(' pl'll).!,I"III1l 1111' .. 11.1'" 
information computed by such a flow-free analysis woulcl b(' ""1." illll'\l·II ... I· ('."1 '1.11'1 
the following example: 

int *a, b, e ; 

a = tb 
a = .te 

Using Weihl's technique, one gets the alias pairs <*a,l» Hlld '.101.1 • III III' \dlid 
for this program. Clearly, the fil·St. pail' does Ilot holc! al. tl\C' ('lId 01 1111' 11I1Il!.ldlll 
segment, but this can 110t he recognized hy his analysis. FlII't.llI'l'. III' dOl'" 1 lillllllll,,1 

Chow and Rudmik [CR82] also developed an alias allal.v~i~ ''').!,Oll! 11111 1111 1111'11 
CHILL Compiling System. They do not perform a f1ow-fr('(' i111i1ly ... i ... lik,· \\I·ild. 11111 
instead collect program-point-specific alias(~s. I1owever, t!\('y llillllll(· 011" "'111L',II' Il'\ 1·1 
pointers. Further, they use the notion of a supergl'a.ph which i:-. (JI,I ,lll!I'cI 1" 11111\1111', 
together thecondensed flow graphs (f1ow graph (,()lltaillillp,ollly thl' IIIHII· ... Il'11'\''111 1 .. 
alias analysis) of individu al procedures, for int,el'pl'of(,dllral illI,d.\ ... ", lllf'\ 1)I'iifliiii 
intraprocedural analysis on this supergl'aph to achie~v(' t1)(' <'Ir('( t:-. 01 1111('1 l'Il)l l'rllll.11 
analysis. This approach, however, leads to the illCOrr('d Pllirill).!, (JI (.dl ... dlld Il'111111' 
and makes thcir analysis impl'ccisc. They also do not, halldl(· ..,11111 tll!/"" dlld .111.1\ 

Coutant [Cou86] follows thc same method as Weihl, of C'Olllplltilll!, plO).!,ldlll '111'11111 
aliases as opposed to pl'ogl'am-poillt-spccific aliases. lIow('ve',,, ~IJ(' llillllll(· ... 11111111 Il'\ 1·1 
pointers, structures and arrays, more pl'ccisely. 11, is lIot d(~é,r ho\\' ..,111' \\C)ldd Ildlldll' 
recursive data structures. She mentions that prograrn-pojllt-~'iJH'( illl ,did'" (.d, 1I1.1I1f111 
did not prove to be worth the complltational effort in llel il/lpll·IIIf'III.1I H,II l,III ·111 

1 k"lmltmg specifies the depth of the pointers wluch are cOllsidered [LaIl9~, LWn] ""1' ~I1''',II, "l, .! - •• 

represents **x, ***X, and etc, Therefor.!, ifk-hmitmgi'i "",·rI. olle "btainliJelili 611.111.11" .. ,,111, t"l 1',.111"" \\,,1, 1""" 
than k indirections. 
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docs not pl'ovide ally relevant data. She also suggests the usp of praglllas 10 ll!'lp 111<' 

rompilcl' do a better analysis. 

Cooper [Co08fj] described an alias analysis algorithm in his l\Jaster tll(':-,i:-" Il is 
algorithrn rnailltains explicit path information in the fOl'm of alias histories 1 (j ('lIslll'(' 
corf(!ct pairing of calls and returns, This method would give precisf' r(,~lllt.s, IJIII <lOf'''' 
Ilot secrn to he fcasible for implcmentation. 

ln the following section, we first give an introduction to Lalldi élnd H~'(kl's \\'01 k 
amI then compare thcil' work with ours. 

9.2 Comparison 

ln Lalldi and Ryder's analysis [Lan92, LR92], a program is repre~.;('111 cd rI:- ,III 1/11,,
JJI'oadttml Cont,.ol Plow Gmph (ICFG). An ICFG is the union of conlrol-llt)\\' ).!,lïlpll'" 
of ead\ function with cdges from each caIl-site to the entry of call('(' alld 1'10111 Il)(' 

exit of calice hack to the calI-site, Each caU-site is replaced by two Ilod(':-" d 1 Iii' /I()(I, 
and a l'cl1l1'n node. Each function has an entry node and an (.l'il /lori,. 111('11' i ... dll 
edge from cach cali Hode to the entry no de of related function (\\'hicll i:-. Illlicpl!' J. dllfl 
there is anothcr mlge fWIll eaeh exit Hode to the related return 1I0d<'(:-.). II' (1 lilill'I iOIl 

is cal\pd more thall once, its exit node would have more than Olle Sll(,((,:-'~ol, h il 1'" 

ShOWll in Figurc 9.2, thcrc are two edges from exit node of functioll f 10 Ill<' (,dl- ... ilC' 

node's of function main. 

'l'wo variables il and b have may alias relationship, represcnt.e'd a~ <1I.h;>. dl ;1 

pl'Ogram point. 11, iff thel'e exists a path, nt n2 ... n in the ICFG, on wlticlt (/ tlild h Idel 
to the same location aCter execution of the program point. 1/ \\,!t(,I'C' III i~ Il)(' ('1111 \ 

Bode of the' fllJ1ction maIn. 

Two variables li èlnd b have mllst alias relationship, at a pl'Ogl'cl Il 1 poilll /1. ill Illi 

ail thl' paths 111112 ••• 11 in the ICFG, a and b rerel' to the sa me location clrl('1 ('\('( nlloll 

of tlH' program point Il. 

The'ir Illay alias relatiollship is bascd on the following may-ho/d ill fo l' Il léJl ioll' 

may-ho/d(ll., AA, PA), 

whcl'l' 11, Îs él 1I0d(' in ICFG, AA is a set of aliases, and PA i~ cl Itlc\~ .dl"'" pilll 

(c.g. <a,b». lIIay-ho/d(lI" AA, <a,b» i5 true, iff <a,b> holds 011 :-OIlH' p.1I1! l'IUIII 

fll'rY(Il,), the' e1üry node of the procedure contailling Il,, to Il, a:-... ull\ill~ 111l'1(' j ... ,1 

155 



• 

• 

int *a ; 
mainO { 

int b, e 

a = &:b 
fO 
a = .te 
fO 

} 
fO { 

int *x . , 
x = a ; 

} 

Figure 9.2: An example of 1CF(;. 

path from the entry node of main fllnction to en/t'Y(1I,) 011 wllirll 1111' """111111'.1 .dl"'" 
set AA holds. Having may-hold information, may aliases ('ail 1)(' • ""lIlIIII'" Il',III!! 1 III' 
following formula: 

may-alias (nt) = {PA 1.3 (,,1,,1) may-hoU (u" ILl, /J/I) IIIIf 1 

Landi and Ryder's algorithm first collects the obvÎolIs ItIfly-I/01d Il "(JI Il Id 1" Iii. l' (1 

<*a,b> for a = &:b (alias introduction), thcn collects t!H' ('01111'1('/.' 111.1\' IIIJld ilillli 
mation using a worklist technique, and finally cornpllte~ t.1H' IIlil\' ,di;,..,.'''' 1111111 Illd\ 
hold information using the above formula. Further, t!J('y J ('~I 1 i. 1 1 1 If' 1 dl dlll.Ji Il \ III 

assumed-alias sets to a maximum of one. 

In the following sections, wc compare our method with Lalldi "lit! Ih'd.·,'· 111 1 lllfld 
by discussing alias representation in Section 9.2.1, must alias!'" 1" 4).·.1'1)1' "I 2 .~, ill 
terprocedural analysis in Section 9.2.3, dynamic allocatioll illld k-li"Jillll~J i Il '-)"1 

tion 9.2.4, and type-casting in Section 9.2.5. 
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9.2.1 Alias Representation 

Wc collect the alias information in the form of points-to pairs instead of (':-.h<l'I~t i\l' 
alias pairs Iike Landi and Ryder. Consider the simple example prc:-.C'nt('(\ ill Fi,l!,III'<' !).:L 

int •• a, .b, C i 

a • ab 
b = te i 

abc 
D·~_- , 

---J i-' 

Figure 9.3: A simple C program. 

ln point.s-to ana.lysis, we get ({a,b,D), (b,c,D)) as the result. ",llil(· Ldlldi illl" 

Ryder get the following: 

lt is evident that points-to pairs represent the alias information in él mOI (' ('ulll pil('1 rlllc! 

informative manner thall alias pairs. The example in Figure 9.-1 (Ilso d('lllOII,11 dl (', 
tllis point2 • Flirthcr, whcn alias pairs are generated exhausti\'('ly. ~Olll(' i1ddil iOllrl! 
pairs might be reported while handling multi-Ievel point.ers. (~ollsir\('1 11)(' lullo\\ illl!, 
example: 

int •• a. b 

a = &:b ; 

Landi and Ryder's analysis would give the alias pair <.*a,*b>. \\'hich i~ 1('c!lIl1dillll 

ilS b has st.ill 110t. b('en assigned the address of a memory locatioll. 0111' puill! ~-llJ 
allalysis gives t.he precise information that a points-to band b do('~ 1101 ]loi III 1 (J 

any memory locat.ion. This also enables us to detect er1'01'S in progl'éllll:-'. (,111"-" 1,\ 
d('referencing a point.er without assigning it the address of a \'alid llH'1I10)'\ I(H ,JI jOli, 

Readers al'(' rcferred to Chaptcr 7 for further details. 

MorcovN, points-t.o abstraction is a natural representation fol' Céllc"lrll illg <1<'1)('11-

dellce informat.ion. This has been demonstrated in [HGS92], The aut II()I~ Il!'>(·d Il)(' 
point.s-to information to build read and write sets for each stat.C'IlI('lIt _ '1 h(·,,· ,('1, 

act.lIally éônsist. of the reads and the writes to the abstract stark lonll iOIl"_ 1 ..,illg 
t.he rcad/writ.e sets, it is straight-forward to calculate data dejH'llCl<'II(')(''' 11('1 \\ ('('11 

st.atemcnt.s, 

lAl'knowledgnumt,- \Ve ale tltankful to \V. A. Landi who provided us with his 1 <"'ult- 1111'\1'""" d "' l '~II" " 1 
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Consider the calculatioll of these sets for th(' stat,elll<'llt. 1 or 1"i!!,lIl'l' !I Il''), hllili 
the points-to information (y,z,D), it can be easily <I('t('rl1lil\('d Ihat ~t(ltl'III1'1l1 1 Il'dt! ... 
the stack location y and writes to the sta,ck location z.bb. 110\\,('\('1'. \\'itll 1111' .dld" 
pair representation, it would be necessary to inspcd ail tilt' alias pairs ill\'uh ill!!, y .I11c1 

its aliases to compute this information. This wOllld be a ('onsid('l'a hl." 11101 l' l', 1 lI'll ... i \ (' 
task (specially for multi-level pointers e.g. (**x) .bb). 

main() 
{ 

} 

struct{ 
int *aa; 
int bb ; 

} ***v. **x, *y, z 

v = &:x 
x = &:y 
Y = &:z 
(*y).aa = &«*y).bb) 
(*y) .bb = 10 ; 

w 
x 
y 
2 

z.aa 
2.bb 

1* stmtl *1 

(a) A C-program with its l'e1ated abstracl. stack 1'('p\'('~('llt ,illCll1 

{«**w)->bb,*(y->aa», 
«**w)->bb,*(z.aa», 
<z,**x>, 
<y,**w>, 
«*x)->bb,*«.*w)->aa», 
<*(z.aa),(*x)->bb>, 
<*(y->aa),y->bb>, 
<*«*x)->aa),z.bb>, 

<z.*y>. 
<y,*x>, 
<x,*w>, 
<*(z.aa) ,y->bb> , 
<.(z.aa).z.bb>, 
<*(y->aa),(.x)->bb>. 
«.*w)->bb,.«**w)->aa». 
<*(y->aa),z.bb>} 

« •• w)->bb •• «*x)->aa)/. 
<.«.x)->aa).(*x)->bb~. 

<.«*.w)->aa) ,y->bb> , 
<.« •• w)->aa),z.bb>. 
<.«*x)->aa),y->bL>. 
<z •••• w>. 

(b) The l'esult of alias analysis lIsing the Lalldi alld Hyd(')'· ... tlPPI"'" Il 

{(z.aa,z.bb,D), (y,z.O). (x.y.O). (w,x,D)} 

(c) The result of points-to analysis lIsing 0111' applOd( Il, 

Figure 9.4: A compal'ison example of alias l'cpl'esentation alld POill!... III 1''I'II'~I'III<1 
tion. 

Finally, alias pairs can always be generatcd from poillt.~-t{) pail"", ""'III!.!, 1111 11111\1'1 
sion algorithm given in Section 3.~3. 

However, points-to represelltatioll can provide extra alias illl'()\'III,l1illll 111(('11.1111 
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<:ascs. Considcr the example given in Figure 9.5. 

S1: 

int **a, *b. c ; 
if (e) 

a = 8tb 
el se 

b = le 

(--- {(a,b,D)} 

(--- {(b ,c,O)} 
(--- {(a,b.P). (b.e,P)} 

Figure 9.5: An example of points-to representatiol\. 

Landi and Rydcr's result at program point S1 would be {<=+-i1.h>. <, 1.1.,1,/. 
<*h,<:>}. If one wants to convert our points-to information to th('il' alict:-. l'di, ". (JII(' 

would geL the set {<*a,b>, <**a,*b>, <*b,c>, <**a,c>}, \Vith tl1<' (',1,.1 "Ir"" p"i, 

<**a,c>. This happens because it can not be detected that the poillt~-t() pHi, ... (d.J..P) 

and (h,c,P) are propagated to S1 from different paths and transitÎ\'(' ('1()~1l'(' {J1"'l ,II iUII 

shollid not he applied on them. 

Similal'ly, thcrc are cases where points-to abstraction elimjnat('~ ('xl nlll('UII:-. ,di,,!,! 
illfOl'mation, while Landi and Ryder's alias pairs can not. Con~i(kl' tlll' III1lu\\·ill!.!, 

exa.rnplc: 

The alias Memory 
Information representatlon 

lnt **x. *y, 
z, w 

S1: x = ly {<*x,y>,<**x,*y>} x->y 
S2: y = lz {<*x.y>.<**x,*y>,<*y,z>,<**x,z>} x->y->z 
S3: y = lw {<*x,y>,<**x,*y>,<*y,w>.<**x,z>. x->y->w 

<**x,w>} 

Whcll statement S2 is pl'Occssed, the alias pair <**x,z> is g<'IIc>)'al('d 1,.\ tlll' 111-

!.eraction of the alias pair <*x,y> and the assignment y = Bez .. \t ~1(\t('1I](,1I1 S3. 

the address of w is assigned to y, therefore, <*X,z> is not valid an~·1I10I'('. Lillllii <llIcI 

Ryder's analysis fails to detect this case, because while propagating <**x.z> t IllUlI!!,11 

S3, they do not have the informa.tion that this alias pair was gCl1('l'all'd 11('('.111"(' u! 

<*y,z> being valid. While, if alias pairs are generated from the poillt:-.-to ill!Olllldl iUII 
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ava,ilable after processing S3, this alias pair will Ilot he gell('\'c\kd, .\ :-llllildl' ,,1',,1'1 \" 

tion was made in [CBC93]. They use the notion of transiti\'(' n'dllrl iUII \\'hil III'" qllill' 
similar to our points-to abstraction. 

9.2.2 Must Aliases 

The concept of may alias is equivalent to oU\' possibly-point.s-Io 11'1,11 iUIl:-hlll. <III" 

the concept of must alias is equivalcnt to our definitely-poillt.s-Io \'('Ial iOIl:-hlp. :\111"" 

aliases are not mentioned in {LR92], although they arc ll1l'lItiolwd i\l [LIlI!):.!I. \I(l\\ 

ever, they consider the calculation of must aliases separat.e1y frOll1 t hal or 111"\ .di" ... l· ... 
While we use must alias information to improve thc p\'('cisio\l or 111",\ ,di" ... 1111111111 

tation for multi-Ievel pointers by obtaining bcttC'}' kill illfo\'llléli iOIl. " ... 1'\11\"1111''' III 
Chapters 3, 4, and 5. 

In [CBC93], it is mentioned that. the extrallCOUS alias illfol'llldlillil l'Iilllllllllt'd 11\ 

transitivereduction can be equivalelltly rcmovcd using IllUSt. ali,l:- IIIIIJIIII<lIIIIIi 1111\\ 

evel', in certain cases, extraneous pairs which can not he \'('IIIO\r(." IJ,\ Il ... 1 Il.\!, 111111"'111\1' 

reduction, can be removcd by using must alias informat.io\l. Tlli:- i ... dl'IIIIl" ... II"II'" III 
the following cxample: 

int **x, *y, 
z, w 

51: 
52: 
53: 

x = &y 
Y = &z 
*x = &w ; 

The alias information 
(without transitlve closure) 

{<*x,y>} 
{<*x,y>,<*y,z>} 
{<*x,y>,<*y,w>,<*y,z>} 

Memory 
representatlOTI 

x->y 
x->y->z 
x->y->w 

At statement 83, ifit were not known that x defillit.ely poillt.s I(J y (i,l' .• x 1" d 11111 ,1 

alias of y), we would not be able 1.0 kill the points-to \'d(\tioll~IIÎp (y->z/ (1\ 1111 l, l "Ii 

be killed due to the assignment *x = &w), and gel t.ll(' 1)J'('cÎ:-,(' llll'lJllIl.illfJll x->y->w 

The extraneous pair <*y ,z> in the tl'ansitively rcduœd étliil~ illfollll"II(j1l \l'!I,, l' 1111' 

facto 

Further, must-alias information is very uscful fol' othe!' a/laly~(':' li!.:(· ( 1111,>1 dlil l'l' '1' 

agation, register allocation, and dependence analysis, as explailJ/'d ill ('lltipl "1 , .... 
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III t.he pJ'(~senœ of multi-\evel pointers, calcu\ation of must. aliH~('~ would \)(' <plil!' 

complicat.ed lIsing the worklist t.echnique of Landi and Ryder. Thi~ ('olllpll''\il \ i" d,J(' 

lo the fad that the information is processed in random order, 

9.2.3 Interprocedural Analysis 

Laneli and Hyder represent the interprocedural structure of tll<' progl'ilm H~ rllI I( 'Fe 
aJl(luse the cOllditional approach based on assumed aliases to pf'J'fol'lll illlf'l'pJ'(J( ('dill'ai 

allalysis. 

We m~e the SIMPLE rcprcsentation in conjunction with t.hf' ill\'l)(,lIillll glrll>" (ri" 

explaillt'd in Chapt.cr 4), when' each callosite (related to a gi\'C'1I cali (,"rlin) ill 11\1' 

»rogram has a sepal'ate invocation gl'aph node associated with il. For <·,,1'11 ( "II. \\(' 
visit the called function, analyze its body in the context of the ('(dl. ,,"d ,('111111 t III' 
i nformat.ion to the call-sit.e currcntly undcr consideration. 

0111' approach leads to th(' following advantages over Landi a \lei Hydl,I· ... 1 (" 1111 i 111\( ' . 

• 'l'he alias information from function exit points, always gel~ pl'Opcl.f.!,dl l '" lu 1111' 

correct. cali-site. It is IlC'ver propagated along unrealizable inte'l pJ'(J( ('dlll dl jldlll"':' 

'l'o a.ffect. t.he correct pairing of calls and rcturns, Landi and H~'d<'l è' ...... IJ( Idl (' dll 

assllmed-alias sC't. with each alias pair, at calI-sites. To é:l\'oid III<' l" !JUIII'1I1 i,iI 
gl'Owth of this S(>t, t.hey restrict its cardinality to a maxinllllll or Oill'. III IIIl' 
pl'C'scncc of multi-level pointers, this restriction can lead 10 t!t" !>1'0!Jrlgdl iU11 ul' 
information t.o unrclat.ed callosites. Consider the cxal1lplf' gi\'C'11 il! 1,\!!,III(' ').b. 

At stat.eJllcnt S5, the alias pair <**a,y> results from t.h(· ilttl'I'dl 111)11 III 1111' 

assignlllC'lIt. b = x and the alias pairs <*a,b> and <*x,~'> holdillp, dl pIU!.!,I.!11I 

point S3, wit.h <*a,b> and <*xs> as the assumed alias('~. l'('~l)('( 1 i\l'h \()\\, 

t.J\(' asslIlll(·d alias set for <**a,y> should include both of IhesC' cllid~ pd" .... Si,\! (' 
the cardinality of the assumed alias set is restricted to at. 1I10~t 011('. Lcllld, rllld 
Hydcr propos(' t.o randomly pick one of the pairs. In case, <*<\.11> i~ ( !tIN'1I ri" 

t.he asslIllI('d alias pait· <**a,y> wou Id be propagated to bol il 1 h(' (',dl- ... ik ... Si 

and S2, as <*a,b> is valid at. both these call-sites. HO\\,('\,('I. il ..,11l)\dC\ n(JI 1)(' 

pl'Opagat.ed to t.he call-sitc S2, as the other alias pair <*x,y> i.., nol \.did II\l'II' 

Out' analysis would propagatc it only to the callosite S1, hecal\~(' il \\'lIld( 1"".11, /1' 

t,Il<' body of f\luct.ion gO separatcly for the two calls . 

. IA Jlulh il. ,'~ala~lIblt ilf If is" palh in Iht' JlIOg""1lI and whencvci Il plOcedlllc on till" IMlh "III'lh Il l' 1'1111' 1 .. 

th,- l'ali-site ""hitl, ill\'llk.'c1 il [Lllllfll. LH92) 
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int **a, *b ; 
int *X, 
mainO 
{ 

fO 
hO 

} 

fO 
{ 

a = 
x = 

S1: gO 
} 

fO( 
a=&b; 
x=&y; 

81: gO; 
} ~-

y, Z ; hO 

Scb 
Scy 

{ 

S2: 
} 

gO 
{ 

S3: 
S4: 
S5: 

} 

(a) A C- progl'éllll 

gO( 
83: +- fS3,<*a,b>,<*a,b>J 

fS3,<*x,y>,<*x,y>J 
84: b = x; 

a = Scb 
gO 

b = x 

85: +- fS5,<*a,b><*x,y>,<**a,y>J 
} 

<**a,y> <**a,y> 

h (1: 1_- &11 'J 
S2' ~~ ( J, ,. 

1 

_ ....... _""""HM 

(b) The graph rCpl'Cficlltatioll of illtlélpIOC'(·dll/,d tI/ldl, ',1" 

Figure 9.6: An ('xample of illt.rapl'O('(ldllral élnalysis for !,;llIdi tl/Id H\ .1"1 11111111,,1 

• Our analysis always ensures that two alias pairs p/'OIM1!,atl·d 1" d ',1,11"111' Iii 1" 
two different calls, are Ilot simult,a JwolIsly lIs(·d 1,0 gC'II(" (If l' ri /1<'\\ ,d 1 d - P" Il 1 IIJ 

is made possible by the sl.ruclured lIature of 0111' élllalysi:" ï'11<' ,'\ dl 1 11J!',lllldllllil 

for the current cali is kept in él spC'cial data strll('l,,"(' ( ... LII k 1/1.11" ) \\ Iii' Il 1 

used for the analysis. Thifl informat.ion is also :,illlllltil/lC'oll"l\ 1II"ll"'" \'JIII 1111 
pre-existing information saved in the stat.('lTwllt Il od e!'> , 

Landi and Ryder's worklist t.echnique fails to ellSIlIC' t,}H' ,dJII\ r' 1111 '/ JI l' " .. " 1)1 '1111 

For the example given in Figure 9.6, t.heir allaly~i~ wCJllld IId"l 111" l' 1 l, 1111 ,,1 
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the alias pail' <**a,y> al, statement S5. This is resolved frolll t he' i1l1 ('1 rll t 1011 (JI 
the assigmne'nt statcmcllt S4, and the alias pairs <*a,b> alld <.rx .. \·> IIOldill,!!, 
at statemcut S3. But il, is possible that these alias pairs g<'1 propagéll,'d 10 S3 
from two diffPrcnt calI-sites and never exist together. In that ('a~('. t Ill' ,di"" pclll 
<**a,y> would not be valid at S5 in any program executioll. TllI'.\· dllll't 11<1\,' 
a nle'chanism to detect such cases, and sarely give the impJ'('('i~{' illfolilldt 1011 . 

• The structureel nature of our points-to analysis, provides an opport Ullil \ t 0 1)('1-

form othe/' dat.a flow analyses simult-lneously with it. 'l'llis \\'0111<1 ('lled,I" 01111'1 
analys('s 1,0 use the precise alias information available during poillt ~-t () rllléd.\ :-.i .... 
instpad of the final merged information. To clarify this point. wc' d('lIllIll"t 1'<1 fi' 
(i) the reslllts of performing constant propagation artel' tlw ('0111 pl,'1 iOIl ul poi Il f'--
1,0 allalysis, and (ii) the results of performing constant propaga 1 iOIl i Il , 011 i 11111 t iUIi 
wit,h points-to analysis. Consider the following cxample': 

lnt *a ; 

int b = 1 
lnt c = 5 
int x, y, z 
malnO { 

Sl : a = Beb 
S2: fO 
S3: x = y <--- {<x,b,P>,<x,c,P>} = {<x,l,P>,<x,5,P>} 
S4: a = Bec ; 
S5: fO 
S6: z = y <--- {<z,b,P>,<z,c,P>} = {<z,1,P>,<z,5,P>} 

} 

f() { 

S7: y = *a <--- {<y,b,P>,<y,c,P>} = {<y,1,P>,<y,5,P>} 
} 

Th<> alTow links l'epl'esPIlt. t,he' constant propagation inforlllat jOli. <x, y , 0> Il It'd Il''' 
lltal variable x il' d('nnitdy cqual to variable y. <x,y ,P> llH'all~ t liaI \ dl icil",· X 

is possibly t'quai (.0 variabl(' y. For case (i), since the llH'I',!!,('d illl'Ollll,tf Hill lUI 
points-to analysis is used, y is either bol' c (the constant propagat iOIl illl'lIlll1dl iUIi 
saved at. S7). Thercfol'(" x and z can not be concluded 1.0 1)(' cOII!->1ant. HI'lu\\. \\1' 
show tlte salll(' informat.ion, but for the case that constant pl'Opclgdt 1\)11 h dUIII' 
si\llult.an('ous!y with poillt.s-to analysis . 

lnt *a 
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int b = 1 
lnt c = 5 

int x, y, z 
mainO { mamO { 

S1: a = .tb a = &b 
S2: fO f() 
S3: x = y <--- {(x,b,D)} = {(x,l,D)} x = 1 
84: a = &e ; a = &t 
85: fO fO 
S6: z = y <--- {(z,b,D)} = {(z,5,D)} z = 5 

} } 

fO { tO { 
S7: y = *a y = '+-0. , 

} } 

In this case, statement S3 Îs proccsscd whcn thc' poilll.s- t II III 1'111111.1 t 11111 l', (d l, 1) 1 
and therefore, y at S7 would be ('quaI to b, which Î~ COII"t ,1111 1 1 111-' !',I\' ", .1 
more precise information about x at statcment 83, th,,!, 1'(':-.1111-, III 1 III' dc'dll' Il''11 
fact that x is constant 1. SimilHrly, at staLellwllt S6, \""'P.('( PI"( 1-,,' Il!1111111<111''1I 
because we have (a,c,D). This statcrncnt also rC'solw's Z ilS 1H'lllg (II«' c 1111,,1 <1111 -, 

• Our interprocedural analysis can bc easily extendccl 1.0 IliIlld 1(' 1'1111 ( t Il III l"" 1 Il, '1 " 
without incurring any additional cost. This is facilitat,('d b.\' 1 11<':-.1 III( 111I('cllI<I111I " 
ofour points-to analysis and the powcrful reprcsC'lltatioli or 1111' 1111<'1 1'1(11 ('cllIl.,1 
structure of the program by the invocation graph. 'l'II(' d(·( di 1(·cI .dt',1I1I111I1I l'. 
described in [Ghi92], and a bdef slllllmary i~ provÎtbl i Il :-; ~"L 

• By using invocation graph, we arc able 1.0 save SOIlI(' illlpOI 1 ;1111 1'1 III If '1 Il'', ,,1 , d' Il 

call in the corrf'spondillg invocation graph lloclC'. '1'111'''(' ;11(' d(·..,r 1 dlf'd 1",11.,\, 

- The relationship betwccn thc invisible variablps of t,)1I' (,dl('(', dllrl III!' (.dl"1 
variables (map information of cach cali). This i~ <1 II~(·IIII 1111"1111.1111'11 l,,, 
other analyses [HEGV93]. 

As an cxample, considc!' t}l(' constallt p!'opa~at,ioll <lllclI\"'h I(JI 1 1 If' " 01111 
pIe represented in Figlll'c 9.7. Assllme that. t,hi~ <llIid.\..,I" ..,ldll, .dl"1 III' 
complction of points-to analysis. Usillg st.at,c'IIH'IIt. 85 dllrl 1 II!' 1,1,1111'11 Il'1' 

(x,Lx,D), one call deduce that the illvisibl<! variable' l_x l', ("II',ldlil 1 \1 

ter rctul'Iling to the caH-sitcs Si and S3, olle r)('c·d~ tu kll!)\\ 1111' Idll.d'/,'I 1 

reprcsented by Lx ill 1.11(' caller, so t.hat t11C' (,O/l~t<IIJI ililulllldlllJll (dll l" 

propagatcd. Using the nrap information wlated 1.0 Sl/83. \1(' l" ,)1", Il,dl 
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at. b/c is constant 7 at 52/54. Therefore b/c can hc' )'<"'plo("(·<1 h.\ C()II .... trlllt 1 

at. statC'rr)('nt 52/84. 

mainO { 
Int *a, b, c, d 

a = &t;b ; 
51: t(a); 
52: d = b ; 

53: 
54: 

} 

a = &t;c ; 
t (a) ; 
d = c 

fOnt *x) { 
55: *x = 7 ; 

} 
(--- (x 1 x D) , - , 

main () 

/\ 

Figl1l'(' 9.7: An C'xample of the usage of the map and UIlma» illfollllitlllJlI ".1\1'.1 III 
invocat.ion graph. 

- The inpl't. alld output points-to information for eaeh 1I0t!C' 01 ill\l)(dlJ<III 
graph can he saved in a data base, so that if a fUl1et iOIl i~ (',li Il'd IlIl till' 
s('cO\I(I t.ime with t.1l(' l'lame input, there is no need t.o l'<'calrnlèlll' 1111' 11111 plll 
fOI' il. 

• Our invocation graph is also suitable for procedure elOI/II1,fJ [('III\!):!J. 1 Iii ... 111-

volves dIlP!icat.ing the body of a function with a different 11<-\lI\(' (i.(·. Ill"kill,t!. il ... 
done), and l'eplacing Home calls to this function, with a cali 10 it~ (I(JlII·. 1111'" 
tt-chllique' is IIseful when the data flow information propaga t ('<1 l'J'O Il 1 1 \\ II di 11'1'1-

('lit. calls t.o fi functioll is significant.ly different. In this cas(', if 1 Ill' illllll Illdt i()11 
l'rom 011(' of t.he' calls is propagaterl to the clone, the imp)'ecÎsioll )(, ... ,111 i Il,!!, Il ulll 
1l1<'l'gillg significantly diffprcnt. information can be avoided. '1'0 J'('pléH 1'" 1111111 il/II 
cali with a cali to its clone, we simply need to modify the ill\'O('atioli gldph IWc/l' 
colT<,spondillg to it. FUl'thcr, a clone for the function Cl.lIl.aillillg llti ... (,dl. ,d"'lI 
IH'cds to he dcveloped. This process would continue l'eclll'~i\'('h 1 i Il 11)(' 1 lIul III 
thC' invocat.ion graph is reached, 

9.2.4 DynamÎc Allocation and k-limiting 

'('0 hanc\le' l't'clII'si\'cly defined dynamic data structures, Landi alld H.\ dl'I ""'(' llll' 
notion of k-Iimited objC'd nallWs. They limit t.he number of de'rd<,I'I·I1(I· .... 1'1'1 ll1i ....... t!III. 

165 



• 

• 

in any object nal11<' to some constant k. 'l'Ill'y provid<' the' ali .. s illfullllcltilili III tllc' 
form of alias pairs betwœn these names, which givf>s a VN)' iIl1PIl,(·j..", pl! t Illc' III t III' 
heap. 

A different abstraction is required to prop<'rly handl<' t.h(' ali":-III1!, 1111 ,h Ildllllc .d" 
allocated objects. Presently, we use a singl<' locat.ion ca.llt·cI 'hc·clp· III IlIII' .", ... tloll 1 

stack for the points-to analysis. Ail heap-dil'ected poinkl's puilll III th .... I .. c .111\111 

Development of appl'Opriate ahstractions for lwa Il analysis, has('d Il'' 1 III' pd t Il Illd III \ 
model proposed in [HeI190], is currently under developlll<'llt [Glli!l:l]. Th(·II' .... 1111 Il''C''' 
to use k-limiting fol' abstract stack analysis, as t.hc nUllllwl' of Ilhj('(·I ... 1111 1 lit' ... 1 dC " 
would always be finit.e and compile-t.ime dderlllinabl('. 

9.2.5 Type Casting 

Landi and Ryder do not handlc type casting. It is ét l'req\l('lIth Il'''1''' 1,·.lIll1c·,01 1111' 

C-language and needs to be takcn into cOl1sid(·ratioll. Wc' halldll' fi \\ Id.· \ dlll'I \ .. 1 
type casting as explained in Scction 6.2. 'l'II(' only ('as(' t.hat. \VI' cio IIll1 hollldl,·. 1'" \\ 111'11 

the type is transfol'l11ed tojf1'Ol11 a sca.lar variablC', as showlI ill t 1 te' 1011"\\'111 L', " \ d III pl,' 

int *a. b. c ; 
b = (int) (&;c) 

a = (int*) b ; 

This sort of typc casting can also be handlcd, bllt it wOlllci 111<1"1' 1 lit' dll.d,' l' .. 1"'11 

sive. Further, this case does not occur fl'eqlH'Ilt.Jy in l'pal C 1>1'0)1,1';1111 ... 

The most recent algorithm fol' jlow-sensitive int.(·l'pwc('cllll'iil l .di,,·, dlld" "1'" 1101', 

been presented in [CBC93]. Illtraprocedurally, their algorit.hlll i~ "'lllltidl 1 .. ,II,,' .. 1 
Landi and Ryder, with the exception that they use a Spat'S(' 11·1)\1· ... '·111.111 .. 11 1,,11,." 
Sparse Evaluation Graph, instead of control flow graph. '1'0 ('I1~IIII' 1111' Il,,\\ 1,1 III 
formation along realizable paths during intel'/)l'ocedlll'ai allilly~i~, 111<'\' d ...... O' l,d,· 1 \'.1) 

items of information with each alias pail': (i) the ca.IJ-sit(· 1'10111 Will' Il 1 1 If' ,"1"', 1'''11 

is propagated, a.nd (ii) a source a.lias set, which is the' ~('\ 01 ;did ... ,· ... Illdl IlIdlll ,. 1 1 If' 
alias pair through the calI. The cali-site illformatioll aJolI(' i~ II(JI "'111111 Will 1., In .. p" 
gate aliases along rcalizable illterproccdural paths. B(·sicl(·~, 11111" ...... 111f'\ I.""p ""III', 
alias sets of exponential size, our analysis would give more pre'( i~(· 1(· ... ldl-,. 1111'\ ,""" 
proposed the schemes of using transitive rcduction and rrtll~1 ;dli'" ildollll"II')II. 1" 

4 A flow-sensitive inlerproceclural analysis i~ an analy~i~ wluch I/Illk.'1I 1Ih1' or tl .. · I/lt 1 "1" " •• 01",.,1 • """ .. 1 fi.. "01,,. 
malion a5sociatcd with individllal proccdur .. ~. 
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illlprove the' precision of alias analysis. We hav(> already discus:-,('d t I}('~(' i"'~ll('''' il! 111(' 
IU'('violls s(·ctiolls . 
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Chapter 10 

Conclusions and Future Work 

10.1 Summary and Conclusions 

The optimization phase is olle of the crucial phase:-; of 11 ('Olllpil('1 III IIldl'l III l',I'1 
effective results in this phase, one lleeds sophi:-;t.icé\I,('d f10w <1 lIil 1\ "1" ll'IIIIIIIPIl" 1" 
collect accurate information ahout the varÎolls Val'iéLhl('s <lutl dI..'J!'1'( 'p,d \(0 ',II III 1111'''' 
used by a program. III the presence of poillt('r tyP(' variélbl('~. tlll' 1)('1111111101111" ,,1 
most of the analyses depcnds on t.he éLcclI\'acy of alias allalysi~. 

In this thesis, wediscussed an accurate alld pract.ical alias "1'tll\~I" ,d,!!,I1IIII1111 111011 
collects t.he points-to l'elatiollship bctwf't'II va.ria.bles iIlSI,('éld 01 (':-'l'lil il ,dld" 1111""11<1 
tion in the fonn of exhaustive alias pairs. 0111' é\.uéLlysis is fO('JI~(,d Uil ,,1 <II l, fi ",,1011,'" 
data structures. We consider single and multi-levd POillt.('I'S, ilJ..'J..',1f'/,!"iIl' ',11111 11111', 
(arrays, structUl'es, and pointers to al'rays), type cast.illg, alld illltl,"II'I/i "IH'I,illllI 
on pointers. The algorit.hm has becn irnplement.ed ill U((' fr<lIl W\\'OI " Ill' 1111 \1, (' \ 1 
compiler, and is being used by scv('l'al high and low-lev('1 (lllilly~(", 

For a given program, we first bllild the invocatioll graph \Vit Il " "1)1'11" 1 1 1 1'11""'11 
tation for recursive functioll ca Ils. Theil, wc 1)('l'forlll UH' illt('II'I()f l,dlll,,1 I l ,,,,'',1,, 
analysis in two phases: (i) a fil'st pass over tlt(' progl'illll 1,0 ({JII(,( 1 .dl 1111' 1"11.""1 
relevant to our analysis (this is done to minimi:w t.he hill,(' (JI' 0111 l,il 1",,111\ .!,JI" 11111 
ture), (ii) a second pass to colled tJw poillt.s-to illfol'lllat.ioll Il,\' dl'\ ('llJjlilll', "Ilfl " 111(' 
an explicit rule for cach possible statl'rtwnt. Vve lléllldie fllll(tioli (.dl~ 11\ 1.,III.I',ill!', 
the actual program execution paths lISillg our invonl1 iOIl grilpl!. 

The reslIlts of points-to analysis is lIsed whell thel'e ('xisb <III i/lrllll'( 1 1,1('1"1111 
(e.g., *x) in the program. Our expel'ilTH'lItal results ovc~r ~()/II(' ... t,l"d.llrI IWII' 11111"11,,-
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show that the aW'rage numbcr of variables that a pointel' tyP(' variahll' jloillh 10. i.., 
v(~ry close to unit,y (1.04). In other words, an indirect referenc(' *x i!-l ill cd Il 1(J,,1 ,d 1 
cascs, eithcl' possibly or definitely aliased to a single variable. W(' alw (Oll( I"dl' 1 IJ,i\ 
around 47% of ail the points-to relationship are definitely-points-to, this 1'('1,11 iUII!-lhip!-l 
are very valuable for any analyses. These results are due t.o Otll' Reellra1!' (1IIid.\ :-i!-l 
methods. 

10.2 Future Work 

'1'1)('1'(' is a COl1sid('rahle scope for further work in the following <Iin'('1 iOII'''; 

• Ext.ensioll to dynamic data structures: Our analysis is desiglJ<'d 101 ..,1 dl 1.;-I)d ... l·d 
variahles. Pre·Hclltly a single location is used to represellt ail III(' d.\ Ildlllil (d" 
allocat,e>d ohjects in orcicr to be able to handle benchmarks. Ali appl'oj>II(i1(' db
straction to handle dynamic data structures is currently Iwillg d(,\('lo!>('f 1. l 'd"('" 
on the> pat.h-matrix model proposed in [Hen90, Ghi93]. 

• Proc('dure cloning \Ising points-to information: When the poillt !-l-Io ilduIIIldl1011 
propagated from two different calls to a function is significallll.\' dil!(·J(·III. 1111' 
inforrnat,ioll from one of the calls can be propagated to a eloll(' 01 1111' 1111/( IIIHI, 
In this way, t.he imprecision resulting from merging signifieéllllly dill('I('111 11/1", 
IIIHt.ioll cali 1)(' avoided. As the input to a function for eaell ca Il i.., "'il\ f'd III (Jill 

invocatioll graph, this fcat.ure can be easily added to our aJlaly~i~ 

• Precise sav('d information: Presently, the merged informat.ioll gclllJ('J('d dlll ill,!.', 
<tiffe·l'('nt. passes to a function is saved in each statement Bod(' of 1 If(' pl op, 1 cl III 
I\lId('/' aualysis. This leads to sorne imprecision caused by tllC' IllCJ'gl', III (JI d('1 1 () 

get the' exact rcsult, one can save the points-to information at l'adl :-lill('II'l'lll Illi 

different passes, separatcly along with the related invocatioll g\'aj>h Jlod!' Sillf l' 
('ach no de in t.he invocat.ion graph represents a call-chaill, Hlld il i ... 11I11qlll' lOI 
eé\ch cali, kc(·ping t.his extra. information is sufficiellt t.o difI'el('lItirt\(· PUillh-l(J 
informat.ion of dilfercnt. caUs. Therefore, the only cost wou Id 1)(' 11,(, .... i/l· (JI tltlt d 

If this sbw is not ail issue, this extension can be naturally ad("'d 10 1 li Il rllldh .... 1 .... 

• Ext.ension to OUI' array analysis: Presently, we use one local iOIl i Il (jlll (t! ,,,II df 1 
stack for an eut.ire array. However, we treat an array diffcJ'(·1l11.\ dc'pI'lIdlll!!, (jJl. 
if the' addr('ss of its first element or some other element is aS!-ligl)('d 1 () " pui 1111'1. 
Wc fUl'tl1t'/' plan to l'efinc this scheme and use two locatiolls 1'01 ('c\('I, dll iI\, Ollf' 
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for the first clement and one for the otl)('\' <'h'lllt'nt.s, III Dili 1I11'1ltlld .1 1'11""11"\ 
points-to rdationshipl for an array OCCI1l'S due to: (i) cl IlH'rgc' dl 1111' j'1I11 p\lllll" 
of compositional control statements, or (ii) assigning tIlt' (,ddll'~~ III c111 ,,1,'111"111 
of the array, which is Ilot its first clement., t.o a point.<·r. ('111'11'111" , \\,', .III Il,11 
distinguish whether a possibly-points-to \'('lationship fOI .III dl l'il,' I~, .I11"'·cI 1,\ 
(i) or (ii). While in the proposed nwthod t.he ot.JH'r al'l'iI,\ C'I('II\I'I\I \\'dl IH' Il''''.1 
for case (ii). TherefOl'c, the distinction bet.W('('1l t.ltis two ('<t~c'~ \Wllld Ill' p" ...... d,I,. 

• Array parameters: In the C-language, wlH'1l an ana y is Jlils~c'd (l~" p.I1c1III1'kl. 
it is changed to a pointer val'Îable in the caltee. Tht'\'('for", Oll!' ',III 111/1 k 1111\\ il d 

pointel' variable is a pointer to array or not. Using our allél"'"i~. \\C' '.111 IllIcI tliii 
if a pointer points to an array. W<, can also pl'ovidl' t.1t,· l,III,!!." III Il,,· 1'''1111<''' 1" 
array. This can be donc using our invocatioll graph illld lit,' Illclp 1111.11111.1111111 
which is saved in cach node of the invocation gl'ctph. SIIPP(I"(' cl P"IIII"1 'd",tld,· 
x points-to a variable y. If Y is ill the sCOIW of t.11I' call"I" 011", clii 1'''''11, klll'\\ Il 
it is an array and also what is its range. Ot.lU'l'\vis(', it i~ 0111 111\i"tldl' 'oIll,ddl" 
and the map information saved in ('ach invocat.ioll ~I'ilplt lIoc!,' 'ciii 1", Il',1''' l" 
get the equivalent. variablc(s) for this illvisibl<' vélria""'. 

The result of this extension would 1)(' t1seful ill halldlill,!!. poilll," 01111111114'111. 
since we handle arithmetic opemt.ioll 011 pointers 1.0 alTa.l'~ 11I1l1!' Pl'" 1",1, 1110111 
on pointers to scalar variables. Furt/H' l' , titis inforlllatioll i .... "'1\ Il,,,,,!,d 1"1011101\ 
dependence analysis, 

• Union type: Our analysis can he casily extcnd<'C1 t.o halldl(, 11I1i'lIl l, Pl" \\ l' 1'1',1 
need to gel1el'ate names for ail the possihlc' access 1.011 IIllilJlI 1 \ Pl' 

• Points-to information savcd in invocation graph: Thc' (",~IIi1' l ,,1.11 k Il'1111''1'11 
tation befol'e and aftel' processing a functioll cali, is S<1\'('" ill ,'dl Il IIIII!I' ,.1 dll 
invocation gl'aph. This informatioll cali be used as il daLI l,d'>I·. If) Il,.1'11'' 1111' 
passes to a function cali. If an illput abstl'act st.ad, has aln'illll (H (11111'" dlld 0111 
output abstract stack is computed for it, in tll<' sC'colld "!l!H'''I''II( l' 1.1 Il ... 011111' 
input, one can use the alrcady cOlllputed Ollt.pllt, 

1 Refer to Chapter 3 for definition. 
2Refer to Chapter 4 for defillltion. 
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Appendix A 

The SIMPLE GraIIlmar 

stmtlist stop_stmt 
stmtlist 

stmtlist stmtlist stmt 
stmt 

stmt compstmt 

compsmt 

expr 1; / 

IF 1(/ condexpr 1)/ stmt 
IF 1(/ condexpr 1)/ stmt ELSE stmt 
WHILE 1(/ condexpr 1)/ stmt 
DO stmt WHILE 1(/ condexpr 1)/ 

FOR I(/exprseq 1;/ condexpr 1 ;/exprseq 1)/ stmt 
SWITCH 1(/ val 1)1 casestmts 
1. / 

J 

1 {/ 

1 {/ 

1 { / 

1 {/ 

all_stmts I} / 
I} / 

decls all_stmts I} / 

decls I} / 

1** decls denotes aIl possible C declarations. The only d~fference ~s that**1 
1** the declarations are not allowed to have lnitiallzatlons ln them. *~I 

condexpr : val 
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exprseq 

1 val relop val 

exprseq 
expr 

, J 
J expr 

casestmts '{' cases default'}' 

cases 

, . , , 
'{' '}' 

cases case 
case 

case CASE INT_CONST':' stmtlis~ stop_stmt 

default DEFAULT , . , stmtllst stop_stmt 

BREAK ,. , , 
CONTINUE ';' 
RETURN ';' 
RETURN val ';' 
RETURN '(' val ')' 

expr modify_expr 
rhs 

modify_expr varname '=' rhs 

'*' ID '=' rhs 

rhs unary_expr 
binary_expr 

unary_expr slmp_expr 

'*' ID 
'&' varname 

Icall_expr 
1 unop val 

, . , , 

l ,(, cast ,), varname 
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1** cast here stands for all valid C typecasts **1 

Slmp_expr varname 
INT_CONST 
FLOAT_CONST 
STRING_CONST 

call_expr ID 1 (, arglist 1) , 

arghst arglist 1 , val , 
val 

unop 1+' 
1 _, 

l, 1 

1 - , 

binary_expr : val binop val 

bmop relop 
1 _, 1 1 +' 
1 & 1 1 Il' 

Il' 1 1*, 1 
«<, 1», 

rel op : 1 <, 1 <=' 1 1)' 

varname arrayref 
compref 
ID 

arrayref : ID reflist 

reflist 1 [, val 1 JI 

1)=' 

reflist 1 [1 val IJ 1 

val ID 
CONST 

1 A , 

(==' ( ! =' 
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compref 

idlist 

• 

1('1*' ID 1)' 

idlist 

idlist f , ID 
ID 

1 , ldlist 
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Appendix B 

The Interprocedure Algorithms 

Thi:-; aplH'lHlix is devot,('d tü: (i) the depth-first algürithm fol' bllildlllg ""(H ,dl()" 
graph, élll<l, (ii) t.Il<' preciRc map proccss algol'ithm. These a\'<' gi\'('ll ill Il)(' 1"lln\\ 11Ig: 
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/*---------------------------------* Fu Il ct .on "mile ' bullltlllt'c>catlOlI~qlapli 

* l'II' pose : bua/(llIIg 011 Il!l'o('ohOI} yrnpla Jor 1111 1" "'1' Il III 
* Paralllcltl~ : ',UlIIIJUIiC -- the lIod(' ,du/cd /0 'IIHI/II' fUll' 1""1 

* III tlle IJI'O,,! 01/1 

* He/Ill Il : IIIIClg_1I0.lt -- 1111' loot oJ 1111'0111//011 1/II11,h 

*----------------------------------------------- . / 
blllld_in vocatiol\_graph( m.til\_fu \1(') 

( 
/ * bUlld the jil'sl III vocal lOri 9ralJh uode 1 till/III l,) tilt '1Ilc/III' fI/II. 111 1/1 
* tvlllch, at /h,s pOII'/, Ira" lin III el' l)(1I'!'II/,~ 1101 dI/MIl Il t / 

illit,_IILl\o<le = mak('jlLlIod(' ( 111111, lIl'lIlI_fllll() , 

/* gel Ihe I,st of III!' fUlld/(JII,~ tI/lil 1/1'1 (H/tet! /1/1 1/" '11/1/11/ .' 

illlt_fu\lc_bt = I-\d_fllll(, J .. t( III.UII_fllll() , 

/* (/f',I('IaI(' II/( Il ~/ ()f tilt IIII'o((IIwu 'llUJi" ./ 

gell_,g( III it'_'lLl\mll· , Hllt_fllll( J .. t)) 

/*---------------------------------* FUllchon na me gen_H} 
* l'uI'pose : lecUlslIJt'ly bllliri /hl' 1II/I()W/IIlU !JI 111)11, 1/1 rI,/,/h 1",1 

* ITW Il lin 

* Pa/amf'le,s , I!LIIOdf' -- tilt ('1111('11/ 11//10/'0/10/1 !J/(lllh l/"rI, 
* flllll'_/~/ -- 'hl' I,~/ of fllll('/UJlli ((///((1 III} III. 

* Ir/n/III fI/III/IOn 10 'IIL/II"'" 

*------------------------------------------------ . ; 
gell)g( i/LlIo<le, fll\lcJst) 

{ 
fol' cach fllllctioll l.lH 'fil III' in the 'func_lst' do 
{ 

/ * 1/1(11. C a IICfI) mV()('lIlulII 'l' (/lIh flOr/,' ,rial, d III fll/I' l'CI/I 1/1/1, 
* Il Il ri Il,~,~I!lU 'I[LIIOrl,' fi ~ It.~ J!fll (lit ... / 

llrW_IIL)IOd(' = /II.tJ..f'_II-\_lIodl'( 1~_1I01I!'. fllllfJ • 

/* gel/llllI Ille Ir,il of flllll hOIl~ /lwl 'fulIl ' " l,tI/II"/ • / 

IIcw_fIlIlCJ1>t = J.\et_fIlIlIJ .. t( fUII( \ , 

/* C(III /h(' ,WfII(' flllldlOli 11 1 UI,HVf ,'/ 10 Imt/d "" I//liif "1,,,,, 

* grapll ln III(' rlf 11111-fil il ""mfl"1 ... / 
gClljg( lWW _IILIIOl\t·, II('W _fllll( -'"t) , 
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1* ______________________________ __ 
* FunclwrI '1CI11It : ",a~e_'g_"ode 

* Pur pose: fllloC'o/e Cln IIIl'ocnl"J/I gl(ll,II " "t/t' ,,,, Il ~",,"dll/l/ /" /11'10 ,,,1/ 

* CI/III dt'fiul' 'palt'n/_,g_nodt ' (I~ Illt' 1'(1//'11/ 

* PCIIClmt'lers , part'n/_'tC'lOtlt' -- IIIt' IlCl/t rli ,wdt oJ lit 11·1,/ '/,,,, Il'/''' 
* IIIl'oelil wn 1/111/,11 Iwell 

* Jlmc_cClII -- Ille JuncllCllI cnll Itllliul 10 /1" ", 11/1/ 

* genfmlf'd IIIl'OCClI"," 1/1t1/,1I " "dl 

* Reltll'n : new_'9_flOcif - - fi fIt'wly gefll'l'nlt'Il 1111'0('(11/01/ 'l' ,,/,Ir ", .. /, 

* ./ 
makcJ'Lllocle( parcllt_lg_llodc, CIIllc_call) 
{ 

1* n~,~lg" tlH' It'lnlul fUIle/lOrI (nl/ 1" '1I11l'_"CII/lrlt' +/ 
1l<'W_,g_uI.)(lc fllllC = flllll_(,tH 

1* WI,~Iy" tilt' 1)(/1""/ (JO/' /1", 1/101 'IHIII ",' Il'OU/tl/II ,,,tI/) .,' 

IlCW_IILIlOllc IltIrl'lIt = Jl.tIt'lt_,g_"0d(' , 

/* miel tlle rIt'fIIly g(rlon/rrl /lod" CH III!' dl/Id of Il,, IJlIII/lI ".,'/, 

* r,J Ihe 'pCllCIl/_'!Lllodc' III nol III(' '(01), 

* Nolc: Ihe IIlt'ocalw/I gHl/lh u cm IIIvOC'(l/101i III, l/'IIIr "'III' 
* bnckll'o/'el t'clyc~, Po/' 1111' efllcl/'l/cy IIIII//(),~t', ,1/1 1/11'(1, "/,,,,, /1" 

* IS ''''plt'men/cci fiS (1 bwn,y /r'fT, ('(wh Il/ItI, II/I~ /11/1 ,1,,1,/ 1/1/'/ 

* olle slblmg Th" ~/lblllly of (1 Iwd" I/(I~ tlu ~""II /'"If"/ ", 

* '''e /lodf' Follo"""r] shows (IT! C'J (ll1I/llc' oJ /I/I~ /1 /1/1 " 1//1// ,,,,, 

* 
* 
* 

IIWIII 

11\ 
f 9 Il 

IIIfIlIl 

-- 1f'/J//'~c'lI"'d (I~ --> / 
L_'I._.h 

* fi lil cmly JOI Ihl' wse of IIf1(lf:I,~/(lfIdlllq 1/1111 1/11 

* rio 1101 lml/I Ihl' /lIIII,bCT oJ rll/lclrf'll oJ CI 'IOrI/ *1 
if ( parcllt_ilLllodc '= 111111) 

ddd_child( pawlltJ/LIIOd(', IIcw_ig_lIod<'l , 

1* ch ccl. If tht' "111 ct 1011 (//11 'jwlc_clIlI' I.'l (1 IfI III WI/ ,1/1/ • / 

rccllrsive_'lOde = gctJc('ur!oivc_fulI<'( IIl'W_'I!,_lIo!lr') , 

if (recllrsl"C_1I0d(' == NIJLL) 
lIew _ig_lIod(· mode = "ordinary" . 

ohm { 
1 * '"e furlc ('(Ill 1.'1 a If C III ,m'/:- ((Ill *1 
llew_II!,._"odc.lJlodc = "approximate" ; 
reCltr!o\ve_lIodf'.IlIodp = recurSlve", 
lIew_'lLllotlf'.app,o'Cilll,lt _<,t!I!,<' = f('( IIr"'V('_1I0,)" 
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/*----------------------------------------------
• Ftm('/IOII "'H/If' : IJf'I_,'erurSlVeJunc 
• l'ur ,JO~" : l/irck .f 1I1t, gwen funchol! cali rela:erJ 10 'CfL'lOd, " 

• '" (J "f w'sive wll (.t a/ready occu,'s III th,. pail, /)(/( ~ 

• 10 l/i( mot of IIIvocatlOn gmpll,!. 
• PfI""lIdrr" (g- 'IOde - - cur rent mvocation ymp/i nor/te 
• /idl/", NUI,/' 18 rdl/rflcd .f the relalcd funchon to 'cg_nodl' do, ~ "0/ 

(/('('"'' '" '''t' ,wIII back to the 1'001 of Ihe .1It·ocallOlI (1/(//111, 

ol"'·'I/II~(. JIll' rdcJled IIIvocallOn 91't1ph :Iode 19 1e/III/1,d, 

*------------------------------------------------- -*/ 
~1'I_n·( ur~iv(·_flllld CJLllo<!e) 

/* qtl III( fUric/wli cali l'llalecllo Ihe 'cY_rlocle' */ 
fUIiI = C!Lllud(· fUlle ; 

/ * (/il'Ck ail tilt' Imlll bac!. to '''e 1'001 of IIIvocatlOn yr C/pll, 
* 10 clllck .f /II( sallie !rm('/ron call1Hls alrcady OCC/II/,rI .. / 

whilp (cfLllode pall'lIl != NULL){ 
IILllode = cg_lIode.parclIl ; 

if (c/Ll1od(' rUII(' == rUllc) 

l'I!tlll'U (l/LllOde) ; 

l'f'tlU'1l (N lJ L L) , 
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/.-------------------------------------
• PllnctlO/I nomc : mOp.JIIOC.'.~,~ 

• Pllrpo,~e : our accIIIClIt' map proce,~" 

• Paramf'lc,.,~ 11111 ('_lIod., - - IIIt' fUIie/II'" d. dlll ,,110" Il. "Ir .'f. "II" 
• (lrg_I,~1 - - (II'gllI1lCII/ 11.'1 

• callc'_1II -- llie I)ollll,~-Io IIIlol'llwI"," 01 .',dl, , 
• llet"rn map_Hllo -- n ,.ct 01 ,du/wllllhll) bd",. fil 1111·,,'11''/' 
• IJ(If'wblt'S of CII'/r'c allli 10('(11 "(If 'lIbl, ... r ' ,,/1. , 
• callee_HI -- IIIc IJOUI/S-/O 111/011111111011 f'III, ,"'" 'l' Il'I!.. 
• Nole' IIIrouylloul IIl1s nlgol'lllllll I/Ie ,ue J) 101 rlt'Jillll.I'/-I'I'"II, /.> '"1./ 

• P fol' IJO •• , •• bly-polIJt •• -lo ,t'latroru/IlJl 

.----------------------------------------------- • .1 

map_procc'!>!>( fUlc_"ol\(', argJ .. t, call1'r_lIl) 

{ 
/. IIlItHl/,za/101i .. / 

mapjnfo = { } ; 
callec_in = { } ; 
map_fllnc_pt r = 0 / * 1/ l''"e/HIII !}(JllllfI +/ 

/* Ihe Clccmale IIH1p /JlO('f'S,~ III rlOl/1' 111 10111 .Iflf/I" '/I/CI/', r""1 1'/' " 

.. pO/ll//l/y 10 thc Il ICI l "ri Ilmc/w/I IlIal //(/.'1 10 /U l'flll,,1 11/ '1/1" ,/,',/1 1: 

/* fi,.,~t s/t'p: glVlII!J 7I(mICS 10 Il,,'/,mm' "fllwbk'I of 'III "dlll, 11/1" 

* acccss,ble 1111 oll!/II D 'c/ClIIO'ISII,ps, • / 

map_fllnc_ptr = &1lI,tp_lIallllng_d!'filIItcly _~I fllet_pfO( ( ..... 

[mapjnfo, calice_in] = 
map_stcp( fllnc_nodc, arg_l .. t, C,L1IN_III, m,tp_info, (,dl('('_'/I, 111.'1' 111111 l'" , 

/* seco/ld sfcp: qW/I/!J nmllc.~ 10 IlII'IHblf' IJ/IIlflM,. of '111111/11" "1/" 
• acccsslbie 1111011,,/1 Il ,.cln"oll.'I/",J,~. ", / 

map_func_ptr = &llIaJl_"allliIILI)()~~lhly_~tfll,I_Jlrol ( ...... 
[mapjnfo, callcc_lIl] = 
map_&tcp( fUllc_nOtlc, argJsl, (',\11('1_111, m'lp_lllfo, 1,.11"('_"1. 111.11' 111/1' l,II, 

/. IIl1fd ,~tep: 9avlllfl rW1/IC,'I 10 IrIlJI'I , IJlf' V(JII(j!J/f'S (1(( f ~'II',/, 1/" ",,,," 
• D reiallOnsh,ps, (//1(1 ~el/lTlg (III Ihe J) ',.[(111011'1/111''1 of Ifll/" • / 

map_func_ptr = &map_dcfinitdy _prof c'~ .. , 

[mapjllfo, callec_lII] = 
map_stcp( func_llodr, dfg-'"t, (aIJI'f_ill, III 'lP_11I fo, (dll/'(·_"1. 111.11' III /l' l"" 

/. fOll,lI1 stCJl. glVIII[J Il,,me~ 10 mv/slblc vmlllblt·. rult ~~IIJI, 1/"",,,,,, 
.. P felntlOns/IITls, nml ,~etlmg 1111 Ille f' , ('lrllw"'I/"fi~ of ' "1/,, • / 

map_fllllc_ptr = &lIIap_po"'ilbIY_JlfO</'~" , 

[map_iIIfo, callcc_lIl] "" 
map_step( func_%JOde, drg_bt, callN_III, IIIdp_info, 1 <111(>('_111. 111,11' 11111' l'" 1 
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1+ __________________________________________ __ 
+ foImdwtl n,mie map_"tep 
+ l'IIrl)()~f! : 1111" IS an mie, mediate slep Jor the map process 10 '11'PIII 

• eI'fferent stcp,' oJ the map process, 
+ Partir/If If'rs , Junc_node - - Ille lunctlon declaratlon node 01 cCllln 

* 
* 
• 
+ 

• 

• 

(lrg_lst -- (lrgument I.st 
CfI/ler _an - - Ihe pomls- 10 mlo, mation oJ caller 
ma/l_mJo - - a set 0/ relahonsh.p between inl'IS,b/f 

l'fil tables oJ callee and local vartables 
of caller, 

('allf e_lII -- /lit: lJOIIII,'1-lo m/anllallOl! enlell1lg /0 ,ul/" 

"'''IIJ"II(.J,I,' -- (1 flomle, la Ihe Juncho" Iltlll //1/, / .. 
bf califel 1/1 Ihc map_s/cp 

• /Id", Il IIH//J_lIIjo 
( 11/1(('_111 

1!1f Ulullllcd vel'S'OIl 
th! IIpdatFd VF' SIOII 

·--------,-------------------------------------------*1 
IIIdp_"tcp( fIlIC_"0d(', arILI"t, cdller_lIl, map_fllnc_ptr) 
{ 

1* dOlllfj III(' mUfl IJI'oces" Jor eac" Ilomler type Ilammelel' 'loI 
fOl' {'ac!. 'param_i' ill 'param_lst' and ' arg_i' in ' arg_lst' of pOIlII, 1 1 \ 1" do 

1. '('(I/lf'f'-II" and '''lnll_mjo' will be upelaled, The argl/Illell/ 
• 1'011 r,~fJolldlllg 10 1 ','1 Iltr deplh oJ the pomln' Iype FOI 
* Ihe fi, ,'II cali, drplll U 1 *1 

[lIIapJnfo, cdUce_in] = 
mdp_fullc_ptr( par,unJ, argJ, callee_in, caller_in, l, llIaIUII(O) 

1 * dOlllq the map pl'ocess JOl' eaeh global vat'lable of pornic, Iyp( * 1 
for cach global variable 'var _i' of pointer type do 

1* '('(1 IIre_1r! ' anel 'map_lIIjo' will be upelated. The argumclIt 
* (,ol'I'espondlllg to 1 M the deplh oJ the pomtel' tY/le. Fol' 
* Ihe fi,'sl cali, dcpth IS J. *1 

[lIIalUllfo, caUep_in] ::. 
map_fune_ptr( var_l, var_l, cdllce_in, caUer_in, l, map_info) , 
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1* ________________________________ ___ 
* Ftlllct/On flame : mall_defillllelYJJroCl'II,~ 

* Pllrllo,~e . map Ihe IIIft,s,blt, flame,~ allcl tilt' Il'',,,h-I,) ,.'/"''"'' ,il '/" 
* ,e,wlved fl'OIII Ille D ,elll/lOn,~/"Il(,~) of '('(Jill ,,-,'a, • 

* Tlus funellOlI IS ,ecllrs",dy eal/tod 10 ('S,Hl/" Ihl' 1) 
* rclallon,~/II/JS of ail Ihe ",du t'c/ly ('(,CI'S,~,/JII' "III HlM. , 
* Ilirougii 'cciller_,' '1' '. 

* PI/l'pose map the m",,~,ble nalllCII (wd the IJ ,1'1""(11111/"11'1 

* re,wllleci frolll 'caller_M"', Til ... fflllc/1011 'i '1. 111'111'. (" 

* ('aUed to a,wgll tlle J) mforflwlloll of ail tI" 
* mdlrec/ly (ICCfIlSlble varwble,~ /hl'Ouf/h colle, _ "l/I 

* ft al,~() U/lrlO/f"~ '''e I//fl/l I/Ifo, 1110/1011 

* Pa,amele'lI ' cflllet'_t'l/I' -- Ihr l'al/ab/f' III culin' 

* ('alle,,-vCII -- Ihe rrlu/t'tI VCIIlClb/to /II ('alll" 

* callrt'_1fI -- IJO/llI.~-/() "'forlllalwII of lilI/fi 

* calle'_1II -- IW/III,i-Io IIIfo, lIIallOII of 1 al/," 

* r/cplh -- 1I1f' nelJI}, of cUI'/rlll ""'M,b/l' "'" ",hl. 
* (for the Jir,~1 cali, Il I,~ 1), 

* map_",jo -- Ihe sel of I/IUIJ IIIfOll/III/I011 

* Return IIIap_"'fo -- IIlc "prlnlcrl sd of !IInl! IIIjOl I/wlwu 

* callec_1II Ihc upeln/f'rI ,~CI of IJOIllls-lo ,I/jo,.,I/III,,,,, 

* of eflllet' 

* +/ 
map_dcfillit.ely_procc .. s( callcC'_Vltr. callcr_v.,r, C"lll('('_ill. 

taller_III, «<'pt h ,lIIap_"do) 

fOl' each 'x_caller' that relatlonshlp • (caller_var, x_caller. '" 1 ) • 1 \1" cl" 

1* 'l'cl' cfln bc cllher D or' P *1 
{ 

1 * chec/.. If CI D rcl(lI/OII,~hlfJ 111,111 a vaJ'Hlb(e ('JI,~I ~ + 1 
if (Collier_var, x_caller. D) 

{ 
if (depth > 1) 

1* ouly III Ihe firlll coll 'c/ClJtll' III J SIIU" 111//'/1/1' /", 1/' ( 

" are /la Il Il l'el by VfIIIH, Ihey s/lOulri '101 /U '"t/Tl/" " / .. , ",,, .. ,J,. , 
* Whcli 'clcp''' ' ,,~ //IOle tllllll J, IJmllllJh~ 11/' "'0/""/ f,,,,,, 
* a 1J0I'CITliele, ond shollid be IIIfIIJJJ('(/ * 1 

add_lllap_info( caller_var, cdll('('_vM, lII.tp_,"fo) • 

if (is_ill_caIlcc_scope( x_caller)) 
x_calice = x_caller ; 

else{ 1* val'lCIble 'J'_enlier' IS rlol '" Ille ,~(OIJ(' of 1 "/1,, ./ 
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/. loo/.. al 'rflap_lIIfo' sel 10 check If fIIl mv/~/bil l'fil "d,l, 

'" 18 alrc(j(ly a,~,91gnl'd 10 Ihe lJarlable 'x_callel' */ 
if (l.!xl~Unvisible_.for( x_caller, malunfo)) 

/. ,/ an invIsible varaable IS alrcady (Jss/gl/CII /" 1'(1/ HI"" 

'" 'x_caller', get Ihat vOllClble and use Ihe HI/'" I/flllI' fil 1 

• Ih" invIsIble varwble . • / 
x_lIIvlI,ible = getjnvi'lible_var( x_caller, III IIp_1II 10) ) , 

clsc{ /. a/\ mVlSlble variable does not e,nt fo, 'J,-utllt / '*/ 
/. ,gel tin mVlslble variable fo,' 'J'_caller' IW/H} 'r/fpllr' 

• (wei Vallee_var'. If the "ame of varlClble .( /III, /'_"'" . 
" 'II 'dalla' a,,,1 'deplh' IS l, Ille ml'l~lblf ,'(1/ If/M, 
* would li •• , 'l_dala', fo,' 'e/eptll' 2, tilt 1111'1,,"1, /"" /,/1./, 

• wou/cl ~" '2_clala', and elc . • / 
x_III\'isiblc .-::: dcfinc_invisible( callec_ \'al. dl'pt II) 

/. ,~et tlle e,q'llllJalency of 'X_III vISIble ' and ',/_( "II, l ' 1/1 

• '''/alJ_mfo'' T/lls mforrlwllOn IS u.~ecl blJ II/l/llfl/I /JI "" ". 

add_map_info~ xjnvisible, x_caller, malunto) , 

/. acld 1/ , c1allOn.~/1I1J be/4'cen 'callee_var' (lTId 'J,-ca/!u III 
" '('tiller_Hi', Smce Ihls f~'nclion IS a l'CCU,'Slve fil 1/('//0/1 , 

• 'ml/tf_"ni' coulel be an mv,slble varwble 111(11 111, tridi) /11/, 
" SOflll' Otlll'" IeiatlOns/up. Therefore, we can /101 ,WII}!"} fI"'///I 

" tI/1' 1 r1(1/w"slllp (calice_va,', x_callee, D), '" / 

/. l'ha/.. If 'c(lllee_v(lI" //(Ia a D l'eliltions/up II'llh a /"1/ /II M, 
" ('J'l'l'pl 'J'_crllIee' */ 

if' (exi~t_anot.her_defillit('ly _points-to( callee_lIl, ca Il ('(' _ \',11 ,_, ,dl" Il 

{ 

1'18<' 

/* 7'/IIS ca,~e a1111('(1r8 uohen 'callee_t'aI" IS an ""'/'1/M, 
'" VllllUlJlt' (wlllch CCln Ilot "appen ln the /ifsl CI/II III f/II' 

'" flllle/lon) ami st(lfIds for more Ih .. " olle VCII'lIIblt, "/ 1/ 

'" allii 'b', 1110/ olle of tlle", IIa.~ a D "e1allOlls/llp I/'I/h /1 

'" ,'arlll/Jlt' olhe,. III(ln 'J'_callee', ')mce D .~/lO"ld bl "//1'/111' 

'" III"que, ll'e slloliid ('''onge othe,. D ,e1(1110llS/II[H /" " 
'" ,c1allOlI.~hIJJ (Incl asslgn a P l'e1allollshlJJ bel 1/'1{ " 

'" '('(IlIff_t'(II" IIIHI ',f_callec' */ 
changc_D_relatioll_to_P _relatIOn ( callee_in, call('{,_ \',11 ) 

calice_in = callee_in U {(callee_var, x_calice. Pl} : 

call<,e_in = call<,ejn U {(calice_var, x_callee. D)} 

182 



• 

• 

/* l'ccur~lI'ely ellt'c!. all Ihl' ,tlflllOlI,~/II/I,~ of Ihl' ,'ulluM" Il'/''.;' • ,,,, 

* be dCI'lVcd fl'OrII 'callc''-I'CII''. III tllI~ ("',~t', '1'_, "lit,· ,. 1/" 1" ,( 
* of ~uch va,.,ablc~ 

* A ~ 'x_caller" IS olle Ic,'eI rll'I'/II", rI,pll, C~ III" t'II~, d /"/ fllI' .! 
[map_inCo, callcc_in] = 
map_ddinitely_prac0bs( ,,_call{'c, ,,_(,t1lt-r, call,"'_' Il , (."kl_III, ''''l'lit 1 Il 

if (is_struct_type( x_callt'r)) 

/* 'f 'J'_calle," '8 of sll'uctuI'e 'YI'I', a/l Il,~ Jllld,~ /",. (" 'll 
* processcd, bccouse Ihey nllglrl b,' of ,"""/,, l'/IU • / 

for each field 'fi 1 of 'x_caller' 

} 

x_c,tUce = gc1_rclated_c,llIl'l'_v,H1ahl('(,<_, .111<-1, ,.dl"I_'11 

,."1<-('_'11, 111'1)' 1111" III 

/* 1 ,cpl( .. ~cnl,~ tlle ri,.,)"" l ,~ '/W~1'I1 b"IIII1~' Ih, d, ,J//' .,/ ,1/) 

* IIlV,slble vrrrwbic ,dul,rI 10 (1 fidd ~/wllid /u '(III/II/ 

* f,o", olle */ 
[map_infa, cd.llrc_in] = 
map_c1cfinitely_pro(el-l-( x_calll'e, x_t,III"" (.111"('_111, ,.dl, r III 1 r 
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/.--------------------------------------------
t Fil/II Iwu III111H' , rlH1fJ.JJOHlblyyroee .• s 

t l'IHI}(H' rlHlfJ the IIIV'Hb/c rmmes and tlle ]Joants-to le/(lflOl1~hl/)~ 

• 1 no/vul f' 0111 fil" l' rFiatlOn .• /Hp( s) 01 'cal/er_var' 

• Tlus IUIlr/lOu U reclII.4lVely cal/ed to (I.4slgn the P 
,r/rlilOm/ll]Js of al/ Ille mdlrectly accessible varwbh ~ 

• /1" ough 'cnlln'_vw' '. 
4< l'Ill 111,.1'1, 'II sallie (1.4 funcflOTi 'wap_deftmtelYYl'ocess' 

4< Udlllll ,4lHlI" (1.4 fUTIr/lOri 'map_cl"jimtelyyI'oce.~s' 

4< Nof, .'11111'" 1111.4 f'IIIc1lOrI 1.' smu/ur to 'map_clejirilfelY.J)lo('e~,·. 

t Il'l' tin flOf c.lplam flle comwoll parfs 

--------------------------------------------./ 
1I\.lp_p()~~.hlv _prol (,~i'o( c"I1('('_ val. eallN_ var. calice_in. 

C,tIlN_III, depth ,llIap _lIIfo) 

fuI' (',l( h . X_C.I11(' r ' that relat~onship '(caller _v?r, x_caller, rel>' f \1_1 d" 

/ * ',d' C(If' II(' (1/111'1 /J 0" l' ,c1aIIOTlsII,p. * / 
{ 

/. cllI'( k If (J P l'c/l/fIOIiS/llp III/th (J vanable e.l'Isf.~ * / 
if (1 •• 111"_ var, "_I...tll(·r. P) 

if (d('pth > 1) 

.uld_lII.tp_info( caller_var. callee_vaf. map_lIIfo) . 

if (ls_in_l...llh·_i'ol..Ope(,,_.:aller)) 

,,_( alll'(' = x_callel , 

(~}I\I' { / * l'f'I'wblt, ·.l'_cl/I/el' IS llOf III Ille .• cope of clI'h ( * / 

if (e""i'otjllvl! .. ihle_for( x_caller, map_info)) 

... Jnvlhlbl(' = get_invisible_ var( ,,_callcr, llIap_1II fo)) 

('}8P{ /* (III IIINSlble l'(IIl(Ible cloes Ilot eJlf fol' "_(01/11 ~/ 

,,_invi:"lhlt' = c1efinc_lIlvis.ble( calice_val, dept h) 

,tdd_III.,pJnfo( x_lIIvisible, ,,_caller, 1I1<1p_lIIfo) . 
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} 

/* a.ld (1 ,du/wlll/lup bdll'//'I/ 'enlltl_l'III' CIII.I ', __ , CI"" ", 
* 'calle('_III' Silice 1111,'1 flll/clWIl " CI "',UI"", {'""1/,,// 
* 'callt'l'_t'(II' cou/d bt, CIII IIIt,,~,b/, l'CHIC/M, IIICII ,,,,, "1,, ",1/1 

* /Clkell ,~Olllf D ,dCI/IOI/slllt) /'II/'/lfoft, I/'C ""' Il,,1 ,1/1/1,1/1 ""/'1" 

* /lle ,cI('/WII,~/lIp (mlJn_t'fII, "_,'CI 1111 , l') */ 

/* clleck If fi [) ,ela/wI/slllp ('J'I.'I/,'I fol' 'cCIII" _"(//' + / 

if (cxist_dcfilllte\y _pOInt!o-to( (all('('_III. Cldl('('_ V.II)) 

/* Thu cnn lIapprl/ ",111'11 '(,(111/'('_"'"" 1,'1 (II' III1,,.t/,J, "/1/ /1//'/, 

* that ,'Itamls fol' 1II0l'e tlwn Mit' 1111I'HlMc 11'1111/ ""/ /1' 1//1 /11 

* has already a D leia/lOfI,~/lIl) SUle(' [) ,'I/lOu/1i 1 .. 1C1"'/I/" 
* ""If/llt' , wc ,'I/IOU/ri cllf/flfJ/ 1111' 1I/'ICIl/r, 11/'11 li //11/1/"1/'/111' 

* to (1 [1 ,da/WII,'I/IIJl */ 
chdngc_D_ld.lt\(PI_to_P_Il'I.tlion( ,.111"1'_111, ,,,II," \,11) 

/ * (/(irl /III' 111'1/1 ,cla/ IOl/i/llJl II/ '('11111'1'_"" */ 
(all('c_in = c.lllc(' _"I U {( 1'.111(,1'_ V <Ir • ,_, .dle', l') l ' 

[map_info, cdllcc_in] = 
map_po~l>lbly_proc('!o!o( x_cdlk(', ,,_( .11\"1. (.11\(,1' _JlI, (.dl"I_"1 d, 1"" 1 Il 

if (1~_struct_lype( ,,_ctiller)) 

fOl' edch fidd 'fi' of 'x_caller' 

X_Cldl(", = !-\l'l_rcl.lll'd_(.lllp('_V.lIldhll'(x_, .dlt " ,.dl" III 

, .dl<',,_ III 111,1" 1111" III 

[map_lIIfo, calkc_in] = 

map_po!o.,ihly _1>rtK(' .... ( X_( .dl!'/!, ,,_( .dlPI, (.tll"f' _"I. "dl" III 1 1 

l'ctul'u([map)nfo, l'dllel'_III]) • 



• 

• 

/*--
* F'HI' hOIl "'II/If 

• /'Ull){H(' , 'H~I!llII"Y rHm/( ~ lor IIIVISlble varlClblc" 01 structure typl 

111111"" a/'('(J(/y /1II1Jt' n D ,elallOnS/llp Thas luncilOli 1.9 'Cl III ,,,', Il, 
('al/u/ 10 as,~lyr/ ,/(mit'S 10' ail tlle slructure type VIII II/bles 

• l'nn'''j('tf'l'~ ,mille (u j,mc/Hm 'map_defimtely-proce,M', 

• !idu'lI , ~"IIII (H JUII('/IO'1 'III flp_defillltely.proceas , 

• Nolt,: Sillet 1I11~ fUr/cllOTi U Simllflr to map_definrtely-process, we do 

,101 "Il)/""I Ihe comlIIor/ [Jarts, 

• */ 
lII'lP_"'lIllIllIL(I!'fl nll{'ly _stcllct_pcocess( callee_ vac, caller_var, calice_in. 

caller_in, depth .rnap_lIIfo) 

for ,·.telt -,,_<,dl(·r' wlth the relatlonshlp '(caller_var, x_caller, rel)' d" 

/. ',d' ("" lu l ,1/"., f) 0/ l' l'd{/IIOII,~I''fJ, * / 
{ 

/* l'Ilt'cl. Ij " /) ,t'/nt/O/l.i/llll 111,/11 n .itl'lIct",e type val'wbh eJ'I,/~ */ 
if «(,tllec_v,i1, ,,_c,dl{,l. D) and (l·u;lrllct_t.ype( x_cali,. II 
{ 

if (is_,n_c,lllcc_1>copf'( ,,_caIlN) 1 
x_c.lllec = x_colllec • 

('h!(.{ / * ,m/la!J/(: ':l'_caller' 18 nol ln the acope 01 cal/ce * / 
if «'"i .. t_lIlvi!>ihl{'_for( x_caller. mapjllfo)) 

"jll\'lloihlt, = get_invislhl{'_volr( x_caller. map_iufe)) 

('bd /* (HI III1'ISI!J/e Vlllwbic doe.~ nol e.nt 101- '.l'_Cf/Ile 1'./ 

"jnvil-Ihlf' = defille_lIIvll>ible( callee_ val, drpth) , 

/* .ct 11/1 ''IllIt'a/cllcy 01 '.l'_Ill VISible ' and '.l'_wll" 'II/ '/I/{II'_"I/" 11/1. 

* "'/0' mCl1101i I,~ Il,~ed by IInmap process. ft f/l~o 'il I~ Ih, "11//1 ,d, fi' '1 ,,1 
* ail Ihe f,dds 01 '.l'_IIIvmble' and 'x_callc,. '. * / 

oldd_lIIap_'llfo( X_Ill visible, x_caller, mapJnfo) , 

"jllVISlhlc 

[lIIdp_lIIfo, t'.tllcl'_IIl) = 
m,lp_II,Ulllnf.Ld<,fillltely_"lIuct_proccM,( x_callec. x_caller, calice_ill. {'III"I_"1 d. 1"11-,-1. 
jf (ll-_"lrlHI_typc( ,<_(.all('I)) 

1'0\' (',Il h fi('ld 'fi' of 'x_caller' 

,_c.IIII'<' = g<,I_ld.llc(I_("IIl('e_v.lciable(x_callel, callcr_lIl, (,dl""_11I 111,'1' 1111" hl 

[m'Ip_in[o, c,tllt'I'_III) = 
mrlp_n,lI1l1l1f.Ldl'finildy_struCI-1lroct's!>( x_callee, x_Cèdkl. {.III"I'_"1 "tilt 1 _", l, 
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/* 
* FuncllOn name r1Iap_rlolII/1/g.-l)()SSlb/!,-slllIcI.-lJl·(l( t,~ ~ 

* P"rpose O,HlglilIIg Illllll("~ JOf 1I11'IHblc l'III'wh/! ~ oJ ~II ", /111' 1111" 

* 
* 
* 

Illai 0 P lt'/nllOl/sl"[l 10 tI"'fII e.n.~1 TlI/~ /ul/d'ol/ " 

It'CUI ~II't'ly coll, ri 10 /I~HfI" IHIIIII s Jill' 1111 tilt ~/,,", III" 111/" 

t'a l'Ulblf,~, 

* Pal'lllllclcl'~ ,~/lIII" /Ill Jllllt/IOI! '1II1'II_dt'firllltlYJJI(I( r ~~' 

* Re/u,." , Illl/"e lM JIIIH'IIOIi 'I/I(jJ!_lltJilll/dYJlf(lln~' 

* Note: Smc(' tJlI,~ J/lliellOli l,~ ~ltll/la, 10 I/I"I'_dejirlll.IIIJlI <I(('i. ,,/1.1 

... III ap_1I li III III q_rlFfillll cly_ ,II II( IJHOII ,'~, wc do 1101 (' 1 Ill"", Ih, 

* comlIIOIi pmi" 

* __ .11 
l1lap_JlamiJlg_pos!>ihly_!>truct_pror(',,~( c.tlll'I'_v'lr, "tll<'r_v,lr. 1.111('(, III. 

(,tlkl_ill. d('ptll .111.11'_"1(0) 

for each 'x_cdller' that relationshlp '(caller_var. x_cdll er. ",\)' • \1' 1 ,fil 

/* 'l'el' can be rll"", D or /' ,t/allll",I,,}1 */ 
{ 

/* clleck IJ a l' ,,·/f/IIO/M/"J! '1',111 " .IIlIclul!' 1/1Il( l'III/HM, r "," 1 / 

if ((callt'r_v,ll. ,,_c,llIer. P) .wel (1~_~ttllrt_tvll('( ,,_,.lIh'I)) 

{ 
if (isjn_callet'_"cope(x_c,IIl(,I)) 

x_~allce = x_c,lller • 
eIse{ /* val wbk 'J'_call,'I" I~ 1101 III tllI' ~('01'" oJ (1111" t 1 

if (exist_iJlvi"lhlc_for( "_Ialll'i. lIIap_lIIfo)) 

xjnvi!>lhlt' = gl'l_1II vll-i hl <,_vttr ( ,,_1,111<'/, lII.tll_'lllo)) 

cIse{ /* 1111 IIWHIIII!- Vllllllbll' d()('~ Iwl 11I1 for 'J_' (/11" 'II 
xjnvbiblC' = ddllle_lIlvl~lhll'( <,tlk,'_vM, ,kptlr) 

,lIl d_1lI <1 p_,n fo( x_lnvl~lhl!'. X_I aller, lII.tp_,ufo) , 

[map_lIIfo, ~.tllce_il1) = 
rnap_llallJiI1ILPos~ibly_l-trnd_pl()«('l-~( "_{.lll(·{,, x_{,tllff, ,.tll"'_'1I 1.011" '" ,j ,011" " 
jf (ls_strllct_typc( x_caller)) 

for C'ach field 'fi' of 'x_caller' 

" _callee = gel_relolt(·d_c,t1lc!'_ V,U ,.lbll'( x_, .dl.'r. ' •• 11". 'fI ' ,011 •• '" 111111' IId'I 

[map_info, callcl'_III) = 
lI1a)l_nal1llllILPo~~lblv _!>I.II< t _prof { .... ~( "_{ .llh." x --(.dl, , f fdl, 1 'II . ,.l,. 1 ", 

Ifl7 
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Appendix C 

Rules for the Basic Cases 

III t his app('llClix, wc' giv(' SOIlJ(' of UtC' ba~ic l'ules which WC'I'C' di:-'('II~,,('d III S,·( t lull ~,. 1 
Fol' t.he' séllœ of (,OJWiS('IIC'SS, wc·jllst. explélin one slIbcê\flC (01' 1\\,0..,111)( <1"('" illl!'( ('''''.11 \ ! 

'l'II<' (<Ise 1l11l11h(·l's J ('f(·1' t.o Ta hl(' 5.1. 

Ç)ase 2.5: 'l'II<' g('J)('l'al fOl'lllat. of t.ltis case is: 

TI\(' 1'1I1('s applic·d ill t his CélSt· arc' as follows: 

kil! = { (x,x1,])) 1 (x,x1,D) E input. A firsLf'lem(x[ij) = ]) } 

g('11 = { (x,)'I,)'{·11><I fil'sL(·IC'm([ij) 1><1 firsLC'lcm([j])) 1 C\·.~·I.J'(·I) t: illplll 

Ch.lllg('(Lillput. = (illpllt. - { (x,xI,D) 1 (x,xI,D) E input. A fll..,Lcl(·III([ij) l'II 

U { (x,xLP) 1 (x,xl,P) E illput A fil'sLC']('IlI([i]l= Il) 

return( g('Jl U (challgc·(Lill]>Ut. - kill) ) 

('ollsid(·\, Uw followillg C'xaIllpl(·· 
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feint 1) { 
1nt *x [70] , *y [50J 
int a, b ; 

x[oJ = &a ; 1* strnt 1 *1 
y[iJ = &b ; 1* strnt2 *1 
x[oJ = y[o] 1* strnt3 *1 

} 

Case 2.5 appeélrs cil. stat.('IIH'lIt:l. Usill!!: t.h(' p,ivt'IlI'III('s, tll!' ~('h Il'1.111''' 1111111 -l,II" 

ment are as follo\\'s: 

input. = {(x.a,D). (y,h,P)} 

kill = {(x,a,D)} 

gen = {(x,b'p)} 

changed input. = illput 

output = {(x,b,P), (y,b,P)} 

Case 3.2: The' g('IH'l'al forlllat. of t.his 'as(' I~: 

struct{ 
1nt *b 

} *y ; 
1nt *x 

x = (*y).b 

The mies appliC'd in this cas(' an' as fol\ows: 

kill = { (x,x1.rC'l) 1 (x,xl,n·l) E inpllt. } 

gen = { (x,y2,l'(·ll t><ll'cI2) 1 (y,y 1.1'('1 1 ), (yl.h,y2,1I·12) ( "111111) 

return( gell U (input - kill) ) 

Consider the followi 1Ip, (",,1 III 1'1(·: 
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MaIne) 
{ 

} 

struct{ 
Int *f 1 

} *y, z 
Int *x ; 
Int a ; 

z.fl = &a 1* stmt 1 *1 
y = &z ; 1* stmt 2 *1 
x = (*y).fl 1* stmt 3 *1 

Case' :t2 apl)('él!'S é\l. statpllle'ut:t llsing the given l'ules, the' spts 1'<'1,11"" 10 llli~ ~ldk 

1ll<'1ll. (\1'(' (\S follows: 

illput = {(z.fl,a,D), (y,z,D)} 

kill = { } 

gC'1I = {(x,a.O)} 

OUt.pllt. = {(x,a,D), (z.fl,a,D), (y,z,D)} 

Case 4.4: TllC' p,C'I\('ra.l formaI. of this case Îs: 

struct{ 
Int *a 

} *x ; 
int y ; 

'1'h(· l'lllps appli('d in titis cas(' are as follows: 

kill = { (xl.a,x2,\'(·I) 1 (x,x!,])), (x1.a,x2,rel) E input. } 

gC'n = { (xl.a,y,!'(·I) 1 (x,xI,rel) E input} 

rhang{·djnpllt. -= (input - { (xl.a,x2,D) 1 (x,xl,P), (xl.a,x:2.D) E illj>111 li 
U { (xl.a,x2,P) 1 (x,xl,P), (x1.a,x2,D) E illp1lt} 

return( g('n U (change'dJllput - kill) ) 

COllside'l' the' following (\xamp)(': 
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main() 
{ 

} 

'3truct{ 
int *fl 

} *x, y 
int a ; 

x = &y ; 

(*x) .fl = &a 
1* stmt 1 *1 
1* stmt 2 *1 

Case 4.4 appears aL stat,ellH'nt,2. Usillg t.hcgivt'II rulc's, l.I\('s(·I.., 1(·1.11(·<1111 1111 ,1.iI,' 

ment are as follows: 

input = {(x,y,D)} 

kill = { } 
gen = {(y.fl,a,D)} 

changedjllput = input. = {(x,y,D)} 

output = {(y.fl,a,D), (x,y,D)} 

Case 5.6: The general format. of Lhis CélS{' is: 

struct{ 
int *a 
int *b 

} *x, y 

(*x).a=y.b 

The l'ules applied in t,his case arc as follows: 

kill = { (x1.a,x2,rcl) 1 (x,xl,D), (xJ.a,x~,rel) E illput. } 

gen = { (x1.a,yl,rell C><I rcl2) 1 (x,xl,relJ), (y.h,yl,rc·I~) F: illplll} 

changedjnpllt = (input - { (xl.a,x2,D) 1 (x,xl,P), (Xl.iI.X~.J»), 1111 1111 l, 
u { (xl.a,x~,P) 1 (x,xl,P), (xl.a,x~,J)) € illp'lll 

return( gen U (changcdJnput - kill) ) 

Consider the following examplc: 

191 



• 

• 

main () 
{ 

} 

struct{ 
int *fl 
lnt *f2 

} *x, y, z ; 
int a j 

y.f2 : &a 
if ( ... ) 

x = &z ; 
(*x) .fl = y.f2 

1* stmt 1 *1 

1* stmt 2 *1 
1* stmt 3 *1 

Cas(' ,eUi aplH'ars al, stcttC'lI1Cllt 3. Using the given rules, the set~ l'('lcll<'rI II! 11"" ... ldll 

1J)(,Ill. are as fol1ows: 

input. = {(x,z,P), (y.f2,a,O)} 

kill = { } 

gcn = {(z.fl ,a,P)} 

changc(Lillput = input. = {(x,z,P), (y.f2,a,D)} 

output. = {(z.ft,a,P), (x,z,P), (y.f2,a,D)} 

Case 5.7: 'l'Il<' g('IH'I'al format of t.his case is: 

int **px , *y ; 

'l'hl' rul('li applied in t.his case' are as follows: 

kill = { (xl,x2,D) 1 (px,xl,D), (xl,x2,D) E input. 1\ firsL(·I('ll1([i]J=I) 1 
g('11 = {(xl ,yl,r('lll><l rel2 I><l fil'sLelC'm([i))) 1 (px,xI,l'ell), (Y.,\ Ln,I:!) t: 1I1j1l11 

t'hallg('(Lillput. = (input. - { (xl,x2,D) 1 [(px,xl,P), (xl,x2.D) E ill(JlII]. 

[(px,xl,D), (xl,x2,D) E input 1\ first_ekm([i]J=P] Il 
U { (xI,x2,P) 1 [(px,xl,P), (xl,x2,D) E inpul]V 

[(px,xl.D). (xl,x2,O) E input 1\ firsLelf'Ill([i])= Pl 1 
l'eturn( gell U (change(Linput - kill) ) 
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Con si der the following exampl(': 

f(int i) { 

} 

int **px, *Y, z 
int *a[70], b 

a[i] = &b ; 

px = &a[O] ; 
y = &z ; 
px [0] = y ; 

1* stmtl *1 
1* stmt2 *1 
1* stmt3 *1 
1* stmt4 *1 

Case 5.7 appcal'S at statcmcnt. ,1. Silice px at. st.at.eIlU·lIt 1 is éI IHJlllll'1 1110111011101\ 
we tl'eat px[O] as (*px) [0]. COllscqll('lltly, st.a1,('llu·llt. 1 is of 1111' t \ pc,·).,- 1 -III" 1 lit' 
given mIes, the set.s rclated 1.0 this st.at.C'IIU'lIt. al'c' as follo\\'s. 

input = {(a,b,P), (px,a.,D), (y,~,D)} 

kill = { } 

gen = {(a,z,P)} 

changed input = input 

output = {(a,b,P), (a,z,P), (px,a,))), (y,;.:,D)} 

Case 6.2: The general format of this cas(' is: 

struct{ 
int *b 

} *y ; 
int **x ; 

The mIes applied in this case arC' as follows: 

kill = { (xl,x2,1'f'I) 1 (x,xI,D), (xl,x2,rel) E illput } 

gen = { (xl,y2,l'ell t><l rcl2 t><l 1'('1:3) 1 (x,xl,n'II), (y,yl,J'(·I~). (,II) \'2 If III 

E input} 

changedJnplit = (input - { (xl,x2,D) 1 (x,xl,P), (xl,x2,D) ,,:. IlIplll)) 

U { (xl,x2,P) 1 (x,xl,P), (xl,x2,D) E inpllt} 
return( gen U (changedjnput - kill) ) 
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COllsidpr the following examplc': 

maln() 
{ 

} 

struct{ 
int *fl 

} *y, z 
lnt **x 
int *a, b, c 

z.fl = &c 
y = &z ; 

a = &b ; 

lf ( ... ) 
x = &a 

*x = (*y).fl 

1* stmt 1 *1 
1* stmt 2 *1 
1* stmt 3 *1 

1* stmt 4 *1 
1* stmt 5 *1 

Case n.2 aplwars at statf'Il1<'lIt 5. Using the give l'ules, the sets J'('lat('r! tll Il,, __ ,,1<11('

lIlC'nt. al'c as follows: 

illput. = {(",.fl ,(',0), (y,z,D), (a,h,D), (x,a,P)) 

kill = { } 

gCII = {(a,,,,.fl,P)} 

challgcdjnput = {(z.fl,c,D), (y,z,D), (a,b,P), (x,a,P)} 

out.put. = {(a,z.fI,P), (",.fl,c,D), (y,z,D), (a,h,P), (x,a,P)} 

Cases ï and 8 did not. appear in the previous chapter bc('au:-c' t I\('\ (dll 11(/1 Il(' 
hrok('11 down ill 1.0 sm aller cases (the reason was explained in C'haplc'I' :!). 

Case 6.3: 'l'he g<'m'I'al format of this case is: 

lnt **x, **py ; 

'l'1lt' mies aJ>plied in t.his cas(' are as follows: 

kill = { (xl,x2,1'<'I) 1 (x,xl,D), (xl,x2,rel) E input} 
gcn = { (x 1 ,y2,r<.'11 t><I rel2 t><I l'el3 t><I first_elem( [i])) 1 

[(x,xl,rell), (py,yl,rd2), (yl,y2,re13) E input] } 
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change(Unput = (input - { (xl,x2,D) 1 (x,xl,P), ('"l,x~.I» { IlIplll) \ 

U { (xl,x2,P) 1 (x,x l,P), (x l ,x2.D) E illpllt ) 

return( gen U (changedjnput - kill) ) 

Consider the following examplc: 

f(int i) { 

} 

int **x, **py 
int *z, w ; 
int *a[70]J b 

x = &z ; 
z = &w ; 
py = &a[O] 
a[O] = &b ; 
*x = py[i] ; 

1* stmtl *1 
1* stmt2 *1 
1* stmt3 *1 
1* stmt4 *1 
1* stmt5 *1 

Case 6.3 appears at. statemellt.5 in the f01'111 of py[lJ. Silln' py 1:> li 1"11111'-11" .III 

array, we tl'eat this statemellt as *x=(.py) El], Usillg tllC' gin'II 1111(· .... 1\11' >,,-1- 1'-\.''''.\ 

to this statement are as follows: 

input = {(x,z,D), (JI,w,D), (py,a,D), (a,h,D)} 

kill = {(z.w,D)} 

gen = {(z,b,P)} 

changed input = input 

output = {(x,z,D), (z,b,P), (py,a,D), (a,h,»)} 

Case 7.1: The general fûrmat of this case is: 

struct{ 
int *b 

} *y ; 
int *x 

x = & (*y).b 

The rules applicd in this case are as foIlows: 

!:i~l = { (x,x1,rel) 1 (x,xl,I'c1) E input} 
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A(>/I = { (x,yl.b,J'(·I) 1 (y,yl,rd) E input} 

return( 11,('/1 U (input - kill) ) 

COlIsid(·!' t.!J(' following exa III pic: 

mainO 
{ 

} 

struct{ 
mt fl 

} *y, z ; 
int *x 

y = &z 
x = & C*y).fl 

1* strnt 1 */ 
1* strnt 2 */ 

Cm;!' 7.1 apl)(,éll's al, stél1,(>nlf'llt 2. U sing t.he a bove l'ules, the [o,pt S 1'(·1 cl t (.c1 t 1) t Il i" "1,, l, . 

II\(>nt. are as follows: 

input. = {(y,r.,D)} 

kil! = { } 

11,<'11 = {(x,z.fl,D)} 

output. = {(x,r..fl,D), (y,z,D)} 

Case 8.1: 'l'Il(' gCIH'ral format of this case is: 

struct{ 
int b 

} *y ; 
int **x ; 

TIlt' 1'111('8 appli('d ill this CélS(' .\1'(' as follows: 

kill = { (xl.x2,rd) 1 (x,xl,D), (xI,x2,rel) E input} 

gl'n = { (xl,yl.b,rdII><J rel2) 1 (x,xl,rell), (y,yl,rel2) E inpllt} 

changedjnput = (input - { (xl,x2,D) 1 (x,xl,P), (xl,x2.D) E illpllt 1) 
U { (xl,x2,P) 1 (x,xl,P), (xl,x2,D) E input} 

l'etul'n( g{'n U (changccLinput - kill) ) 
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Consider the following C'xalllpll': 

main() 
{ 

} 

struct{ 
int *fl ; 
int f2 ; 

} *x. y. *z, w 
int a, b 

x = &y ; 

y.fl = &a 
if ( ... ) 

z = &w ; 

w.fl = &b i 

(*x) .fl = & (*z).f2 

1* stmt 1 */ 
1* stmt 2 *1 

1* strnt 3 */ 
1* strnt 4 */ 
1* strnt 5 */ 

Case 8.1 appears at stéltC'Il1Cllt ,1. Using t1l<' ahove' !'\lIt·s, 11)(· ~('1:-. 11·1.111-.1 1 .. 1111 -l,dl 

ment are a~ follows: 

input = {(x,y,D), (y.f1,a,D), (~,w'p), (w.fl,h,D)} 

kill = {(y.fI,a,D)} 

gcn = {(y.fl,w.f2,P)} 

clumgedjnput = illput 

output = {(y.fl,w.f2,P), (x,y,D), (~,w,P), (w.fl ,h,D)} 
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