Aliag/Pointer Analysis Algorithms

Lag time
D Variousagectsof pointer analyis
b Exanple flow-senstive algorithm

Today
b Flow and contexinsenstive analyss
b Context-enstive pointer analyis
D Emami invocation graphs
D Partial Tranger Functions
D The big picture

FICI Example

Flow-insensitive context-insensitive (FICI)

int** foo(int **p, **q)

Flow-Insensitive and Context-Insensitive Pointer Analysis

The defining characteristics

b Ignore the control-flongraph, and asme that satenentscan execute in
any order

D Rather than producing alsition for each programoint, produce aisgle
solution that isvalid for the vihole program

Flow-insensitive and Context-l nsensitive pointer analyses
B Andersen-style analysis: the dowes and nog precie
b Steersgaard analysis:  the fases and leasprecie
D All other flow-insenstive pointer analyssare hybridsof thee two

int **x;
X =p; p!
X = g; q!
return x; |
} X!
int man() al
int **a, *b, *d, *f, b!
c, e; i
d! {c,e}
ga::fgg;(&b, &), f1 {c, e}
a = foo(&d, &g); g! {c,e}
*a = &e;
}
Andersen 94
Overview

b Usessubset consraints

D Cubic conplexity in progransize, Q\n3)

int **a, *b, ¢, *d, e;

Characterization of Andersen ; E _ gg

D Whole program 3 d = &

D Flow-insenstive 4: a = &d;

b Context-ingnstive

D May analys fa}—+lo}—[c]

D Alias repregntation: pointdo [a}—+[e]

D Heap nodeling?

B Aggregate radeling: fields due to stmt 4

'
o}[c]
E\@ 0

source: Barbara Ryder(3 Reference Analysis slides




Steensgaard 96

Overview
B Usesunification congaints

D Almod linear in terns of programsize

b Usesfad union-find algorithm
D Imprecison from merging pointsto s

Characterization of Steersgaard
B Whole program
D Flow-insenstive
b Context-ingnstive
b May analys
b Alias repregntation: pointgo
D Heap nodeling: none
D Aggregate radeling: posibly

source: Barbara Ryder(3 Reference Analysis slides

ts

Andersen vs. Steensgaard

a, *b, c, *d,
&b;
&c;
&e;
&d;

[a}—[o}—{c]
[o]—{e]

due to stmt 4

SN

int **a, *b, ¢, *d, e;
1: a = &b;
2: b = &c;
3: d = &e;
4: a = &d;

Andersen-style analysis

duetosaterrentf] [a]—{b]
[d}—{€] (d}—€]

Steersgaard analysis

duetosaterrentf] 8 b c
[d}—{€] e

FSCI Example

Flow-sensitive context-insensitive (FSCI)
int** foo(int **p, **q)

int **x;

}
int man()

int **a, *b, *d, *f,
c, e;

a = foo(&, &f);
*a = &c;
a = foo(&d, &9);
*a = &e;

}

p!
q!
Xq!
X, !
a,!
a,!
f,!

g, !
f,0

Gaf

Wedl see examlesof FICS and FSCS later

Flow-sensitive May Points-To Analysis

Analogous flow functions

Pris"
bs p = &;
outlg ={(p! x)} " (in[s] B{(p! y)#y})
bsp =gq;
outl§ ={(p! t)| @ t)$in[s} " (in[s]D{(p! y)#Yy)}
bs p = *q;

out[g ={(p! t)| @ r)$in[g& (r! t)$in[s]} "
(in[s] & (p! x)#x})
bs *p = q;
out[g ={(r! t)|(@! r)$in[g& (! t)$in[s]} "
(in[s] D{(r ! x)#x | (P! r)$ in, lsh




Must Points-To Analysis

Recall Context Sensitivity

Analogous flow functions
bris%
bs p = &;
out, g[S ={(p! x)} " (innsls] D{(p! Xx) #x})
bsp =gq;
out,[s]={(p! )@ t)$ inggslt " (innsls] B{(R! ) #x)})
bs p = *q;
out,[s]={(p! )@ r)$ins)& (r! t)$ ing s} "
(N [ B{(P! x) #X)})
bs *p = q;
outy s ={(r! t)| @ r)$in,[&(q! t)$ in, [s]}"
(Nl ST BY(r T *) [ (! 1) $ ingglsl)

Compute along with may analysis

Is x corstant? Context-sensitive analysis
a = id(4): b = id(5); b Corrpgtesgn ana{er for everycallsite:
\ A ’5,1 D x is4in the firg call
2 D x is5in the gcond call

id(x) { return x; }

a = id(4); b = id(5);
® x
\4, B\_-45

id(x) { return x; }

FICS Example

Flow-insensitive context-sensitive (FICS)

int** foo(int **p, **q)

int **x; p,!
‘= b P, !
W= q g, !
return x; g,!

} Xy !
int man() Xy !
|

int *xa, *b, *d, *f, a:

c, € b!

a = foo(8&, &): d!
*a = &cC; f!

a = foo(&d, &g); |
*a = g&e; g:

}

first callsite
FSCS Example

Flow-sensitive context-sensitive (FSCS)
int** foo(int **p, **q) first def
int **x;

X = p;

int man()

int **a, *b, *d, *f,
c, e;

a = foo(&, &f);
*a = &c;
a = foo(&d, &9);
*a = &e;

}




Emami 1994

Overview

b Usesinvocation graph for contexesstivity

D Can be exponential in prograsize
D Handlesfunction pointers

Characterization of Emami
D Whole program
D Flow-senstive
b Context-&nstive
D May and nug analyss
b Alias repregntation: pointgo
D Heap nodeling: one heap variable

D Aggregate mdeling of fieldsand arrays

Partial Transfer Functions[Wilson et. al. 95]

nt **a, *b, c, *d,
&b;
&C;
&e;
&d;

B[]
@[]
I

due to stmt 4

@\@ +{c]
[a]—[e]

Key idea
D Exploit conmonality anong contexts

D Provide one proceduraismmary (PTF) for all contextghat hare the ame
input/output aliamg relationgips

Partial Transfer Functions DExample

mai n() {

int *a,*b,c,d;

a = &c;

b = &d;

swap(&a, &b); /1 SO

for (i =0; i<2; i++) {
bar ( &a, &a) ; /'l S1
bar ( &b, &b) ; /Il S2
bar ( &, &b) ; /1 S3
bar (&b, &) ; /1 $4

}

void bar(int **i, int **j) { swap(i,j); }

void swap(int **x, int **y)
int *tenp = *x;
X o=y,
*y = tenp;

}

How many contexts do we
care atout?
b Two: the fornals either
aliasor they do not alias|

In practice

D Only need 1 or PTFG
per procedure

B Complex to inplement

TheBig Picture

Where do we lo® precision?
P Let( revist our running exarple




Revisiting Our Earlier Example (cont)

Flow-insensitive context-insensitive (FICI)

int** foo(int **p, **q)

int **x;
P p! {b,d}
X=8 qlt {f,g}
} return X; X | {b,d,f,g}
int .
int man() al {b.df, g}
int **a, *b, *d, *f, b! {c,e}
c, e ) '
d! {c,e}
ga::f gg;(&b, &), f1 {c, e}
a = foo(&d, &g); g! {c,e}
*a = &e;
CS553 Lecture Alias/Pointer Analysis Algorithms 17

Revisiting Our Earlier Example (cont)

Flow-sensitive context-insensitive (FSCI)

int** foo(int **p, **q)

Strong vs. Weak Updates

Strong update

D When we knowprecigly what an asgnment through a pointer refets,
the asignment kills old information

D Such cassare analogous asignmentsto salars

int a; int *a, b;
a =5 a ;= &b;

{a=5} {a->b}
a = 6 b :=5;

{a=6} {a->b, b=5}

*a 1= 6;
{a->{b}, b=6}
CS553 Lecture Alias/Pointer Analysis Algorithms 19

int **x; p! {b,d}
X = p; q! {f,g}
X = q x, ! {b,d}
} return x; x, ! {f,g}
int man() a; ! {f,g}
{ a, ! {f,
int **a, *b, *d, *f, 2 .0}
c, e; fit {c}
]
a = foo(&b, &f); 9! {c}
*a = &c; f,! {c, e} (weakupdate)
a st 33(&" &) g,! {c, e} (weakupdate)
CS553 Lecture Alias/Pointer Analysis Algorithms 18
Strong vs. Weak Updates
Weak update
D When we do not knowwvhat an asgnment through a pointer refets,
we cannot us that asgnment to kill old facts
D So the inprecison greads
int *a, b, c;
if (blah)
a = &b;
el se
a = &c;
{a->{b, c}}
b :=5; Doesnot kill { b=5}
{a->{b,c}, b=5} becaus* a might
*a = 6 updatec and notb
{a->{b,c}, b=5 n b=6} ‘
CS553 Lecture Alias/Pointer Analys's Algorthms 20




Imprecision

Weak updates
B Occur nore often in flowinsenstive and context-insnstive analygs

Thecallgraph

B When function pointerare usd, pointer analys is needed to build the
callgraph

D Imprecison in pointer analyis leadsto imprecison in thecallgraph

D A con®rvativecallgraphhasmore edgeshan a lescongrvative
callgraph

D Imprecison in thecallgraphleadsto further inprecison in the pointer
analyss

The basc issue
D The need for approxiation

Approximations

Many waysto approximate

D Recall that the corisaint graph hasodesrepregnting variablesind
edgegepregnting consaints

D The many dinensonsof pointer analyis repregnt different vaysof
collapsng the consaint graph

Flow-insensitive
D Anderen:

D Collaps all congraints(asignmentg pertaining to a given variable
into a $ngle node

b Steengaard

b Collape all nodeghat have been signed to one another into a
single node

b Allows information to flowfrom rhsto Ihsaswell asfrom lhstorhs

More Approximations

Context-insensitive analysis

b Collaps all congraintsarisng from differentcallsitesof a procedure
into a $ngle node

Partial T ransfer Functions

b Collapse consraintsfor all callsitesof a procedure thathsire the ame
aliagng relationgips

Field-insensitive
b Collaps all fieldsof a sructure into aisgle node

Field-based
b Collaps all ingancesof astructtype into one node per field

b Exanple: one node for all inancesof st udent . nane, and another
node for all inkancesof st udent . gpa

Yet More Approximations

Address Taken
b Collaps all objectghat have their addregaken into aisgle node
D Assume that all pointergoint to thisnode

Heapnaming
D One heap:
D Collaps all heap objectisto a sngle node
b Static allocation e

b Collape all ingancesof objectsthat are allocated at tharse
programlocation into aimgle node




Concepts

Partial T ransfer Functions
D Exploit conmonality anong contexts

Sources of imprecision

Next Time

Next lecture
D Finding Bugspaper

Binary Decision Diagrams (BDDs)

A data gru cture
b Extensvely used in the nadel-checking comunity

Benefits
B Compactly represntssetsand relations

D Operationsare proportional to théze of the DD, not the &e of the st
or relation

How doesthis apply to pointer analysis?

Andersen-Style Pointer AnalysisDRecap

Program Constraints Points-to Relations
a = &b a&{ b d} al { b, d}
c:=a c & a c! { b, d}
a = & e & a e! { b, d}
e = a ~ ) )
WeQe reacted a fixed point
Base corstraints Complex corstrain ts
D Used to initialize the pointto sts b Involve pointer dereferences
DEx: a := & Ex: *a := ¢

D Not needed after initialization

Simple corstraints Procedure calls
D Involve variable namsonly D Insert congraintsfor copying
Ex:c = a paranetersand return values




Andersen-Style Pointer Analysis

Represent two sts
bC={(ab)|a&b} /I Congraints
bP={(ab)|a b} /I Pointsto sets

Iterate until we reacha fixed point:

bS={(ac)| b.((ab)$ C! (b,c)$ P)} // Propagate corrmints
bP:=PUS

CS553 Lecture Alias/Pointer Analysis Algorithms

Binary Decision Diagrams (BDDs)

CS553 Lecture

000, 010, 011, 100,

111

Alias/Pointer Analysis Algorithms

Symbolic Pointer Analysis

Encode relations asBDDs
bC={(ab)|a&b}
bP={(ab)|a b}

Possible drategies
D Encode botlC andP asBDDs
P EncodeP asa BDD, but notC
P EncodeC asa BDD, but notP

Recert work
b Succes for Java [Whaley and Lant®4]
D Can analyze 600Kinesof code
P Less succesful for CN an order of nagnitude maller progrars
D Hasnot yet been applied to flogenstive analygs

CS553 Lecture Alias/Pointer Analysis Algorithms




