!'_ Class Analysis, conclusion



i Announcements

m Quiz 2

= HW2

= Post question on Submitty
=« I'm assuming you all have this set up locally

= Starter code, class analysis framework and worklist
algorithm

= Soot
= There are already many useful posts
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i Outline of Today’s Class

= Rapid Type Analysis (RTA), last time
= HW2, Class analysis framework questions?
= The XTA analysis family

= 0-CFA
= Points-to analysis (PTA)
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i Class Analysis

s Problem statement: What are the classes
of objects that a (Java) reference variable

may refer to? A oa;/ f/’ej“‘,‘i“ e
. . /4',’.?,6 !
= Applications 4_422’ fimij pe
= Call graph construction e of o

= Nodes are method
=« Edges represent calling relationships
= Notion of methods reachable from main

= Virtual call resolution
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i RTA, A Declarative Specification

R is the set of reachable methods
| is the set of instantiated types

1. { main }= R /I Algo: initialize R with main

2. for each method m &R and
= each new site new C in m

{C}E | [/ Algo: add C to I; schedule

—

— [l “successor’ constraints
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i RTA, A Declarative Specification

3. for each method m € R,
each virtual call y.n(z) in m,
each class C in SubTypes(StaticType(y)) (1,
and n’, where@= resolve(C,n)
{n’} R /I Algo: add target n’ to R, if not already
— [/ there. Schedule “successors”

é(, G[Dreacé. iveck caly o‘bc@ n ek
sni <R
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Worklist Algorithm for Flow-
i Insensitive Analysis

= Flow-insensitive, context-insensitive analysis
Qe 4 u7

S = ... " initialize S, typically to empty, which is O of lattice */
‘V=V ={f,, ... f, } /* initialize W with transfer functions in main */

while W # @ do { o [a//oc St F

remove fj from W afloc = kew Alloc ()

add Totuop ( so0 Bomstrac b,
—28 = f;(S) /* f; never “kills” */ - — (¥ aw/ﬁ?tezjéf’

~> if Schanged [&{an Hoc aé'—‘f:ac.)/,

-——-9 uew,_a,/d/n Pt
W =W U Successors flosl, Sotd Crusharnts> Solie()

—— _ —
/* Successors includes all affected transfer functions; easy safe
approximation for us: include all f;'s in reachable methods */

1
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i HW2 Class Analysis Framework

= Questions on HW?2 class analysis
framework?
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i XTA Analysis Family

= Due to Tip and Palsberg

=« Frank Tip and Jens Palsberg, “Scalable
Propagation-Based Call Graph Construction
Algorithms”, OOPSLA 00

s Generalizes RTA

= Improves on R

A by keeping more info

= What if we kept sets per method and per field
rather than a “blob” 1?7
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i XTA

R is the set of reachable methods
S,, is the set of types that flow to method m

S; Is the set of types that flow to field f
-

1.{main} ER

2 for each method m &R and
“~ each new site new C inm

{C}E S
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i XTA

3. for each method m & R,
each virtual call y.n(z) in m,

each class C in SubTypes(StaticType(y))('S,,

and n’, where n’ = resolve(C,n)
—P{n’} ER //add n’ to R if not already there
—>»{C}E S, // add C to S,, if not already there
—» S, N SubTypes(StaticType(p)) E S,, djﬁ"“ﬂjﬁ/)ﬁgw
~—® Sy 1 SubTypes(StaticType(ret)) = S, /i ?i;“e/zem

(p denotes the parameter of n’, and ret b L
denotes the return of n’) )



i XTA

i for each methcz/d\m ER,
each field read x = y.fin m

Sf ES Sm> S’f g Su«

5. for each method m €R,

each field write x.f = yinm
S,,[1 SubTypes(StaticType(f)) = S;

CSCI 4450/6450, A Milanova
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i Practical Concerns

= Multiple parameters

s Direct calls
= either static invoke calls or
= special invoke calls

= Array reads and writes!
= Static fields

= See Tip and Palsberg for more
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Example: RTAvs. XTA A ™

public class A { / \

m()
public static void main() { B m0) ¢
n1(); T A
) n2(); KTH > ~a m0 D E
static void n1()"{" .0;-1: cove(4) M i ‘2—8"6'3’ .
A al=newB(); af.k() ¢ 5 B.wC), CoC) § M fprec ¢
al.m(); XTA e (BY

o= I
b oo 012 coce(4)[) Sus = 7 B
static void n2() { [ e S B 5y

A a2 =new C(); ¥ "/ ° B eOf

a2.m();
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Boolean Expression Hierarchy:
i RTA vs. XTA vs. “Ground Truth”

public class AndExp extends BoolExp {
private BoolExp left;
private BoolExp right;

public AndExp(BoolExp left, BoolExp right) {
this.left = left;
this.right = right; Mw.waihﬂ
} T
public boolean evaluate(Context c) {
. g———
private BoolExp | = this.left;
private BoolExp r = this.right;
return l.evaluate(c) && r.evaluate(c);

1
J

}
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Boolean Expression Hierarchy:
i RTA vs. XTA vs. “Ground Truth”

public class OrExp extends BoolExp {
private BoolExp left;
private BoolExp right;

O Exp. Ordep —
public Oﬁ)fg(BoolExp left, ight) { ’ :
% thisleft =left,  Socg.dsy & Soctsp.left !/ freld wriie
this.right = right; e —
public boolean ev%ﬁegContext c) {
«=P private BoolExp | = this.left; SO@xZ.(GH' = Suexe-ev«w«k
private BoolExp r = this.right;

retur%evaluate(c) || r.evaluate(c);

} Qf; " YA A P 2
} XTh ¢ ﬁ_" ZU'*’W*" ‘/ﬂd—&(ﬁ, UI‘ZXF, VNfoj» 16




Boolean Expression Hierarchy:
RTA vs. XTA vs. "Ground Truth”

(ieJM ot W W“Hw'e

main() { Z v
Context'theContext = new Context(); ML
B@b X = new V(“X”); Saiu =
BoolExp y = new VarExp(“Y”); gﬁﬁ"“
BoolExp exp = new AndEXxp( \/

new Constant(true), new OrExp(x, y) );
theContext.assign(x, true); -
theContext.assign(y, false);
boolean result = exp.evaluate(theContext);
)} 6T ep: § hdbepd >
KTA'o exp zl/argxf /hd Exp, Dréxf, Eostoet —
HS exp 2 cm(/Sw/&p)HS’wa..a = AU
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i Outline of Today’s Class

= Rapid Type Analysis (RTA), last time
= HW2, Class analysis framework questions?
= The XTA analysis family

= 0-CFA
= Points-to analysis (PTA)

CSCI 4450/6450, A Milanova
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i 0-CFA

= Described in Tip and Palsbserg’s paper

= 0-CFA stands for O-level Control Flow
Analysis, where “0-level” stands for
context-insensitive analysis

= Will see 1-CFA, 2-CFA, ... k-CFA later

= Improves on XTA by storing even more
information about flow of class types

CSCI 4450/6450, A Milanova
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i 0-CFA

R is the set of reachable methods
S, is the set of types that flow to variable v

‘§: IS the set of types that flow to field f
1.{main} ER

2. for each method m &R and
each newsitex=new Cinm

{C}ES,
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i 0-CFA

3. for each method m & R,
each virtual call x = y.n(z) in m,

each class Cin S,
and n’, where n’ = resolve(C,n)

—{nN’ }ER <7£{owo["f”°“

o
—» { C } © Shis _» Oﬂﬁfﬁ( et
—> S, 1 SubTypes(StaticType(p)) = S, d':ew from
—7

_ bl
— Sret/) SubTypes(StaticType(x)) & Sy b v31 X 1_

(this is the implicit parameter of n’, p is the
parameter of n’, and ret is the return of n’) .




i 0-CFA

4. for each method m €R,
each field read x = y.fin m

S: [1 SubTypes(StaticType(x)) = S

X
E—
Ch— —

5. for each method m €R,

each field write x.f=y inm

S, 1SubTypes(StaticType(f)) = S;
—
CSCl 4450/6450, A Milanova
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i 0-CFA pic S [xoues 4

dx & S} J= X1
6. for each method m &R, Yy <5z [ 2=
each assignmentx =y in m S’K S <S2= A

S, [1 SubTypes(StaticType(x)) & S,

’ g—
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Example: XTA vs. 0-CFA

m()

public class A { A
public static void main() { \
A a1 = new B();
al.m(); / XTH B M{ c ™
= a1: ¥ B A
A a2 = new C(); aséml) s §B.u0,é«‘ﬁ@f {0\
a2.m();
; O-CF4 :
; as: I 8BS

at. k)2 B}

CSCI 4450/6450, A Milanova
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Boolean Expression Hierarchy:
i XTA vs. 0-CFA

public class AndExp extends BoolExp {
private BoolExp left;
private BoolExp right;

public AndExp(BoolExp left, BoolExp right) {
this.left = left;
this.right = right;
}
public boolean evaluate(Context c) {
private BoolExp | = this.left;
private BoolExp r = this.right;

return l.evaluate(c) && r.evaluate(c);
1

J
C?CI 4450/6450, A Milanova
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Boolean Expression Hierarchy:
i XTA vs. 0-CFA

public class OrExp extends BoolExp {
private BoolExp left;
private BoolExp right;

public OrExp(BooIExp left, BoolExp right) {

———> this.left = lefft; Sofa,/, oricp. loft < $ Uréxf /eﬁlv‘
this.right = right;

}

public boolean evaluate(Context c) {
__e> private BoolExp | = this.left; SOri'rf left- = <8 Orcxp. evaluate,|l
private BoolExp r = this.right;

return l.evaluate(c) || r.evaluate(c);

) d T ety

C?CI 4450/6450, A Milanova 26




Boolean Expression Hierarchy:
i XTA vs. 0-CFA

main() { - &= ke Grubed();
Context theContext = new Context(); N« o= rew Orbepll]
BoolExp x = new VarExp(“X"); -~ 370 = Wl M&f

BoolExp y = new VarExp(“Y”); (c,0);

BoolExp exp = new AndEXxp(
new Constant(true), new OreExp(x, y) );
rE— e

theContext.assign(x, true); S e Sorz.ef. orsxp- lgft
theContext.assign(y, false);
boolean result = exp.evaluate(theContext);

} XTh: exp : U
D’Apéf @W: E-Atcl{xff
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i Outline of Today’s Class

= Rapid Type Analysis (RTA), last time
= HW2, Class analysis framework questions?
= The XTA analysis family

= 0-CFA
= Points-to analysis (PTA)

CSCI 4450/6450, A Milanova
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i PTA

= Widely referred to as Andersen’s points-to

analysis for Java at a?
\_%4
| L.
C
B

= Improves on 0-CFA by storing information
about objects, not classes

~»u A al =new A(); // 04
—» = A a2 = new A(), // 0,

CSCI 4450/6450, A Milanova 29



i PTA

R is the set of reachable methods
Pt(v) is the set of objects that v may point to

oV
Pt(o.f) is the set of objects that field f of object
0 may point to

1.{main}= R v

2. for each method m &R and
each new sitei: x=new C in m

{o;} E Pt(x) /] instead of C, we have o,
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PT A class_of(o) returns the
class of object o

3. for each method m & R,

each virtual call x = y.n(z) in m,

each class o; in Pt(y)

and n’, where n’ = resolve(class_of(o;),n)
—{n’}ER

—s { 0; } = Pt(this) chusls
,.__gPt(z) (1 SubTypes(StaticType(p)) = Pt(p) foz”
—> Pt(ret) 1 SubTypes(StaticType(x)) = Pt(x)

(thls s the |mpI|C|t parameter of n’, p is the
parameter of n’, and ret is the return ofn’)




i PTA

4. for each method m &R,
each field read x = y.fin m

oy

for each object® & Pt(y)
Pt(o.f) N SubTypes(StaticType(x)) E Pt(x)

5. for each method m €R,
each field write x.f=y inm

for each object o & Pt(x)
Pt(y) 1 SubTypes(StaticType(f)) = Pt(o.f)

CEE——
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i PTA

6. for each method m €R,
each assignment stmtx =y inm

Pt(y) 1 SubTypes(StaticType(x)) & Pt(x)
' A

CSCI 4450/6450, A Milanova
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PM’; X1 X2
Example: 0-CFA vs. PTégr a@,

P
public class A { oz 0ol
public static void main() {
X x1=newX(); (@ o.)
A a1 =new B(); I/l o, g m() c M0
a2.m() 02t 5 8,CH 0-Ch# M0 DAE
= : az: iB xi )(L
X x2 =new X(); (/l o
A a3 =new C(); /lo,
= x2.f=a3; /] o5.f points to o,
A a4 = x2.f; /| a4 points to o, z"ﬁ r—f—

a4.m(); ay: 3k ey

}“:
2

s==3p x1.f = a1; // 0,.f points to o,
“R a2 =x1 f; I/ a2 points to o,
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— X1 =ue XO)j (ol
— 0t = uew B0, j o2
— K2 f= at;

K9 - ued ¥() //ﬁz_
A2z e CO [ 6%

,__,ﬁ,.ﬁsaL

CSCI 4450/6450, A Milanova 35



i The Big Picture

= All fit into our monotone dataflow framework!

s Flow-insensitive, context-insensitive
= Compute single solution S

= Algorithms differ mainly in “size” of S
= RTA: only 2 kinds of statements; Lattice?
= XTA: expands to all statements; Lattice?
= 0-CFA: all statements; Lattice?

= PTA (Points-to analysis): all statements; Lattice
elements are points-to graphs
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i The Big Picture

RTA:

Types: ABCD

0-CFA:V1: Vi o Vs

ABCD..

CSCI 4450/6450, A Milanova

XTA Sm1 Sm2 Smk Sf1 ka
A B C D...

PTA Vi, Vo, ... Vi

04:A 0,:A 03:B0o,:B 05:C 04D ...
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