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Problem of Context-lInsensitive
Pointer Analysis

void main() {
Number nl, n2, X, Vy;
nl = new One(); // 04
n2 = new Two(); // 0,
x = id(nl);
y = id(n2);
int i = x.get();

}

Number id(Number n) {
return n;

}

interface Number {
int get(); }

class One implements Number {
public int get() { return 1; }}

class Two implements Number {
public int get() { return 2; }}
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Pointer Analysis

void main() {
Number nl, n2, X, Vy;
nl = new One(); // 04
n2 = new Two(); // 0,

id(nl);

id(n2);

i = x.get();

X
y
) i

}
Number id(Number n) {

return n;

}

+

n

interface Number {
int get(); }

class One implements Number
public int get() { return

class Two implements Number
public int get() { return

{
1; }}
{
2; }}
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Context insensitivity, x.get ():
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DO I nte r A Nna |yS I S Context insensitivity, x.get():

void main() {
Number nl, n2, X, Vy;

nl = new One(); // 04
n2 = new Two(); // 0,

Number id(Number n) {
return n;

}

interface Number { PFG:

int get(); }
class One implements Number {
public int get() { return 1; }}
class Two implements Number {
public int get() { return 2; }}
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Pointer Analysis

void main() {
Number nl, n2, X, Vy;

nl = new One(); // 04
n2 = new Two(); // 0,

Number id(Number n) {
return n;

}

interface Number {
int get(); }

class One implements Number {
public int get() { return 1; }}

class Two implements Number {
public int get() { return 2; }}
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Context insensitivity, x.get ():
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Problem of Context-Insensitive

Pointer Analysis

void main() { e 2 call targets
Number nl, n2, X, Vy;

nl = new One(); // 04
n2 = new Two(); // 0,

Context insensitivity, x.get ():

Constant propagation
X = id(nl); o A‘épg
y = id(n2); 1=N
== int 1 = x.get(),
} \ \\\
Number id(Number n)* { { }
return n; \ \
} N
interface Number { , / I'l PFG: Q {01, 0, }

int get(); ¥ / /
class One 1mp1emghts Number

public int get() { return
class Two 1mp1em§nts Number

public int get() { return

5 1) @ 0

; }} {01' 02} {OlJ 02}

N A~ A
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Pointer Analysis

void main() {
Number nl, n2, X, Vy;
nl = new One(); // 04
n2 = new Two(); // 0,
x = id(nl);
y = id(n2);

mm) int i = x.get()x'\
} \\

Number id(Number n) {

return n;

}

-~
--_x;’

I

Sso

interface Number { ,
int get(); }

class One 1mp1emghts Number
public int get() { return

class Two 1mp1em§nts Number
public int get() { return

N A~ A
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Problem of Context-Insensitive

Context insensitivity, x.get ():

e 2 call targets
e 1 false positive

Constant propagation

* 1=NAC
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Via Context-Sensitive

Pointer Analysis

void main() {
Number nl, n2, X, Vy;
nl = new One(); // 04
n2 = new Two(); // 0,
x = id(nl);
y = id(n2);
mm) int 1 = x.get();
}
Number id(Number n) {
return n;

}

interface Number {
int get(); }

class One implements Number {
public int get() { return 1; }}

class Two implements Number {
public int get() { return 2; }}

Context sensitivity, x.get ():
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Via Context-Sensitive
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void main() {
Number nl, n2, X, Vy;

nl = new One(); // 04
n2 = new Two(); // 0,
mm) X = id(nl);

y = id(n2);
int 4 =“)x.get(),

t ‘W ¥

Number id(Number n) {
return n;

}

interface Number {
int get(); }

class One implements Number {
public int get() { return 1; }}

class Two implements Number {
public int get() { return 2; }}

Context sensitivity, x.get ():
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Via Context-Sensitive

Pointer Analysis

void main() {
Number nl, n2, X, Vy;
nl = new One(); // 04
n2 = new Two(); // 0,

id(nl);

id(n2);

mm) int 1 = x.get()y
}
Number id(Number n){

return n; ‘

\
)
1
1
1
I
I
)
1
/

X
y
i

+

/

interface Number { /
int get(); }
class One implemgﬁts Number
public int get() { return
class Two implements Number

public int get() { return

Context sensitivity, x.get ():
e 1 call targets
e 0 false positive

Constant propagation

e 1=1
101} 102}
@) (2
{01} {02}
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Imprecision of Context Insensitivity (C.1.)

* In dynamic execution, a method may |x = id(nl);
be called multiple times under y }dfnz)i |
different calling contexts int i = x.get();

Number id(Number n) {
return n;

}

Tian Tan @ Nanjing University 16



Imprecision of Context Insensitivity (C.1.)

* In dynamic execution, a method may |x = id(nl);
be called multiple times under y }dfnz)i |
different calling contexts int i = x.get();

Number id(Number n) {
return n;

* Under different calling contexts, the |y
variables of the method may point to
different objects

Tian Tan @ Nanjing University 17



Imprecision of Context Insensitivity (C.1.)

* In dynamic execution, a method may |x = id(nl);
be called multiple times under y }dfnz)i |
different calling contexts int i = x.get();

Number id(Number n) {

return n;
* Under different calling contexts, the |y
variables of the method may point to
different objects { }
* In C.I. pointer analysis, objects under
different contexts are mixed and 6 101, 02}

propagated to other parts of program
(through return values or side-effects), @ @
causing spurious data flows

01, O 04, O
Tian Tan @ Nanjing University { L 2} { L 2} 18



Context Sensitivity (C.S.)

* Context sensitivity models calling contexts by distinguishing
different data flows of different contexts to improve precision
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Context Sensitivity (C.S.)

* Context sensitivity models calling contexts by distinguishing
different data flows of different contexts to improve precision

e The oldest and best-known context
sensitivity strategy is call-site

sensitivity (call-string)
* Which represents each context of a
method as a chain of call sites, i.e.,
a call site of the method,
a call site of the caller,
a call site of caller of caller, etc.
(abstract call stacks in dynamic execution)
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Context Sensitivity (C.S.)

* Context sensitivity models calling contexts by distinguishing
different data flows of different contexts to improve precision

e The oldest and best-known context X = id(nl);
. s = B _ o y - id(nZ);
sensitivity strategy is call-site Tt 1= x.met();

sensitivity (call-string)
* Which represents each context of a
method as a chain of call sites, i.e.,
a call site of the method,
a call site of the caller,
a call site of caller of caller, etc. In call-site sensitivity, what are the
(abstract call stacks in dynamic execution) contexts for method id(N“mbeP)?

Number id(Number n) {
return n;

¥

NOuvuih wbN R
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Context Sensitivity (C.S.)

* Context sensitivity models calling contexts by distinguishing
different data flows of different contexts to improve precision

e The oldest and best-known context
sensitivity strategy is call-site

sensitivity (call-string)
* Which represents each context of a
method as a chain of call sites, i.e.,
a call site of the method,
a call site of the caller,
a call site of caller of caller, etc.
(abstract call stacks in dynamic execution)

Tian Tan @ Nanjing University

id(nl);
id(n2);
i = x.get();

X
y
i

+

n

Number id(Number n) {
return n;

¥

NOuvuih wbN R

In call-site sensitivity, method
id(Number) has two contexts:
[1] and [2]
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Context Sensitivity (C.S.)

* Context sensitivity models calling contexts by distinguishing
different data flows of different contexts to improve precision

e The oldest and best-known context
sensitivity strategy is call-site

sensitivity (call-string)
* Which represents each context of a
method as a chain of call sites, i.e.,
a call site of the method,
a call site of the caller,
a call site of caller of caller, etc.

You will see other variants of context sensitivity
in the next lecture
Tian Tan @ Nanjing University

id(nl);
id(n2);
nt i = x.get();

X
y
i

Number id(Number n) {
return n;

¥

NOuvuih wbN R

In call-site sensitivity, method
id(Number) has two contexts:
[1] and [2]
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Cloning-Based Context Sensitivity

The most straightforward approach to implement context sensitivity

* In cloning-based context-sensitive
pointer analysis, each method is
qualified by one or more contexts
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Cloning-Based Context Sensitivity

The most straightforward approach to implement context sensitivity

* In cloning-based context-sensitive
pointer analysis, each method is
qualified by one or more contexts

* The variables are also qualified by
contexts (inherited from the
method they are declared in)

e Essentially each method and its
variables are cloned, one clone per
context

Tian Tan @ Nanjing University
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Cloning-Based Context Sensitivity

The most straightforward approach to implement context sensitivity

X = id(nl);
y = id(n2);
int 1 = x.get();

* In cloning-based context-sensitive
pointer analysis, each method is

qualified by one or more contexts Number id(Number n) {

return n;

NOoOOuviph wNnBR

}
* The variables are also qualified by
contexts (inherited from the In call-site sensitivity, method

method they are declared in) I[L%I\;L:]n(ljb[ezr‘]) has two contexts:

{01} {02}
e Essentially each method and its @ @
variables are cloned, one clone per
P o @i @ o2

context
Tian Tan @ Nanjing University {01} 0 0 {02} 27



Context-Sensitive Heap

* OO programs (e.g., Java) are typically heap-intensive

* |n practice, to improve precision, context sensitivity
should also be applied to heap abstraction

* The abstract objects are also qualified by contexts (called
heap contexts)
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Context-Sensitive Heap

* OO programs (e.g., Java) are typically heap-intensive

* |n practice, to improve precision, context sensitivity
should also be applied to heap abstraction

* The abstract objects are also qualified by contexts (called

heap contexts) The most common choice is to inherit contexts
from the method where the object is allocated
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Context-Sensitive Heap

* OO programs (e.g., Java) are typically heap-intensive

* |n practice, to improve precision, context sensitivity
should also be applied to heap abstraction

* The abstract objects are also qualified by contexts (called

heap contexts) The most common choice is to inherit contexts
from the method where the object is allocated

* Context-sensitive heap abstraction provides a finer-grained
heap model over allocation-site abstraction

+
0; 0y Cs. Cq:0;|Cp:0;[Cx:0j[Cy:0j[cp:01[C4:0;
O; >
Ok Oh Cc:0; [Cq-0; Cx:OkCy:OkCrZOI ....0p
Allocation-site abstraction Context-sensitive

allocation-site abstraction i



Why Context-Sensitive Heap
Improve Precision?

* In dynamic execution, an allocation site
can create multiple objects under

different calling contexts return x;
}

X newX(...) {
X x = new X();

Tian Tan @ Nanjing University 31



Why Context-Sensitive Heap
Improve Precision?
X newX(Y y) {

* In dynamic execution, an allocation site
i ) X x = new X();
can create multiple objects under x.f = y;

different calling contexts return x;
}

* Different objects (allocated by the same site) may be
manipulated with different data flows, e.g., stored
different values to their fields
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Why Context-Sensitive Heap
Improve Precision?
X newX(Y y) {

* In dynamic execution, an allocation site
i ) X x = new X();
can create multiple objects under x.f = y;

different calling contexts return x;
}

* Different objects (allocated by the same site) may be
manipulated with different data flows, e.g., stored
different values to their fields

»In pointer analysis, analyzing such code without heap contexts
may lose precision by merging the data flows of different
contexts to one abstract object

»In contrast, distinguishing different objects from the same
allocation site by heap contexts gains precision

33



Context-Sensitive Heap: Example

nl
n2

new One();
new Two();
x1 = newX(nl);
x2 = newX(n2);
n = x1.f;

X newX(Number p) {
X x = new X();
x.f = p;

10 return Xx;

11 }

12 class X {

13 Number f;

14 }

coNOoOOuVT A~ WNPER

O

34
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mmemss) 1 nl
) 7 N2

Context-Sensitive Heap: Example

C.S., no C.S. heap

= new One(); ; :
= new Two();
3 x1 = newX(nl); nl 01
4  x2 = newX(n2); n2 0,
5 n = x1.f;
6
7 X newX(Number p) {
8 X x = new X();
9 x.f = p;
10 return Xx;
11 }
12 class X {
13 Number f;
14 }

Tian Tan @ Nanjing University
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Context-Sensitive Heap: Example

C.S., no C.S. heap

1 nl = new One(); ; :
2 n2 = new Two();
3 x1 = newX(nl); nl 01
4  x2 = newX(n2); n2 0,
5 n = x1.f; 3:p 01
6

7 X newX(Number p) {

8 X x = new X();

9 x.f = p;

10 return Xx;

11 }

12 class X {

13 Number f;

14 }
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Context-Sensitive Heap: Example

C.S., no C.S. heap

Variable Object

coNOoOOuVT A~ WNPER

l

nl
n2

new One();
new Two();
x1 = newX(nl);

x2 = newX(n2);

n = x1.f;

X newX(Number p) {
X x = new X();
x.f = p;

10 return Xx;

11 }

12 class X {

13 Number f;

14 }

O

nl 01

n2 (0}

3:p 04
?

Tian Tan @ Nanjing University
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Context-Sensitive Heap: Example

C.S., no C.S. heap

Variable Object

coNOoOOuVT A~ WNPER

l

nl
n2

new One();
new Two();
x1 = newX(nl);

x2 = newX(n2);

n = x1.f;

X newX(Number p) {
X x = new X();
x.f = p;

10 return Xx;

11 }

12 class X {

13 Number f;

14 }

O

Tian Tan @ Nanjing University
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Context-Sensitive Heap: Example

C.S., no C.S. heap

1 nl = new One(); ; :

2 n2 = new Two();
mmmm) 3 x1 = newX(nl); nl 01

4  x2 = newX(n2); n2 0,

5 n = x1.f; 3:p 01

6 31X 0g

7 X newX(Number p) { 1 0g

8 X x = new X();
—) O x.f = p;
) 10 return X;

11 }

12 class X {

13 Number f;
14 }
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Context-Sensitive Heap: Example

C.S., no C.S. heap

1 nl = new One(); ; :

2 n2 = new Two();

3 x1 = newX(nl); nl 01
mm—) 4 x2 = newX(n2); n2 0,

5 n = x1.f; 3:p 01

6 31X 0g
mmmm) 7 X newX(Number p) { 1 0g
—) 3 X x = new X(); :

9 x.f = p; 4:p %2

10 return x; 4:X 08

1)

12 class X { og.f 04

13 Number f;

14 }
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Context-Sensitive Heap: Example

C.S., no C.S. heap

Variable Object

1 nl = new One();

2 n2 = new Two();

3 x1 = newX(nl);
mm—) 4 x2 = newX(n2);

5 n = x1.f;

6

7

X newX(Number p) {
8 X x = new X();
—) O x.f = p;
10 return X;

11 }

12 class X {

13 Number f;
14 }

nl 04
n2 0,
3:p 04
3:X Og
x1 Og
4:p 0,
41X Og
og.T 01

Tian Tan @ Nanjing University
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Context-Sensitive Heap: Example

C.S., no C.S. heap

1 nl = new One(); ; :

2 n2 = new Two();

3 x1 = newX(nl); nl 01
mm—) 4 x2 = newX(n2); n2 0,

5 n = x1.f; 3:p 01

6 3:X Og

7 X newX(Number p) { 1 0g

8 X x = new X();

m—) x.f = p; 4fp %2

) 10 return x; 4:x Os
11 } X2 Og
12 class X { Field Object
13 Number f; 0g.f 04, 05

14 }

Tian Tan @ Nanjing University



Context-Sensitive Heap: Example

C.S., no C.S. heap

1 nl = new One(); ; :
2 n2 = new Two();
3 x1 = newX(nl); nl 01
4  x2 = newX(n2); n2 0,
5 n = x1.f; 3:p 01
6 3:X Og
7 X newX(Number p) { 1 0g
8 X x = new X(); 1

9 x.f = p; P %2
10 return x; 4:x O8
11 }

12 class X {

13 Number f;

14 }
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Context-Sensitive Heap: Example

C.S., no C.S. heap

1 nl = new One(); ; ;

2 n2 = new Two();
3 x1 = newX(nl); nl 01
4  x2 = newX(n2); n2 03
5 n = x1.f; 3:p 01
6 3:X Og
7 X newX(Number p) { %1 0g
8 X X = new X(); Y

9 x.f = p; -P 22
10  return Xx; 4ix %8
11 } X2 Og
12 class X { n 01, 03
14 } og.T 01, 07

Tian Tan @ Nanjing University



Context-Sensitive Heap: Example

C.S., no C.S. heap

OooONOUVLTE, WNEER

nl = new One(); ; :
n2 = new Two();
x1 = newX(nl); nl 01
x2 = newX(n2); n2 0,
n = x1.f; 3:p 01
y X (Numb ' o 3:X Og
newX(Number p
X x = new X(); x1 °8
x.f = p; 4:p %2
, .
10 return x; 4:x O8
11 } X2 Og
12 class X { n 01, 0y
13 Number f;
14} og.T 01, 07

Spurious data flow
due to lack of C.S. heap

Tian Tan @ Nanjing University
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Context-Sensitive Heap: Example

C.S., no C.S. heap C.S.+C.S heap
1 nl = new One(); . _ . _
> 2 = new Tuo()
3 x1 = newX(nl); nl 01 nl 01
4 x2 = newX(n2); n2 0, n2 0,
5 n = x1.f; 3:p 01 3:p 0,
6 3:X Og
7 X newX(Number p) { 1 0g
8 X x = new X(); e
9 x.f = p; P 02
10  return x; 4:X Og
11 } X2 Og
12 class X { n 01, 07
13 Number f;
14} og.T 01, 07

Spurious data flow
due to lack of C.S. heap

46
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Context-Sensitive Heap: Example

C.S., no C.S. heap

Variable Object

OooONOUVLTE, WNEER

l

nl = new One();
n2 = new Two();
x1 = newX(nl);
x2 = newX(n2);
n = x1.f;

X newX(Number p) {
X x = new X();
x.f = p;

10 return X;

11 }

12 class X {

13 Number f;

14 }

nl 04
n2 0,
3:p 04
3:X Og
x1 Og
4:p 0,
41X Og
X2 Og
n 01, 07
og.T 01, 0

Spurious data flow

due to lack of C.S. heap

Tian Tan @ Nanjing University

C.S.+C.S heap
Variable Object
nl 01
n2 (0}
3:p 04

Y
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Context-Sensitive Heap: Example

C.S., no C.S. heap C.S.+C.S heap
1 nl = new One(); : : : :
2 n2 = new Two(); Variable  Object Variable  Object
)
mmmm) 3 x1 = newX(nl); nl 01 nl 01
4 x2 = newX(n2); n2 0, n2 0,
5 n = x1.f; 3:p 04 3:p 01
6 31X 0g 31X 3:0g
7 X newX(Number p) { 1 o
—) 3 X X = new X(); 8 Object with heap context
9 x.f = p; 4:p 92
. - p) R
10  return x; 4:x Os
11 } X2 Og
12 class X { n 01, 07
13 Number f;
14} og.T 01, 0

Spurious data flow
due to lack of C.S. heap

48
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Context-Sensitive Heap: Example

l

OooONOUVLTE, WNEER

l

nl = new One();
n2 = new Two();
x1 = newX(nl);
x2 = newX(n2);
n = x1.f;

X newX(Number p) {
X x = new X();
x.f = p;

10 return X;

11 }

12 class X {

13 Number f;

14 }

C.S., no C.S. heap

Variable Object

nl 04
n2 0,
3:p 04
3:X Og
x1 Og
4:p 0,
41X Og
X2 Og
n 01, 07
og.T 01, 0

Spurious data flow
due to lack of C.S. heap

Tian Tan @ Nanjing University

C.S.+C.S heap
nl 04
n2 0,
3:p 04
3:X 3:0g




Context-Sensitive Heap: Example

C.S.+C.S heap

NOoOuvuiph wNnBR

8
) O
) 10
11
12
13

nl
n2

X1l =

X2
n

X newX(Number p)
X x = new X();

}
cl

14 }

= x1.f;

x.f = p;
return X;

ass X {

Number f;

new One();
new Two();
newX(nl);
= newX(n2);

C.S., no C.S. heap

Variable Object

nl 04
n2 0,
3:p 04
3:X Og
x1 Og
4:p 0,
41X Og
X2 Og
n 01, 07
og.T 01, 0

Spurious data flow
due to lack of C.S. heap

Tian Tan @ Nanjing University

nl 04
n2 0,
3:p 04
3:X 3:0g
x1 3:0g
| Field __Object
3:0g.T 01
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Context-Sensitive Heap: Example

C.S.+C.S heap

Variable Object

C.S., no C.S. heap

1 nl = new One(); r »
3 x1 = newX(nl); nl 04
mm—) 4 X2 = newX(n2); n2 0,
5 n = Xl.'F; 3p 04
° 3:X Og
mmmm) 7 X newX(Number p) { 1 ;
8
) 2 X x = new X(); .
e 4:p 0,
9 x.f = p; :
10  return x; 41X 0g
11 } X2 0g
12 class X { n 01, 05
13 Number f;
14 } 08.'F 01, 0y

Spurious data flow
due to lack of C.S. heap

Tian Tan @ Nanjing University

nl 04
n2 0,
3:p 04
3:X 3:0g
x1 3:0g
4:p 05
41X 4:0g
3:0g.f 01
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Context-Sensitive Heap: Example

C.S., no C.S. heap

1 nl = new One(); ; :
2 n2 = new Two();
3 x1 = newX(nl); nl 01
mmmm) 4 x2 = newX(n2); n2 0,
5 n = x1.f; 3:p 01
6 31X 0g
7 X newX(Number p) { 1 0g
8 X x = new X(); 1
m—) x.f = p; P 02
mmss) 10 return x; 4:X 98
11 } X2 Og
12 class X { n 01, 0y
13 Number f;
14} og.T 01, 07

Spurious data flow
due to lack of C.S. heap

Tian Tan @ Nanjing University

C.S.+C.S heap
Variable Object
nl 01
n2 (0}
3:p 04
3:X 3:0g
x1 3:0g
4:p 0,
41X 4:0g
X2 4:08

3:08 . 01
A:0g.T 05
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Context-Sensitive Heap: Example

nl
n2

X2
n

OooONOUVLTE, WNEER

11 }

X1l =

= X

X X

X.f
ret

new One();
new Two();

newX(nl);
newX(n2);
1.f;

X newX(Number p) {
= new X();

= P
urn X;

12 class X {

14 }

Nu

mber f;

C.S., no C.S. heap C.S.+C.S heap
nl 04 nl 04
n2 0, n2 0,
3:p 04 3:p 04
3:X Og 3:X 3:0g
x1 Og x1 3:0g
4:p 0, 4:p 0,
41X Og
X2 Og

n 01, 0y

08.'F 01, 0y 3:08'{: 01
. 4:08 . (0}
Spurious data flow
due to lack of C.S. heap
53
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Context-Sensitive Heap: Example

C.S.+C.S heap

Variable Object

nl
n2

X2
n

OooONOUVLTE, WNEER

11 }

X1l =

= X

X X

X.f
ret

new One();
new Two();
newX(nl);
newX(n2);
1.f;

X newX(Number p) {
= new X();

= P
urn X;

12 class X {

14 }

Nu

mber f;

C.S., no C.S. heap

Variable Object

nl 04
n2 0,
3:p 04
3:X Og
x1 Og
4:p 0,
41X Og
X2 Og
n 01, 07
og.T 01, 0

Spurious data flow
due to lack of C.S. heap

Tian Tan @ Nanjing University

nl 04
n2 0,
3:p 04
3:X 3:0g
x1 3:0g
4:p 0,
41X 4:0g
X2 4:0g
n 01
3:0g.T 01
4:0g.T 0y




Context-Sensitive Heap: Example

C.S.+C.S heap

Variable Object

nl
n2

X2
n

OooONOUVLTE, WNEER

11 }

X1 =

= X

X X

X.f
ret

new One();
new Two();
newX(nl);

newX(n2);

1.f;

X newX(Number p) {
= new X();

= P
urn X;

12 class X {

14 }

Nu

mber f;

C.S., no C.S. heap

Variable Object

nl 04
n2 0,
3:p 04
3:X Og
x1 Og
4:p 0,
41X Og
X2 Og
n 01, 07
og.T 01, 0

Spurious data flow
due to lack of C.S. heap

Tian Tan @ Nanjing University

nl 04
n2 0,
3:p 04
3:X 3:0g
x1 3:0g
4:p 0,
41X 4:0g
X2 4:0g
n 01
3:0g.T 01
4:0g.T 0y

Context-sensitive heap

improves precision




Context-Sensitive Heap: Example

nl = new One();
n2 = new Two();
x1 = newX(nl);

x2 = newX(n2);

n = x1.f;

X newX(Number p) {
X x = new X();
x.f = p;
return X;

OooONOUVLTE, WNEER

B
R o

}
12 class X {

13 Number f;
14 }

C.I. + C.S. heap

nl 04

n2 0,

S 01, 02

X :0g, 4:0g

x1 10g,4:0g

X2 10g,4:0g

n 01, 0
3:0g.fF 01, 0>
4:0g.f 01, 07

Without C.S., C.S. heap
cannot improve precision

Tian Tan @ Nanjing University

C.S.+C.S heap
nl 04
n2 0,
3:p 04
3:X 3:0g
x1 3:0g
4:p 0,
41X 4:0g
X2 4:0g

n 01

3:0g.T 01

4:0g.T 0y

Context-sensitive heap
improves precision
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Context Sensitive Pointer Analysis: Algorithms
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Domain and Notations

In context-sensitive analysis,
program elements are qualified by contexts

Context:

Context-sensitive methods:

Context-sensitive variables:

Context-sensitive objects:
Fields:

Instance fields:

Context-sensitive pointers:

c, C,, CII

eC

ccm €eCxM
c:x,c:y ECxV

c:o;,c:0; ECxO0
f,g €F
c:0;.f,c:05.g ECxOxF
CSPointer= (C x V) U (C x O x F)

Points-to relations:

pt:

CSPointer — P(C x O)

Tian Tan @ Nanjing University
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Statement

Rule (under context c)

New i: X = new T() c:o; € pt(c:x)
| c':0; € pt(c:y)
Assign X =Yy c’:0; € pt(c:x)
c':0; € pt(c:x),c":0; € ptc:y)
Store x.f =y c":0; € pt(c:0;.f)
c':0; € pt(c:x),c’":0; € pt(c:0;f)
Load y = X.T

c":0; € pt(c:y)
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Statement

New 1: X = new T() 0; € pt( x)
| 0; Ept( y)
Assign X =y 0; € pt( x)
o; €pt( x), o €pt( y)
Store x.f =y 0; Ept( 0;.f)
o; €pt( x), o;€pt( o;.f)
Load y = x.f

0j E pt( y)

60



Rules

Kind Statement Rule ( )
New | 1: X = new T() c:0; € pt(cix)
c’:0; € pt(c:y)
Assign X =Yy c’:0; € pt(c: x)

c":0; € pt(c:x),c'":0; € pt(c:y)
Store x.f =y c":0; € pt(c0;.f)
c':0; € pt(c:x),c":0; € pt(c:o;.f)

Load y = x.f c":0; € pt(c:y)




Rule: New

— Conclusion

» Qo

c:0; € pt(c:x)

X = new T()

Inc:m

Tian Tan @ Nanjing University
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Rule: Assign

---=- Premises

— Conclusion

c':0; € pt(c:y)

c:0; € pt(c:x)

Inc:m

Tian Tan @ Nanjing University
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Rule: Store

c":0; € pt(c:x),c":0; € pt(c:y)

c'":0; € pt(c:o;.f)

---- Premises 3 f T

— Conclusion

Inc:m

Tian Tan @ Nanjing University
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Rule: Load

c:0; € pt(c:x),c":0; € pt(c:o0;.f)

c":0; € pt(c:y)

---=- Premises 77 f ;
C :Oj = — == - C :0;
— Conclusion A
//
/
/
y = X.f
Inc:m

Tian Tan @ Nanjing University
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---=- Premises

Rules

——— Conclusion

Rule lllustration
C:0;
New c:0; € pt(c:x)
1: X = new T()
| c':0; € pt(c:y) el
Assign c':0; € pt(c:x) f \
X =y
’, f I,
c":0; € pt(c:x),c":0; € pt(c:y) 0 c:o
Store . ) \ d
c":0; € pt(c"o;.f) o y//
I, f /.
c":0; € pt(c:x),c":0; € pt(c:0;. 1) €C:oj === -Ii)-,T_i
Load c":0; € pt(c:y) \ Il
y = X.f




Caller context: ¢

Rule: Call

Kind Statement Rule (under context c)
c':0; € pt(c:x),
m = Dispatch(o;, k), ¢t = Select(c, [, ¢": 0))
co, €Ept(ciaj),1<j<n
Call | L: r = x.k(al,..,an) c"":0, € pt(ctimyer)

c':0; € pt(ct:mep;s)
c":o0, € pt(ct:mpj), 1<j<n

nr,

c':0, €Ept(c:7)
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Rule: Call

Kind

Call

L:

r

Statement

= x.k(al,..,an)

EE—)

Caller context: ¢

Rule (under context c)

c':0; € pt(c:x),

m = Dispatch(o;, k), ¢t = Select(c, [, ¢": 0))
co, €Ept(ciaj),1<j<n

c'"": 0, € pt(ct:myer)

c':0; € pt(ct:mep;s)

c":o0, € pt(ct:mpj), 1<j<n

nr,

c':0, €Ept(c:7)

» Dispatch(o;, k): resolves the virtual dispatch of k on o; to
a target method (based on type of 0;)

68




Caller context: ¢

RUle: Ca” Callee context: ct

Kind Statement Rule (under context c)
mmmm) ':0; € pt(c:x),
m = Dispatch(o;, k),|ct = Select(c, [, ¢": 0))
co, €Ept(ciaj),1<j<n
Call | L: r = x.k(al,..,an) c'"": 0, € pt(ct:myer)
c':0; € pt(ct:mep;s)

c":o0, € pt(ct:mpj), 1<j<n

nr,

c':0, €Ept(c:7)

« Dispatch(o;, k): resolves the virtual dispatch of k on o; to
a target method (based on type of 0;)

» Select(c, I, c': 0;): selects context for target method m,
based on the information available at call site [
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Caller context: ¢
RUle: Ca” Callee context: ct
Kind Statement Rule (under context c)
memmm) ':0; € pt(c:x),
m = Dispatch(o;, k),|ct = Select(c, [, ¢": 0))
co, €Ept(ciaj),1<j<n
Call | L: r = x.k(al,..,an) c'"":0, € pt(ct:Myer)
¢ 0; € pt(ct:mep;s)
c":o0, € pt(ct:mpj), 1<j<n

nr,

c':0, €Ept(c:7)

Callee context: 2

Caller context: ¢ (o ‘?’ ffff ¥ Number id(Number n) {
Se\eC}, ,,,,, return n;

Lo }

2 x = id(n1); T

3y = id(n2); - Select( y_,  Callee context: 3

S I —— | Number id(Number n) {

return n;

}
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Caller context: ¢

RUle: Ca” Callee context: ct

Kind Statement Rule (under context c)
mmmmm) ':0; € pt(c:x),
m = Dispatch(o;, k), ¢t = Select(c, [, ¢": 0))
co, €Ept(ciaj),1<j<n
Call | L: r = x.k(al,..,an) c'"": 0, € pt(ct:myer)
mmmm) ': 0; € pt(ct:myp;s)
c":o0, € pt(ct:mpj), 1<j<n

nr,

c':0, €Ept(c:7)

« Dispatch(o;, k): resolves the virtual dispatch of k on o; to
a target method (based on type of 0;)

« Select(c, 1, c": 0;): selects context for target method m,
based on the information available at call site [

> ct:imyy;s: this variable of ct:m
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Caller context: ¢

RUle: Ca” Callee context: ct

Kind Statement Rule (under context c)
c':0; € pt(c:x),
m = Dispatch(o;, k), ¢t = Select(c, [, ¢": 0))
) .0, €Ept(c:aj),1<j<n
Call | L: r = x.k(al,..,an) c'"": 0, € pt(ct:myer)
c':0; € pt(ct:mep;s)
) c'': 0, € pt(ct:mpj), 1<j<n

nr,

c':0, €Ept(c:7)

« Dispatch(o;, k): resolves the virtual dispatch of k on o; to
a target method (based on type of 0;)

« Select(c, 1, c": 0;): selects context for target method m,

based on the information available at call site [

ct:myy;s: this variable of ct: m

> ct:my;: the j-th parameter of c“: m
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Caller context: ¢
Rule: Call Callee context: c*
Kind Statement Rule (under context c)
c':0; € pt(c:x),
m = Dispatch(o;, k), ¢t = Select(c, [, ¢": 0))
) .0, €Ept(c:aj),1<j<n
Call | L: r = x.k(al,..,an) c'"":0, € pt(ct:Myer)
¢ 0; € pt(ct:mep;s)
) c'': 0, € pt(ct:mpj), 1<j<n

nr,

c':0, €Ept(c:7)

Callee context: 2

Caller context: ¢ (o ‘?’ ffff ¥| Number id(Number [} {
Se\eC}, ,,,,, return n;

T }

2 x = id(p1]); T

3y = id(n2); - 2elect(. y.,  Callee context: 3

S I —— »| Number id(Number [n) {

return n;

}
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Caller context: ¢

RUle: Ca” Callee context: ct

Kind Statement Rule (under context c)
c':0; € pt(c:x),
m = Dispatch(o;, k), ¢t = Select(c, [, ¢": 0))
co, €Ept(ciaj),1<j<n
Call | L: r = x.k(al,..,an) ) ¢''': 0, € pt(ct:Myer)
c':0; € pt(ct:mep;s)

c":o0, € pt(ct:mpj), 1<j<n
mm) ¢'"":0, € pt(c:7)

« Dispatch(o;, k): resolves the virtual dispatch of k on o; to

a target method (based on type of 0;)
« Select(c, 1, c": 0;): selects context for target method m,

based on the information available at call site [
e ctimyps: this variable of c¢f:m
* c‘imy;: the j-th parameter of ct: m
> ct:m,: the variable that holds the return value of c¢t: m
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Caller context: ¢

Rule: Call Callee context: ¢t
Kind Statement Rule (under context c)

c':0; € pt(c:x),
m = Dispatch(o;, k), ¢t = Select(c, [, ¢": 0))

co, €Ept(ciaj),1<j<n
Call | L: r = x.k(al,..,an) ) ¢''': 0, € pt(ct:Myer)
¢ 0; € pt(ct:mep;s)
c":o0, € pt(ct:mpj), 1<j<n

mm) ¢'"":0, € pt(c:7)

Callee context: 2

Caller context: ¢ &3‘7’ ffff ¥ Number id(Number n) {
Se\eC}, ,,,,, return

r. | }

2|x|= id(n1); T

3ly]= id(n2); - Select(. y.,  Callee context: 3

S I —— | Number id(Number n) {

return

}
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The X You Need To Understand in This Lecture

« Concept of context sensitivity (C.S.)
« Concept of context-sensitive heap (C.S. heap)
« Why C.S. and C.S. heap improve precision

« Context-sensitive pointer analysis rules

AR
X&g27!

m



Static Program Analysis

Pointer Analysis
Context Sensitivity (1)

Nanjing University

Tian Tan

2021



Review: C.S. Pointer Analysis Rules

Kind

Statement

Rule (under context c)

New i1 x = new T() c:0; € pt(c:x)
| c':0; € pt(c:y)
Assign X =Y c:0; € pt(c: x)
c":0; € pt(c:x),c":0; € pt(c:y)
Store x.f =y c'":0; € pt(c": 0. f)
c":0; € pt(c:x),c":0; € pt(c": 0. f)
Load y = x.f c":Oj € pt(c:y)
c':0; € pt(c:x),
m = Dispatch(o;, k), ¢t = Select(c, , c": 0;)
c'io, €Ept(c:aj),1<j<n
Call L: r = x.k(al,..,an) "1 0, € pt(ctimyer)

c':0; € pt(ct:mey;s)
c':o, € pt(ct:mpj), 1<j<n

nr,

c .0, Ept(c:7)




Contents

Introduction
Context Sensitive Pointer Analysis: Rules
Context Sensitive Pointer Analysis: Algoritﬁms

i A\ =

Context Sensitivity Variants

Tian Tan @ Nanjing University f
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How to Implement
Context-Sensitive Pointer Analysis

* Recall context-insensitive pointer analysis

1. Build pointer flow graph (PFG)
( Mutually dependent ‘w
2. Propagate points-to information on PFG
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How to Implement
Context-Sensitive Pointer Analysis

* Recall context-insensitive pointer analysis
1. Build pointer flow graph (PFG)
( Mutually dependent
2. Propagate points-to information on PFG

* Context-sensitive pointer analysis

1. Build pointer flow graph (PFG with C.S.)
( Mutually dependent

2. Propagate points-to information on PFG with C.S.

81



Pointer Flow Graph with C.S.

Pointer flow graph of a program is a directed graph that
expresses how objects flow among the pointers in the program
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Pointer Flow Graph with C.S.

Pointer flow graph of a program is a directed graph that
expresses how objects flow among the pointers in the program

* Nodes: CSPointer = (C x V) U (C x O x F)
A node n represents a context-sensitive variable or a field of
a context-sensitive abstract object

With C.S., the nodes (pointers) are qualified by contexts

Tian Tan @ Nanjing University 83



Pointer Flow Graph with C.S.

Pointer flow graph of a program is a directed graph that
expresses how objects flow among the pointers in the program

* Nodes: CSPointer = (C x V) U (C x O X F)
A node n represents a context-sensitive variable or a field of
a context-sensitive abstract object

With C.S., the nodes (pointers) are qualified by contexts

e Edges: CSPointer x CSPointer

An edge x — y means that the objects pointed by pointer x
may flow to (and also be pointed to by) pointer y

e.g., edge c:a — c': b means that objects in pt(c: a) may flow to pt(c’: b)
84



An Example

{01} {02}

id(nl);
id(n2);
i = x.get();

e\ X
1o

n

Number id(Number n) {
return n;

¥

NOuvuih WihN PR

() (12
(o} @) @) to2)
B @

{01} {0y}

The PFG contains two nodes for
variable n in method id(), one
node per context

Tian Tan @ Nanjing University 85



Pointer Flow Graph: Edges

* PFG edges are added according to the statements
of the program and the corresponding rules

Statement Rule (under context ¢) PFG Edge
New i: x = new T() c:0; € pt(c:x) N/A
c':0; € pt(c:y)
Assign X =Yy ¢':0; € pt(c: x) C:X < C:y
c:0; € pt(c:x),c":0; € pt(c:y)
Store x.f =y c"":0; € pt(c: 0. f) c:oi.f «cy
c':0; € pt(c:x),c":0; € pt(c’:0;.f)
— ] ’l
Load y = xX.f c"": 0; € pt(c:y) c:yec:o;f
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Pointer Flow Graph: Call

Statement Rule (under context c)

c':0; € pt(c: x),
m = Dispatch(o;, k), ¢t = Select(c, [, ¢’: 0;)
c':o, Ept(c:aj),1<j<n
Call | L: r = x.k(al,..,an) c'":0, € pt(ct:m, )
c’:0; € pt(ct:myp;s)

c":o, € pt(ct:mpj), 1<j<n
c'"": 0, € pt(c:1)

C x = new T(); PFG Edge

Caller context: ¢
r = ;(.foo(a}, a?); c:al—>ct:7np1
class T .. {J l c.an—>i Mpn
iB foo(A p1l, A p2) { C:7 < CiMyet

87

Callee context: ct “sthis..
return ret;
}}




C.S. Pointer Analysis: Algorithm

Solve(meé™™Y)

WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do
remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreachx.f = y € Sdo
AddEdge(c:y, c": 0;. f)
foreachy = x.f € Sdo
AddEdge(c’:0;.f, c:y)
ProcessCall(c: x, c’: 0;)

S Set of reachable statements
Sn  Set of statements in method m
RM  Set of C.S. reachable methods
CG C.S. call graph edges

AddReachable(c: m)
if c:m & RM then
add c:m to RM
S u=S,
foreachi: x = new T() € S,,, do
add (c: x, {c:0;}) to WL

foreach x = y € S5, do
AddEdge(c:y, c: x)

ProcessCall(c: x, c": 0;)
foreach L: r = x.k(al,..,an) € Sdo

m = Dispatch(o;, k)

ct = Select(c,,c': 0))

add (ct:myp;, {c": 0;}) to WL

ifc:l — ct:m & CG then
addc:l — ct:mto CG
AddReachable(ct: m)
foreach parameter p; of m do

AddEdge(c: a;, c¢t:p;)

AddEdge(ct: mMyep, i T)
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C.l. Pointer Analysis: Algorithm

Solve(meé™™Y)

WL=[],PFG={},5={} ,RM={},CG={}
AddReachable( meé™"Y)
while WL is not empty do
remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable
foreach o0; € Ado
foreach x.f = y € S do
AddEdge( y, 0;.f)
foreachy = x.f € Sdo
AddEdge( o;.f, y)
ProcessCall( x, 0;)

x then

S Set of reachable statements
Sn  Set of statements in method m

RM
CG C.l call graph edges

Set of C.l. reachable methods

AddReachable( m)
if m & RM then
add mto RM
S u=S,
foreachi: x = new T() € S,,, do
add( x,{ o;})to WL

foreach x = y € S5, do
AddEdge( y, x)

ProcessCall( x, 0;)
foreach L: r = x.k(al,..,an) € Sdo
m = Dispatch(o;, k)

add (  mgpis, {  0;}) to WL
if [— mé&CG then
add [—» mtoCG

AddReachable( :m)

foreach parameter p; of m do
AddEdge( a;, p;)

AddEdge( myet, T)
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C.S. Pointer Analysis: Algorithm

Solve(meé™™Y)

WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do
remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreachx.f = y € Sdo
AddEdge(c:y, c": 0;. f)
foreachy = x.f € Sdo
AddEdge(c":0;. f, c: y)
ProcessCall(c: x, c’: 0;)

S Set of reachable statements
Sn  Set of statements in method m
RM  Set of C.S. reachable methods
CG C.S. call graph edges
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C.S. Pointer Analysis: Algorithm

Solve(meé™™Y)

WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do
remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreachx.f = y € Sdo
AddEdge(c:y, c": 0;. f)
foreachy = x.f € Sdo
AddEdge(c":0;. f, c: y)
ProcessCall(c: x, c’: 0;)

S Set of reachable statements
Sn  Set of statements in method m
RM  Set of C.S. reachable methods
CG C.S. call graph edges

Tian Tan @ Nanjing University

Callee context: ct

class T .. { .
B foo(A pl, A p2) {
this..

return ret;

)

ct: T.foo(A,A) € RM
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C.S. Pointer Analysis: Algorithm

Solve(m
WL=[],PFG={},5={},RM={},CG={}

entry)

AddReachable([ ]: mé™"Y)
while WL is not empty do

remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)

if n represents a variable c: x then

foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c": 0;. f)
foreachy = x.f € Sdo
AddEdge(c":0;. f, c: y)
ProcessCall(c: x, c’: 0;)

Set of reachable statements

Set of statements in method m

Set of C.S. reachable methods

C.S. call graph edges

Tian Tan @ Nanjing University

Caller context: ¢

1 Cx =new T();
2 r = x.foo(al, a2);

\~~
~--
---
~——
s
~

class T .. {4,_.., """"
B foo(A pl, A p2) {
this..
return ret;

)

ct: T.foo(A,A) € RM
c:2 - ct: T.foo(A A) € CG
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C.S. Pointer Analysis: Algorithm

Solve(meé™™Y)

WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do
remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreachx.f = y € Sdo
AddEdge(c:y, c": 0;. f)
foreachy = x.f € Sdo
AddEdge(c":0;. f, c: y)
ProcessCall(c: x, c’: 0;)

AddReachable(c: m)
if c:m &€ RM then
add c:m to RM

S u=3S§,,

add (c: x, {c:0;}) to WL
foreach x = y € S5, do
AddEdge(c:y, c: x)

foreachi: x = new T() € S,,, do

Statement Rule (under context ¢) PFG Edge
New i: x = new T() c:0; € pt(c:x) N/A
c':0; € pt(c:y)
Assign X =Yy c':0; € pt(c: x) C:x < C:y
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C.S. Pointer Analysis: Algorithm

Solve(m®™7Y) AddEdge(s, ?)
WL:[],PFGZ{},S:{},RM:{},CGZ{} ifs - t& PFG then
AddReachable([ ]: mé™"Y) add s — 7 to PFG
while WL is not empty do . :

remove (n, pts) from WL if pt(s) 1s not empty then
A = pts —pl‘(n) add (t, pt(S)) to WL

Propagate(n, A)
if n represents a variable c: x then

Propagate(n, pts)

foreach c':0; € A do if pts is not empty then
foreach x.f = y € Sdo pt(n) U= pts
AddEdge(c:y, ¢': 0;. f) foreach n — s € PFG do

foreachy = x.f € Sdo
AddEdge(c":0;. f, c: y) add (s, pts) to WL

ProcessCall(c: x, c’: 0;) T

S Set of reachable statements Exactly same as in C.I. analysis

Sn  Set of statements in method m
RM  Set of C.S. reachable methods
CG C.S. call graph edges
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C.S. Pointer Analysis: Algorithm

entry)

Solve(m
WL=L], PFG={},5={},RM={},CG={} if s > ¢ € PFG then
AddReachable([ ]: mé™"Y) add s — 7 to PFG
while WL 1s not empty do ] .

remove {1, pts) f]‘io}r/n WL if pt(s) 1s not empty then
A = pts — pt(n) add (t, pt(s)) to WL
Propagate(n, A)

if n represents a variable c: x then

AddEdge(s, ©)

Propagate(n, pts)

foreach c’:0; € A do if pts is not empty then
foreach x.f = y € Sdo pt(n) U= pts
. AddEdge(a y’fcl: ‘;i'({) foreach n — s € PFG do
oreachy = x.f € Sdo
AddEdge(c": 0;. f, c:y) add (s, pts) to WL

ProcessCall(c: x, c’: 0;)

Statement Rule (under context ¢) PFG Edge
c:0; € pt(c:x),c":0; € pt(c:y) ’
Store X.f =y c"":0; € pt(c’: 0y f) c:0;.f «cy

c':0; € pt(c:x),c":0; € pt(c’: 0;. f)
Load y = X.T c"": 0; € pt(c: y) c:yec:o;f




C.S. Pointer Analysi

Solve(meé™™Y)

WL=|1,PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do
remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c": 0;. f)
foreachy = x.f € Sdo
AddEdge(c":0;. f, c: y)
ProcessCall(c: x, c': o;

s: Algorithm

ProcessCall(c: x, c': 0;)
foreach L: r = x.k(al,..,an) € Sdo

m = Dispatch(o;, k)

ct = Select(c, 1, c': 0;)

add (ct: mypis, {c":0;}) to WL

ifc:l — ct:m & CG then
add c:l — ct:m to CG
AddReachable(ct: m)
foreach parameter p; of m do

AddEdge(c: a;, ct:p;)

AddEdge(ct: mygp, C:7)

Statement

Call C

Rule (under context c)

m = Dispatch(o;, k), ct = Select(c, I, c¢’: 0;)
c"io, Ept(c:aj),1<j<n

nr,

PFG Edge
c':0; € pt(c:x),
c:al = ct:my,

0y € pt(ct: M)

C’
¢":0, Ept(ctim,;),1<j<n
rYu . pj)’ — =

czan - ctimy,

:0; € pt(ct:myp;s)
' ks C:r « ctimyg

c'"":10, € pt(c:1)




C.S. Pointer Analysis: Algorithm

Solve(meé™™Y)

WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do
remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreachx.f = y € Sdo
AddEdge(c:y, c": 0;. f)
foreachy = x.f € Sdo
AddEdge(c":0;. f, c: y)
ProcessCall(c: x, c’: 0;)

S Set of reachable statements
Sn  Set of statements in method m
RM  Set of C.S. reachable methods
CG C.S. call graph edges

AddReachable(c: m)
if c:m & RM then
add c:m to RM
S u=S,
foreachi: x = new T() € S,,, do
add (c: x, {c:0;}) to WL

foreach x = y € S5, do
AddEdge(c:y, c: x)

ProcessCall(c: x, c": 0;)
foreach L: r = x.k(al,..,an) € Sdo

m = Dispatch(o;, k)

ct = Select(c, 1, c": 0;)

add (ct:myp;q, {c": 0;}) to WL

ifc:l — ct:m & CG then
addc:l — ct:mto CG
AddReachable(ct: m)
foreach parameter p; of m do

AddEdge(c: a;, c¢t:p;)

AddEdge(ct: myep, i)
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Context Sensitivity Variants

* Call-site sensitivity
* Object sensitivity
* Type sensitivity
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Context Sensitivity Variants

e Call-site sensitivity

* Object sensitivity
~  Select(c, [, c": 0;)

* Type sensitivity
o » // \

caller callsite receiver
context object,
with

heap context

Tian Tan @ Nanjing University

100



Context Sensitivity Variants

e Call-site sensitivity

* Object sensitivity
* Type sensitivity

Caller context: ¢

1 Cx =new T();
2 r = x.foo(al, a2);

\~~-
-
_______
-
~~

XN

f’,
-
-
-
‘w

class T .. {
<
B foo(A pl, A p2) {
this..
return ret;

b}

~  Select(c, [, c": 0;)

J T

caller call site receiver
context 2 object,
. with

heap context

C:0q1

Tian Tan @ Nanjing University
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Context Insensitivity

e Can be seen as a special case of context sensitivity
in C.S. analysis framework

Select(,,_,_) =[]
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Call-Site Sensitivity™

* Each context consists of a list of call sites (call chain)

e At a method call, append the call site to the caller context
as callee context

e Essentially the abstraction of call stacks

Select(c,I,_) = [U', ..., 1", 1]
wherec = [l ..., "]

Also called call-string sensitivity, or k-CFA

* Olin Shivers, 1991. “Control-Flow Analysis of Higher-Order Languages”.

Ph.D. Dissertation. Carnegie Mellon University.
Tian Tan @ Nanjing University 103



Call-Site Sensitivity: Example
void main() {
g.foo();

}

void foo() {

coNO VI WDNER

g.bar();

O

10

11 }

12

13 void bar() {
14

15

16

17 }
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Call-Site Sensitivity: Example

void main() { Context:[]

g.foo();

}

void foo() {

coNO VI WDNER

g.bar();

O

10

11 }

12

13 void bar() {
14

15

16

17 }

Tian Tan @ Nanjing University 105



Call-Site Sensitivity: Example

coNO VI WDNER

14
15
16
17

void main() {
a.foo();~,
} )
‘/
void foo() {
b.bar();

}

void bar() {

Context: [ ]

Context: [3]

Tian Tan @ Nanjing University

106



Call-Site Sensitivity: Example

1 void main() { Context:[]
2

3 a.foo();~,

4 .. 3

5}

6 "/

7 void foo() {  Context: [3]
8

9 b.bar() ;.

10 .. \;

11 } //:

12 5

13 void bar() { Context: [3,9]
14

15

16

17 }
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Call-Site Sensitivity: Example

void main() { Context: [ ]

a.foo();~,

N
\N.- —,

} ,
g
void foo() { Context: [3]

coNO VI WDNER

9 b.bar() ;.

=
V)

11 } .
12 5
13 void bar() { Context: [3,9]

15 Ear(); ?)
o
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Call-Site Sensitivity: Example

1 wvoid main() { Context:[]

2

3 a.foo();~,

4 .. N

5 1

6 "/

7 void foo() {  Context: [3]

8

9 b.bar() ;.

10 .. \;

11 } Ve

- 3

13 void bar() {} Context: [3,9]

14 .. 3,9,15]

15  bar(); ’ 3,9,15,15]
16 .. 3,9,15,15,15]
17} 3,9,15,15,15, ... ]
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k-Limiting Context Abstraction

* Motivation
* Ensure termination of pointer analysis

* Avoid too many contexts (long call chains) in real-world
programs blow up the pointer analysis

Tian Tan @ Nanjing University 110



k-Limiting Context Abstraction

* Motivation
* Ensure termination of pointer analysis

* Avoid too many contexts (long call chains) in real-world
programs blow up the pointer analysis

e Approach: set an upper bound for length of
contexts, denoted by k

* For call-site sensitivity, each context consists of the last k
call sites of the call chains

* In practice, k is a small number (usually <3)

 Method contexts and heap contexts may use different k

* e.g., k=2 for method contexts, k=1 for heap contexts
111



k-Call-Site Sensitivity/k-CFA

e 1-call-site/1-CFA
Select(,, 1,_) = [I]

112



k-Call-Site Sensitivity/k-CFA

* 1-call-site/1-CFA ! void main() {  Context: []
Select(,, 1,_) = [I] 3 a.foo()s
4 A
5 '}
6 "/
7 wvoid foo() {  Context: [3]
8
9 b.bar() ;.
10 A
11 } )
12 x’;—\
13 void bar() { Context:???
14 ..
15 bar(); -~
16
17
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k-Call-Site Sensitivity/k-CFA

* 1-call-site/1-CFA ! void main() {  Context: []
Select(,, 1,_) = [I] 3 a.foo()s
4 b
5 1}
6 "/
7 wvoid foo() {  Context: [3]
8
9 b.bar() ;.
10 A
11 } .
12 x’;—\
13 void bar() {} Context: [9]
14 . [15]
15  bar(); -~
16
17
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k-Call-Site Sensitivity/k-CFA

e 1-call-site/1-CFA
Select(,, 1,_) = [I]

 2-call-site/2-CFA

Select(c,l,_) = [1",]]
where c = [I', "]
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1
2
3
4
5
6
7
8
9

1-Call-Site: Example

Solve(mem™try)
WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do

remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)
ProcessCall(c: x, c’: 0;)

class C { 10  void m() {
static void main() { 11 Number nl,n2,x,y;
C c = new C(); 12 nl = new One();
c.m(); 13 n2 = new Two();
} 14 x = this.id(nl);
15 y = this.id(n2);
Number id(Number n) { 16 x.get();
return n; 17 }
} 18 }
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1-Call-Site: Example

Solve(mem™try)
WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do

remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)
ProcessCall(c: x, c’: 0;)

//;nterface Number { ‘\\
int get(); }

class One implements Number {
public int get() { return 1; }}

class Two implements Number {

public int get() { return 2; }E//

class C { 10  void m() {
static void main() { 11 Number nl,n2,Xx,
C c =new C(); 12 nl = new One();
c.m(); 13 n2 = new Two();
} 14 x = this.id(nl);
15 y = this.id(n2);
Number id(Number n) { 16 x.get();
return n; 17 } 117
} 18 }
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1-Call-Site: Example

Solve(mem™try)
WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do

remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)
ProcessCall(c: x, c’: 0;)

//;nterface Number { ‘\\
int get(); }

class One implements Number {
public int get() { return 1; }}

class Two implements Number {

public int get() { return 2; }E//

class C { 10  void m() {

static void main() { 11 Number nl,n2,Xx,

C c =new C(); 12 nl = new One();

c.m(); 13 n2 = new Two();
} 14 x = this.id(nl);

15 y = this.id(n2);

Number id(Number n) { 16 x.get();

return n; 17  } * 118
} 18 }
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1-Call-Site: Example

Solve(mem™try)
WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do

remove (n, pts) from WL
A = pts — pt(n)
Propagate(n, A)
if n represents a variable c: x then
foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)
ProcessCall(c: x, c’: 0;)

//;nterface Number { ‘\\
int get(); }

class One implements Number {
public int get() { return 1; }}

class Two implements Number {

public int get() { return 2; }E//

/

class C { 16 void m() { For simplicity, we do not apply
static void main() { 11 Number nl,n2,Xx, C.S. heap and omit this variable
C c = new C(); 12 nl = new One(); of C.id(Number)
c.m(); 13 n2 = new Two();
} 14 x = this.id(nl);
15 y = this.id(n2);
Number id(Number n) { 16 x.get();
return n; 17  } b 119
} 18 }
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1-Call-Site: Example

Solve(me™™Y)
mm) V<[ |, PFG={},5={},RM={},CG={}

AddReachable([ ]: mé™"Y)

while WL is not empty do
remove (n, pts) from WL

A = pts — pt(n)
Propagate(n, A)

if n represents a variable c: x then

foreach c’:0; € A do

foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)
ProcessCall(c: x, ¢’

class C {
static void main() {

}

C c = new C();
c.m();

Number id(Number n) {

}

return n;

:0;)

10
11
12
13
14
15
16
17
18 }

WL: ]
Processing:
PFG:
CG: {}
void m() {
Number nl,n2,X,y;
nl = new One();
n2 = new Two();
x = this.id(nl); RM: {}
y = this.id(n2);
x.get();

}
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1-Call-Site: Example  wz. 1

Solve(mem™ry)
WL=[], PFG={},5={},RM={},CG={}

s AR cachable([ ]: me™t™Y) Processing:
AddReachable(c: m)
if c:m &€ RM then
add c:m to RM PFG:
S u=S,
foreachi: x = new T() € S, do
add (c: x, {c:0;}) to WL
foreach x = y € S,, do
AddEdge(c:y, c: x)
CG: {}
1 class C { 10  void m() {
2 |static void main()| { 11 Number nl,n2,X,y;
3 C c =new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5 |} 14 X = this.id(n1); RM: {}
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17 } 121
9 } 18 }



1-Call-Site: Example  wz. 1

Solve(mem™ry)
WL=[], PFG={},5={},RM={},CG={}

AddReachable([ ]: mentry) Processing:
AddReachable(c: m)
if c:m &€ RM then
mmss) add c: m to RM PFG:
S u=S,
foreachi: x = new T() € S, do
add (c: x, {c:0;}) to WL
foreach x = y € S,, do
AddEdge(c:y, c: x)
CG: {}
1 class C { 10  void m() {
2 |static void main()| { 11 Number nl,n2,X,y;
3 C c =new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5 |} 14 X = this.id(n1); RM: { [ ]:C.main() }
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17 } 122
9 } 18 }



1
2

3emmm)C c = new C();

O 00 NO U1 b

1-Call-Site: Example e

Solve(me™™Y)

WL=[1,PFG={},5={},RM={},CG={]

AddReachable([ ]: mé™"Y)

AddReachable(c: m)
if c:m & RM then
add c:m to RM

S u=3S§,,

PFG:

foreachi: x = new T() € S, do
mmm) add (c: x, {c:0;}) to WL
foreach x = y € S,, do

AddEdge(c:y, c: x)

class C {
static void main()| {

c.m();

}

Number id(Number n) {
return n;

}

10
11
12
13
14
15
16
17
18 }

CG:

void m() {
Number nl,n2,X,y;
nl = new One();
n2 = new Two();

x = this.id(nl);
y = this.id(n2);
x.get();

}

[{[1:c, {03})]

Processing:

U

RM: { []:C.main() }
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1-Call-Site: Example  wz. 1

Solve(mem™ry)
WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™")

while WL is not empty do
mmm) remove (n, pts) from WL

A = pts — pt(n)

Processing: ([ ]:c, {03})

Propagate(n, A) PFG:
if n represents a variable c: x then
foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)
ProcessCall(c: x, ¢’: 0;) CG: {}
1 class C { 10  void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5} 14 x = this.id(n1); RM: { []:C.main() }
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17 } 124
9 } 18 }



1-Call-Site: Example  wz. 1

Solve(mem™ry)
WL=[], PFG={},5={},RM={},CG={}

AddReachable([ ]: mé™"Y)
while WL is not empty do

Processing: ([ ]:c, {03})

remove (n, pts) from WL {03}
A = pts — pt(n)
mmmm) Propagate(n, A) PFG: |[]:c

if n represents a variable c: x then
foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)

ProcessCall(c: x, ¢’: 0;) CG: {}
1 class C { 10  void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5} 14 x = this.id(n1); RM: { []:C.main() }
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17 } 125
9 3 18 }



1-Call-Site: Example  wz. 1

ProcessCall(c: x, c’: 0;)

foreach L: r = x.k(al,..,an) € Sdo Processing: ([ ]:c, {03})
m = Dispatch(o;, k)
ct = Select(c, 1, c'": 07) (0.}
add (ct:myp;q, {c": 0;}) to WL 3
ifc:l — ct:m & CG then PFG: |[]:c

addc:l — ct:mto CG

AddReachable(ct: m)

foreach parameter p; of m do
AddEdge(c: a;, ct:p;)

AddEdge(ct: myep, C:T)

mmmm) ProcessCall(c: x, ¢’z 0;) CG: {}
1 class C { 10  void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c =new C(); 12 nl = new One();
4wy c.(); 13 n2 = new Two();
5 } 14 x = this.id(n1); RM: { []:C.main() }
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17 } 126
9 3 18 }



1-Call-Site: Example

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo
m = Dispatch(o;, k) m = C.m()
mmm) ¢! = Select(c, [, ¢’: 0;) ct= 2
add (ct:myp;s, {c": 0;}) to WL )
if c:l — ct:m ¢ CG then
addc:l — ct:mto CG
AddReachable(ct: m)
foreach parameter p; of m do
AddEdge(c: a;, ct:p;)
AddEdge(ct: myep, C:T)

ProcessCall(c: x, c’: 0;)

1 class C { 10  void m(
2 static void main() { 11 Numbe
3 C c =new C(); 12 nl =
4 ey . () ; 13 n2 =
5} 14 X =t
6 15 y =t
7  Number id(Number n) { 16 X.get
8 return n; 17 }

9 3 18 }

WL: |

]

Processing: ([ ]:c, {03})

{03}
PFG: |[[]ic
CG:
) {
r nl,n2,x,y;

new One();

new Two();

his.id(nl);
his.id(n2);
OF

U

RM: { []:C.main() }
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1-Call-Site: Example

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo
m = Dispatch(o;, k) m = C.m()
mmm) ¢! = Select(c, [, ¢’: 0;) ct =[4]

add (ct:myp;s, {c": 0;}) to WL

if c:l — ct:m ¢ CG then
addc:l — ct:mto CG
AddReachable(ct: m)
foreach parameter p; of m do

AddEdge(c: a;, ct:p;)

AddEdge(ct: myep, C:T)

ProcessCall(c: x, c’: 0;)

1 class C { 10  void m(
2 static void main() { 11 Numbe
3 C c = new C(); 12 nl =
4 ey . () ; 13 n2 =
5} 14 X =t
6 15 y =t
7  Number id(Number n) { 16 X.get
8 return n; 17 }

9 3 18 }

WL: |

]

Processing: ([ ]:c, {03})

{03}
PFG: |[[]ic
CG:
) {
r nl,n2,x,y;

new One();

new Two();

his.id(nl);
his.id(n2);
OF

U

RM: { []:C.main() }
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1-Call-Site: Example  wmz: w@cmm o

ProcessCall(c: x, c’: 0;)

foreach L: r = x.k(al,..,an) € Sdo Processing: ([ ]:c, {03})
m = Dispatch(o;, k) m = C.m()
ct = Select(c, 1, c'": 07) ct = [4] (0.}
mmm) add (ct: My, {¢':0;}) to WL >
ifc:l — ct:m & CG then PFG: |[]:c

addc:l — ct:mto CG

AddReachable(ct: m)

foreach parameter p; of m do
AddEdge(c: a;, ct:p;)

AddEdge(ct: myep, C:T)

ProcessCall(c: x, ¢’: 0;) CG: {}
1 class C { 10  void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c =new C(); 12 nl = new One();
4wy c.(); 13 n2 = new Two();
5 } 14 x = this.id(n1); RM: { []:C.main() }
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17 } 129
9 3 18 }



1-Call-Site: Example  m: w@cmme o

ProcessCall(c: x, c’: 0;)

foreach L: r = x.k(al,..,an) € Sdo Processing: ([ ]:c, {03})
m = Dispatch(o;, k) m = C.m()
ct = Select(c, 1, c'": 07) ct = [4] (0.}
add (ct:myp;s, {c": 0;}) to WL >
ifc:l — ct:m & CG then PFG: |[]:c

me) add c: ] — ct:mto CG
AddReachable(ct: m)
foreach parameter p; of m do
AddEdge(c: a;, ct:p;)
AddEdge(ct: myep, C:T)

ProcessCall(c: x, c': 0;) CG: {[]4—[4]:C.m(}
1 class C { 10  void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 o Cc.m() ; 13 n2 = new Two();
5} 14 x = this.id(n1); RM: { []:C.main() }
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17 } 130
9 3 18 }



1-Call-Site: Example

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo

m = Dispatch(o;, k) m = C.m()

ct = Select(c, 1, c'": 07) ct =[4]

add (ct:myp;s, {c": 0;}) to WL

if c:l — ct:m ¢ CG then
addc:l — ct:mto CG

mmmm) A ddReachable(ct: m)
foreach parameter p; of m do
AddEdge(c: a;, ct:p;)

AddEdge(ct: myep, C:T)

ProcessCall(c: x, c: 0;)

PFG:

WL:  [{[4]:C.mepis, {03}),

([4]:n1, {012}), ([4]:n2, {013})]

Processing: ([ ]:c, {03})

AddReachable(c: m)
if c:m & RM then
mmms) add c: m to RM
S u=S,
foreach i: x = new T() €5, do
mmmm) add (c: x, {c:0;}) to WL
foreach x = y € §,,, do
AddEdge(c: y, c: x)

1 class C { 10 |void m() {

2 static void main() { 11 Number nl,n2,X,y;

3 C c =new C(); 12 nl = new One();

4 ey . () ; 13 n2 = new Two();

5 } 14 x = this.id(n1); | RM: { []:C.main(), [4]:C.m() }
6 15 y = this.id(n2);

7  Number id(Number n) { 16 x.get();

8 return n; 17 } 131
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1-Call-Site: Example e

Solve(mem™ry)

WL=[1,PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™")
while WL is not empty do

remove (n, pts) from WL

A = pts — pt(n)

mmm) Propagate(n, A)
if n represents a variable c: x then

1
2
3
4
5
6
7
8
9

foreach c’:0; € A do
foreach x.f = y € S do
AddEdge(c:y, c":0;. f)
foreachy = x.f € Sdo
AddEdge(c’: 0. f, c1y)

ProcessCall(c: x, c’: 0;)

class C {

static void main() {

}

Number id(Number n) {

}

C c=new C();
c.m();

return n;

10
11
12
13
14
15
16
17
18 }

[{[4]:n1, {012}), ([4]:n2, {013})]

Processing: ([4]:C.mp;s, {03})

CG:

void m() {

}

Number nl,n2,X,y;

nl
n2

new One();

new Two();

x = this.id(nl);
y = this.id(n2);
x.get();

L[ 1:4 — [4]:C.m() ;

RM: { []:C.main(), [4]:C.m() }
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1-Call-Site: Example  wz: it ton)). (2, o

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo Processing: ([4]:C.mp;s, {03})
m = Dispatch(o;, k)

ct = Select(c, 1, c'": 07) {03)
add (ct:myp;q, {c": 0;}) to WL >
ifc:l — ct:m & CG then PFG: |[]:c
add c:l — ct:m to CG
AddReachable(ct: m) {03}
foreach parameter p; of m do _
AddEdge(c: a;, ct:p;) [[4]'C'mthi5]
AddEdge(ct: myep, C:T)
mmms) ProcessCall(c: x, ¢’z 0;) CG: {[]4— [4]:C.m() }
1 class C { 10 void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5} 14mmmsh x = this.id(n1); RM: { []:C.main(), [4]:C.m() }
6 15 y = this.id(n2);
7 Number id(Number n) { 16 x.get();
8 return n; 17 } 133
9 } 18 }



1-Call-Site: Example  wz: it ton)). (2, o

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo Processing: ([4]:C.mp;s, {03})

m = Dispatch(o;, k) m = C.id(Number)
mmm) ¢! = Select(c, [, ¢’: 0;) ct =[14] {03)
add (ct:myp;s, {c": 0;}) to WL >
ifc:l — ct:m & CG then PFG: |[]:c
addc:l — ct:mto CG
AddReachable(ct: m) {03}
foreach parameter p; of m do _
AddEdge(c: a;, ct:p;) [[4]'C‘mthi5]
AddEdge(ct: myep, C:T)
ProcessCall(c: x, c’: 0;) CG: {[]4— [4]:C.m() }
1 class C { 10 void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C ¢ = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5 %} 14mmmsh x = this.id(n1); RM: { []:C.main(), [4]:C.m() }
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17} 134
9 } 18 }
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1-Call-Site: Example  wz: it ton)). (2, o

ProcessCall(c: x, c’: 0;)

foreach L: r = x.k(al,..,an) € Sdo Processing: ([4]:C.mp;s, {03})
m = Dispatch(o;, k) m = C.id(Number)
ct = Select(c, 1, c'": 07) ct =[14] (05)
add (ct:myp;s, {c": 0;}) to WL >
ifc:l — ct:m & CG then PFG: |[]:c
mm) add c: ] — ct:mto CG
mmm) AddReachable(ct: m) {03}
foreach parameter p; of m do
AddEdge(c: a;, ct:p;) [[4]:C'mthi5]
AddEdge(ct: myep, C:T)
ProcessCall(c: x, c’: 0;) CG: {[]4 — [4]:C.m(),
[4]:14 — [14]:C.id(Number) }
class C { 10  void m() {
static void main() { 11 Number nl,n2,x,y;
C c = new C(); 12 nl = new One();
c.m(); 13 n2 = new Two();
} 14mmmsh x = this.id(n1); RM: { []:C.main(), [4]:C.m(),
15 y = this.id(n2); [14]:C.id(Number) }
Number id(Number n) { 16 x.get();
return n; 17 }
) 18 ) 135
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1-Call-Site: Example  wz: it ton)). (2, o

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo Processing: ([4]:C.mp;s, {03})

m = Dispatch(o;, k) m = C.id(Number)
t — ' . _
el co) NS 03 O 0
add (c*: myp;s, {c": 0;}) to WL
if c:1 — ct:m & CG then PFG: [[1:c) [4ln1}—{[14]:n]
addc:l — ct:mto CG
AddReachable(ct: m) {03}
foreach parameter p; of m do _
mmm) AddEdge(c: a;, ct:p;) [[4]'C‘mthi5]
AddEdge(ct: myep, C:T)
ProcessCall(c: x, c’: 0;) CG: {[]:4— [4]:C.m(),
[4]:14 — [14]:C.id(Number) }
class C { 10 void m() {
static void main() { 11 Number nl,n2,x,y;
Cc=new C(); 12 nl = new One();

c.m(); 13 n2 = new Two();
} 14mmmsh x = this.id(n1); RM: { []:C.main(), [4]:C.m(),
15 y = this.id(n2); [14]:C.id(Number) }
Number id(Number n) { 16 x.get();
return n; 17 } 136
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1-Call-Site: Example  wz: it ton)). (2, o

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo Processing: ([4]:C.mp;s, {03})
m = Dispatch(o;, k) m = C.id(Number)
ct = Select(c, 1, c'": 07) ct =[14]
add (ct:myp;s, {c": 0;}) to WL 03} U U U

if c:l — ct:m & CG then PFG: |[1:c| [[4]:n1]—>[[14]:n

addc:l — ct:mto CG

AddReachable(ct: m) {03}
foreach parameter p; of m do _
AddEdge(c: a;, ct:p;) [[4]'C'mthi5]
mm) AddEdge(ct: m,qf, €1 7)
ProcessCall(c: x, c': 0;) CG: {[]4 — [4]:C.m(),
[4]:14 — [14]:C.id(Number) }
class C { 10  void m() {
static void main() { 11 Number nl,n2,x,y;
C c = new C(); 12 nl = new One();
c.m(); 13 n2 = new Two();
} 14mmmsh x = this.id(n1); RM: { []:C.main(), [4]:C.m(),
15 y = this.id(n2); [14]:C.id(Number) }
Number id(Number n) { 16 x.get();
return n; 17 } 137
} 18 }



1-Call-Site: Example  wz: it ton)). (2, o

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo Processing: ([4]:C.mp;s, {03})
m = Dispatch(o;, k) m = C.id(Number)
ct = Select(c, 1, c'": 07) ct =[15]
2dd (ct g 013} to0 WL {03} {} {} {}

if c:l — ct:m & CG then PFG: |[1:c| [[4]:n1]—>[[14]:n

addc:l — ct:mto CG

AddReachable(ct: m) {03}
foreach parameter p; of m do _
AddEdge(c: a;, ct:p;) [[4]'C'mthi5]
AddEdge(ct: myep, C:T)
ProcessCall(c: x, c': 0;) CG: {[]4 — [4]:C.m(),
[4]:14 — [14]:C.id(Number),
L BLESS € 8wl W) | [4]:15 — [15]:C.id(Number) }
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5} 14 x = this.id(n1); RM: { []:C.main(),[4]:C.m(),
6 15mmmmpy = this.id(n2); [14]:C.1d(Number),
7  Number id(Number n) { 16 x.get(); [15]:C.id(Number) }
8 return n; 17 } 138
9 } 18 }
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1-Call-Site: Example  wz: it ton)). (2, o

ProcessCall(c: x, c’: 0;)
foreach L: r = x.k(al,..,an) € Sdo Processing: ([4]:C.mp;s, {03})

Trzlr = Dispatch(o;, k) m = C.id(Number)

ct = Select(c, [, c": 0; ct =15

add (ct: mth(l-s, {c" oil})) to WL 1] 03} U U U

if c:1 — c':m & CG then PFG: ([l (41m1}—{{14n}—{[41:x]
add c:l — ct:m to CG
AddReachable(ct: m) {03} {} {} {}

foreach parameter p; of m do _ . . ]_)-
AddEdge(ci ;. o pi) ([41:C.mppis|  ([41:m2}—{[15]:n}—{ [4]:y

AddEdge(ct: myep, C:T)

ProcessCall(c: x, c': 0;) CG: {[]4 — [4]:C.m(),
_ [4]:14 — [14]:C.id(Number),
Sl (Sl 16 void m() { [4]:15 — [15]:C.id(Number) }
static void main() { 11 Number nl,n2,x,y;
C c = new C(); 12 nl = new One();
c.m(); 13 n2 = new Two();
} 14 x = this.id(n1); RM: { []:C.main(),[4]:C.m(),
15y = this.id(n2); [14]:C.id(Number),
Number id(Number n) { 16 x.get(); [15]:C.id(Number) }
return n; 17 } 139
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1-Call-Site: Example  wz: 1@, o). (41m2, (01090

Solve(mem™try)
WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y) )
while WL is not empty do Jd

remove (n, pts) from WL {o3} i {012} {012} {015}

_.ﬁr;ﬁ"ga;g’z,if”g) PFG: |[1:c| :"-._‘"[[4]:111]—>[[14]:n

if n represents a variable c: x then
foreach c":0; € A do {03} (013} {013} {013}

forjgcclgc;(g.eic :=y,ycf gij”o) ([41:Cmnis) - ([41m2}—{[15) :"

foreachy = x.f € Sdo
AddEdge(c: 0. f, c:y)

Processing: ...

o
.
.
o
.

ProcessCall(c: x, c': 0;) CG: {[]4 — [4]:C.m(),
[4]:14 — [14]:C.id(Number),
L ElEES © 16 void m() { [4]:15 — [15]:C.id(Number) }
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5} 14 x = this.id(n1); RM: { []:C.main(),[4]:C.m(),
6 15 y = this.id(n2); [14]:C.id(Number),
7  Number id(Number n) { 16 x.get(); [15]:C.id(Number) }
8 return n; 17 } 140
9 3 18 }
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1-Call-Site: Example  wz. 1

Solve(me™™Y)
WL=[],PFG={},5={},RM={},CG={}
AddReachable([ ]: mé™"Y)
while WL is not empty do

remove (n, pts) from WL {o3} {012} {012} {012}

%;@"ga;ﬁ;{”i) PFG: |[1:c| [[4]:n1]—>[[14]:n

if n represents a variable c: x then
foreach c":0; € A do {03} {013} {013} {013}

forjgcclgc;(g.eic :=y,ycf gij”o) ([41:Cmnis) - ([41m2}—{[15) :"

foreachy = x.f € Sdo
AddEdge(c:0;.f, c:y)

Processing: ([4]: x, {01,})

mmm) ProcessCall(c: x, ¢’: 0;) CG: {[]:4— [4]:C.m(),
. [4]:14 — [14]:C.id(Number),
claist§ { & main() 1 12 VO;Id E() {1 , [4]:15 — [15]:C.id(Number),
static vold mailn umber nl,n2,X,y; . .
C c = new C(); 12 nl = new One(); [4]:16 = [16]:One.get() }

c.m(); 13 n2 = new Two();
} 14 x = this.id(n1); RM: { []:C.main(),[4]:C.m(),
15 y = this.id(n2); [14]:C.id(Number),
Number id(Number n) { lomssspx.get(); [15]:C.id(Number),
return n; 17 } [ 6] Oneget()} 141

} 18 }
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1-Call-Site: Example  wz. 1

Solve(me™™Y) : .
WL=[],PFG={},5={},RM={},CG={} Algorithm finishes
AddReachable([ ]: mé™"Y) Final results
while WL is not empty do
remove (n, pts) from WL {o3} {012} {012} {012}

%r;ﬂga;;’z;{”g) PFG: ([1«c| [[4]:n1]—>[[14]:n

if n represents a variable c: x then
foreach c":0; € A do {03} {013} {013} {013}

ity oy (B ([ sin{is)

foreachy = x.f € Sdo
AddEdge(c’: 0;. f, c:y)

ProcessCall(c: x, c’: 0;) CG: {[]:4— [4]:C.m(),
. [4]:14 — [14]:C.id(Number),
claist§ { & main() ¢ 12 VO;Id EO {1 , [4]:15 — [15]:C.id(Number),
static vold mailn umber nl,n2,X,y; . .
C c = new C(); 12 nl = new One(); 5316 — [HQ|-One.get() }

c.m(); 13 n2 = new Two();
} 14 x = this.id(n1); RM: { []:C.main(),[4]:C.m(),
15 y = this.id(n2); [14]:C.id(Number),
Number id(Number n) { 16 x.get(); [15]:C.id(Number),
return n; 17 } [16]:One.get() } 142

} 18 }



C.l. vs.  C.S. (1-Call-Site)

Final results
{03} {012} {012} {012}

PFG: ([1«c| [[4]:n1]——>[[14]:n
{03} {013} {013} {013}

([41:C.myis) [[4]:n2]——>[[15]:n

CG- {4 — C.m(),

14 — C.id(Number), CG: {[]:4 — [4]:C.m(),
15 — C.id(Number), [4]:14 — [14]:C.id(Number),
_ 16 — One.get(), [4]:15 — [15]:C.id(Number),
Spurious 16 — Two.get()|} [4]:16 — [16]:One.get() }
1 class C { 10 void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5 } 14 x = this.id(nl);
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17} 143
9 } 18 }



Object Sensitivity*

* Each context consists of a list of abstract objects
(represented by their allocation sites)

* At a method call, use the receiver object with its heap
context as callee context

 Distinguish the operations of data flow on different objects

Select(_,_,¢":0;) = [0, ..., 0, 0;]
where ¢’ = [0}, ..., 0]

Essentially “allocation-site sensitivity”

* Ana Milanova, Atanas Rountev, and Barbara G. Ryder. “Parameterized Object
Sensitivity for Points-to and Side-Effect Analyses for Java”. ISSTA 2002.

Tian Tan @ Nanjing University 144



Object Sensitivity: Example

al = new A();
a2 = new A();
bl = new B();
b2 = new B();
al.set(bl);

a2.set(b2);

x = al.get();

OWoONOOUVID WN R

class A {

10 B f;

11  void set(B b) {
12 this.doSet(b);
13}

14  void doSet(B p) {
15 this.f = p;

16 }

17 B get() {

18 return this.f;
19 }

20 }

Tian Tan @ Nanjing University 145



Object Sensitivity: Example

OWoOoONOOUVLID WN R

17
18
19
20

al =
a2 =
bl =
b2 =
al.s
a2.s
X =

clas
B

new A();
new A();
new B();
new B();
et(bl);
et(b2);
al.get();

s A {
5

al - o4
a2 = 0,
b1l — o5
b2 - o,

void set(B b) {
this.doSet(b);

}

void doSet(B p) {
this.f = p;

}
B

}
}

get() {

return this.f;

Tian Tan @ Nanjing University
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Object Sensitivity: Example

al
a2
bl
b2
al
a2
X

OWoOoONOOUVLID WN R

cl

17
18
19
20 }

= new A(); al =04
= new A(); a2 - o,
= new B(); bl —> 03
= new B(); b2 - o0,
.set(bl);
.set(b2); \\
= al.get(); N

ass A { /
B f; e

void set(B b) {

this.doSet(b);
}

void doSet(B p) {

this.f = p;
}

B get() {
return this.f;

}

Tian Tan @ Nanjing University

147



Object Sensitivity: Example

al
a2
bl
b2
al
a2
X

OWoOoONOOUVLID WN R

17
18
19
20 }

S
S

new A();
new A();
new B();
new B();

et(bl);

et(b2);
al.get();

class A {
B f; o~

al - o4
a2 = 0,
b1l — o5
b2 - o,

void set(B b) {
this.doSet(b);

}

void doSet(B p) {
this.f = p;

}

B get() {
return this.f;

}

Variable Object

[01]: setip;s

01

[01]: D

03

Tian Tan @ Nanjing University
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Object Sensitivity: Example

al =
a2 =
bl =
b2 =
al.s
a2.s
X =

OWoOoONOOUVLID WN R

clas
10 B

new A();
new A();
new B();
new B();

et(bl);

et(b2);
al.get();

s A {

f; e

al - o4
a2 = 0,
b1l — o5
b2 - o,

11  void set(B b) {
t_a-
this.doSet(b)». ¢ '—‘?

-
——————

«
14 void doSet(B p) {
this.f = p;

12
13}
15

16}
17 B
18

19 }
20 }

get() {

return this.f;

Variable Object

[01]: setip;s

01

[01]: D

03

Tian Tan @ Nanjing University

149



Object Sensitivity: Example

OWCoOoNOULID,WNEER

18

20

al =
a2 =
bl =
b2 =
al.s
a2.s
X =

clas
B

new A();
new A();
new B();
new B();

et(bl);

et(b2);
al.get();

s A{

f; A/

al - o4
a2 = 0,
b1l — o5
b2 - o0,

\
\

void set(B b) { .
this.doSet(b) . € = [o4]

}

}
B

}
}

-
——————

<
void doSet(B p) {

this.f = p;

get() {

return this.f;

=|o
[01] Field Object

01.T

[0,]: setyps 01
[01]: D 03
[0,]: doSetynis| o
loi]:p 03

Tian Tan @ Nanjing University

150



Object Sensitivity: Example

1 al = new A(); al = o4 Variable Object
2 a2 =new A(); a2 - o0, .
3 bl = new B(); bl — 03 [04]: setenis 01
4 b2 = new B(); b2 - o0, [04]: b 03
5 al.set(bl); -, . .
6 ma2.set(b2); \ [04]: doSetenis| 01
71 x = al.get(); N [oi]:p 03

' “.Ct = [o4]

— [02]“‘Class A { /,/' [02]'Setthi5 07
10\ B f; A [0,]: b Oy
11 “»void set(B b) {

t —

12 _.-this.doSet(b). ¢ = [01] [0,]: doSetypis| 02
¢t =[0,] ('} e [0,): p 0,

14 ™ void doSet(B p) { Field Object

15 this.f = p;

16 } 01.'F O3

17 B get() { 0,.f 0,

18 return this.f;

19  }

20 }
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Object Sensitivity: Example

1 al = new A(); al = o4 Variable Object

2 a2 =new A(); a2 - o0, .

3 bl = new B(); bl - o5 L01]: setenis %1

4 b2 = new B(); b2 — o0, [04]: b 03

5 al.set(bl); -, : _

6 :__\az .set ( b2) ; \\\ [01] dosetthls 01
m) 71 x = al.get(); \ [0.]:p 03

1 Y A

8 i :'C =l [0,]: setsp; 0
ct =[o,] ".‘ class A { S 21: S€Llthis 2

10\ B f; o~ [0,]: D Oy

11 ‘»void set(B b) {

t _ . .

12 _.-this.doSet(b). ¢ = [01] [0,]: doSetypis| 02
Ct = [02] |'/ } <4 4 [02]:p 04-

14 ™ vyoid doSet(B p) { N 5

15 this.f = p; 3

16} Field Object

17 B get() { . 0,.f 05

18 return this.f;

19 } 02.'F Oy

20 }

Tian Tan @ Nanjing University
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Call-Site vs. Object Sensitivity

1-call-site 1-object

1 al = new A(); al = o4 Variable Object
2 a2 =new A(); a2 - o0,

3 bl = new B(); bl — o3 [01]: setenis 01
4 b2 = new B(); b2 —> o4 [0/]: b 03
5 al.set(bl);

6 a2.set(b2); [01]: doSetyps| 04
7 x = al.get(); [0]:p 03
8

9 «class A { [0;]: setpis 02
106 B f; [0,]: b 04
11 void set(B b) { .

12 this.doSet(b); [0,]: doSetipis| 0,
S 0,]:p 04
14  void doSet(B p) { N ]
15 this.f = p; 3
16} Field Object
17 B get() { 0;.f 0,
18 return this.f;

19 } 02.'F 04
20 }

Tian Tan @ Nanjing University 153



Call-Site vs. Object Sensitivity

1-call-site 1-object

1 al = new A(); al = o4 Variable Object Variable Object
2 a2 = new A(); a2 — o, _ _
3 bl = new B(); bl - o3 [5]-Setthls 01 [01] Setlipis 01
4 b2 = new B(); b2 - o0, [5]: b 03 [04]: b 03
5 al.set(bl);
6 a2.set(b2); [01]: doSetyps| 04
7oxmaleetOs N g [og]:p 03
8 C =
9 class A { //' [0,]: setipis 02
10 B f; f/’) [0,]: b 04
11 void set(B b) {
12 this.doSet(b); [0,]: doSetipis| 0,
13 } 0,]:p 04
14  void doSet(B p) { . o
15 this.f = p; 3
16} Field Object
17 B

get() { 0;.f 0,
18 return this.f;
19 } Oz.'F 04
20 }
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Call-Site vs. Object Sensitivity

1-call-site 1-object
1 al = new A(); al = o4 Variable Object Variable Object
2 a2 = new A(); a2 — o, _ _
3 bl = new B(); bl - o4 [3]: setinis 01 [01]: setipis 01
4 b2 = new B(); b2 - o0, [5]: b 03 [0,]: D 03
5 al.set(bl); _
6 a2.set(b2); \\\ [12]: doSetip;s 01 [01]: doSetyps| 04
7 x = al.get(); N\ | (5] [12]:p 03 loi]:p 03
; oo
] Field Object
9 class A { S J [0,]: setipis 02
10 B f; A,/' 01.F 03 [0,]: b 04
11 void set(B b) {
t — .
12 this.doset(b) . C = [12] [0,]: doSetyp;s| 07
13 } 4._..-———’) 02] p 04
14  void doSet(B p) { . o
15 this.f = p; 3
16} Field Object
17 B get() { 0, .f 0,
18 return this.f;
19 } 02.'F 04
20 }
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Call-Site vs. Object Sensitivity

1-call-site 1-object

1 al = new A(); al = o4 Variable Object Variable Object
2 a2 =new A(); a2 - o0, _ _
3 bl = new B(); b1 - 03 [5]'Setthls 01 [01] SetthlS 01
4 b2 = new B(); b2 - o0, [5]: b 03 [0,]: D 03
5 al.set(bl); -, _
6 l',~a2. Set(bZ); \\\\ [6] SetthlS 02 [01] dosetthls 01
7hx-atget(; N oo |[O1D 0, [o,]: p 03
8 4 6= .

ct =[6] ".‘class A { /,' [12]: doSetepis | 04 [0,]: setinis 02
10\ B f; A,/’ [12]:p 03 [0,]: b 04
11 »void set(B b) { : 3

t _ Field Object :

12 this.doSet(b) . ¢ = [12] j [0,]: doSetinis| 02
13} <« | 01. T 03 o,]:p 04
14  void doSet(B p) { X o
15 this.f = p; 3
16} Field Object
17 B get() { 0,.f 04
18 return this.f;
19 } Oz.'F 04
20 }
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Call-Site vs. Object Sensitivity

1-call-site 1-object

1 al = new A(); al = o4 Variable Object Variable Object
2 a2 =new A(); a2 - o0, _ _
3 bl = new B(); b1 - 03 [5]'Setthls 01 [01] SetthlS 01
4 b2 = new B(); b2 - o0, [5]: b 03 [0,]: D 03
5 al.set(bl); -, _
6 a2.set(b2); ™\ [6]: setenis 0, [0,]: doSetipnis| 04
74 x = al.get(); \ | (5] [6]: D o loi]:p 03
84 6= .

ct =[6] ".‘class A { /,' [12]: doSetepis | 04 [0,]: setinis 02
10\ B f; A,/’ [12]:p 03 [0,]: b 04
11 »void set(B b) { Field Obiect .
12 /this.doSet(b);\ Ct = [12] j [0,]: doSetinis| 02

« 1 5 I ot | oo | [iakp o
'S

14 ™ void doSet(B p) { X o
15 this.f = p; 3
16 } Field Object
17 B get() { 0,.f 04
18 return this.f;
19 } Oz.'F 04
20 }
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Call-Site vs. Object Sensitivity

al = new A(); al - o4
a2 = new A(); a2 - o,
bl = new B(); bl - o5

= new B(); b2 - o0,

.set(bl); %,
~a2.set(b2); N
x = al.get();

cONOYUTL D~ WN PR
(=2
N

[6] ! class A { J
10y B f; ‘A,/
11 »void set(B b) {

12 this.doSet(b);
13} ¥ ct =[12]
14  void doSet(B p) {

15 this.f = p;

16}

17 B get() {

18 return this.f;

19  }

20 }

| -

1
1
1
1
1
1
1
1
1
1
1
1

1-call-site 1-object

[S]: setenis 01 [01]: setenis 01
[5]:D 03 [04]: b 03
[6]: setenis 02 [0,]: doSetipis| 04
[6]: D ) loi]:p 03
[12]: doSetyps | 01,0, [0,]: setens 03
[12]:p 03, 04 [0,]: b 04
[0,]: doSetonis|_o;
01.f 03,04 o,]:p 04
0,.T 03,04 X 03
01.T 03
0,.T 04
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Call-Site vs. Object Sensitivity

al = new A(); al - o4
a2 = new A(); a2 - o,
bl = new B(); bl - o5
= new B(); b2 - o0,
al.set(bl);\\
~a2.set(b2);

x = al.get();

l

cONOYUTL D~ WN PR
(=2
N

ﬁ
Il

()

[6] } class A { J
16y B f; A’/
11 »void set(B b) {

| -

1
1
1
1
1
1
1
1
1
1
1
1

12 this.doSet(b);
13} ," ct =[12]
14  void doSet(B p) {

15 this.f = p;

16}

17 B get() {

18 return this.f;

19  }

20 }

1-call-site

Variable Object

1-object

Variable Object

Tian Tan @ Nanjing University

[S]: setenis 01 [01]: setenis 01
[5]:D 03 [04]: b 03
[6]: setenis 02 [0,]: doSetipis| 04
[6]: D ) loi]:p 03
[12]: doSetyps | 01,0, [0,]: setens 03
[12]:p 03, 04 [0,]: b 04
X 03, 04 [0;]: doSetipis| 02
by o
01.f 03,04 X 03
0,.F 03,04 '




Call-Site vs. Object Sensitivity

al = new A(); al - o4
a2 = new A(); a2 - o,
bl = new B(); bl - o5
= new B(); b2 - o0,
al.set(bl);\\
~a2.set(b2);

cONOYUTL D~ WN PR
(=2
N

) i. x = al.get(); \\
.|| ‘\|Ct — [5]
ct = [6] ".‘class A { S

16y B f; A’/
11 »void set(B b) {

12 this.doSet(b);
13} ," ct =[12]
14  void doSet(B p) {

15 this.f = p;

16}

17 B get() {

18 return this.f;

19  }

20 }

1-call-site

Variable Object

1-object

Variable Object

Tian Tan @ Nanjing University

[5]: setin;s 01 [01]: setpis 01
[5]: b 03 [01]: D 03
[6]: setip;s 03 [01]: doSetypis| 04
[6]: D ) loi]:p 03
[12]: doSet;pis | 01, 0, [0,]: setipis 0y
[12]:p 03, 04 [0,]: b Z
X 03,[04] [0,]: doSetinis| 0o
] 0] p O4
01.T X 03
0,.T '
Spurious




Call-Site vs. Object Sensitivity

al =
a2 =
bl =
b2 =
al.s
a2.s
X =

cONOYUTL D~ WDN PR

9 «clas
10 B
11 VO

13}

14  void doSet(B p) {

16}
17 B

19  }

new A();
new A();
new B();
new B();
et(bl);
et(b2);
al.get();

s A{

5

id set(B b) {
this.doSet(b);

this.f = p;

get() {

return this.f;

1-call-site

1-object

al.set(bl)| a2.set(b2)

:A.set(B)

this.doSet(b)

B¥][:A.doSet(B)

Tian Tan @ Nanjing University

al.set(bl)| a2.set(b2)

:A.set(B)
this.doSet(b)

:A.set(B)
this.doSet(b)

:A.doSet(B)
:A.doSet(B)
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C.S. (1-Object) vs. C.S. (1-Call-Site)

Final results
{03} {012} {012} {012}

PFG: ([1«c| [[4]:n1]——>[[14]:n
{03} {013} {013} {013}

([41:C.myis) [[4]:n2]——>[[15]:n

CG: {[]:4—-[4]:C.m(),
[4]:14 — [14]:C.id(Number),
[4]:15 — [15]:C.id(Number),
[4]:16 — [16]:One.get() }

1 class C { 10  void m() {

2 static void main() { 11 Number nl,n2,x,y;

3 C c = new C(); 12 nl = new One();

4 c.m(); 13 n2 = new Two();

5 } 14 x = this.id(nl);

6 15 y = this.id(n2);

7  Number id(Number n) { 16 x.get();

8 return n; 17  } N 162
9 } 18 }



C.S. (1-Object) vs. C.S. (1-Call-Site)

Final results
{03} {or2} {012, 013} fo3}  f{oz}) {01} {01z}
PFG: ([I:c) [lo]m1] {012,013} PFEG: (1) ([alm1}—{1agn}—{[41:%)
{os} {013} {012,013} {03} {013} {013} {013}
([os]:Cmunis) ([oslin2 ([#:Cmans)  ([1m2 {151} [41:7)
CG:  {[]4—[03]:C.m(),
[05]:14 — [0;]:C.1d(Number), CG: {[]:4 — [4]:C.m(),
[0;]:15 — [05]:C.1d(Number), [4]:14 — [14]:C.id(Number),
[05]:16 — [0,,] :One.get(), [4]:15 — [15]:C.id(Number),
[0;]:16 — [0,5] : Two.get() } [4]:16 — [16]:One.get() }
1 class C { 10 void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5 } 14 x = this.id(nl);
6 15 y = this.id(n2);
7  Number id(Number n) { 16 x.get();
8 return n; 17  } Q 163
9 } 18 }



C.S. (1-Object) vs. C.S. (1-Call-Site)

return n; 17 }

} 18 }

164

Final results
{os} {012} {012,013} {05} f{or}  {or}  {on2)
PFG: ([1:c) ([osln1}\ {012:013) flosly]  pr: [1:c] [[4]:n1]——>[[14]:n
{os} {013} : 013} {os} {013} {o1s} {013}
([031:Cmanis | [[os]m2 ([#:Cmans)  ([1m2 {151} [41:7)
cG: {[1]4—[0;]:C.m(),
[0;]:14 — [ 05]:C.1d(Number), CG: {[]:4 — [4]:C.m(),
[0;]:15 — [05]:C.1d(Number), [4]:14 — [14]:C.id(Number),
. [05]:16 — [0;,] :One.get(), [4]:15 — [15]:C.id(Number),
Spurious [05]:16 — [0y5] : Two.get() [} [4]:16 — [16]:One.get() }
1 class C { 10 void m() {
2 static void main() { 11 Number nl,n2,x,y;
3 C c = new C(); 12 nl = new One();
4 c.m(); 13 n2 = new Two();
5 } 14 x = this.id(nl);
6 15 y = this.id(n2);
7  Number id(Number n) { l1c=mmmpx.get();
8
9



Call-Site vs. Object Sensitivity

* In theory, their precision is incomparable
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Call-Site vs. Object Sensitivity

* In theory, their precision is incomparable

* In practice, object sensitivity generally outperforms
call-site sensitivity for OO languages (like Java)
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Call-Site vs. Object Sensitivity

Time (s) #may-fail-cast #call-graph-edge
2-call 2-obj 2-call 2-obj 2-call 2-obj
batik 6,886 3,3000 2,452 1,606 94,211 76,807
checkstyle 2,277 2,003 863 581 54,171 48,809
sunflow 5570 1,208 2,504 1,837 100,701 89,866
findbugs 3,812 2,661 2,056 1,409, 72,118 65,836
jpc 3,343 559 1,855 1,392 89,677 81,030
eclipse 1,896 146 886 546 42,872 38,151
chart 2,705 282 1,481 883 59,691 52,374
fop 5,503 1,200 1,975 1,446 79,524 71,408
xalan 1,927 1,093 919 533] 48,763 44,871
bloat 5,712 3,525 1,699 1,193 58,696 53,143

For all numbers, lower is better (in terms of efficiency or precision)

Yue Li, Tian Tan, Anders Mgller, and Yannis Smaragdakis. “A Principled Approach to
Selective Context Sensitivity for Pointer Analysis”. TOPLAS 2020.
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Call-Site vs. Object Sensitivity

Time (s) #may-fail-cast #call-graph-edge
2-call 2-obj 2-call 2-obj 2-call 2-obj
batik 6,886 3,3000 2,452 1,606 94,211 76,807
checkstyle 2,277 2,003 863 581 54,171 48,809
sunflow 5570 1,208 2,504 1,837 100,701 89,866
findbugs 3,812 2,661 2,056 1,409, 72,118 65,836
jpc 3,343 559 1,855 1,392 89,677 81,030
eclipse 1,896 146 886 546 42,872 38,151
chart 2,705 282 1,481 883 59,691 52,374
fop 5,503 1,200 1,975 1,446 79,524 71,408
xalan 1,927 1,093 919 533] 48,763 44,871
bloat 5,712 3,525 1,699 1,193 58,696 53,143

For all numbers, lower is better (in terms of efficiency or precision)

A a

(A) o;

Yue Li, Tian Tan, Anders Mgller, and Yannis Smaragdakis. “A Principled Approach to

Selective Context Sensitivity for Pointer Analysis”. TOPLAS 2020.
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Call-Site vs. Object Sensitivity

Time (s) #may-fail-cast #call-graph-edge
2-call 2-obj 2-call 2-obj 2-call 2-obj
batik 6,886 3,3000 2,452 1,606 94,211 76,807
checkstyle 2,277 2,003 863 581 54,171 48,809
sunflow 5570 1,208 2,504 1,837 100,701 89,866
findbugs 3,812 2,661 2,056 1,409, 72,118 65,836
jpc 3,343 559 1,855 1,392 89,677 81,030
eclipse 1,896 146 886 546 42,872 38,151
chart 2,705 282 1,481 883 59,691 52,374
fop 5,503 1,200 1,975 1,446 79,524 71,408
xalan 1,927 1,093 919 533] 48,763 44,871
bloat 5,712 3,525 1,699 1,193 58,696 53,143

In general
e Precision: object > call-site
e Efficiency: object > call-site

For all numbers, lower is better (in terms of eff

Yue Li, Tian Tan, Anders Mgller, and Yannis Smaragdakis. “A Principled Approach to
Selective Context Sensitivity for Pointer Analysis”. TOPLAS 2020.
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Type Sensitivity™*

* Each context consists of a list of types

e At a method call, use the type containing the allocation site
of the receiver object with its heap context as callee context

* A coarser abstraction over object sensitivity

Select(,,_, c:0;) = [t/,...,t", InType(o;)]
where ¢’ = [t/, ..., t"']

* Yannis Smaragdakis, Martin Bravenboer, and Ondrej Lhotak. “Pick Your
Contexts Well: Understanding Object-Sensitivity”. POPL 2011.
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Type Sensitivity™*

* Each context consists of a list of types

e At a method call, use the type containing the allocation site
of the receiver object with its heap context as callee context

* A coarser abstraction over object sensitivity

Select(,,_, c:0;) = [t/,...,t", InType(o;)]
where ¢’ = [t/, ..., t"']

1 class X {

2 void m() {

3 Yy = new Y(); InType(o3) = X (not Y!)
4}

5}

* Yannis Smaragdakis, Martin Bravenboer, and Ondrej Lhotak. “Pick Your
Contexts Well: Understanding Object-Sensitivity”. POPL 2011.
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Type vs. Object Sensitivity

Under the same k-limiting, the precision of type

sensitivity is no better than object sensitivity
* Type sensitivity is a coarser abstraction over object sensitivity

1 class X {

2 void main() {

3 Y yl = new Y();

4 yl.foo();

5 Y y2 = new Y();

6 y2.foo();

7 Y y3 = new Y();

8 y3.foo();

o }

12 zlass v { Contexts of foo()
12 void foo() {} > Object-sensitivity: 2
13 }

Tian Tan @ Nanjing University
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Type vs. Object Sensitivity

Under the same k-limiting, the precision of type

sensitivity is no better than object sensitivity
* Type sensitivity is a coarser abstraction over object sensitivity

1 class X {

2 void main() {

3 Y yl = new Y();

4 yl.foo();

5 Y y2 = new Y();

6 y2.foo();

7 Y y3 = new Y();

8 y3.foo();

5 1}

12 zlass v { Contexts of foo()

12 void foo() {}  » Object-sensitivity: [03], [05], [07]
13 } > Type-sensitivity: 2

Y

Tian Tan @ Nanjing University 173



Type vs. Object Sensitivity

Under the same k-limiting, the precision of type

sensitivity is no better than object sensitivity
* Type sensitivity is a coarser abstraction over object sensitivity

1 class X {

2 void main() {

3 Y yl = new Y();

4 yl.foo();

5 Y y2 = new Y();

6 y2.foo();

7 Y y3 = new Y();

8 y3.foo();

5 1}

12 zlass v { Contexts of foo()

12 void foo() {}  » Object-sensitivity: (03], [0s5], [07]
13} > Type-sensitivity: [X]
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Type vs. Object Sensitivity

Under the same k-limiting, the precision of type

sensitivity is no better than object sensitivity
* Type sensitivity is a coarser abstraction over object sensitivity

1 class X { Compared to object sensitivity, type

2 void main() { e e d . . for b

3 Y yl = new Y(); sen5|t|V|ty trades precision ror etter

4 yl.foo(); efficiency, by merging the allocation sites in
5 Y y2 = new Y(); h .

. y2.00() the same type in contexts

7 Y y3 = new Y(); * Inpractice, type sensitivity is less precise but
8 } y3.foo(); more efficient than object sensitivity

9

10

11 zlass v { Contexts of foo()

12 void foo() {}  » Object-sensitivity: [03], [05], [07]

13} » Type-sensitivity: [X]
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Call-Site vs. Object vs. Type Sensitivity

Time (s) #may-fail-cast #call-graph-edge

2-call 2-obj 2-type 2-call 2-obj 2-type 2-call 2-obj 2-type

batik 6,886 3,300 378 2,452 1,606 1,938 94,211 76,807 77,337
checkstyle 2,277 2,003 125 863 581 695 54,171 48,809 49,274
sunflow 5570 1,208 197 2,504 1,837 2,247 100,701 89,866 90,967
findbugs 3,812 2,661 265 2,056 1,409 1,683 72,118 65,836 66,443
jpc 3,343 559 128 1,855 1,392 1,599 89,677 81,030 81,527
eclipse 1,896 146 57 886 546 665 42,872 38,151 38,337
chart 2,705 282 84 1,481 883 1,155 59,691 52,374 52,965
fop 5,503 1,200 251 1,975 1,446 1,753 79,524 71,408 71,847
xalan 1,927 1,093 99 919 533 729 48,763 44,871 45,444
bloat 5,712 3,525 74 1,699 1,193 1,486 58,696 53,143 54,279

For all numbers, lower is better (in terms of efficiency or precision)

Yue Li, Tian Tan, Anders Mgller, and Yannis Smaragdakis. “A Principled Approach to
Selective Context Sensitivity for Pointer Analysis”. TOPLAS 2020.
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Call-Site vs. Object vs. Type Sensitivity

Time (s) #may-fail-cast #call-graph-edge

2-call 2-obj 2-type 2-call 2-obj 2-type 2-call 2-obj 2-type

batik 6,886 3,300 378 2,452 1,606 1,938 94,211 76,807 77,337
checkstyle 2,277 2,003 125 863 581 695 54,171 48,809 49,274
sunflow 5570 1,208 197 2,504 1,837 2,247 100,701 89,866 90,967
findbugs 3,812 2,661 265 2,056 1,409 1,683 72,118 65,836 66,443
jpc 3,343 559 128 1,855 1,392 1,599 89,677 81,030 81,527
eclipse 1,896 146 57 886 546 665 42,872 38,151 38,337
chart 2,705 282 84 1,481 883 1,155 59,691 52,374 52,965
fop 5,503 1,200 251 1,975 1,446 1,753 79,524 71,408 71,847
xalan 1,927 1,093 99 919 533 729 48,763 44,871 45,444
bloat 5,712 3,525 74 1,699 1,193 1,486 58,696 53,143 54,279

In general

For all numbers, lower is better (in term:s

Precision: object > type > call-site
Efficiency: type > object > call-site

Yue Li, Tian Tan, Anders Mgller, and Yannis Smaragdakis. “A Principled Approach to
Selective Context Sensitivity for Pointer Analysis”. TOPLAS 2020.
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The X You Need To Understand in This Lecture

« Algorithm for context-sensitive pointer analysis

« Common context sensitivity variants

« Differences and relationship among common
context sensitivity variants

AR
X&g27!

(%
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