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. . .

used at Microsoft for verifying Windows device drivers

no use of TRS-techniques (stand-alone methods)
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prove termination of the resulting TRS
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implemented in AProVE
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introduce function symbol for every class

List-object representing [0, 1, 2]
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TRS-techniques generate suitable orders to compare arbitrary terms

particularly powerful on user-defined data types

powerful on pre-defined data types by using Integer TRSs (RTA ’09)
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Example

class List {
List n;

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}

}

00: aload 0 // load this to opstack

01: getfield n // load this.n to opstack

04: ifnonnull 26 // go to 26 if n != null

07: iload 1 // load i to opstack

08: ifgt 12 // go to 12 if i > 0

11: return // return (without value)

12: aload 0 // load this to opstack

13: new List // create new List object

16: dup // duplicate top of stack

17: invokespecial <init>//call constructor

20: putfield n // write new List to n

23: iinc 1, -1 // decrement i by 1

26: aload 0 // load this to opstack

27: getfield n // load this.n to opstack

30: iload 1 // load i to opstack

31: invokevirtual appE // recursive call

34: return // return (without value)
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o1, i3 | 0 | t :o1, i : i3 | ε

o1:List(n=o2) i3:Z

o2:List(?)

stack frame

1 input arguments

2 next program instruction

3 values of local variables
(value of this is reference o1)

4 values on the operand stack

explicit sharing
information

information about the heap

object at o1 has type List, n-field has value o2

object at address o2 is null or of type List

i3 is an arbitrary integer
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27: getfield n // load this.n to opstack

30: iload 1 // load i to opstack

31: invokevirtual appE // recursive call

34: return // return (without value)

o1, i3 | 0 | t :o1, i : i3 | ε

o1:List(n=o2) i3:Z

o2:List(?)

stack frame

1 input arguments

2 next program instruction

3 values of local variables
(value of this is reference o1)

4 values on the operand stack

explicit sharing
information

information about the heap

object at o1 has type List, n-field has value o2

object at address o2 is null or of type List

i3 is an arbitrary integer



Abstract States of the jvm

00: aload 0 // load this to opstack

01: getfield n // load this.n to opstack

04: ifnonnull 26 // go to 26 if n != null

07: iload 1 // load i to opstack

08: ifgt 12 // go to 12 if i > 0

11: return // return (without value)

12: aload 0 // load this to opstack

13: new List // create new List object

16: dup // duplicate top of stack

17: invokespecial <init>//call constructor

20: putfield n // write new List to n

23: iinc 1, -1 // decrement i by 1

26: aload 0 // load this to opstack

27: getfield n // load this.n to opstack

30: iload 1 // load i to opstack

31: invokevirtual appE // recursive call

34: return // return (without value)

o1, i3 | 0 | t :o1, i : i3 | ε

o1:List(n=o2) i3:Z

o2:List(?)

stack frame

1 input arguments

2 next program instruction

3 values of local variables
(value of this is reference o1)

4 values on the operand stack

explicit sharing
information

information about the heap

object at o1 has type List, n-field has value o2

object at address o2 is null or of type List

i3 is an arbitrary integer



Abstract States of the jvm

00: aload 0 // load this to opstack

01: getfield n // load this.n to opstack

04: ifnonnull 26 // go to 26 if n != null

07: iload 1 // load i to opstack

08: ifgt 12 // go to 12 if i > 0

11: return // return (without value)

12: aload 0 // load this to opstack

13: new List // create new List object

16: dup // duplicate top of stack

17: invokespecial <init>//call constructor

20: putfield n // write new List to n

23: iinc 1, -1 // decrement i by 1

26: aload 0 // load this to opstack

27: getfield n // load this.n to opstack

30: iload 1 // load i to opstack

31: invokevirtual appE // recursive call

34: return // return (without value)

o1, i3 | 0 | t :o1, i : i3 | ε

o1:List(n=o2) i3:Z

o2:List(?)

stack frame

1 input arguments

2 next program instruction

3 values of local variables
(value of this is reference o1)

4 values on the operand stack

explicit sharing
information

information about the heap

object at o1 has type List, n-field has value o2

object at address o2 is null or of type List

i3 is an arbitrary integer



Abstract States of the jvm

00: aload 0 // load this to opstack

01: getfield n // load this.n to opstack

04: ifnonnull 26 // go to 26 if n != null

07: iload 1 // load i to opstack

08: ifgt 12 // go to 12 if i > 0

11: return // return (without value)

12: aload 0 // load this to opstack

13: new List // create new List object

16: dup // duplicate top of stack

17: invokespecial <init>//call constructor

20: putfield n // write new List to n

23: iinc 1, -1 // decrement i by 1

26: aload 0 // load this to opstack

27: getfield n // load this.n to opstack

30: iload 1 // load i to opstack

31: invokevirtual appE // recursive call

34: return // return (without value)

o1, i3 | 0 | t :o1, i : i3 | ε

o1:List(n=o2) i3:Z

o2:List(?)

stack frame

1 input arguments

2 next program instruction

3 values of local variables
(value of this is reference o1)

4 values on the operand stack

explicit sharing
information

information about the heap

object at o1 has type List, n-field has value o2

object at address o2 is null or of type List

i3 is an arbitrary integer



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State A:

do all calls of appE terminate?

this is an arbitrary acyclic List

i is an arbitrary integer



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State B:

“aload 0” loads value o1 of this on opstack

“getfield n” replaces o1 by o2 on opstack
(value of its n-field)

A connected to B by evaluation edge



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

States C and D:

“ifnonnull 26” needs to know whether o2 is null

refine information about heap (refinement edges)

in C , replace o2 by “o4 : List(n = o5)”



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

States C and D:

“ifnonnull 26” needs to know whether o2 is null

refine information about heap (refinement edges)

in C , replace o2 by “o4 : List(n = o5)”



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

States C and D:

“ifnonnull 26” needs to know whether o2 is null

refine information about heap (refinement edges)

in C , replace o2 by “o4 : List(n = o5)”, evaluation to M



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State G :

“ifgt 12” needs to know whether i3 > 0

refine information about heap (refinement edges)

evaluation to return state G



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State K :

“putfield n” writes o8 to n-field of o1

side effect which changes original input argument o1

switch boolean flag of input argument o1 to false



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State K :

“putfield n” writes o8 to n-field of o1

side effect which changes original input argument o1

switch boolean flag of input argument o1 to false



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State K :

“putfield n” writes o8 to n-field of o1

side effect which changes original input argument o1

switch boolean flag of input argument o1 to false



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State L:

decrement i7 by 1



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State N:

L and M are similar

generalize them to state N, which represents a superset of L and M

L and M are instances of N (instance edges)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P
State O:

“aload 0” and “getfield” load value o4 of this.n on opstack

“iload 1” loads value i10 of i on opstack



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State P:

recursive call of appE on arguments o4, i10

call state P

new stack frame on top of call stack, at position 0 of appE



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State Q:

repeated symbolic evaluation ⇒ unbounded growth of call stack ⇒
infinite termination graph

solution: split call stack, call edge to Q with P’s top frame

Q is instance of A (instance edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State Q:

repeated symbolic evaluation ⇒ unbounded growth of call stack ⇒
infinite termination graph

solution: split call stack, call edge to Q with P’s top frame

Q is instance of A (instance edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State Q:

repeated symbolic evaluation ⇒ unbounded growth of call stack ⇒
infinite termination graph

solution: split call stack, call edge to Q with P’s top frame

Q is instance of A (instance edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

every state also represents situations
where appE was called recursively

below the frames in a state, one may
have lower frame of call state P

return state G gets additional
successor R (context edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

every state also represents situations
where appE was called recursively

below the frames in a state, one may
have lower frame of call state P

return state G gets additional
successor R (context edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

every state also represents situations
where appE was called recursively

below the frames in a state, one may
have lower frame of call state P

return state G gets additional
successor R (context edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

o1 and o4 are identified to o11

intersect information
“o1 : List(n = null)” and
“o4 : List(n = o5), o5 : List(?)”

i6 and i10 are identified to i12

intersect information
i6 : [≤ 0] and i10 : Z



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

o1 and o4 are identified to o11

intersect information
“o1 : List(n = null)” and
“o4 : List(n = o5), o5 : List(?)”

i6 and i10 are identified to i12

intersect information
“i6 : [≤ 0]” and “i10 : Z”



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

o1 and o4 are identified to o11

intersect information
“o1 : List(n = null)” and
“o4 : List(n = o5), o5 : List(?)”

i6 and i10 are identified to i12

intersect information
“i6 : [≤ 0]” and “i10 : Z”



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

o1 and o4 are identified to o11

intersect information
“o1 : List(n = null)” and
“o4 : List(n = o5), o5 : List(?)”

i6 and i10 are identified to i12

intersect information
“i6 : [≤ 0]” and “i10 : Z”



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

State R:

o1 and o4 are identified to o11

intersect information
“o1 : List(n = null)” and
“o4 : List(n = o5), o5 : List(?)”

i6 and i10 are identified to i12

intersect information
“i6 : [≤ 0]” and “i10 : Z”



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

evaluating R yields return state S

return state S gets additional
successor T (context edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

T o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

evaluating R yields return state S

return state S gets additional
successor T (context edge)



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

T o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

o1 and o4 are identified to o14

due to “o1”, take value from S



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

T o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

o1 and o4 are identified to o14

due to “o1”, take value from S



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

T o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P

o1 and o4 are identified to o14

due to “o1”, take value from S



00: aload 0

01: getfield n

04: ifnonnull 26

07: iload 1

08: ifgt 12

11: return

12: aload 0

13: new List

16: dup

17: invoke <init>

20: putfield n

23: iinc 1, -1

26: aload 0

27: getfield n

30: iload 1

31: invoke appE

34: return

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o14, i13 | 34 | t :o14,i : i15 | ε
o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null) i15: [≤0]

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(n=null)

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W
o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X

i6≤0

i7>0

i8 = i7 − 1

with P
with P

with P
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whenever the method is called



public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

} }

A P

G W

R V

i1 | 14 | j : i1,a :o2 | i1, o2
o2:List(n=null ) i1: [>0]

A′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

B′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

C ′

o4, i3 | 34 | t :o4,i : i7 | ε
i3 | 17 | j : i3,a :o4 | ε
o4:List(n=o5) i3: [>0]
o5:List(n=o6) o6:List(?)

D′

with P with P

Termination Graphs

expand nodes until all leaves correspond to program ends

by appropriate generalization steps,
one always reaches a finite termination graph

termination graphs for a method can be re-used
whenever the method is called



public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

} }

A P

G W

R V

i1 | 14 | j : i1,a :o2 | i1, o2
o2:List(n=null ) i1: [>0]

A′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

B′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

C ′

o4, i3 | 34 | t :o4,i : i7 | ε
i3 | 17 | j : i3,a :o4 | ε
o4:List(n=o5) i3: [>0]
o5:List(n=o6) o6:List(?)

D′

with P with P

Termination Graphs

expand nodes until all leaves correspond to program ends

by appropriate generalization steps,
one always reaches a finite termination graph

termination graphs for a method can be re-used
whenever the method is called



public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

} }

A P

G W

R V

i1 | 14 | j : i1,a :o2 | i1, o2
o2:List(n=null ) i1: [>0]

A′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

B′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

C ′

o4, i3 | 34 | t :o4,i : i7 | ε
i3 | 17 | j : i3,a :o4 | ε
o4:List(n=o5) i3: [>0]
o5:List(n=o6) o6:List(?)

D′

with P with P

Termination Graphs

expand nodes until all leaves correspond to program ends

by appropriate generalization steps,
one always reaches a finite termination graph

termination graphs for a method can be re-used
whenever the method is called



public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

} }

static void cappE(int j) {
List a = new List();

if (j > 0) {
a.appE(j);

while (a.n == null) {}
} }

A P

G W

R V

i1 | 14 | j : i1,a :o2 | i1, o2
o2:List(n=null ) i1: [>0]

A′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

B′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

C ′

o4, i3 | 34 | t :o4,i : i7 | ε
i3 | 17 | j : i3,a :o4 | ε
o4:List(n=o5) i3: [>0]
o5:List(n=o6) o6:List(?)

D′

with P with P

Method cappE
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State C ′:
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C ′ is instance of A (initial state of appE’s termination graph)
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V with B ′ yields D ′
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For every stack frame of state s at position pp,
introduce function symbol fs,pp.

Call stack: first argument encodes frame above the current one
(nested f-symbols)

fP,34( fP,0(eos, L(o5)︸ ︷︷ ︸
o4

, i10, L(o5)︸ ︷︷ ︸
o4

, i10), L(L(o5))︸ ︷︷ ︸
o1

, i9, L(L(o5))︸ ︷︷ ︸
o1

, i10)



Transforming
Evaluation
Edges

fH,8( eos,
L(null),
i7,
L(null),
i7,
i7 )

→

fI ,12( eos,
L(null),
i7,
L(null),
i7 )

| i7 > 0

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



Transforming
Evaluation
Edges

fH,8( eos,
L(null),
i7,
L(null),
i7,
i7 )

→

fI ,12( eos,
L(null),
i7,
L(null),
i7 )

| i7 > 0

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



Transforming
Evaluation
Edges

fH,8( eos,
L(null),
i7,
L(null),
i7,
i7 )

→

fI ,12( eos,
L(null),
i7,
L(null),
i7 )

| i7 > 0

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



Transforming
Refinement
Edges

fB,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fD,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fE ,8( eos,
L(null),
i3,
L(null),
i3,
i3 )

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



Transforming
Refinement
Edges

fB,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fD,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fE ,8( eos,
L(null),
i3,
L(null),
i3,
i3 )

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



Transforming
Refinement
Edges

fB,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fD,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fE ,8( eos,
L(null),
i3,
L(null),
i3,
i3 )

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



Merging Rewrite
RulesRefinement
Edges

fB,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fD,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fE ,8( eos,
L(null),
i3,
L(null),
i3,
i3 )

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



Merging Rewrite
RulesRefinement
Edges

fB,4( eos,
L(null),
i3,
L(null),
i3,
null )

→

fD,4( eos,
L(null),

→
L(null),
i3,
null )

→

fE ,8( eos,
L(null),
i3,
L(null),
i3,
i3 )

o1, i3 | 0 | t :o1,i : i3 | ε
o1:List(n=o2) i3:Z
o2:List(?)

A

o1, i3 | 4 | t :o1,i : i3 | o2
o1:List(n=o2) i3:Z
o2:List(?)

B

o1, i3 | 4 | t :o1,i : i3 | o4
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

C
o1, i3 | 4 | t :o1,i : i3 | null
o1:List(n=null) i3:Z

D

o1, i3 | 8 | t :o1,i : i3 | i3
o1:List(n=null) i3:Z

E

o1, i6 | 8 | t :o1,i : i6 | i6
o1:List(n=null) i6: [≤ 0]

F

o1, i6 | 11 | t :o1,i : i6 | ε
o1:List(n=null) i6: [≤ 0]

G

o1, i7 | 8 | t :o1,i : i7 | i7
o1:List(n=null) i7: [> 0]

H
o1, i7 | 12 | t :o1,i : i7 | ε
o1:List(n=null) i7: [> 0]

I

o1, i7 | 20 | t :o1,i : i7 | o8, o1
o1:List(n=null) i7: [> 0]
o8:List(n=null)

J

o1, i7 | 23 | t :o1,i : i7 | ε
o1:List(n=o8) i7: [> 0]
o8:List(n=null)

K

o1, i7 | 26 | t :o1,i : i8 | ε
o1:List(n=o8) i8: [≥ 0]
o8:List(n=null) i7: [> 0]

L

o1, i3 | 26 | t :o1,i : i3 | ε
o1:List(n=o4) i3:Z
o4:List(n=o5) o5:List(?)

M

o1, i9 | 26 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

N

o1, i9 | 31 | t :o1,i : i10 | i10,o4
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

Oo4, i10 | 0 | t :o4,i : i10 | ε
o1, i9 | 34 | t :o1,i : i10 | ε
o1:List(n=o4) i9:Z i10:Z
o4:List(n=o5) o5:List(?)

P
o4, i10 | 0 | t :o4,i : i10 | ε
o4:List(n=o5) i10:Z
o5:List(?)

Q

o11, i12 |11 |t :o11,i : i12|ε
o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

R

o1, i9 | 34 | t :o1,i : i12 | ε
o1:List(n=o11) i9:Z
o11:List(n=null) i12: [≤0]

S

o1, i9 | 34 | t :o1,i : i13 | ε
o1:List(n=o14) i9:Z
o14:List(n=o16) i13:Z
o16:List(?)

V

o17, i19 |34 |t :o17,i : i21|ε
o1, i9 | 34 | t :o1,i : i19 | ε
o1:List(n=o17) i9:Z
o17:List(n=o18) i19:Z
o18:List(n=o20)
o20:List(?) i21:Z

W

o1, i9|34 |t :o1,i : i19|ε
o1:List(n=o17) o20:List(?)
o17:List(n=o18) i19:Z
o18:List(n=o20) i9:Z

X
i6≤0

i7>0

i8 = i7 − 1

with P

with P



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

TRS is natural

and termination is easy

1 If n == null and i <= 0, then return.

2 If n == null and i > 0,
then attach new element to list.
Recursive call with tail of list and i-1.

3 If n != null,
then recursive call with tail of list and i.

4 After recursive call, resulting list L(null) is written to field n.

5 After recursive call, resulting list L(L(o20)) is written to field n.
Side effect replaces L(L(o5)) by L(L(L(o20))).

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}



fA(L(null), i6)→fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

TRS is natural

and termination is easy

1 If n == null and i <= 0, then return.

2 If n == null and i > 0,
then attach new element to list.
Recursive call with tail of list and i-1.

3 If n != null,
then recursive call with tail of list and i.

4 After recursive call, resulting list L(null) is written to field n.

5 After recursive call, resulting list L(L(o20)) is written to field n.
Side effect replaces L(L(o5)) by L(L(L(o20))).

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

TRS is natural

and termination is easy

1 If n == null and i <= 0, then return.

2 If n == null and i > 0,
then attach new element to list.
Recursive call with tail of list and i-1.

3 If n != null,
then recursive call with tail of list and i.

4 After recursive call, resulting list L(null) is written to field n.

5 After recursive call, resulting list L(L(o20)) is written to field n.
Side effect replaces L(L(o5)) by L(L(L(o20))).

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

TRS is natural

and termination is easy

1 If n == null and i <= 0, then return.

2 If n == null and i > 0,
then attach new element to list.
Recursive call with tail of list and i-1.

3 If n != null,
then recursive call with tail of list and i.

4 After recursive call, resulting list L(null) is written to field n.

5 After recursive call, resulting list L(L(o20)) is written to field n.
Side effect replaces L(L(o5)) by L(L(L(o20))).

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

TRS is natural

and termination is easy

1 If n == null and i <= 0, then return.

2 If n == null and i > 0,
then attach new element to list.
Recursive call with tail of list and i-1.

3 If n != null,
then recursive call with tail of list and i.

4 After recursive call, resulting list L(null) is written to field n.

5 After recursive call, resulting list L(L(o20)) is written to field n.
Side effect replaces L(L(o5)) by L(L(L(o20))).

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→fV (L(L(L(o20))), i9) (5)

TRS is natural

and termination is easy

1 If n == null and i <= 0, then return.

2 If n == null and i > 0,
then attach new element to list.
Recursive call with tail of list and i-1.

3 If n != null,
then recursive call with tail of list and i.

4 After recursive call, resulting list L(null) is written to field n.

5 After recursive call, resulting list L(L(o20)) is written to field n.
Side effect replaces L(L(o5)) by L(L(L(o20))).

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→fV (L(L(L(o20))), i9) (5)

TRS is natural and termination is easy

1 If n == null and i <= 0, then return.

2 If n == null and i > 0,
then attach new element to list.
Recursive call with tail of list and i-1.

3 If n != null,
then recursive call with tail of list and i.

4 After recursive call, resulting list L(null) is written to field n.

5 After recursive call, resulting list L(L(o20)) is written to field n.
Side effect replaces L(L(o5)) by L(L(L(o20))).

public void appE(int i) {
if (n == null) {
if (i <= 0) return;

n = new List();

i--;

}
n.appE(i);

}



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

fA′(. . .) → fB′(fA(. . .), . . .)
fB′(fV (. . .), . . .) → fD′(fD′(. . .), . . .)

static void cappE(int j) {
List a = new List();

if (j > 0) {
a.appE(j);

while (a.n == null) {}
} }

A P

G V

i1 | 14 | j : i1,a :o2 | i1, o2
o2:List(n=null ) i1: [>0]

A′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

B′

o4, i3 | 34 | t :o4,i : i7 | ε
i3 | 17 | j : i3,a :o4 | ε
o4:List(n=o5) i3: [>0]
o5:List(n=o6) o6:List(?)

D′

i1 > 0

with B′

termination graphs and TRSs
for a method can be re-used
whenever the method is called

modular termination proofs

⇒ termination of cappE follows from termination of appE

modularity is crucial for scalability



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

fA′(. . .) → fB′(fA(. . .), . . .)

fB′(fV (. . .), . . .) → fD′(fD′(. . .), . . .)

static void cappE(int j) {
List a = new List();

if (j > 0) {
a.appE(j);

while (a.n == null) {}
} }

A P

G V

i1 | 14 | j : i1,a :o2 | i1, o2
o2:List(n=null ) i1: [>0]

A′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

B′

o4, i3 | 34 | t :o4,i : i7 | ε
i3 | 17 | j : i3,a :o4 | ε
o4:List(n=o5) i3: [>0]
o5:List(n=o6) o6:List(?)

D′

i1 > 0

with B′

termination graphs and TRSs
for a method can be re-used
whenever the method is called

modular termination proofs

⇒ termination of cappE follows from termination of appE

modularity is crucial for scalability



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

fA′(. . .) → fB′(fA(. . .), . . .)
fB′(fV (. . .), . . .) → fD′(fD′(. . .), . . .)

static void cappE(int j) {
List a = new List();

if (j > 0) {
a.appE(j);

while (a.n == null) {}
} }

A P

G V

i1 | 14 | j : i1,a :o2 | i1, o2
o2:List(n=null ) i1: [>0]

A′

o2, i1 | 0 | t :o2,i : i1 | ε
i1 | 17 | j : i1,a :o2 | ε
o2:List(n=null ) i1: [>0]

B′

o4, i3 | 34 | t :o4,i : i7 | ε
i3 | 17 | j : i3,a :o4 | ε
o4:List(n=o5) i3: [>0]
o5:List(n=o6) o6:List(?)

D′

i1 > 0

with B′

termination graphs and TRSs
for a method can be re-used
whenever the method is called

modular termination proofs

⇒ termination of cappE follows from termination of appE

modularity is crucial for scalability



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
fA(L(null), i7)→ fP( fA(L(null), i7 − 1), L(L(null)), i7) |i7 > 0 (2)

fA(L(L(o5)), i3)→ fP( fA(L(o5), i3), L(L(o5)), i3) (3)
fP( fG (L(null), i12), L(L(null)), i9)→ fV (L(L(null)), i9) (4)

fP( fV (L(L(o20)), i19), L(L(o5)), i9)→ fV (L(L(L(o20))), i9) (5)

fA′(. . .) → fB′(fA(. . .), . . .)
fB′(fV (. . .), . . .) → fD′(fD′(. . .), . . .)

static void cappE(int j) {
List a = new List();

if (j > 0) {
a.appE(j);

while (a.n == null) {}
} }termination graphs and TRSs

for a method can be re-used
whenever the method is called

modular termination proofs

⇒ termination of cappE follows from termination of appE

modularity is crucial for scalability



fA(L(null), i6)→ fG (L(null), i6) |i6 ≤ 0 (1)
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Modular Termination Analysis for java bytecode

by Term Rewriting

implemented in AProVE and evaluated on collection of 216
jbc-programs (including the Termination Problem Data Base)

Success Failure Timeout Runtime

AProVE 2011 175 0 41 28.2
AProVE 2010 118 16 82 51.1
Julia 153 63 0 2.4
COSTA 120 95 1 5.4

improvement over AProVE 2010: modularity & recursion

AProVE at the International Termination Competition:
powerful for jbc, haskell, prolog, term rewriting

http://aprove.informatik.rwth-aachen.de

termination of “real” languages can be analyzed automatically,
term rewriting is a suitable approach
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