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Rewriting-backed approach: Idea

@ Programming languages hard ~ Simpler representation needed

@ Termination Graphs: Simpler, contain all information

@ Term Rewrite Systems (TRSs) generated from Termination Graph
@ Prove TRS termination using existing provers

Haskell TRS

Termination Graph

Prolog

Java

( Termination )
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@ Sun/Oracle javac gll

@ Symbolic evaluation &
Abstraction fa(-..) —fe(...) fe(...) —fc(..))

@ Post-processing & fA( . ) — fD( . ) fB( . ) — fE( . )

Translation to.'II'RS °U fe(..) fa(..)
@ Standard rewriting

techniques Terminates
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Handling of user-defined data structures: bl cless Lige |

int value;

) List next;
@ Other techniques: }

Fixed abstraction to number
List [2, 4, 6] abstracted to
length 3
Our technique:
Abstraction to terms
List [2, 4, 6] becomes
List(2, List(4, List(6, null)))

TRS techniques search for well-founded orders automatically

= Complex orders for user-defined data structures possible
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Rewriting-backed approach: Challenges

Handling of user-defined cyclic data structures: bl cless Lige |

int value;
List next;

@ Our technique: }
Abstraction to terms impossible

o List [2, 4,6, 2, 4,6,...] is abstracted to free variable

~ Suitable order cannot be found

@ Solution:

@ Find suitable measures on Termination Graph level
@ Encode (numeric) measures into TRS
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i) Cyclicity of data irrelevant
i) Marking algorithms

iii) Definite cyclicity used (via sentinel element):
this
x
class L { n
L n;
void iterate() {
L x = this.n;
while (x != this)
x = x.n; }} n n

@ Keep first element in this
® Continue if not yet reached

® Go to next element
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Abstract Java virtual machine states

class L { Stack frame: 05 [t orxion |
L n; . .
; @ Next instruction |o;:L(n= L(?
void iterate() { L L(g ) _702 L(?)
L x = this.n; o Local variables | %~ =
while (x != this) oNJo» ' 0
x = x.n; }} @ Operand stack
Heap information:
00: aload_0 . H
01: getfield n @ At o1 is known L object
04: astore.1 #x = this.n @ At 0y is unknown L object or null
05: aload-1 . .
06: aload.0 o Integers: i1: 7Z,ip: [2,00)
07: if_acmpeq 18 #jump if x == this . .. .
10: aload 1 ) Heap predicates: ‘Only explicit sharing
11: getfield n .
g e i = xm @ References 01, 0o may be cyclic
16: goto 05 References o1, 0o may be equal
18: return

(]
< o References 01, 0o may share
[*]

Reference o, definitely reaches o;
when following the field n



00:
01:
04:
05k
06:
073
10:
11:
14:
15:

18:
—

aload. O
getfield n
astore_1
aload_-1
aload-0
if_acmpeq 18
aload-1
getfield n
astore_1
goto 05
return

State A:

05|t:01,x:00 |e

o1:L(n=0p) E3 L(?)

01,000 17 =]
o\/o 0p=-» 01

@ t some definitely cyclic list

@ x second element in list

>

void iterate() {
L x = this.n;
while (x != this)
X = x.n; }




00: aload. O

01: getfield n
04: astore_1
05: aload-1

06: aload-O

07: if_acmpeq 18
10: aload-1

11: getfield n
14: astore_1

15: goto 05

05|t:01,x:00 |e
o1:L(n=0p) 02L(7)
01,000 17‘ =]
o\/op 0p=-» 01

>

07|t:01,x:09 | o1, 00

®

o1:L(n=02) o21-(7)
01,020 17' 02
oN\/oy 0p=-> 01

18: return
—

State A:

@ t some definitely cyclic list

@ x second element in list

State B:

o First equals second element?

void iterate() {
L x = this.n;
while (x != this)
X = x.n; }




00: aload. O

01: getfield n

04: astore_1 A
05: aload-1
06: aload-O
07: if_acmpeq 18
10: aload-1 07|t:o1xi0p |01, 0
11: getfield n o1:L(n=02) 07231-(7) B }
14: astore_1 °1,020 EETG o7]t:o1,x:01  |o1,01
15: goto 05 o\/op 0> o1 o1:L(n=o01)
18: return
s |07 |t:0;,%:0p | o1, 00
orlla=o0) oi(n) | °
2Oy,
o\/oy 0p=-> 01
State A:

@ t some definitely cyclic list

@ x second element in list

State B:

o First equals second element?

= Refinement

o In C: References equal (~ program ends)
e In D: References not equal

void iterate() {
L x = this.n;
while (x != this)
X = x.n; }




00: aload. O
01: getfield n
04: astore_1
05: aload-1
06: aload-O
07: if_acmpeq 18
10: aload-1
11: getfield n
14: astore_1
15: goto 05
18: return

—_—

State E:

A
B
3
07|t:01,x:00 | o1, 00 D 11|t:01,x:0p | o2
oi:L(n=o0p) oxL(?) |7 op:L(n=o0y) o:L(?)
’ 01,
R R

o\/o 0--3 0

o\/o -3 01

@ Access to unknown object 0,

m

void iterate() {
L x = this.n;
while (x != this)
x = x.n; }




00: aload. O

01: getfield n

04: astore_1

05: aload-1

06: aload-O

07: if_acmpeq 18

10: aload-1

11: getfield n ..C“”{:]

14: astore_1

15: goto 05

18: return 11]t:01,x:03 | o3

_— 11| t:o1,x: o;:L(n=o;
% E o;:LEn:oZ; 04:L(7) F
01,000 | o1,03,040 04270}
o1\/02 02{1}’!01 o\/os 04\ /03 04 —n—-»!ol

States E, F: Ulsiopximull|mull | g/ yoid iterate() {

@ Access to unknown object 0,

= Refinement

o1:L(n=null)

{n},

null--»"o0p

L x = this.n;
while (x != this)
x = x.n; }

@ In E’: Case o, = null not possible (implies 0 not reaching o1)



00: aload. O
01: getfield n
04: astore_1
05: aload-1
06: aload-O
07: if_acmpeq 18
10: aload-1
11: getfield n U
14: astore_1
15: goto 05
18: return 11]t:o1,x:03 | o3
— 11|t:01,x:00 | o2 o1:L(n=03)
oLln=o0n) oxL(7) o3:L(n=o04) o04:L(?)
01,00 “lo1,03,0,0 o3="o
(n} ),
o\/oa 0x--» 01 o01\/os 04\ /03 04--> 01
States E, F: void iterate() {

@ Access to unknown object 0,

= Refinement

L x = this.n;
while (x != this)
x = x.n; }

@ In E’: Case o, = null not possible (implies 0 not reaching o1)

@ In F: o0, renamed to o3, pointing to L-object with successor o4:



00: aload. O
01: getfield n
04: astore_1

05: aload-1
06: aload-O
07: if_acmpeq 18
10: aload-1
11: getfield n U
14: astore_1
15: goto 05
18: return 11]t:o1,x:03 | o3
—t 11]t:01,x:0p | oo o1:L(n=o03) F
oLln=o0y) oxL(?) o3:L(n=04) o04:L(7)
01,00 " o1,03,00 o4="0
{n}, {a},
oN\/op 0p--» 01 o1\/os o4\ /o3 04--»' 0
States E, F: void iterate() {

@ Access to unknown object 0,
= Refinement

L x = this.n;
while (x != this)
x = x.n; }

@ In E’: Case o, = null not possible (implies 0 not reaching o1)

@ In F: o0, renamed to o3, pointing to L-object with successor o4:

e o4 possibly cyclic

e 04 possibly equal to 0; and may reach o1, 03
e 04 definitely reaches o; via field n



00: aload. O
01: getfield n 05|t:01,x:0p |e 05|t:01,x:04 |e
04: astore_1 orlla=cz) oxL(?) A P ) E—
05: aload.1 01,020 17 =) o03:L(n=104) 04:1;(7)
06: aload 0 o\ 0p==> 01 01,03,040 =0 |
07: if_acmpeq 18 Oo1\/o4 _OM/03 04> 01
10: aload-1
11: getfield n B ‘"{:]
14: astore_1
15: goto 05
18: return .l, 11]t:01,x:03 | o3
—_— 11|t:01,x:0p | oo o1:L(n=o03)
D orLln=0y) oxL(?) o03:L(n=o0y4) 04:L7(?)
“““ 01,00 () | o1,03,040 042':3
o1\/02 02""01 o\/os 0\Jo3 0s--5' o1
States G, H: void iterate() {

@ Same program position as A = Generalize

In A: this = 01 > 00 =x

n

In G: this=0; > 03 2o =x

L x = this.n;

while (x != this)

x = x.n; }




00: aload. O
01: getfield n 05|t:01,x:00 |e 05|t:01,x:04 |e 05|t:01,x:04 |e
04: astore_1 o1:L(n=02) 02L(7) 01:L(?) o04:L(7) H o1:L(n=03) G
05: aload_1 01,000 = 02 01,040 o04="01 o3L(n=04) 04:L(?)
1 . 01,03,040 op="0
06: aload.-O o1/ --+ o1 o1\/og 01 = o4 n}.
07: if_acmpeq 18 PREILDN oi/os 003 o4~ o1
10: aload-1
i
11: getfield n SE [:
14: astore_1 >
15: goto 05
18: return ,I,
— F
E
L4
States G, H: void iterate() {

@ Same program position as A = Generalize

In A: this=07 = 00 = x

In G: this=0; > 03 2o =x

= In H: Abstract to this = 0;

{n},!

> 04 =

L x = this.n;
while (x != this)
x = x.n; }




00: aload. O
01: getfield n 05|t:01,x:0p |e 05|t:01,x:04 |e
04: astore_1 o1:L(n=0p) °2L(7) A o1:L(?) 04:L(?)
05: aload.1 01,020 r'oz 01,040 Oﬁ?}?l
06: aload_O o\/op 0p--» 01 01\/ 04 01 =" 04
07: if_acmpeq 18 4£-L o1

10: aload-1
11: getfield n
14: astore_1
15: goto 05

18: return
—

H

States G, H: void iterate() {
L. i L x = this.n;
@ Same program position as A = Generalize while (x != this)

InA:thiszoli)oz:X x = x.n; }

In G: this=0; > 03 2o =x
= In H: Abstract to this = 0; faky! 04 = X

@ Restart construction from more general state



00: aload. O

01: getfield n 05|t:01,x:0p |e 05|t:01,x:04 le 11]t:01,x: 05 | o5

04: astore_1 orln=0) oL(?) A |SLL() oal(?) y |orI() osita=oe) L

05: aload._1 01,020 17‘ o 01,000 o4='o01 Os'Lg7) 01,05,060  05\/06

06: aload. 0 o\/oy ©0p--» 01 o1\ oz o1 5! o, { '}I 01\1{05} | o6\./01

07: if _acmpeq 18 4{__]; o1 0177 9% 26\“* o1

10: aload-1 ’

11: getfield n L

14: astore_1 07 |t:01,x:04 |o1,04 07|t:01,x:04 | o1, 04 11|t:01,x:04 | o4 K

15: goto 05 o1:L(?) 04:L(?) o1:L(?) o04L(?) ol:L(‘g 04:L(7)

18: return 01,040 o04="01 01,040 01,04

) | oNsos 01{7&! o4 04{31},! o1 o\ /og 01{"}»' o4 04{ }‘01 o\ /o4 ol{——}+' o4 04{11} ‘o
States G, H: void iterate() {

@ Same program position as A = Generalize

In A: this=o07 = 00 = x

In G: this=0; > 03 2o =x

= In H: Abstract to this = o1

{n},!

> 04 =X

@ Restart construction from more general state
States /, J, K, L: As before

L x = this.n;
while (x != this)
x = x.n; }




00:
01:
04:
5K
06:
073
10:
11:
14:
15:

18:
——

aload. O
getfield n
astore_1
aload_1
aload-O
if_acmpeq 18
aload-1
getfield n
astore_1
goto 05
return

Proving termination with R = o LN

05|t:01,x:00 |e 05|t:01,x:04 |e 11|t:01,x:05 | o5
orla=0) oL(?) A |SLL() oal(?) o |orE(®) esit@=o5)
01,000 17‘02 01,040 og=' 06'1-27) 01,05,060 05\/06
n ?
oMoy 0= o o1\/os o = oy S}, 01\’1{05}| o6vlo1
{n}, 01--3 05 0p--* 01
o4 ==+ 01 'S
L
07 |t:01,x:04 | o1, 04 07|t:01,x:04 | o1, 04 11|t:01,x:04 | 04
01:L(?) o04:L(?) o1:L(?) o04:L(?) 01:L(?) 04:L(?)
01,040 o4="o01 01,040 (n} {n) 01,040 (a} {
| n}v
oi\/os 01{31!04 04{3},!01 on\/og 015! 0 04" h! of o1\/oy 01==> 04 04--» 0]

-

@ Associate length g with each R

o'

void iterate() {
L x = this.n;
while (x != this)
x = x.n; }




00:
01:
04:
5K
06:
073
10:
11:
14:
15:

18:
——

aload. O
getfield n
astore_1
aload_1
aload-O
if_acmpeq 18
aload-1
getfield n
astore_1
goto 05
return

Proving termination with R = o LN

05|t:01,x:00 |e 05|t:01,x:04 |e 11|t:01,x:05 | o5
orla=0) oL(?) A |SLL() oal(?) o |orE(®) esit@=o5)
01,000 17‘02 01,040 og=' 06'1-27) 01,05,060 05\/06
n ?
oMoy 0= o o1\/os o = oy S}, 01\’1{05}| o6vlo1
{n}, 01--3 05 0p--* 01
o4 ==+ 01 'S
L
07 |t:01,x:04 | o1, 04 07|t:01,x:04 | o1, 04 11|t:01,x:04 | 04
01:L(?) o04:L(?) o1:L(?) o04:L(?) 01:L(?) 04:L(?)
01,040 o4="o01 01,040 (n} {n) 01,040 (a} {
| n}v
oi\/os 01{31!04 04{3},!01 on\/og 015! 0 04" h! of o1\/oy 01==> 04 04--» 0]

-

@ Associate length g with each R
O In refinements:

e 0="0"resolved to 0 # o’: g >0

o'

void iterate() {
L x = this.n;
while (x != this)
X = x.n; }




00:
01:
04:
5K
06:
073
10:
11:
14:
15:

18:
——

aload. O
getfield n
astore_1
aload_1
aload-O
if_acmpeq 18
aload-1
getfield n
astore_1
goto 05
return

05|t:01,x:00 |e 05|t:01,x:04 |e 11|t:01,x:05 | o5
orla=0) oL(?) A |SLL() oal(?) o |orE(®) esit@=o5) L
01,0,0 17'02 01,040 o04="01 Oe'Lg) 01,05,060) 05\/0g
n [4

oMoy 0= o o1\/os o = oy S}, 01\’1{05}| o6vlo1

{n}, o1--» 05 0g--» 01

o= o A~

L
07 |t:01,x:04 | o1, 04 ; 07|t:01,x:04 | o1, 04 J 11|t:01,x:04 | 04 K
01:L(?) o04:L(?) N 01:L(?) 04:L(7) >01:L(?) 04:L(7)
01,040 o4="o01 01,040 (n} {n) 01,040 (a} {
| n}v

oi\/os 01{31!04 04{3},!01 on\/og 015! 0 04" h! of o1\/oy 01==> 04 04--» 0]

-

Proving termination with R = o Filor
@ Associate length g with each R
O In refinements:

e 0="0"resolved to 0 # o’: g >0
e 0 new F-child of o:

KR/:KR—l

void iterate() {
L x = this.n;
while (x != this)
X = x.n; }

(for R" =5 LN 0')



00: aload. O

01: getfield n
04: astore_1

05: aload-1

06: aload-O

07: if_acmpeq 18
10: aload-1

11: getfield n
14: astore_1

15: goto 05

05|t:o1,x:0,0:01 | €

05|t:01,x:04,0:01 | €

11|t:01,x:05,0:0p | 05

>

o1:L(n=0p) 02L(7)
01,020 %7' 02
o\/o 0p=-» 01

.

o1:L(?) oa:L(?)
?
01,040 04='01

ny
o1\/og 01 ==» o4

{n},

04 ==>" 01

01:L(?) o5:L(n=o0p)

06:L(?) 01,05,060 05\/06

{?} o1\/05  0e\ /o1
1

01--> 05 05{——];' o1

N
=i —1

18: return
—

07 |t:01,x:04,0:01 |01, 04

07|t:01,x:04,€:i1 |01, 04

11|t:01,x:04,0:01 | 0a

01:L(?) o04:L(?)
01,040 {01;;}:"01 (a},

01\/o4 01 --+ 04 04--% 01

01:L(?) 04:L(7)
01,040
01\/04 01{"];|04 04 -

=}

* o1

o1:L(?) oa:L(?)
Oy )

01\/og 01--% 04 04--> 01

-

Proving termination with R = o Filor
O Associate length g with each R
O In refinements:

e 0="0"resolved to 0 # o’: g >0
e 0 new F-child of o:

© Add variable for lengths to graphs (here: only done for ¢
04=-2"01

void iterate() {
L x = this.n;
while (x != this)
X = x.n; }

(for R" =5 LN 0')

as ¢)



00: aload. O

01: getfield n
04: astore_1
05: aload-1

06: aload-O

07: if_acmpeq 18
10: aload-1

11: getfield n
14: astore_1

15: goto 05

05|t:o1,x:0,0:01 | €

05|t:01,x:04,0:01 | €

11|t:01,x:05,0:0p | 05

>

o1:L(n=0p) 02L(7)
01,020 %7' 02
o\/o 0p=-» 01

.

o1:L(?) oa:L(?)
?
01,040 04='01

ny
o1\/og 01 ==» o4

{n},

04 ==>" 01

01:L(?) o5:L(n=o0p)
Os'L(7) 01,05,060  05\/0g
=70 o\Jos og\/or
{ }|

01--> 05 05{——];' o1

N
=i —1

18: return
—

07 |t:01,x:04,0:01 |01, 04

07|t:01,x:04,€:i1 |01, 04

11|t:01,x:04,0:01 | 0a

01:L(?) o04:L(?)
01,040 {01;;}:"01 (a},

01\/o4 01 --+ 04 04--% 01

01:L(?) 04:L(7)
01,040
01\./04 01{"];|04 04 -

=}

* o1

o1:L(?) oa:L(?)
Oy )

01\/og 01--% 04 04--> 01

-

Proving termination with R = o Filor
O Associate length g with each R
O In refinements:

e 0="0"resolved to 0 # o’: g >0
e 0 new F-child of o:

Automatically created TRS:

f(o..,0) = f(...

© Add variable for lengths to graphs (here: only done for ¢
04=-2"01

—1)

| >0

void iterate() {
L x = this.n;
while (x != this)
X = x.n; }

(for R" =5 LN 0')

as ¢)
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Other AProVE features for Java

@ Implementation for full Java without reflection and multithreading
e Correctness proof [VIT'10] w.r.t. JINJA (Klein & Nipkow '06)
@ Built-in, implicit analyses for nullness, aliasing, sharing, cyclicity
@ Termination analysis for algorithms
on integers [RTA'10]
on acyclic user-defined data structures (trees, DAGs, ...) [RTA'10]
using recursion [RTA'11]
on arrays [FoVeOOS'11]
on cyclic data [CAV'12]:
o by detecting (and ignoring) irrelevant cyclicity

o by automatically finding and counting markers
@ by using definite reachability information

e Non-termination analysis [FoVeOOS'11]



Automated Termination Proofs for Java Programs with

Cyclic Data

o Evaluated on collection of 387 programs:

e Termination Problem Data Base
o Standard libraries from java.util (JDK)

| Term | NonT | Fail | t (s) || Term [ NonT [ Fail | t (s) |

AProVE '12 267 81| 39| 95 51 0 91158
AProVE '11 225 81| 81| 114 23 0| 37| 183
Julia 191 22 | 174 | 4.7 32 0| 28| 82
COSTA 160 0] 227 | 11.0 29 0| 31|304
[\ DR _

v v

all examples LinkedList + HashMap
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Automated Termination Proofs for Java Programs with

Cyclic Data

o Evaluated on collection of 387 programs:

e Termination Problem Data Base
o Standard libraries from java.util (JDK)

| Term | NonT | Fail | t (s) || Term [ NonT [ Fail | t (s) |

AProVE '12 267 81| 39| 95 51 0 91158
AProVE '11 225 81| 81| 114 23 0| 37183
Julia 191 22 | 174 | 47 32 0| 28| 8.2
COSTA 160 01227 | 11.0 29 0| 31304
\ - -7 N\o -

v v
all examples LinkedList + HashMap

o Won Termination Competition 2012
@ Termination graphs facilitate and simplify complex analysis

@ http://aprove.informatik.rwth-aachen.de/eval/JBC-Cyclic
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