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@ Synthesis of Linear Ranking Functions
(Colon & Sipma, 01), (Podelski & Rybalchenko, 04), ...
@ Terminator
Termination Analysis by Abstraction & Model Checking
(Cook, Podelski, Rybalchenko et al., since 05)
o Julia & COSTA
Termination Analysis of JAvA BYTECODE (JBC)
Fixed abstraction, via Constraint Logic Programs
(Spoto, Mesnard, Payet, 10)
(Albert, Arenas, Codish, Genaim, Puebla, Zanardini, 08)
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Rewriting-based approach: Structure

@ Programming languages hard ~ Simpler representation needed

@ Termination Graphs: Simple, all information

@ Term Rewrite Systems (TRSs) generated from Termination Graph
o

Prove TRS termination using existing provers

HASKELL TRS

Termination Graph
Java

C ( Termination )

ProrocG
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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 suitable orders automatically

= Complex orders for user-defined data structures possible
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Rewriting-based 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



© Introduction
© Marking traversal algorithms
© Definite Cyclicity

@ Conclusion
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class L { e =0

int v; List n; x

static void visit(L x) { n
int e = x.v;
while (x.v == e)
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=1

n

X = x.n; }}}
n

@ Store first v (v = ) fv=1)

@ Continue if obj. unvisited n
© Change v

Q@ Go to next element




visit the example

class L {
int v;

List n;

static void visit(L x) {

int e = x.v;
while (x.v == e) {
X.v=e + 1;
X = x.n; }}}

00: aload 0 #load x
01: getfield v  #get v from x
04: istore_1 #store to e
05: aload-O #load x
06: getfield v #get v from x
09: iload-1 #load e
10: if_icmpne 28 #jump if x.v != e
13: aload 0 #load x
14: iload-1 #load e
15: icomnst_1 #load 1
16: iadd #add e and 1
17: putfield v  #store to x.v
20: aload-O #load x
21: getfield n #get n from x
24: astore. 0 #store to x
25: goto 5
28: return
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class L {
int v; List n;
static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v=e + 1;

X = x.n; }}}
00: aload. O #load x
01: getfield v  #get v from x
04: istore_1 #store to e
05: aload 0 #load x
06: getfield v #get v from x
09: iload-1 #load e
10: if_icmpne 28 #jump if x.v != e
13: aload- 0 #load x
14: iload-1 #load e
15: icomst_1 #load 1
16: iadd #add e and 1
17: putfield v  #store to x.v
20: aload-0 #load x
21: getfield n #get n from x
24: astore. 0 #store to x
25: goto 5

28: return

O5|x:o01,e:i1le
o:L(?) hw:Z 00O

Stack frame:
@ Next program instruction
@ Local variables
@ Operand stack

Heap information:
@ At o7 is L object or null
@ At i1 is unknown integer

@ Known L object: 0 :L(v=i,n=03)

‘Only explicit sharing‘




Abstract JAVA virtual machine states

class L {
int v; List n;
static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v=e + 1;

X = x.n; }}}

00: aload. O
01: getfield v
04: istore_1

#load x
#get v from x
#store to e

05: aload-O #load x
06: getfield v #get v from x
09: iload-1 #load e

10: if_icmpne 28 #jump if x.v != e

13: aload 0 #load x

14: iload-1 #load e

15: icomnst_1 #load 1

16: iadd #add e and 1
17: putfield v  #store to x.v
20: aload-O #load x

21: getfield n
24: astore. 0
25: goto 5

28: return

#get n from x
#store to x

O5|x:o01,e:i1le
o1:L(7)

nZ o010

Stack frame:
@ Next program instruction
@ Local variables
@ Operand stack
Heap information:
@ At o7 is L object or null
@ At i1 is unknown integer
e Known L object: 0 : L(v=ih,n=03)
Heap annotations:‘OnIy explicit sharing‘

@ Reference might be cyclic: 010



Abstract JAVA virtual machine states

class L {
int v; List n;
static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v=e + 1;

X = x.n; }}}

00: aload. O
01: getfield v
04: istore_1

#load x
#get v from x
#store to e

05: aload-O #load x
06: getfield v #get v from x
09: iload-1 #load e

10: if_icmpne 28 #jump if x.v != e

13: aload 0 #load x

14: iload-1 #load e

15: icomnst_1 #load 1

16: iadd #add e and 1
17: putfield v  #store to x.v
20: aload-O #load x

21: getfield n
24: astore. 0
25: goto 5

28: return

#get n from x
#store to x

O5|x:o01,e:i1le
ouL(?) h:Z

010

Stack frame:
@ Next program instruction
@ Local variables
@ Operand stack
Heap information:
@ At o7 is L object or null
@ At i1 is unknown integer
e Known L object: 0 : L(v=ih,n=03)
Heap annotations:‘OnIy explicit sharing‘

@ Reference might be cyclic: 010

?
@ Two references may be equal: 01 ="0



Abstract JAVA virtual machine states

class L {
int v; List n;
static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v=e + 1;

X = x.n; }}}

00: aload. O
01: getfield v
04: istore_1

#load x
#get v from x
#store to e

05: aload-O #load x
06: getfield v #get v from x
09: iload-1 #load e

10: if_icmpne 28 #jump if x.v != e

13: aload 0 #load x

14: iload-1 #load e

15: icomnst_1 #load 1

16: iadd #add e and 1
17: putfield v  #store to x.v
20: aload-O #load x

21: getfield n
24: astore. 0
25: goto 5

28: return

#get n from x
#store to x

O5|x:o01,e:i1le
ouL(?) h:Z

010

Stack frame:
@ Next program instruction
@ Local variables
@ Operand stack
Heap information:
@ At o7 is L object or null
@ At i1 is unknown integer
e Known L object: 0 : L(v=ih,n=03)
Heap annotations:‘OnIy explicit sharing‘

@ Reference might be cyclic: 010
?
@ Two references may be equal: 01 ="0

@ Two references may share: 01\./0>



00: aload-O .
01: getfield v 05|x:ol,e:;: e A
04: istore_1 ol mZ ol
05: aload.O
06: getfield v
09: iload-1
10: if_icmpne 28
13: aload.0
14: iload-1
15: icomnst_1
16: iadd
17: putfield v
20: aload.0
21: getfield n
24: astore.0
25: goto 5
28: return
R —_—,,o
) static void visit(L x) {
State A: int e = x.v;
@ x some (possibly cyclic) list vhile (x.v ==e) {
Xx.v =e + 1;
@ e some integer x = x.n; }}




00: aload. O .
01: getfield v 05|x:ol,e:;: e A
04: istore_1 L) WZ a0
05: aload.-O
06: getfield v l
09: iload-1 06|x:01,e: i1 |oy
10: if_icmpne 28 oi:L(?) i:Z o0
13: aload 0
14: iload-1
15: icomnst_1
16: iadd
17: putfield v
20: aload-0
21: getfield n
24: astore. 0
25: goto 5
28: return
—

) static void visit(L x) {

State B: s 0 o sag
e Evaluation between A and B Whilj (X;Vf: e {
. - )

@ Need field of 01 x = x.n; }}




00: aload-O .

. 1 hd
o et ’
04: istore_1
05: aload. 0
06: getfield v l
09: iload-1 06|x:01,e: i1 |oy B
10: if_icmpne 28 oi:L(?) i:Z 00
13: aload.0 l
14: iload-1 06lx:on.0 it o2
15: iconst_1 oL(v=h,a=03) |P
16: iadd o3:L(?) i:Z f2227
17: putfield v 02,030 0\/03 03='03
20: aload.0
21: getfield n
24: astore.0
25: goto 5
28: return
—

) static void visit(L x) {
States B, C, D: -
e Evaluation between A and B el (x“’+=: e {
. ) X.v = e g
@ Need field of 0; = Refinement: x = x.n; }}

o In C: 07 isnull
e In D: o1 renamed to 0,, pointing to L-object with successor os3:
@ 03 possibly cyclic
@ 03 possibly equal to 0, and may reach o



00: aload. O

01: getfleld v e
04: istore_1

05: aload.-O
06: getfield v l

09: iload.1 B
10: if_icmpne 28
13: aload 0 l

14: iload-1 06[x: 09,0111 o
15: iconst_1 o L(v=i,n=03)
16: iadd 03:L(?) H:Z iyZ
17: putfield v 02,030 o\Jo3 0r="3
20: aload-0
21: getfield n
24: astore. 0
25: goto 5

28: return
—

) static void visit(L x) {
States B, C, D: int e = x.v;

e Evaluation between A and B while (x.v ==e) {
X.v =e + 1;

@ Need field of 0; = Refinement: x = x.n; }}

o In C: o7 is null (program crashes)
e In D: o1 renamed to 0,, pointing to L-object with successor os3:
@ 03 possibly cyclic
@ 03 possibly equal to 0, and may reach o



00: aload 0 .
01: getfield v ¢ ¢
04: istore_1
05: aload.-O
06: getfleld v l A TSy o2
09: iload-1 o L(v=h,n=0) F
10: if_icmpne 28 i:Z iZ
13: aload.0 l -
14: iload.1 06|x:0p,e:i1 |oa 06|x:0p,e: 01 |op

5 E
15: icomnst_1 o L(v=r,n=03) b \|opL(v=i,n=03)
16: iadd 03:L(?) H:Z iyZ “os:L(?) h:Z ixZ
17: putfield v 02,030 O\ /o3 0p="03 02,030 o\/o3
20: aload-0
21: getfield n
24: astore. 0
25: goto 5
28: return
—

) static void visit(L x) {
States E, F: -
@ Need to read field of 0, = Refinement while (x.v == e) {
X.v=e + 1;
o InE: 027503 x = x.n; }}

olInF:o0=03




00: aload. O

01: getfield v : A c
04: istore_1 [I(

05: aload. 0

06: getfield v l

09: iload 1 B F

10: if_icmpne 28

13: aload.0 l /’

14: iload-1

. 06|x:0p,e: i1 |on E 10[x:0p,e: /1 i, ip
15: iconst.1 b \|oxL(v=i,n=03) | ... .. o0x:L(v=ip,n=03) op\/o3
16: iadd “loz:L(?) i:Z inZ 03:L(?) i:Z inZ
17: putfield v 02,030 o)\/o3 02,030
20: aload.0
21: getfield n
24: astore.0
25: goto 5
28: return
—

) static void visit(L x) {
State G: ot e o x.vs
e Evaluation: Read v, loaded e vhile (x.v ==e) {

X.v=e + 1;

o Need to decide i1 # i> x = x.n; }}




00: aload. O

01: getfield v ¥ A ¢
04: istore_1 D(

05: aload. 0

06: getfield v l

09: iload-1 B F

10: if_icmpne 28

13: aload 0 l /’

14: iload-1

10[x:0p,e: iy li1, i
2198 (I > E ..... o:L(v=i2,n=03) o\/o3 | ¢
16: iadd 4 03:L(?) :Z ip:Z
17: putfield v s 02,030
20: aload.0 > lil#iz

21: getfield n

10[x:0p,e: i1 i1, it | 10|x:0p,e: iy i1, i
SR D oy L(v=1,n=03) o2 L(v=P,n=03) olos | H
25: goto 5 03:L(7) i:7Z 03:L(?) i:Z in:7Z 05,030
28: return 02,030 0)\/o3
—
) static void visit(L x) {
States G, /, H: ors 0 o sag
@ Evaluation: Read v, loaded e while (X‘V+=: e) {
X.v = e 8
@ Need to decide i1 # i = Refinement: x = x.n; }}

e In[: /1:i2
o In H: I.17él'2



00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
—_—————

States G, /, H:

@ Evaluation: Read v, loaded e

aload. O
getfield v
istore_1
aload_O
getfield v
iload-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
astore_0
goto 5
return

02,030 0)\/o3

o Need to decide iy # i = Refinement:

o Inl: Iy = ip (program ends)
o In H: h 7é b

C

F

E

) ....... N G

.20

n lﬁ#b
10[x:0p,e: i1 i1, it | 10|x:0p,e: iy i1, i
oL(v=h,n=03) [ kloriv=r.n=03) onies |H
03:L(?) i1:Z 03:L(?) :Z in7Z 09,030

static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v=e + 1;
x = x.n; }}




00: aload. O
01: getfield v A J

05|x:071,e: 5
04: istore_1 01:|L(?)1 ,.1:12 01|O D(
05: aload.-O
06: getfield v l /
09: iload 1 B F
10: if_icmpne 28

13: aload 0
i aloa l /’

¢ iload-1
15: iconst_1 b E
....... )
16: iadd -
17: putfield v _n
20: aload. 0 w lil#iz
21: getfield n - - —
05|x:03,e:i1 le 2 =i1+1|10lx: 02,810 i1, it
24: astore.0 03:L(?) i:Z o030 (’311 0x:L(v=i1,n=03) ID(-
25: goto 5 o3:L(?) i:Z
28: return 02,030 o\/o3
—
. static void visit(L x) {
States G, I; H: int e = x.v;
@ Evaluation: Read v, loaded e while (X‘V+=: e) {
) X.V = e 3
@ Need to decide i1 # i = Refinement: x = x.n; }}
o Inl: Iy = ip (program ends)
o In H: il # i2

@ State J reached by evaluation



00: aload 0 .
01: getfield v Y A ¢

= 05|x:01,e:i1 le
04: istore_1 Pol:L(?) PI/ARG) D(J 2
05: aload.-O
06: getfield v l
09: iload 1 B F
10: if_icmpne 28
13: aload. 0
14: iload 1 + T
15: iconst_1 b E

....... )
16: iadd -
17: putfield v _n
20: aload 0 w2 lilséiz
21: getfield n - J
05|x:03,e: P
24: astore.0 '03:‘};(;)363,-1’:—12031; a=tt ’D<.
25: goto 5
28: return
—
. static void visit(L x) {
States G, I, H: ors 0 o sag
@ Evaluation: Read v, loaded e while (X“’+=: e {
) X.v = e 3
@ Need to decide i1 # i = Refinement: x = x.n; }}
o Inl: Iy = ip (program ends)
o In H: il # i2

e State J reached by evaluation, represented by (instance of) A



00: aload. O

01: getfield v v . —
= 05|x:01,e:i1 le J 1=/ |05x:0p,eiy le

04: istore_1 »01:L(?) A D< - s =it Yoy lv=0s,n=0y) #&Z
05: aload. 0 l / BT
06: getfleld \ B 06lx:0p,e:i1 |op 10[x:0p,e: i1 i1, i2
09: iload-1 o L(v=h,n=0y)  F-Nopl{v=r,n=0p)
10: if_icmpne 28 w7 il NFo |7 i
13: aload 0 NI
14: iload-1 l / )

o 4 E
15: iconst_1 N N R 5
16: iadd -
17: putfield v i
20: aload-0 s lil#"z
21: getfield n J .
24: astore. 0 . (’3:'1+1 ’D(-
25: goto 5
28: return
—

static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v=e + 1;
x = x.n; }}

States K, L: Analogous for one-element list




00: aload-O
01: getfield v T c. 1
- 05|x:01,e:i1 le J06|x:null,e:i1 |null l"1:l_2 05[x:0p,e:i le

04: istore.1 o1:L(?) i:Z 010 l:l( 145‘1*‘% oy:L(v=is,n=0p) i3:7Z
05: aload. 0 l o
Uss gaErdalel v 06lx:0p,e:i1 |op 10[x:0p,e: 4y liv, i
09: iload.1 . i B i S A S

L 0aC 06\x401,e'.11 o1 0y L(v=h,n=0p) Fo oy L(v=r,n=0p)
10: if_icmpne 28 o1:L(?) i:Z 010 W7 i N# |7 iz
13: aload-0 l /’ D
14: :i'load'l 06|x:0p,e:i1 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst.1 02:L(v=ip,n=03) b |ett=nr=ony | ... 0p:L(v=rp,n=03) 0\ /03
16: iadd 03:L(?) H:Z iyZ “os:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 oA fo3 0="o3 02,030 oo (2200
20: aload.0 w2 lil#iz
21: getfield n - - — - —
o4 g o 0 _Os\x:o3,e:ll le ,-J:I-1+1 10[x:0p,e: i1 i1, it | 10|x:0p,e: iy i1, i

- astore. 03:L(?) i1:Z o030 <3 ----- ox:L(v=i1,n=03) D(- 0x:L(v=ip,n=03) 0\ /03
25: goto 5 03:L(7) i:7Z 03:L(?) i:Z in:7Z 05,030
28: return 02,030 o\/o3

—
o All leaves program ends = Graph finished

static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v=e + 1;
x = x.n; }}

@ How can we prove termination?




00: aload. O
01: getfield v
04: istore_1
05: aload.-O
06: getfield v
09: iload-1
10: if_icmpne 28
13: aload 0
14: iload-1
15: icomnst_1
16: iadd

17: putfield v
20: aload-0
21: getfield n
24: astore. 0
25: goto 5

28: return

—

o All leaves program ends = Graph finished

@ How can we prove termination?
@ Only consider SCCs

05|x:01,e:i1 le A 05[x:0p,e:i le
o1:L(?) i:Z 010 ox:L(v=ig,n=0p) i3:Z
J’ B 06lx:0p,e:i1 |op
06|x:01,e:i1 |og oLv=h,0=0) F
ou:L(?) iw:Z 00 W7 iZ
06|x:0p,e: 01 |oa D 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
0x:L(v=ip,n=03) \|oxL(v=i,n=03) | ... .. ox:L(v=ip,n=03) o)\/o3
03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
02,030 0\Jo3 0p=103 02,030  0\/o3 92,930
L=
n
05|x:03,e:i1 le =i+l 10[x:0p,e: iy i, it |
03:L(?) i1:Z o030 (3 ----- ox:L(v=i1,n=03)
03:L(?) i1:Z
02,030 o)\/o3

static void visit(L x) {

int

e = x.V;

while (x.v == e) {

X
X

Vv =e + 1;

= x.n; }}




00: aload-O
Vile getfleld v 05|x:01,e:i1 le A /'1:'-_2 05[x:0p,e:i le
04: istore-1 orl(?) wZ a0 =il o= n=0) Z
05: aload. 0 l =
06: getfleld v . s TSy o2
09: iload-1 OG\x:ol,e_:rl |oy o lv=h,a=0) |F
10: if_icmpne 28 o1:L(?) i1:Z 0,0 YA
13: aload.0 l /’
14: iload-1 - - - - - - -

3 06|x:0p,e: 01 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst_1 0x:L(v=ip,n=03) D \|oxL(v=i,n=03) | .. ..... o0x:L(v=ip,n=03) o)\/o3
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 OAL03 =103 02,030 0)\/o3 _|e2:930

L=\

20: aload 0 s
Zilg gEEriclel @ 05|x:03,e:i; le ,-‘]:I-lJrl 10|x:0p,e: i1 i, iy |
24: astore 0 03:L(?) i1:Z o030 (3 ------ ox:L(v=i1,n=03)
25: goto 5 o3:L(?) i:Z
28: return 02,030 o)\/o3

——

- static void visit(L x) {
@ All leaves program ends =- Graph finished -
@ How can we prove termination? s (X"’+=: e {

X.V = e ;

@ Only consider SCCs x = x.0; }}

High-level argument: Number of unvisited elements strictly decreasing



00: aload-O
Vile getfleld v 05|x:01,e:i1 le A /'1:'-_2 05[x:0p,e:i le
04: istore-1 orl(?) wZ a0 =il o= n=0) Z
05: aload. 0 l L
06: getfleld v . s TSy o2
09: iload-1 OG\x:ol,e_:rl |oy o lv=h,a=0) |F
10: if_icmpne 28 o1:L(?) i1:Z 0,0 YA
13: aload.0 l /’
14: iload-1 - - - - - - -
3 06|x:0p,e: 01 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst_1 0x:L(v=ip,n=03) D \|oxL(v=i,n=03) | .. ..... o0x:L(v=ip,n=03) o)\/o3
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 OAL03 =103 02,030 0)\/o3 o 02,030
20: aload 0 w
Zilg gEEriclel @ 05|x:03,e:i; le =ipr1[10x:02.e: 01 i, iy |
24: astore 0 03:L(?) i1:Z o030 (3 ------ ox:L(v=i1,n=03)
25: goto 5 o3:L(?) i:Z
28: return 02,030 o)\/o3
T —

static void visit(L x) {
int e = x.v;
while (x.v == e) {
X.v =e + 1;

@ Only consider SCCs x = x.0; }}

o All leaves program ends = Graph finished

@ How can we prove termination?

High-level argument: Number of unvisited elements strictly decreasing

... Let's drag that down to our level!



00: aload. O

01: getfield v - K A L - - 1

- 05|x:01,e:i1 le 05[x:0p,e:i le
04: istore_1 onl(?) hZ ol o L(v=is,n=03) R:Z
05: aload.-O l
06: setfleld v . s TSy o2
09: iload-1 OG\x:ol,e':ll |oy wl=h,a=a) |F
10: if_icmpne 28 o1:L(?) i:Z 010 W7 i
13: aload 0 l /’
14: iload-1 - - - - - - —

X 06|x:0p,e:i1 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
16: iconst.1 o0:L(v=ip,n=03) b |oih=hm=0)  |C... 0:L(v=i,n=03) 0j\ /03
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 oA fo3 0="o3 02,030 oo (2200
20: aload 0 Y
21: getfield n - - —

) g _Os\x:o3,e:ll le ,-‘]:I-lJrl 10[x:0p,e: i1 i, it |

24: astore. 0 owl(0) hZ 00 P > L(v=7,0=03)
25: goto 5 o3:L(?) i:Z
28: return 02,030 0)\/o3

—_—

. “ .. " tati id visit (L
Q: What is an “unvisited element”, formally? static void visit(L x) {

int e = x.v;

while (x.v == e) {
X.v=e + 1;
x = x.n; }}




00: aload. O

01: getfield v - K A Lok - = 1
N 05|x:01,e:i1 le 05|x:02,e:iq le
gg: litoze(;i o1:L(?) i:Z 010 oy:L(v=is,n=0p) i3:Z
: aload- l
06: setfleld v . s TSy o2
09: iload-1 OG\x:ol,e':ll |oy wl=h,a=a) |F
10: if_icmpne 28 o1:L(?) i:Z 010 W7 i
13: aload.0 l /’
14: :i'load'l 06|x:0p,e:i1 |oa D 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst.1 02:L(v=rp,n=03) y|o2L(v=h,n=03) | .. .. 0:L(v=i,n=03) 0j\ /03
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 0Afo3 o2="03 22,030 oA/o3 o 2250
20: aload.0 w7
213 getfield n _Os\x:o3,e:i1 le ,-‘]:I-lJrl 10[x:0p,e: i1 i, it |
24: astore 0 03:L(?) i1:Z o030 <3 ----- ox:L(v=i1,n=03)
25: goto 5 o3:L(?) i:Z
28: return 02,030 o\/o3
——
. . “ . " 5 static void visit(L x) {
Q: What is an “unvisited element”, formally? int @ = x.v;
A: OnewithLv=1i =e while (x.v == e) {

X.v=e + 1;
x = x.n; }}




00: aload. O
01: getfield v
04: istore_1
05: aload.-O
06: getfield v
09: iload-1
10: if_icmpne 28
13: aload 0
14: iload-1
15: icomnst_1
16: iadd

17: putfield v
20: aload-0
21: getfield n
24: astore. 0
25: goto 5

28: return

——

Q: What is an “unvisited element”, formally?

A: OnewithLv=i =e

@ Automatically finding this relation:
© Identify constant ¢ in SCC

05|x:01,e:i] le A 05[x:0p,e:i; le
o1:L(?) i:Z 010 ox:L(v=ig,n=0p) i3:Z
J’ B 06lx:0p,e:i1 |op
06|x:01,e:i1 |og oLv=h,0=0) F
o1:L(?) i1:Z 0,0 W7 inZ
06|x:0p,e: 01 |oa D 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
0x:L(v=ip,n=03) \|oxL(v=i,n=03) | ... .. ox:L(v=ip,n=03) o)\/o3
03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
02,030 0\Jo3 0p=103 02,030 0)\/03 92,930
L=
n
05|x:03,e:i/] le =i+l 10[x:0p,e: iy li1, i1 |
03:L(?) i1:Z o030 (3 ----- ox:L(v=i1,n=03)
03:L(?) i1:Z
02,030 o)\/o3

static void visit(L x) {

int

e = x.v;

while (x.v == e) {

X
X

v =e + 1;

= x.n; }}




00: aload. O
vile getfleld v 05|x:01,e:i1 le A W= 05[x:0p,e:i le
(8 SOEerCE ol wZ a0 =i Yo iv=r,0=0) &2
05: aload.-O l """
06: getfleld v . s TSy o2
09: iload-1 oe\x:ol,e_:rl |o1 ol(v=h,o=0) |F
10: if_icmpne 28 o1:L(?) i1:Z 0,0 W7 i
13: aload 0 l /’
14: :i'load'l 06|x:0p,e: 01 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst.1 02:L(v=rp,n=03) b |ett=nrn=ony | ... 0p:L(v=1>,n=03) o)\ /03
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 O\ /o3 0p="03 02,030 0\/o3 (92930
A
20: aload. 0 W
21: getfield m 05|x:03,e:i1 le ,-‘]:I-lJrl 10[x:0p,e: iy li1, i1 |
24: astore.0 03:L(?) i:Z o030 rHREA 0y:L(v=i;,n=03)
25: goto 5 03:L(7) i:7Z
28: return 02,030 o/o3
—
. .. tatic void visit(L x) {
B} m " 2 S
Q: What is an “unvisited element”, formally? int @ = x.v;
A: OnewithLv=1j =e vhile (x.v ==e) {
. . . . . Xx.v = e + 1;
@ Automatically finding this relation: x = x.n; }}

© Identify constant ¢ in SCC
@ Search property M = C.f 1 ¢ checked on all cycles



00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:
28:

aload. O
getfleld v 05[x:01,e: i1 le ih=i2 |05[x:0p,e:ip le
istore_1 o L(?) nZ 00 is=if Yoy L{v=ig,n=0y) i3Z
aload_O l
setfleld v S 06lx:0p,e:i1
iload-1 O6x:oein o ol(v=h,n=0y)  |F
if icmpne 28 orl(?) nZ o0 iz T
aload. O l /’
:f-load-l 06x:00,e: 1 |oo 06|x:0p,e: 11 |oa E 10[x:0p,e1 i1 i1, i
iconst_1 2 L(v=h,n=03) \|oL(v=i,n=03) [ .. ... 0 L(v=ip,n=03) 0x\/o3
iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ o3:L(?) :Z inZ
putfield v 02,030 O\ /o3 0p="03 2,030 /ey [, 20
A
aload.0 g
getfield n 05|x:03,e:i1 le i1 10[x:0p,e: i1 li1, ix |
astore 0 03:L(?) 1Z 030  [Creeee oy L(v=i1,n=03)
goto 5 03:L(7) i:7Z
return 02,050 oA/os

static void visit(L x) {
int e = x.v;

Q: What is an “unvisited element”, formally?
A: OnewithLv=1j =e e (X"’+=: e {
X.V = e ;
@ Automatically finding this relation: x = x.n; }}

© Identify constant ¢ in SCC
@ Search property M = C.f 1 ¢ checked on all cycles

@ Track number of objects where C.f <1 ¢ holds (#um)



00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
—

aload. O
getfield v
istore_1
aload_O
getfield v
iload-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
astore_0
goto 5
return

05|x:01,e:i1 le A 05[x:0p,e:i le
o1:L(?) i:Z 010 oy:L(v=is,n=0p) i3:Z
- J’ B 06lx:0p,e:i1 |op
O6fx:oeiin o1 wl=h,a=a) |F
o1:L(?) i:Z 010 VA
06|x:0p,e:i1 |oa D 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
02:L(v=r2,n=03) y|oL(v=i,n=03) | .. . 0p:L(v=1p,n=03) 0\ /03
03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
02,030 0\ /03 02:?03 02,030 0\ /o3 . 02,030
L=\
n
| 08x:03,e:i1 le  |3=i+1|10x:00,e:i1 lin, i |,
03:L(?) i1:Z o030 <3 ----- ox:L(v=i1,n=03)
03:L(?) i1:Z
02,030 0\/o3

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?




00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
—

aload. O
getfield v
istore_1
aload_O
getfield v
iload-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
astore_0
goto 5
return

K~

05|x:01,e:i1 le

o1:L(?) i:Z 010

|

06lx:0p,e:i1 |op

05[x:0p,e:i le

oy:L(v=is,n=0p) i3:Z

OG\x:ol,e':il |og o L(v=h,n=07) F
o1:L(?) i:Z 010 VA
06|x:0p,e:i1 |on 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
02:L(v=rp,n=03) y|oL(v=i,n=03) | .. . 0p:L(v=1p,n=03) 0\ /03
03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
02,030 0\ /03 02:?03 02,030  0\/o3 . 2,030
=2
w
_Os\x:o3,e:i1 le i1 10[x:0p,e: i1 i, it |
03:L(?) i1:Z o300 [Kreeeens ox:L(v=i1,n=03)
03:L(?) i1:Z
02,030 0\/o3

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?

e C.f written (old value v, new value w):




00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
—

aload. O
getfield v
istore_1
aload_O
getfield v
iload_-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
astore_0
goto 5
return

05|x:01,e:i1 le A 05[x:0p,e:i le
o1:L(?) i:Z 010 ox:L(v=ig,n=0p) i3:Z
J’ B 06lx:0p,e:i1 |op
06|x:01,e:i1 |og oLv=h,0=0) F
o1:L(?) i1:Z 0,0 W7 inZ
06|x:0p,e:i1 |oa D 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
0x:L(v=ip,n=03) \|oxL(v=i,n=03) | ... .. ox:L(v=ip,n=03) o)\/o3
03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
02,030 0\Jo3 0p=103 02,030  0\/o3 92,930
L=
n
05|x:03,e:i1 le =i+l 10[x:0p,e: iy i, it |
03:L(?) i1:Z o030 (3 ----- ox:L(v=i1,n=03)
03:L(?) i1:Z
02,030 o)\/o3

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?

e C.f written (old value v, new value w):

@ UDICA

D ¢ tautology = #p decremented by 1




00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
——

aload. O
getfield v
istore_1
aload_O
getfield v
iload_-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
astore_0
goto 5
return

05|x:01,e:i1 le

o1:L(?) i:Z 010

|

06lx:0p,e:i1 |op

05[x:0p,e:i le

ox:L(v=ig,n=0p) i3:Z

OG\x:ol,e_:fl |og 2 L(v=h,n=07) F
o1:L(?) i1:Z 0,0 W7 inZ
06|x:0p,e: 01 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
0x:L(v=ip,n=03) \|oxL(v=i,n=03) | ... .. ox:L(v=ip,n=03) o)\/o3
03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
02,030 0\ /03 02:703 0,030 0\ /03 . 02,030
L=
w
Os\x:03,e.:i1 le il 10[x:0p,e: iy li1, i1 |
03:L(?) i1:Z o300 [Kreeeens ox:L(v=i1,n=03)
03:L(?) i1:Z
02,030 o)\/o3

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?

e C.f written (old value v, new value w):

@ UDICA

D ¢ tautology = #p decremented by 1
@ U C 4> w X ¢ tautology = # unchanged




00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
——

aload. O
getfield v
istore_1
aload_O
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iload_-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
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goto 5
return

05|x:01,e:i1 le

o1:L(?) i:Z 010

|

06|x:01,e:i1 |og

01:L(?) i1:Z 010

1

"

05[x:0p,e:i le

ox:L(v=ig,n=0p) i3:Z

ox:L(v=ip,n=0p)
i1:Z inZ

06lx:0p,e:i1 |op

06|x:0p,e: 01 |oa

06|x:0p,e: 01 |op

o0:L(v=ip,n=03)
03:L(?) H:Z iyZ
02,030 oA\ Jo3 0p="03

s|o2:L(v=i,n=03)
L4

03:L(?) i1:Z iyZ
02,030 0\ /o3

10[x:0p,e: iy li1, i

0 L(v=i,n=03) o)\ /o3
03:L(?) i:Z inZ
2,030

05|x:03,e:i1 le

41 10[x:0p,e: i1 li1, i1

03:L(?) i1:Z o030

----- ox:L(v=i1,n=03)

03:L(?) i1:Z
02,030 o)\/o3

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?
e C.f written (old value v, new value w):

@ UDICA

D ¢ tautology = #p decremented by 1
@ U C 4> w X ¢ tautology = # unchanged

e Otherwise: #) incremented by 1.
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21:
24:
25:

28:
——
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getfield n
astore_0
goto 5
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05|x:01,e:i1 le

o1:L(?) i:Z 010

|

06|x:01,e:i1 |og

01:L(?) i1:Z 010

1

"

05[x:0p,e:i le

ox:L(v=ig,n=0p) i3:Z

ox:L(v=ip,n=0p)
i1:Z inZ

06lx:0p,e:i1 |op

06|x:0p,e: 01 |oa

06|x:0p,e: 01 |op

o0:L(v=ip,n=03)
03:L(?) H:Z iyZ
02,030 oA\ Jo3 0p="03

s|o2:L(v=i,n=03)
L4

03:L(?) i1:Z iyZ
02,030 0\ /o3

10[x:0p,e: iy li1, i

0 L(v=i,n=03) o)\ /o3
03:L(?) i:Z inZ
2,030

05|x:03,e:i1 le

41 10[x:0p,e: i1 li1, i1

03:L(?) i1:Z o030

------ ox:L(v=i1,n=03)

03:L(?) i1:Z
02,030 o)\/o3

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?
e C.f written (old value v, new value w):

@ UDICA

D ¢ tautology = #p decremented by 1
@ U C 4> w X ¢ tautology = # unchanged

e Otherwise: #) incremented by 1.

In example:

=

I — J: i old,

h=hA~

new

= ['1




00: aload. O
Vile getfleld v 05|x:01,e:i1 le A /'1:'-_2 05[x:0p,e:i le
04: istore-1 orl(?) wZ a0 =il o= n=0) Z
05: aload.-O l
06: getfleld v . s TSy o2
09: iload-1 OG\x:ol,e_:rl |oy o lv=h,a=0) |F
10: if_icmpne 28 o1:L(?) i1:Z 0,0 YA
13: aload.0 l /’
14: iload-1 - - - - - - —
3 06|x:0p,e: 01 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst_1 0x:L(v=ip,n=03) b \|oxL(v=i,n=03) | .. ..... o0x:L(v=ip,n=03) o)\/o3
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 0\ /03 0p="03 02,030 o\/o3 . 02,030
20: aload 0 0w
21: getfield n 05|x:03,e:i1 le 5=+l 10[x:0p,e: iy li1, i1 |
24: astore.0 1) WZ 00 rei PV C——
25: goto 5 o3:L(?) i:Z
28: return 02,030 o\/o3
——

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?
e C.f written (old value v, new value w):

e uDJcA—w i c tautology = #p decremented by 1
@ U C 4> w X ¢ tautology = # unchanged
e Otherwise: #) incremented by 1.

In example: | — J: iy old, 5 new
= i1:i2/\i3:i1+1 — /'121'1/\ﬁ :,'1



00: aload-O
Vile getfleld v 05|x:01,e:i1 le A 11:1'_2 05[x:0p,e:i le
04: istore-1 L) wZ o0 W= Yo li=n=0) BZ
05: aload. 0 l """
06: getfleld v . s TSy o2
09: iload-1 OG\x:ol,e_:rl |oy o lv=h,a=0) |F
10: if_icmpne 28 o1:L(?) i1:Z 0,0 YA
13: aload.0 l /’
14: iload-1 - - - - - - —
3 06|x:0p,e: 01 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst_1 0x:L(v=ip,n=03) D \|oxL(v=i,n=03) | .. ..... o0x:L(v=ip,n=03) o)\/o3
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 oA fo3 03="03 02,030 o/os 2200
20: aload. 0 w
Zilg gEEriclel @ 05|x:03,e:i; le =ipr1[10x:02.e: 01 i, iy |
24: astore 0 03:L(?) i1:Z o030 (3 ------ ox:L(v=i1,n=03)
25: goto 5 o3:L(?) i:Z
28: return 02,030 o/o3
T —

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?
e C.f written (old value v, new value w):

e uDJcA—w i c tautology = #p decremented by 1
@ U C 4> w X ¢ tautology = # unchanged
e Otherwise: #) incremented by 1.

In example: F — K: ip old, i1 new
= h=bAig=h+1 = L= AN iL=h



00: aload. O
Vile getfleld v 05|x:01,e:i1 le A /'1:'-_2 05[x:0p,e:i le
04: istore-1 orl(?) wZ a0 =il o= n=0) Z
05: aload. 0 l
06: getfleld v . s TSy o2
09: iload-1 OG\x:ol,e_:rl |oy o lv=h,a=0) |F
10: if_icmpne 28 o1:L(?) i1:Z 0,0 YA
13: aload.0 l /’
14: iload-1 - - - - - - —
3 06|x:0p,e: 01 |oa 06|x:0p,e: 01 |op E 10[x:0p,e: iy li1, i
15: iconst.1 02:L(v=rp,n=03) b |ett=nrn=ony | ... 0p:L(v=1p,n=03) 0\ /03
16: iadd 03:L(?) H:Z iyZ “og:L(?) h:Z ixZ 03:L(?) i:Z inZ
17: putfield v 02,030 0\Jo3 0p=103 02,030 0\/o3 o 02,030
20: aload 0 Y
Zilg gEEriclel @ 05|x:03,e:i; le =ipr1[10x:02.e: 01 i, iy |
24: astore 0 03:L(?) i1:Z o030 (3 ------ ox:L(v=i1,n=03)
25: goto 5 o3:L(?) i:Z
28: return 02,030 0)\/o3
——

Property M = C.f 1 ¢ (here: ¢ = i1). When does #p change?
e C.f written (old value v, new value w):

e uDJcA—w i c tautology = #p decremented by 1
@ U C 4> w X ¢ tautology = # unchanged
e Otherwise: #) incremented by 1.

@ New L object is created: Same for default value



00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
—

@ Add variable for counter to states, changes to edges

aload. O
getfield v
istore_1
aload_O
getfield v
iload-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
astore_0
goto 5
return

@ Require counter > 0 at checks

K~

05|x:01,e:i1,7# isle

o1:L(?) i:Z 010

|

06|x:0p,e:/1,# : i5|on

05|x:0p,e:i1,# :i7]e

oy:L(v=is,n=0p) i3:Z

|| 05|x:03,e: 01,7 :gle

10|x:0p,e: i, 7 islir, i1

03:L(?) i1:Z o030

~e-dogL(v=i1,n=03)

103:L(7) 7
02,030 0\/o3

06\X101,Efi1,#1f5|01 P L(v=h,n=0) F
ou:L(?) iw:Z 00 YAy
06|x:0p,e:i1,# 1 i5|0n 06|x:0p,e:i1,7 :i5|0p E 10[x:0p,e: /1,7 i5|i1, i
02:L(v=rp,n=03) s oL(v=ni,n=03) | .. . 0:L(v=r,n=03) 05\ /03
03:L(?) H:Z iyZ “og:L(?) h:Z inZ 03:L(?) i:Z inZ
02,030 0\ /03 02:?03 02,030  0\/o3 . 92,030
L=\
n
Q
i’




00:
01:
04:
05:
06:
09:
10:
13:
14:
15:
16:
17:
20:
21:
24:
25:

28:
——

@ Add variable for counter to states, changes to edges

aload. O
getfield v
istore_1
aload_O
getfield v
iload_-1
if_icmpne 28
aload. O
iload-1
iconst_1
iadd
putfield v
aload.0
getfield n
astore_0
goto 5
return

05|x:03,e:i1,# :igle

10[x:0p,e:i1,# 1 is|i1, i1

03:L(?) i1:Z o030

ip = i

ox:L(v=i1,n=03)
03:L(?) i1:Z
02,030 o\/o3

B

@ Require counter > 0 at checks

@ Termination proof via TRS now trivial:
f/(...,i5) —)f_;(...,i5—1)
fJ(...,i6) — fA(...,i6)

fA(...,i5) —>f/(...,i5)

fA(...,i5) %f[:(...,ll5)

|i5>0

fF(...,i5)—>fK(...,/5—l)

05|x:01,e:i1,# :isle A ih=1I2 |05|x:0p,e:iy,#:i7|e
01:L(?) n:Z 010 ’.4‘?',1:+. oy L(v=i4,n=0p) i3Z
l . ’ i5s >0
- — 7= ig—1
> - B 06|x:0p,e:i1,7# :i5|0p 4
08fx: 01,0 i1, 7 islor o lv=h,a=o) |F
o1:L(?) i1:Z 0,0 7 iyZ
06|x:0p,e: /1,7 :i5|0n D 06|x:0p,e:i1,7 i5|0p E 10[x:0p,e: 1,7 i5li1, ip
0x:L(v=1ip,n=03) \|oxL(v=i,n=03) | ... .. o:L(v=i,n=03) o\/03 |
03:L(?) H:Z iyZ “og:L(?) h:Z inZ 03:L(?) i:Z inZ
02,030 0\Jo3 0p=103 02,030  0)\/03 02,930
L=
W ®
s/

|i5>0

fF(...,i7) —>fA(---vi7)



© Introduction
© Marking traversal algorithms
© Definite Cyclicity

@ Conclusion



The iterate example

00:
01:
04:
05:
06:
o7:
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

#load this

#get n from this
#store to x

#load x

#load this

#jump if x == this
#load x

#get n from x
#store x

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

x = x.n; }}

Q@ Keep first element in this

@ lterate until reaching it again
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The iterate example
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aload 0
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#load this
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#store to x

#load x
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@ lterate until reaching it again

this

n



Definite Reachability

00: aload-0 #load this class L {
01: getfield n #get n from this L n;
04: astore_1 #store to x void iterate() {
05: aload_1 #load x L x = this.n;
06: aload-0 #load this while (x !'= this)
07: if_acmpeq 18 #jump if x == this x = x.n; }}
10: aload-1 #load x
11: getfield n #get n from x . . .
A e g O Keep first element in this
08 G (U @ lterate until reaching it again
18: return

v

New annotation: Definite reachability LN
o0l =
All paths from o using fields from F reach o’



Definite Reachability

00: aload-0 #load this class L {
01: getfield n #get n from this L n;
04: astore_1 #store to x void iterate() {
05: aload_1 #load x L x = this.n;
06: aload-0 #load this while (x !'= this)
07: if_acmpeq 18 #jump if x == this x = x.n; }}
10: aload-1 #load x
11: getfield n #get n from x . . .
A e g O Keep first element in this
08 G (U @ lterate until reaching it again
18: return

v

New annotation: Definite reachability -=»'
o0l =

All paths from o using fields from F reach o’

e =',\/, O extending annotations:

Allow (not enforce) sharing/shapes



Definite Reachability

00: aload-0 #load this class L {
01: getfield n #get n from this L n;
04: astore_1 #store to x void iterate() {
05: aload_1 #load x L x = this.n;
06: aload-0 #load this while (x !'= this)
07: if_acmpeq 18 #jump if x == this x = x.n; }}
10: aload-1 #load x
11: getfield n #get n from x . . .
A e g O Keep first element in this
08 G (U @ lterate until reaching it again
18: return

v

New annotation: Definite reachability -=»'
o0l =

All paths from o using fields from F reach o’

e =',\/, O extending annotations:

Allow (not enforce) sharing/shapes
o ! restricting annotation:
Enforce sharing



Definite Reachability

00: aload-0 #load this class L {
01: getfield n #get n from this L n;
04: astore_1 #store to x void iterate() {
05: aload_1 #load x L x = this.n;
06: aload-0 #load this while (x !'= this)
07: if_acmpeq 18 #jump if x == this x = x.n; }}
10: aload-1 #load x
11: getfield n #get n from x . . .
A e g O Keep first element in this
08 G (U @ lterate until reaching it again
18: return

v

New annotation: Definite reachability -=»'

00 o=

All paths from o using fields from F reach o’ 05|t:01x: 02

o1:L(n=0,) ozL( )

o =7,\/,O extending annotations: 01,000 01:
) £ }

Allow (not enforce) sharing/shapes ol\/0» -

o ! restricting annotation:
Enforce sharing



00:
01:
04:
05:
06:
07:
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

State A:

@ t some definitely cyclic list

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

o1:L(n=0p) ?:L(?)
01,020 = 0
1n}|1

O
oN\/o 0= o

@ 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
18: return

05|t:01,x:0p |e
orLn=0z) 0xL(7)
01,020 17‘ 2
o\/op 0= 01

>

07 |t:01,x:00 | o1, 00
orLn=0z) 0xL(7)
01,020 17‘ 2
o\/op 0p--3 01

o]

e

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_0
07: if_acmpeq 18
10: aload-1 o7|tiopxioy |01, 0
11: getfield n orlla=0) oLl (P _
14: astore_1 01,020 Oin:}'loz 07|t:01,x:01 |01, 01
15: goto 05 o\/oo 0x--» 01 o1:L(n=o01)
18: return
s |07 |t:0;,%:0p | o1, 02
o1:L(n=02) 02:L(7) b
20
o\/oy 0p=-> 01
State A:

@ t some definitely cyclic list

@ x second element in list

State B:

o First equals second element?

= Refinement

e 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
07|t:01,x:0p | o1, 02 b 11|t:01,x:0 | oo
op:L(n=0p) oxL(?) |7 op:L(n=0y) o2:L(?)
01,000 01,020
Lo {n}, {n},
oo  0p=-3 01 ooy  0p=-3 01

@ Access to unknown object 0o

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
11: getfield n & ‘”{:]
14: astore_1 >
15: goto 05
18: return 11|t:01,x:03 | o3
_— 11|t:01,x:0p | oo o1:L(n=o03) F
b o1:L(n=0y) o02:L(?) o3:L(n=o04) o04:L(?)
“““ 01,000 ’01,03,040 o‘;:?O}L
01\/02 02{}"];!01 o1\/os o4\ /o3 04{}17-)!01
States E, F: void iterate() {

@ Access to unknown object 0o

= Refinement

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

e Case 0p = null not possible (implies 0, not reaching o)



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 G:

05|t:01,x:0 |e 05|t:01,x:04 |e
rlti=oy) i |4 alezo) e
01,000 oi{n:} 0 03:L(n=04) 04:L?(7)
oN/o 0 hlo o1:03,040 04:{1{1)}“
01\/os 0\ /o3 04--% 01
B ]
3
J, 11|t:01,x:03 | o3
o1:L(n=o03) F
D o3:L(n=o04) o4:L(?)
“““ 01,03,040 o‘;:?O}L
01\/04 04\,/03 04{3*!01

@ Same program position as A = Instantiate

In A: this=0] B> 0p =x
In G: this = 01 —

n

n
03 — 04 = X

void iterate() {

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




00: aload-O
01: getfield n 05|t:01,%: 02 05|t:01,x:04 |e
04: astore_1 op:L(n=0p) 02:L(?) y |orlm=03) G
05: aload_1 01,000 03:L(n=o04) 04:L7(?)
06: aload-0 o\ /oy o1\ oy o1 ©h! o 01,03,040 u=9
07: if_acmpeq 18 o1\/os 04\ /03 04--> 01
10: aload-1
L7
11: getfield n C D
14: astore_1
15: goto 05
18: return
—— F
E
L4
States G, H: void iterate() {

@ Same program position as A = Instantiate
In A: this=07 B> 0p =x
In G: this=0; > 03 201 =x

= |In H: Abstract to this = 0;

== 04 =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

04: astore_1 or:L(n=0p) 0:L(?) o1:L(?) 04:L(?)

05: aload-1 01,000 1 ?Ioz 01,00 os="01
1

_ H
n} {n},

O
06: aload 0 o\/o2 -0 o1\/ oy 0] ==+ o4
07: if_acmpeq 18 04{}1}*1 o
10: aload.-1
11: getfield n
14: astore_1
15: goto 05

18: return
————

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

|nA:this:oli)02:X x = x.n; }

In G: this=0; > 03 201 =x
= In H: Abstract to this = o1 {ul,! 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 e 11]t:01,x:05 | o5
04: astore_1 o1:L(n=0y) 02 L(?) A 01:L(?) 04:L(7) H 01:L(?) os:L(n=o0p) L
05: aload._1 01,020 17‘02 01,000 o4='o01 OsiLg) 01,05,060  05\/0p
06: aload.0 oisor 0" oy o1\l o5 o BhY g, dsio1 oiles odLor
07: if_acmpeq 18 04{,,L o 177> % ‘16\“*'01
10: aload-1
11: getfield n L
14: astore_1 07 |t:01,x:04 |o1, 04 , 07|t:01,x:04 | o1, 04 J 11|t:01,x:04 | 04 P
15: goto 05 o1:L(?) ox:L(?) _)011L(7) 04:1(7) JorL(?) osl(?)
18: return o gl SR Y TR 2 T Deur B ¢ YR 5
— | O1\/04 01{——}~>'04 04{77}»'0 01\/og 01 --* 04 04--% 01 o1\/og 01--3 04 04--> 01
States G, H: void iterate() {
. . L x = this.n;
(] Same program pOSItIOﬂ as A = Instantiate while (x !'= this)

x = x.n; }

In A: this=07 B> 0p =x
In G: this=0; > 03 201 =x
= |In H: Abstract to this = 0; {ul,! 04 =X
@ Restart construction from more general state
States /, J, K, L: As before



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

——

Proving termination with R = o LN

05|t:01,x:0p |e 05|t:01,x:04 |e 11|t:01,x:05 | o5
o1:L(n=0y) 02 L(?) A o1:L(?) os:L(?) H 01:L(?) os:L(n=o0¢)
01,020 17‘ o 01,000 o4='o01 06:L(?) 01,05,060 05\/0g
n _7
o\/o 0p=-» 01 o1\/og o1 ©5' oy aﬁ{n}?l Ol&‘[{cif}l ogv/o1
{n}, o1 --* 05 0g--+ 01
o4 =<3 01 'S
L
07 |t:01,x:04 | o1, 04 07|t:01,x:04 | o1, 04 11]t:01,%x:04 | o4
01:L(?) 04‘L(77) 01:L(?) 04:L(7?) o1:L(?) os:L(?)
01,040 o4="o01 01,040 01,040
{n}, {n}, o01\./o4 01{— —];' N 04{— -}:f o1 o1\/o4 01{— —];' os 04{— —];' o1

o1\/os 01--2> 04 04--> 01

-

@ Associate length g with each R

o’

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

——

Proving termination with R = o LN

05|t:01,x:0p |e 05|t:01,x:04 |e 11|t:01,x:05 | o5
o1:L(n=0y) 02 L(?) A o1:L(?) os:L(?) H 01:L(?) os:L(n=o0¢)
01,020 17‘ o 01,000 o4='o01 06:L(?) 01,05,060 05\/0g
n _7
o\/oy 0y--» 01 o1\/os o “h! oy aﬁ{n}?l Ol&‘[{cif}l oove1
{n}, 01--2'05 05-—» 01
o4 =% 01 2
L
07 |t:01,x:04 |o1, 04 07|t:01,x:04 | o1, 04 J 11|t:01,x:04 | 04
01:L(?) o4:L(?) 01:L(?) 04:L(7?) o1:L(?) os:L(?)
01,040 047701 01,040 n} {n} 01,040 {n} {n}
] 1 ! 1
01\/04 01{——}»' o4 04{”}»' o1 01\/o4 01--% 04 04--> 0] ol\Jos o1-> 05 045" 0;

-

@ Associate length g with each R
@ 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: 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

e

05|t:01,x:0p |e 05|t:01,x:04 |e 11|t:01,x:05 | o5
o1:L(n=0y) 02 L(?) A o1:L(?) os:L(?) H 01:L(?) os:L(n=o0¢) L
01,020 17‘02 01,000 o4='o01 OsiLg) 01,05,060  05\/0p
onlo, 0 hlor o1\ s o Ph! o T Y
{n}, 01--* 05 0g--* 01
o4 =% 01 'S
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(?) o4:L(?) N 01:L(?) 04:L(7?) o1:L(?) os:L(?)
01,040 o4='o01 01,040 () ) 01,040 ) )
] 1 ! 1
01\/04 01{——}»' o4 04{”}»' o1 01\/o4 01--% 04 04--> 0] ol\Jos o1-> 05 045" 0;

-

Proving termination with R = o Fito

@ 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:

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

lbrr=lr—1 (for R' =0 £, o’)



00: aload-O
01: getfield n 05|t:01,%:00,0:11 | € 05|t:01,x:04,0:01 | € 11|t 01,x:05,£:0p |05
04: astore_1 o Ln=o0y) % L(?) A o1 L(7) oaL(?) y |orI() osi=op) L
05: aload_1 01,000 17‘02 01,040 o04=' 01 OﬁiLg?) 01,05,060) 05\./0g
06: aload.0 oisor 0" oy o1\l o5 o BhY g, dsio1 oiles odLor
07: if_acmpeq 18 04{77}* o 015! og iﬁ\_ﬂ.q
10: aload-1 - . .

=i —1
11: getfield n Lo
14: astore_1 07 |t:01,x:04,0:01 |01, 04 07|t:01,x:04,€:i1 |01, 04 J 11|t:01,x:04,0:11 |0y K
15: goto 05 01:L(?) 04‘L(7) L)ol:L(?) 04:L(7) >01:L(7) o L(7)

= ,040 01,0,

18: return 01,040 fﬁ. o1 = 01,04 {a}, {n}, 1,040 (), (o},
— | 01\/04 01 =3 04 04 01 01\/o4 01--> 04 04--% 01 ol\/os 01--5 04 04° 01

l ]
Proving termination with R = o0 -=»! o’: " 5
void iterate
@ Associate length g with each R L x = this.n;
while (x != this)

© In refinements: x = x.n; }

e 0="0"resolved to 0 # o’: g >0
o & new F-child of o: lp=lr—1 (for R =38 5! o)

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



00: aload-O
01: getfield n 05|t:01,%:00,0:11 | € 05|t:01,x:04,0:01 | € 11|t 01,x:05,£:0p |05
04: astore_1 o Ln=o0y) % L(?) A o1 L(7) oaL(?) y |orI() osi=op) L
05: aload_1 01,000 17‘02 01,040 o04=' 01 OﬁiLg?) 01,05,060) 05\./0g
06: aload.0 oisor 0" oy o1\l o5 o BhY g, dsio1 oiles odLor
07: if_acmpeq 18 04{77}* o 015! og Lje\--+'o1
10: aload-1 - . .

=i —1
11: getfield n L
14: astore_1 07 |t:01,x:04,0:01 |01, 04 07|t:01,x:04,€:i1 |01, 04 J 11|t:01,x:04,0:11 |0y K
15: goto 05 01:L(?) 04‘L(7) L)ol:L(?) 04:L(7) >01:L(7) o L(7)

= ,040 01,0,

18: return 01,040 fﬁ. o1 = 01,04 {a}, {n}, 1,040 (), (o},
— | 01\/04 01 =3 04 04 01 01\/o4 01--> 04 04--% 01 ol\/os 01--5 04 04° 01

l ]
Proving termination with R = o0 -=»! o’: " 5
void iterate
@ Associate length g with each R L x = this.n;
while (x != this)

© In refinements: x = x.n; }

e 0="0"resolved to 0 # o’: g >0
o & new F-child of o: lp=lr—1 (for R =38 5! o)

© Add variable for lengths to graphs (here: only done for ¢ o )
04=->"01
Resulting TRS:
f(... ,604{7,,7}9!01) —f(... ,604@9!01— 1) | 604{1}#01 >0
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Automated Termination Proofs for Java Bytecode with

Cyclic Data

@ Implemented in AProVE for full single-threaded JAva

e Evaluated on collection of 387 programs (including the Termination
Problem Data Base):
| Y[N] FIT[] RIY[N[F[T[ R

AProVE 267 | 81| 11|28 | 95| 51| 0| 6| 31538
AProVE '11 || 225 |81 | 45|36 | 114 || 23| 0|29 | 8] 183
Julia 191 122|174 0| 47| 32| 0|28| 0| 82
COSTA 160 | 0| 181 |46 |11.0|29| 0| 526|304
\ - -7 N\o >4
Y Y

all examples LinkedList + HashMap



Automated Termination Proofs for Java Bytecode with

Cyclic Data

@ Implemented in AProVE for full single-threaded JAva

e Evaluated on collection of 387 programs (including the Termination
Problem Data Base):
| Y[N] FIT[] RIY[N[F[T[ R

AProVE 267 |81 | 11|28 | 95|51 | 0| 6| 3|158
AProVE '11 || 225 |81 | 45|36 | 114 || 23| 0|29 | 8] 183
Julia 191 |22 | 174 O| 47| 32| 0|28| 0| 82
COSTA 160 | 0181 |46 | 110 29| 0| 526|304
\ - -7 N\o >4
v v
all examples LinkedList + HashMap

@ Termination depending on cyclic data requires early abstraction
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