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m Invariant y > 0 and rank function x prove termination
m How do we know that we need y > 07 ~ X requires it

m How do we know that x is a RF? Y y > 0 proves it
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Rank tool: Find too specific termination argument
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Termination by iterative simplification

Execution

Find rank function for SCC
then remove transitions

Loop
trans.



Termination by cooperation

Safety: Provide samples (Counterexamples)

Rank tool: Find termination argument in context
Rank tool: Mark definitely terminating parts

A Safety: Prove generality for rest, or



A nested example

Example (Source)

if k > 1 then
i:=0;
(1) while i < n do
j=0;

while j < i do
=itk
done

@ =it 1
done

fi

T0 - Isz @
i:=0;

1 if(j > i); 71 :if(i < n);
i=i+1 j=0;

73:if(j < i);
j=itk



A nested example: Instrumentation
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check decrease

73:if(j <0);
=itk

check decrease
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A nested example: Instrumentation
To:if(k > 1

i:=0;
cpp =0
cpy == 0;

14
@ p1:if(cp; > 1); w
‘\\'\

. L
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Mo if(epy < 1);

73:if(j <0);
=itk

Yo if(cp2.< 1);



A nested example: Instrumentation
To:if(k > 1

i:=0;
cp; :=0;
cpy == 0;

maybe take a

snapshot

p1:if(cpy > 1);

(\\

73:if(j <0);
=itk
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A nested example: Strengthening
To:if(k > 1

i:=0;
cp; :=0;
cpy == 0;

First Counterexample

maybe take a

snapshot

d

T0 T1 (snapshot) T3 P2 El
Stem: 79 71 N

. . L
Loop: 73 Qo
o7 m3:if(j < i);
=itk
d
62

maybe take a

snapshot
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A nested example: Strengthening

To:if(k > 1);
i:=0;
cp; =
py =0 maybe take a
snapshot
First Counterexample
d
T0 T1 (snapshot) T3 P2 El
Stem: k>1Ai=0 \\
Loop: j<inj =j+k AN
prj<iny =]+ {\\\ o
Ak =kAi =i i '\" 73:if(j <i);
T R __F =itk
RF: &2('17 k: |7J) =1=]J
'

ph:if(cpy > 1);
(i€ —j° >i—j);
if(i — ¢ > 0);

maybe take a

snapshot




A nested example: Strengthening

To:if(k > 1);
i:=0;
Py = maybe take a
cpy 1=
n snapshot
First Counterexample
d
T0 T1 (snapshot) T3 P2 El
Stem: k>1Ai=0 N
DR RAD—a L9
Loop: j<iAnj =j+k &
AK =kAT =i N r3:§f(j§_Jir);k
¥ 3¢ i=itk
RF: &2("'7 k: |7J) =1=]J
'

ph:if(cpy > 1);
(i€ —j° >i—j);
if(i — ¢ > 0);

Alternative RF

RF: fzz(na kv IvJ) =1 _J

maybe take a

snapshot
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Cooperation: High-level view

70:if(k > 1);
i:=0;

Termination

T if(j > );
i=i+1;
-
&
& &
<& &
73:if(j <i);

=itk



start

70:if(k > 1);

141
T2 0if(j > i);
i=i+1;
12
73:if(j <i);

j=i+k;

check decrease

maybe take a

i:=0;
snapshot
t
El
La‘
71 :if(i < n); Ao e
j (: 0: ) '(&\,. \// 7-Zs?:lf(J < ');
- =itk
t
62

maybe take a

snapshot
check decrease

Y
7'
X /5'\
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m Safety subgraph: original program
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Intuition:
m Safety subgraph: original program
m Termination subgraph: instrumented copy

m Ranking: Simplify problem, “point out hard bits”

m Safety: Analyze whole program, “point out invariants”

Approach:
m Analyze whole SCC, not counterexample slice

m Remove transitions after proof



start

check decrease

70:if(k > 1);

141
T2 0if(j > i);
i=i+1;
12
73:if(j <i);

j=i+k;

i:=0;
t
El
. La‘
71 :if(i < n); A
j = 0' AN \
6

check decrease

maybe take a
snapshot

T3 if(j < i);
=itk

maybe take a
snapshot

Y
7'
X /5'\




Cooperation: Simplification

Simplification check decrease

maybe take a

snapshot
t d
o I
S QO
X \“\\ //Q'. tLig(i < /\64 .
SN 73 () < ); N
=itk 2.
t d
62 52

maybe take a

snapshot
check decrease



Cooperation: Simplification

Simplification check decrease

Find SCC S in
termination graph: maybe take a
08 0d es g snapshot
t d
0 5
N QO
f‘\\ Q- R 6
&7 A < Ny
j = _j + k; XJ;
t d
6 &

maybe take a

snapshot
check decrease



Cooperation: Simplification

Simplification check decrease

Find SCC S in

termination graph: maybe take a

e, 08 05 e snapshot

Find S-orienting RF: o fi/

Q%o,j,k,n):n—wrl .

_ L 3,
(,Jk)—n—l—i-l NS A
<y NS T3 If(J < i); N,
FL0.kn) =n—i
‘ f g
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Simplification

Find SCC S in

check decrease

termination graph: maybe take a
[i’ g'f, 55, gg snapshot

Find S-orienting RF: gi gi/

fr@iskn) =n—i+1 . A

o %
fe},ﬁ,j,k,n) =n—i+1 A.\(\\is‘ ,;’04
1 /\X. ‘\A/ Tat:if(j < i); '\}/. //
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check decrease
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snapshot
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Cooperation: Simplification

Simplification

Find SCC S in
termination graph:

05,65, 05,08
Find S-orienting RF:
f;iq,j,k,n) =n—i+1
Q}l,@,j,k,n) =n—i+1

. T;Z.!f(j < i);
f[é(iajak7n) =n—i Jr=itk

fé,@,j,k,n) =n-—i
Delete decr./bounded

A Clean up maybe take a
snapshot

check decrease



7o if(k > 1);
i:=0;
141
[ ERCT Y I e IS
% 0

maybe take a

TN snapshot
73" !f(J S i); check decrease
J=itk




Construction/Checking

No simplification possible

start

7o if(k > 1);
i:=0;
ly
72 if(j > i); 71:if(i < n); R
Lo ) LAl T3 :if(j < i);
i=i+1; j:=0; Ptk
A I

maybe take a

S oY snapshot
73 !f(J S i); check decrease
=itk




Cooperation: Invariants

Construction/Checking

start

No simplification possible

H Obtain counterexample:

70:if(k > 1);
i:=0; 70 71 (snapshot) T}
b
1 if(j > i); 71 :if(i < n); L
=041 j=0; ng.f(ngj_.Bk
2 43 s

maybe take a

TN snapshot
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Cooperation: Invariants

Construction/Checking

start

No simplification possible

H Obtain counterexample:

1o if(k > 1);
i:=0; 70 71 (snapshot) 74
Compute RF:
gl fglg(iaLk?n) =i _J
A Add to instrumentation
T if(j > ); 71:if(i < n); e
S ] L TEif(j <i);
i=i+1; j:=0; 3j::j+k;
2 23 ]

maybe take a

TN snapshot
73 !f(J S i); check decrease
=itk



Cooperation: Invariants

7o if(k > 1);
i:=0;

72 if(j > i);

Hif(i ; NS
e nHE WSE <,
o ’ T j=i+k
d
€2
maybe take a
73:if(j <i); snapshot

=itk



Cooperation: Evaluation

Evaluated on 449 termination proving benchmarks
260 known terminating, 181 known non-terminating, 8 unknown
Sources: Windows drivers, APACHE, POSTGRESQL, ...
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Evaluated on 449 termination proving benchmarks
260 known terminating, 181 known non-terminating, 8 unknown
Sources: Windows drivers, APACHE, POSTGRESQL, ...

| Term (#) [ Term (avg. s) |

COOPERATING-T'2 245 3.42
APROVE 197 2.21
KITTEL 196 4.65
T2 189 5.15
APROVE-+INTERPROC 185 1.53
TERMINATOR 177 4.99
S1zE-CHANGE/MCNP 156 17.50
ARMC 138 16.16
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Cooperation: Evaluation
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Cooperation: Evaluation
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Cooperation: Evaluation

Evaluated on 449 termination proving benchmarks
260 known terminating, 181 known non-terminating, 8 unknown
Sources: Windows drivers, APACHE, POSTGRESQL, ...

| Term (#) [ Term (avg. s) |

COOPERATING-T'2 245 3.42
APROVE 197 2.21
KITTEL 196 4.65
T2 189 5.15
APROVE-+INTERPROC 185 1.53
TERMINATOR 177 4.99
S1zE-CHANGE/MCNP 156 17.50
ARMC 138 16.16

Sources available: http://research.microsoft

.com/en-us/projects/t2/
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