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Proving Termination via Safety

the state of the art... what we propose...
candidate candidate
termination termination
argument argument
uncovered uncovered
loop execution terminating execution

* lightweight, fast
* more informative

e Terminator/T2
* Ultimate Buchi Automizer

innovative use of safety verification

techniques for proving termination




Checking Non-Termination via Error Unreachability

counterexamples = terminating executions



Checking a Ranking Function via Error Unreachability

* strictly decreasing
* bounded from below

_ int x = ?;
int x = ?; X int r = max{-x, 21-x, x+1};
while (x != 0) { while (x != 0) {
if (x < 10) { el r =r - 1;
x=x+1; oo > assert(r >= 0);
} else { x = -x; } if (x < 10) {
} X =X + 1;
g v <0 } } else { x = -x; }

rx)=<¢21—-z 0<z<10
z+1 10<x r(x) = maxr{—z,21 —xz,x + 1}




Checking a Ranking Function via Error Unreachability

* strictly decreasing
* bounded from below

_ int x = ?;

int x = ?; X int r = max{-x, 21-x, x+1};
while (x != 0) { while (x != 0) {

if (x < 10) { el r =r - 1;

x=x+1; oo > assert(r >= 0);

} else { x = -x; } if (x < 10) {

} X =X + 1;
} else { x = -x; }
}

counterexamples = non-terminating executions or uncovered terminating executions



Uncovered Terminating Executions

int x = ?; int x = ?;
int r = max{-x, 21-x, x+1}; int r = max{-x,21-x,x+1};
while (x != 0) { while (x != 0) {

r =r - 1; r =r - 1;

assert(r >= 0); if (x < 10) {

if (x < 10) { X = x + 1;

X =x + 1; } else { x = -x; }

} else { x = -x; } }

} i assert(r >= 0);

counterexamples = uncovered terminating executions



Ranking Function Synthesis

int x = ?;
while (x != 0) {
if (x < 10) {
X =x + 1;
} else { x = -x; }

}



Ranking Function Synthesis S

while (x != 0) {
r =r - 1;

int x = 2; E if (x < 10) {
while (x '=0) { T i Xx = x + 1
if (x < 10) { 5 } else { x = -x; }
X x A )
b s = 2= g . assert(r >= 0);
} o r=0 = TTrTmTmmmmmmmmmmmmmmmmmmemmsmmemeness

candidate
ranking function




int x = ?;
= = . : int r = 0;
Ranking Function Synthesis I
: r =r - 1;
int x = ?; E if (x < 10) {
while (x '=0) { T i X = x + 1;
if (x < 10) { ; } else { x = -x; }
X =x + 1; ' P}
} else { x = -x; } ;assert(r >= 0); ...
} 7 r=0
d candidate

ranking function

Ranking Function Synthesis

Terminating Trace Sample X=-1
uncovered

terminating execution
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ranking function

Ranking Function Synthesis

Terminating Trace Sample x=-1 * piecewise-defined
uncovered e |lexicographic

terminating execution e multiphase



= m = r  int r ;
Ranking Function Synthesis e (= 0 )
: r =r - 1;
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while (x '=0) { T i X = x + 1;

if (x < 10) { ; } else { x = -x; }

X =x + 1; ' P}

} else { x = -x; } ;assert(r >= 0); ...
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Terminating Trace Sample X=-1 r
uncovered

terminating execution




= m = r  int r ;
Ranking Function Synthesis e (= 0 )
: r =r - 1;

int x = ?; E if (x < 10) {
while (x '=0) { T i X = x + 1;

if (x < 10) { ; } else { x = -x; }

X =x + 1; ' P}

} else { x = -x; } ;assert(r >= 0); ...

} o r=1
d candidate

ranking function

Terminating Trace Sample X=-2 r
uncovered

terminating execution




- - . + int r = max{0,-x};
Ranking Function Synthesis T
: r =r - 1;

int x = ?; | if (x < 10) {
while (x '=0) { T i X = x + 1;

if (x < 10) { ; } else { x = -x; }

X =x + 1; ¢x”' P}

} else { x = -x; } ;assert(r >= 0); ...

} .+~ r=max{0,-x}
' candidate

ranking function

Terminating Trace Sample X=-2 r
uncovered

terminating execution




int x = ?;
] 7 : + int r = max{0,-x};
Ranking Function Synthesis A
: r =r - 1;
int x = ?; : if (x < 10) {
while (x '=0) { T i X =X + 1;
if (x < 10) { ol E } else { x = -x; }
X =x + 1; xx" }
} else { x = =-x; } ',” E"_E§sert(r >= 0);
} oor=max{0-xy
' candidate

ranking function

Terminating Trace Sample x=10 r
uncovered

terminating execution




int x = ?;
- - = ' int r = max{1ll,-x};
Ranking Function Synthesis T
: r =r - 1;
G sz = B : if (x < 10) {
while (x '=0) { T i X = x + 1;
if (x < 10) { ol ; } else { x = -x; }
X =x + 1; ¢x”' P}
} else { x = —x; ) assert(r >= 0);
} r = max{11,-x}
d candidate

ranking function

Ranking Function Synthesis &

Terminating Trace Sample x=10 R
uncovered

terminating execution
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ranking function

Ranking Function Synthesis &

Terminating Trace Sample x=11 R
uncovered
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Ranking Function Synthesis

int r = max{-x,x+1};
while (x != 0) {

r =r - 1;
int x = ?; i if (x < 10) {
while (x !'=0) { ' T : x =x + 1
if (x < 10) { '/./' : } else { x
X =x + 1; ¢x”' P}
} else { x = -x; } o . assert(r >= 0)i ..
} r= max{-x,x+1}

candidate
ranking function

Terminating Trace Sample x=T
uncovered

terminating execution
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Ranking Function Synthesis

int r = max{-x,x+1};
while (x != 0) {

r =r - 1;
int x = ?; i if (x < 10) {
while (x !'=0) { ' T : x =x + 1
if (x < 10) { '/./' : } else { x
X =x + 1; ¢x”' P}
} else { x = -x; } o . assert(r >= 0)i ..
} r= max{-x,x+1}

candidate
ranking function

Terminating Trace Sample x=9
uncovered

terminating execution
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Ranking Function Synthesis

int x = ?; :
while (x !'=0) { -~ .7 :
if (x < 10) { :
X = x + 1; o :

} else { x = -x; } e :

} o r = max{-x,21-x,x+1}

int r = max{-x,21-x,x+1};
while (x != 0) {
r =r - 1;
if (x < 10) {
X =x + 1;
} else { x = -x; }
}

assert(r >= 0);

candidate
ranking function

Terminating Trace Sample 2
unco_ver_ed _ 20 N
terminating execution . \\f,

4
—‘2 8 11
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Ranking Function Synthesis e B i

while (x != 0) {
r =r - 1;

int x = ?; i if (x < 10) {
while (x !=0) { T : x =x + 1;
if (x < 10) { PPt : } else { x = -x; }
X =x + 1; e P}
} else { x = -x; } e ; _assert(r >= 0);
} or=maxd{=x,21-xx+1}
candidate

ranking function

Terminating Trace Sample
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Ranking Function Synthesis  dnt © o= max{-x,21-x,x+1);

while (x != 0) {
r =r - 1;

int x = ?; i if (x < 10) {
while (x '=0) { . .7 : X =x + 1;
if (x < 10) { PPt : } else { x = -x; }
X =x + 1; e P}
} else { x = -x; } e ; _assert(r >= 0);
} or=maxd{=x,21-xx+1}

candidate
ranking function

Ranking Function Synthesis

Terminating Trace Sample
- . int x = ?2;
Trank [ < int r = max{-x, 21-x, x+1};

while (x != 0) {
r =r - 1;

; : i assert(r >= 0);
Ranking Function Check E i o < 907 ]

X =x + 1;
} else { x = -x; }

v/ rank : )



Non-Terminating Executions

int x = ?;
while (x != 0) {
X =x + 1;

}
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int r = max{0,-x};
while (x != 0) {

r =r - 1;
int x =7?2; T : x = x + 1;
while (x != 0) { D}
X =x + 1; ot 1 assert(r >= 0);
}
y = max{0,-x}
candidate

ranking function

Ranking Function Synthesis

Terminating Trace Sample
uncovered

terminating execution

12



int x = ?;
int r = max{0,-x};
while (x != 0) {

Non-Terminating Executions

r =r - 1;
int x =7?2; T : x = x + 1;
while (x != 0) { D}
X =x + 1; ot 1 assert(r >= 0);
}
y = max{0,-x}
candidate

ranking function

Ranking Function Synthesis

Terminating Trace Sample



Non-Terminating Executions S

int r = max{0,-x};
while (x != 0) {
r =r - 1;

int x = ?2; e : X =x + 1;
while (x != 0) { D}

x = x+ 1 ; assert(r >= 0); .
}

candidate
ranking function

Ranking Function Synthesis

Terminating Trace Sample

------------ T
: int r = max{0,-x}; !
X x=1 Ranking Function Check

while (x != 0) {
r =r - 1;
assert(r >= 0);
X =X + 1;
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Experimental Evaluation SeaHorn

* 190 terminating C programs from SV-COMP 2015
e comparison with participants to SV-COMP 2015

Tot Time
AProVE 129 10.77s

* 5 programs proved only by SeaHorn
* 1 program proved only by AProVE

FuncTion I 0.55s 1 program proved only by FuncTion
HIPTnT+ 152 0.62s e 2 programs proved only by HIPTnT+

- e 5 programs proved only by Ultimate

SeaH
eaHorn * 6 programs proved by none

Ultimate 109 8.45s

werove RS

33
FuncTion KON BE
HIPTnT+ (L
Ultimate - 25 http://seahorn.github.io
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int x °

int r max{-x,21-x,x+1};
while (x != 0) {
: r =r - 1;
int x = ?; : if (x < 10) {
while (x !'=0) { T x =x+1;
if (x < 10) { T : } else { x = -x; }
X =x + 1; e p )
} else { x = -x; }  CEEEtmse e W)

}

candidate
ranking function

Ranking Function Synthesis

Lo
.,
.
0

Terminating Trace Sample * piecewise-defined
uncovered * lexicographic

terminating execution * multiphase

N t int x = 2k
Trank [EEEERED % int r = max{-x, 21-x, xt1};

while (x != 0) {
T = E =y

. . i assert(r >= 0);
X cex Ranking Function Check if (x < 10) {

X =X + 1;
} else { x = -x; }

t/ rank }

Future Work

* synthesis of non-linear ranking functions
* inference of preconditions

* other liveness properties




