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The cost of software failure

@ Patriot MIM-104 failure, 25 February 1991
(death of 28 soldiers!)

@ Ariane 5 failure, 4 June 1996
(cost estimated at more than 370 000 000 US$?)

@ Toyota electronic throttle control system failure, 2005
(at least 89 death?)

@ Heartbleed bug in OpenSSL, April 2014

@ economic cost of software bugs is tremendous®

R. Skeel. "Roundoff Error and the Patriot Missile”. SIAM News, volume 25, nr 4.

M. Dowson. " The Ariane 5 Software Failure”. Software Engineering Notes 22 (2): 84, March 1997.
CBSNews. Toyota "Unintended Acceleration” Has Killed 89. 20 March 2014.

NIST. Software errors cost U.S. economy $59.5 billion annually. Tech. report, NIST Planning Report, 2002.
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The Zune Bug December 31st, 2008

@00 ESOCB Zunes all over the v X

C' 3 techcrunch.com/2008/12/31/all-zune-30s-crapping-out/ Q’ ® =

I News TCTV Events Search

DISRUPT Register Now to Save £300 on Disrupt Europe: London AOL Privacy Policy and Terms of Service

30GB Zunes all over the world fail en masse

Matt Burns (@mjburnsy

~ (MR o e o

It seems that a random bug is affecting a bunch, if not every, 30GB Zunes. Real early this morning,
a bunch of Zune 30s just stopped working. No official word from Redmond on this one yet but we
might have a gadget Y2K going on here. Fan boards and support forums all have the

same mantra saying that at 2:00 AM this morning, the Zune 30s reset on their own and doesn't
fully reboot. We're sure Microsoft will get flooded with angry Zune owners as soon as the phone
lines open up for the last time in 2008. More as we get it.

Update 2: The solution is ... kind of weak: let your Zune run out of battery and it'll be fixed when

you wake up tomorrow and charge it. “

e failure due to non-termination

http://techcrunch.com/2008/12/31/zune-bug-explained-in-detail/
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| Zune bug explained in detail

Devin Coldewey

W Tweet 2

~ G

Earlier today, the sound of thousands of Zune owners crying out in terror made ripples across

{ the blogosphere. The response from Microsoft is to wait until tomorrow and all will be well.

You're probably wondering, what kind of bug fixes itself?

Well, I've got the code here and it’s very simple, really; if you've taken an introductory
programming class, you'll see the error right away.

year = ORIGINYEAR; /* = 1980 */
while (days > 365)
{
if (IsLeapYear(year))
{
if (days > 366)
{
366;

year += 1;

days ==

}

else

{
365;

year += 1;

days -=

}
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Earlier today, the sound of thousands of Zune owners crying out in terror made ripples across
{ the blogosphere. The response from Microsoft is to wait until tomorrow and all will be well.
You're probably wondering, what kind of bug fixes itself?

Well, I've got the code here and it’s very simple, really; if you've taken an introductory
programming class, you'll see the error right away.

- m 2 Mn- year = ORIGINYEAR; /* = 1980 +*/

It seems that arandom bl | while (days > 365)

a bunch of Zune 30s just sl | {

might have a gadget Y2K if (IsLeapYear(year))
same mantra saying that { —
fully reboot. We're sure Mi
lines open up for the last

£5f (days > 366) °
{

days -= 366;

year += 1;

Update 2: The solution is

you wake up tomorrow an

else

o failure due to {

days -= 365;

year += 1;

}

http://techcrunch voy can see the details here, but the important bit is that today, the day count is 366. As yom
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Trace properties

Liveness properties

Idea: liveness property P € P(X*°)

|

;H Liveness properties model that “something good eventually occurs” |

—

e ——— S

@ P cannot be proved by testing

(if nothing good happens in a prefix execution,

it can still happen in the rest of the execution)

@ disproving P requires exhibiting an infinite execution not in P

Examples:

@ termination: P & Y*

def

@ inevitability: P = X*-a- 2,

(a eventually occurs in all executions)

@ state properties are not liveness properties.
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Ranking Functions

o functions that strictly decrease at each program step.

Ranking Functions

o ...and that are bounded from below

- Dot ion s lncgs rotion, b B, A Baring. :_
- s 008 Sub Chadk & Tenlien Sa e seven of ssiing sere St At Le righet .'

1o 00der Al 1he san win shavbe mar soh e S ARIPIY & Neeh e
FOMTSanar Sal b swkr o Dabel of S0llalle sammrlions whien cen be ohechsd
Ve s by, e Pram A e sar e et o e el pengimess Sash iy

el iees,
Somabdnr Whe asalagr of hentag o aMINen. B AN Le gleve e
AN 1
v N
“ns
it i
L
o, a

0 Bt Shagh 1he SAule of oe AINLEAg, Beleuet oF The DaiTiee.
P A7 the Aetals far e variowe selamme are given, a8 below <

uN
Y
‘e
a2

™~ ]

bie
iy

LA

U shmatnr ‘s wmrh e mah sanier Selng slft s %0 The chediieg o e
Wolhim masmibions 5 o 3 o J o) v ] w29 ohe, it he mnal] oA Aien

I
2y

nxg

This prissiple sen b spplist 10 T retaes oF shoileg o Large reniine
Bt e WL Rl Ui et b meaes o & meall reet s WL, M0 %
Mlele & oTlaml e wee of & madtigtier, saleiplireien betag oarrial st
LRV T RN TS

AL n Appesal semend of e pronsss e hews reonetod £ el & £ fer s
[ o Ma me W e aigs s d S lenl) o Ny AR T, e L
| " ran shange v S met B s relene DS teetely Vhere 1o s sling
oo aulilskoniiy genaral iy boews o Jetify giving TN sontise fid Tie
Rl T e o M P T —
Swe () jasretion,

Tash "e of e Nas Bagres suge . wleagn ™~
Malrurtlons of thout shanges of mentrel.  The falloelag o——u— e wandy

(1) ottt Jetowr chnu L el L
avpimamiies by bhe

(5] an wntainat Botter sopressite 1he Laltlal sales oF & gueiiiy,

Onn cnnt spete aliar It9ere uneniing Ie £00Torant hamen, Sob 14 ’
19 letmmied Ghat bhe Sulloetng S4eatiflcatione be velil Thooudunt

e,
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Floyd - Assigning Meanings To Programs (1967)
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ASSIGNING MEANINGS TO PROGRAMS
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Trace properties

Proving liveness properties

Variance proof method: (informal definition)

Find a decreasing quantity until something good happens.

Example: termination proof

o find f: X — S where (5,C) is well-ordered;

(f is called a “ranking function™)

@eoccB = f=minS;
e 0 -0 = f(d')C f(o).

(f counts the number of steps remaining before termination)
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e idea: inference of ranking functions by abstract interpretation

An Abstract Interpretation Framework for Termination
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e idea: inference of ranking functions by abstract interpretation

o family of for program termination

o piecewise-defined ranking functions
o backward analysis
o sufficient preconditions for termination

T o C A Dartoben Tove Adutrnet Ebenain
Sopmasdnd Rasitng Postms i g g gty h""‘ﬂ'-‘.—-lﬂ‘....‘

Urban - The Abstract Domain of Segmented Ranking Functions (SAS 2013)
Urban&Miné - An Abstract Domain to Infer Ordinal-Valued Ranking Functions (ESOP 2014)
Urban&Miné - A Decision Tree Abstract Domain for Proving Conditional Termination (SAS 2014)
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Abstract Interpretation

Cousot& Cousot - Abstract Interpretation: A Unified Lattice Model for Static Analysis of
Programs by Construction or Approximation of Fixpoints (POPL 1977)
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Cousot& Cousot - Abstract Interpretation: A Unified Lattice Model for Static Analysis of
Programs by Construction or Approximation of Fixpoints (POPL 1977)
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Cousot& Cousot - Abstract Interpretation: A Unified Lattice Model for Static Analysis of
Programs by Construction or Approximation of Fixpoints (POPL 1977)
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Transition systems

Transition systems: definition

Language-neutral formalism to discuss about program semantics.

e = ——— o

i | |
| Transition system: (X, 7)
!

@ set of states 2, ‘

(memory states, A—terms, configurations, etc., generally infinite) ‘(

@ transition relation 7 C 2 x X..

= _ — e — e -

(X, 7) is a general form of small-step operational semantics.

(0,0") € 7 is noted o0 — o

starting in state o, after an execution step, we can go to state o’.

course 03 Program Semantics Antoine Miné p. 11 / 127
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o e e S i

finite traces >~

e e —e——je—e—je—»
infinite traces 2% > e————e——e—e—e——e—n—e—je—. '
-..._,,\. So—0 )V.,) >0 ) S S % ).. ). .-~
>’ states T transition relation
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Trace semantics Maximal trace semantics

| east fixpoint formulation of maximal traces

Idea: To get a fixpoint formulation for whole M,
merge finite and infinite maximal trace fixpoint forms.

Fixpoint fusion

Moo NX* is best defined on (X*,C, U, N, 0, X*).
Mo N XY is best defined on (X¢,D,N,U, X%, 0).

We mix them into a new complete lattice (2, C, LI, 1, L, T):
o ALB <= (ANX*)C(BNIHA(ANIY)D(BNIY)

o AUB = (ANTH)UBNI))U((ANZY)N(BNIY))
o AMB = ((ANT)N(BNI*))U((ANZ¥)U(BNI¥))
o | = 3w

@ | = 2F

PCe—

—
T.§

| (prof on next slides)

In this lattice, M., = Ifp Fs where Fs(T)

=== =

CBUTT

course 03 Program Semantics Antoine Miné p. 74 / 127
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Trace semantics Partial trace semantics

(Partial) hierarchy of semantics

R(I) C(F) (states)

%T Tao

77)(1) 7;(?) (anchored traces)

(partial finite traces)

(partial traces)

M (maximal traces)

course 03 Program Semantics Antoine Miné p. 90 / 127
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Trace semantics Partial trace semantics
(Pa rtial) hierarchv of semantics
Relational semantics Denotational semantics

—

Another part of the hierarchy of semantics

Oon BS (big-step semantics)
(

7T'
T

T/

See [Cou82| for more semantics in this diagram.

(partial finite traces)
(denotational semantics)

(partial traces)

(maximal traces)

course 03 l
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‘idea = define 2 ranking function countmg,

Te € =0 ' the number of program steps |
T, & Ifp F, : from the end of the program :
0 sc B
Fi(v)s = sup{ v(s') +1|s—>s’"} s & pre(dom(v))
undefined otherwise

Cousot&Cousot - An Abstract Interpretation Framework for Termination (POPL 2012)
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‘idea = define 2 ranking function countmg

T € ¥X—=0 ' the number of program steps !

T, & def Ifp F, : from the end of the program :
0 seB

Fu(v)s 2 dsup{ u() +1]s =5 } s € pre(dom(v)) +—
undefined otherwise
Example
0 1 _»0
0 0

Cousot&Cousot - An Abstract Interpretation Framework for Termination (POPL 2012)
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‘idea = define 2 ranking function countmg

Te € =0 ' the number of program steps |
T, & Ifp F, : from the end of the program :
0 sc B
Fi(v)s = sup{ v(s') +1|s—>s’"} s & pre(dom(v))
undefined otherwise

Example

0 1 _»0 1 _»0 1 _»0
2 2
0 0 0 0

Cousot&Cousot - An Abstract Interpretation Framework for Termination (POPL 2012)
18 / 60



Introduction

Termination Semantics
Piecewise-Defined Ranking Functions Termination Semantics

Conclusion

0 se B
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def

Tt —_ pr Ft
0 se B
Fe(v)s Edsup{v(s’)+1]|s—s } sc pre(dom(v))
undefined otherwise

Theorem (Soundness and Completeness)

the termination semantics is sound and complete
to prove the termination of programs

Cousot&Cousot - An Abstract Interpretation Framework for Termination (POPL 2012)
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e remark: the termination semantics is not computable!

Int : x

X = ?

while (x > 0) do
X =x—1

od

19 /60
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Urban - The Abstract Domain of Segmented Ranking Functions (SAS 2013)
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Fixpoint approximations

Abstractions in the concretization framework

Given a concrete (C, <) and an abstract (A, C) posets
and a monotonic concretization v: A — C

(v(a) is the “meaning” of a in C; we use intervals in our examples)

(e.g. 0, 10] is a sound abstraction of {O, 1, 2,5} in the mteger mterval domain)

@ g: A— Ais asound abstraction of f : C — C
if Vae A:(fovy)(a) < (yog)(a).
(e.g.: A([a, b].[-00, +00] is a sound abstraction of AX.{x+ 1| x &€ X } in the

interval domain)

@ g: A— Ais an exact abstraction of f : C — C if
foy=~og.
(e.g.: X([a, b].[a+ 1, b+ 1] is an exact abstraction of AX.{x+1|x € X } in

the interval domain)

course 02 Order Theory Antoine Miné p. 59 / 66
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Definition (Approximation Order

A Vx € dom(vy) : vi(x) < wo(x)

Urban - The Abstract Domain of Segmented Ranking Functions (SAS 2013)
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Partial orders

Use of posets (informally)

Posets are a very useful notion to discuss about:

@ logic: ordered by implication —

— N—

'@ approximations: L is an information order |
| |
m (“a C b" means: “a caries more information than b"

,

@ program verification: program semantics C specification

(e.g.: behaviors of program C accepted behaviors)

i @ iteration: fixpoint computation
|
'“[ (e.g., a computation is directed, with a limit: X3 C X5 C - -
L 8 - - _

== e —

course 02 Order Theory Antoine Miné p. 8 / 66
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o Piecewise-Defined Ranking Functions Abstract Domain V(S,F)

Urban - The Abstract Domain of Segmented Ranking Functions (SAS 2013)
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o States Abstract Domain ¢ T S

@ Piecewise-Defined Ranking Functions Abstract Domain V(S, F)

Urban - The Abstract Domain of Segmented Ranking Functions (SAS 2013)
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ermination Semantics Abst

@ States Abstract Domain S
@ Functions Abstract Domain F
o Piecewise-Defined Ranking Functions Abstract Domain V(S, F)

Urban - The Abstract Domain of Segmented Ranking Functions (SAS 2013)
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Generalities and notations Abstraction

Numerical abstract domain examples

SIZNS intervals congruences
A A A
® ® ®
non o ® ®
. - - ® ® @
relational ol e o
® ® ®

A A A

e >

linear equalities polyhedra octagons

course 04 Non-Relational Numerical Abstract Domains Antoine Miné p. 32 / 100
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Decision Trees

+
@ Piecewise-Defined Ranking Functions Abstract Domain
° Vdéf{LEAF | fe F}U{NODE{c}:ti,|ce€ LA, 2 eV}

Urban&Miné - A Decision Tree Abstract Domain for Proving Conditional Termination (SAS 2014)
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Vi
X

@ Functions Abstract Domain

o FE YU If|fez" 5Ny UATY
where f = f(x1,...,xn) = mxi K -+ Mpxn + q

@ Piecewise-Defined Ranking Fungtions Abstract Domain

° Vdéf{LEAF:fHe]—'} {NODE{c}:ti,o | c€e LA t1,to € V}

Urban&Miné - A Decision Tree Abstract Domain for Proving Conditional Termination (SAS 2014)
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Decision Trees
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Tests

Algorithm 4 : Tree Filter
1: function FILTER-AUX(%,c)

2:  if ISLEAF(t) then return LEAF : FILTERE(f, c) [xt = LEAF : f */
3 else return NODE{¢.c} : FILTER-AUX(t.[, ¢); FILTER-AUX(t.r, ¢)

4. function FILTER(Z,c)

5: C' <+ FILTERL(¢)

6: return AUGMENT (FILTER-AUX(¢, ¢), C)

1 x <0
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y Algorithm 3 : Tree Assign
N 1: function ASSIGN(t,x := a)
2: if ISLEAF(t) then return LEAF : ASSIGNg(f, x := a) /¥t 2 LEAF : f %/
3 else
4; C < ASSIGN| (t.c,z := a)
5: if ISEMPTY(C') then return ASSIGN(t.[, x := a) Ut ASSIGN(t.r,z := a
0 > X (NODE{XSO} ) 6: else ifISUN(SA)T(C) then return ASS(IGN(t.r, x :): a) ( )
0 S 7: else
8 | < AUGMENT(ASSIGN(t.l,z := a), ()
9 7 <— AUGMENT(ASSIGN(t.r,z := a), ()

N\
\ .
LEAF: 1 (LEAF: <l ) 10: return NODE{[.c} : [;r

1

X
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Algorithm 4 : Tree Filter
1: function FILTER-AUX(%,c)

2:  if ISLEAF(t) then return LEAF : FILTERE(f, c) [xt = LEAF : f */
3 else return NODE{¢.c} : FILTER-AUX(t.[, ¢); FILTER-AUX(t.r, ¢)
4. function FILTER(Z,c)

W

C' < FILTERL(¢)
return AUGMENT(FILTER-AUX(t, ¢), C)
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thm 4 : Tree Filter

Inction FILTER-AUX(%,c)

(NODE{x§O} ) 1 e

else return NODE{¢.c} : FILTER-AUX(t.[, ¢); FILTER-AUX(t.r, ¢)

N ’
/ N\ ’
’

Inction FILTER(%,c)

"
(LEAF: J_) (NODE{X—ySO}) o—r'

D)

> X | C < FILTERL(c)
return AUGMENT(FILTER-AUX(t, ¢), C)
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0
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Algorithm 1 : Tree Unification

1: function UNIFICATION(%1,t2)
2: if ISLEAF(t1) A ISLEAF(t2) then

3 return (tq, to)
4 else if ISLEAF(¢1) V (ISNODE(t1) A ISNODE(t2) A ta.c < t1.c) then
5: (I1,13) < UNIFICATION(t1, to.1)
6: (r1,72) < UNIFICATION(t1, to.1)
7: return (NODE{t5.c} : l1;71, NODE{ta.c} : l2;72)
8: else if ISLEAF(t3) V (ISNODE(t1) A ISNODE(t3) A ty.c < ta.c) then
9: (I1,12) < UNIFICATION(t1.l, t2)
10: (r1,72) <= UNIFICATION(t1.7,t3)
11 return (NODE{t1.c} : l1;71, NODE{t1.c} : l2;72)

y 12: else

1 ' ]_ 13: (l1,12) <= UNIFICATION (1.1, t5.0)

= ‘ 14: (ro,T2) <— UNIFICATION(t1.7, t2.7)
p 15: return (NODE{#1.c} : l1;71, NODE{t2.c} : l3;72)
/7
0 4= > x (NODE{x§O} )
0 <

N
(N/ODE{XS\O} ) LEAF: 1 (LI;AF: " )
(LEAF: T ) (NODE{X_ySO} ) .

D)

N
D
LEAF: 3 (LEAF: ar ) 0 S X
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Fig. 2. The heuristics h, improving on the standard widening.
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Fig. 7: Example of widening of abstract piecewise-defined ranking functions. The
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e

int: x, y LEAF: 1 (NODE{x—ySO} )
while !(x > 0) do » T\
2y = x — y i S LEAF: 3 (NODE{—yfo} )
d3 ‘ / N
\ o) ’ Y
; | (Lear: 2+1 ) (Lear: 1 )
the analysis gives the weakest | o . sx | Tt 1
precondition x <0Vvy >0 0 x<0
X =X—y lx >0
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armination Semantics ntics

Theorem (Soundness)

the abstract termination semantics is sound
to prove the termination of programs
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Ordinal-Valued Ranking Functions

e remark: natural-valued ranking functions are not sufficient!

Int : X

X:= 7

while (x > 0) do
X =x—1

od
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Ordinal-Valued Ranking Functions

Ordinal Arithmetic

@ addition

a+ 0=« (zero case)
o + succ(B) = succ(a + B) (successor case)
a+ [ = U (o + ) (limit case)

v<B

o associative: (a+08)+v=a+ (8 +7)
e not commutative: 1+w =w #w +1

e multiplication
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Ordinal Arithmetic

@ addition

@ multiplication

-0=0 (zero case)

succ( )= (a-B)+ (successor case)

a-f = U (a- ) (limit case)
v<B

o associative: (a-8)-vy=a-(8"-7)

o left distributive: a- (B+v) = (a-B) + (a - )

e not commutative: 2w =w # w - 2

o not right distributive: (W+ 1) w=w - w#w- w+ w
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ermination Semantics Abst ntics

@ States Abstract Domain S
@ Functions Abstract Domain F
o Piecewise-Defined Ranking Functions Abstract Domain V(S, F)

Urban - The Abstract Domain of Segmented Ranking Functions (SAS 2013)
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ermination Semantics
(X —0,C)

ntics

2
X

States Abstract Domain
Natural-Valued Functions Abstract Do
Ordinal-Valued Functions Abstract Domain O(F)

)

S
F

Piecewise-Defined Ranking Functions Abstract Domain  V(S, O(F)

Urban&Miné - An Abstract Domain to Infer Ordinal-Valued Ranking Functions (ESOP 2014)
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@ States Abstract Domain

o Natural-Valued Functions Abstract

o FE VU f|fez" 5Ny U {T)

where f = f(x1,...,xn) = mix1 + - -+ + Mpxp/+ q

o Ordinal-Valued Functions Abstract Domain

s OL (1L} U {.w £ | FeF\{L T} U {T}

@ Piecewise-Defined Ranking Functions Abstract Domain

Urban&Miné - An Abstract Domain to Infer Ordinal-Valued Ranking Functions (ESOP 2014)
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@ non-deterministic assignments are carried out in ascending powers of w

[—o0, +00] — W+ X1 T X2

~U« X1 = ?

[—oc0, +o0] — 7
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Backward Non-Deterministic Assignments

@ non-deterministic assignments are carried out in ascending powers of w

[—00, +00] — w X1+ X
I xp:=7
[0, +00] = w?-1 + w -0 + x + 1
Ly
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Conclusion

Backward Non-Deterministic Assignments

@ non-deterministic assignments are carried out in ascending powers of w

[—o0, +00] — w - X1 T~ X2

~U« X1 := ?

[—o0, +o0] =  w? + x + 1
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Join

@ join of natural-valued functions:

AN AN AN

X
X
X

@ join of ordinal-valued functions:

51 /60



Introduction

Termination Semantics Ordinal-Valued Ranking Functions

Piecewise-Defined Ranking Functions
Conclusion

Join

@ join of natural-valued functions:
@ join of ordinal-valued functions:

e join of natural-valued functions in ascending powers of w

[—00, 00| > 01 = w? .- x -+ W - X2 + 3
[—00, +oo] +— 02 = W - x1 4+ w-(—x) + 4
:—OO,—I—O<): —> o1 L7 oo = ?
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@ join of natural-valued functions:
@ join of ordinal-valued functions:

e join of natural-valued functions in ascending powers of w

—00, +oo] +— 01 = w? - xx + W+ X2 + 3
—00, +00| +— 02 = w - x1 4+ w-(—x) + 4
:_OO,+OO: —> o1 L7 oo = + 4

51 /60



Introduction

Termination Semantics Ordinal-Valued Ranking Functions

Piecewise-Defined Ranking Functions
Conclusion

Join

@ join of natural-valued functions:
@ join of ordinal-valued functions:

o join of natural-valued functions in ascending powers of w

2

—00, +o0] 01 = w° - X1 e W - X3 4+ 3
—00, +00] 02 = W - x + w-(—x2) + 4
—00,+o0] = o1 LT op = w?:1 + w - 0 1+ 4
I
‘l
...... T
’,
wew=w?-14+w-0
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e join of natural-valued functions in ascending powers of w

[—00, 00| 01 = w? . x - W - X2 + 3
[—00, 00| 02 = w? - xg + w-(—x) + 4
. . 2

—00,+o0] = o1 LT op = w? - oxg @l + 4
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[—00, 00| 01 = w? - x1 - W - X0 + 3
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e join of natural-valued functions in ascending powers of w

[—00, +0o0] +— 01 — w? - X —- W - X2 + 3
[—00, +00] — 02 = w? - x1 + w - (—x) + 4
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armination Semantics ntics

Theorem (Soundness)

the abstract termination semantics is sound
to prove the termination of programs
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Ordinal-Valued Ranking Functions

Int : x1, X0

while 1(X1 >0A X0 > O) do

if 2( 7)) then
3X1 = x7 — 1
“xp = 7
else
5X2 = x>, — 1
od®
1 x1 <0Vx<0

fl(X17X2) = A

w°(X1—].)—|—7X1—|—3X2—5 x1>0AXxo >0

\
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Conclusion

Int : x1, X0
while *(x; # 0 A xo > 0) do else /* x3 <0 */
if (x> 0) then if (7 ) then
if °( 7)) then 5% 1=x1 +1
“x = x — 1 else
Oxy = 7 Ixo 1= — 1
else 0, =7
O% 1= xp — 1 od"!

W w-(x—1)—4x1 +9% —2 x1 <0Ax >0
fl(Xl,XQ): 1 X1 :O\/X2 SO
w-(x1—1)+9xl+4x2—7 x1 >0Ax >0
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Int : x1, X0
while *(x; # 0 A xo > 0) do else /* x3 <0 */
if (x> 0) then if (7 ) then
if °( 7)) then 5% 1=x1 +1
“x = x — 1 else
5X2:7 9X2 =Xx — 1
else 0, .= 7

O% i=x — 1 the coefficients and their order are-
: inferred by the analysis

-Z’--—t:-’ -----------------
w2+w-(X2—1)7Ax1+9x2—2 x1<O0AXx >0

fl(X17X2) — 1 ¢"’ X1 :O\/X2 SO
w-(x1—1)+9xl+4x2—7 x1 >0Ax >0
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Non-Linear Ranking Functions

int: N, xq, xo

'xi:= N

while 2(x1 > 0) do
3xo 1= 1 x1 <0
2= b ﬂ.(X17X27N):< 1 6 2 1>O
while 4(x2 > 0) do (W (x1+1)+6x1+7 x>

O30 1= xp — 1

od®
7

x1 1 =x1 — 1

od®
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Non-Linear Ranking Functions

int: N, xq, xo
1X1 = N

while ?(x; > 0) do

3% = N i ( N) <1 x1 <0
1\ X1, X2, —
while 4(x2 > 0) do W (x1+1)+6x1+7 x>0
5 v fm == = o e - .
6X2 =x =1 ! the loop terminates in a :
od finite number of iterations;
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800 | ¢=FuncTion ® - |

e

- C [ www.di.ens.fr/~urban/FuncTion.html e @ @ =

Home Page Papers Talks/Posters FuncTion

An Abstract Domain Functor for Termination

Welcome to FuncTion’s web interface!

Type your program:

or choose a predefined example: | Choose File

and choose an entry point: main

| Analyze |

Forward option(s):

» Widening delay: |2
Backward option(s):

= Partition Abstract Domain: | Intervals  + |
» Function Abstract Domain: | Affine Functions = |
™ Ordinal-Valued Functions
= Maximum Degree: |2

- Widening delay: 2 56 / 60
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Termination Semantics Guarantee Semantics
Piecewise-Defined Ranking Functions

Conclusion

T¢ ¢ 0 ‘idea = define a ranking function countlng,
the number of program steps |

7.;0 def Ifp Fgo from the property ¢

0 S =
Fe (v)s = sup{ v(s')+1|s—s"} sé&pre(dom(v)) A s} p
undefined otherwise

Urban&Mine - Proving Guarantee and Recurrence Temporal Properties by Abstract
Interpretation (VMCAI 2015)
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7.;0 def Ifp Fgo from the property ¢

0 s = o
Fo(v)s = {sup{v(s)+1|s—s} scpre(dom(v)) A s}~ ¢ €—
undefined otherwise
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' --------------------------------
i

iIdea = define a ranking function countlng,
the number of program steps
from the property ¢

Te € ¥—0
Te = = Ifp F?

0 s = o
Fg (v)s = sup{ v(s’)+1|s—s’"} se&pre(dom(v)) A s}~ ¢
undefined otherwise

Example

0 0 0 0
1 1 1
0 . 0 . 0 0 .

Urban&Mine - Proving Guarantee and Recurrence Temporal Properties by Abstract
Interpretation (VMCAI 2015)

58 / 60



Introduction

Termination Semantics Guarantee Semantics
Piecewise-Defined Ranking Functions

Conclusion

def

Te = Ifp Fg
0 s = o
Fe (v)s = sup{ v(s')+1|s—s"} sé&pre(dom(v)) A s} p
undefined otherwise

Theorem (Soundness and Completeness)

the p-guarantee semantics is sound and complete
to prove the guarantee property

Urban&Mine - Proving Guarantee and Recurrence Temporal Properties by Abstract
Interpretation (VMCAI 2015)
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