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Fahrplan

» Einfihrung

» Die Floyd-Hoare-Logik

» Operationale Semantik

» Denotationale Semantik

» Aquivalenz der Operationalen und Denotationalen Semantik
> Korrektheit des Hoare-Kalkiils

» Vorwarts und Rickwarts mit Floyd und Hoare
» Funktionen und Prozeduren

» Referenzen und Speichermodelle

» Verifikationsbedingungen Revisited

» Vorwartsrechnung Revisited

» Programmsicherheit und Frame Conditions

» Ausblick und Riickblick
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Heute

» Der Hoare-Kalkiil ist viel Schreibarbeit
» Deshalb haben wir Verifikationsbedingungen berechnet:

» Approximative schwachste Vorbedingung

» Approximative starkste Nachbedingung

» Mit Zeigern ist riickwarts nicht das beste ...
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Formal: Konversion in Zustandspradikate

(=)' : Lexp — Lexp (=)* : Aexp — Aexp
vl =v (v Variable) e = read(c,e') (e € Lexp)
Lid" = I".id n* =n
/[e]Jr = [T[e] v = v (v logische Variable)
wlt = [# &et = el

a+e’ =a’+e
\result” = \result
\old(e)® = \old(e)

I+ {Q[upd(c, x, e7)/o]} x = e {Q|R} J
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Approximative schwachste Vorbedingung

» Fiir die Berechnung der approximativen schwéchsten Vorbedingung
(AWP) und der Verifikationsbedingungen (WVC) miissen zwei
Anpassungen vorgenommen werden:

» Sowohl AWP als auch WVC berechnen symbolische Zustandspradikate.

» Die Zuweisungsregel muss angepasst werden.
» Berechnung von awp und wvc:

awp(l, f(x1,...,xn)/** pre P post Q */ {ds blk})
= awp(

wve(l, f(x1,...,xn)/** pre P post Q */ {ds blk})
Z{P# = awp(I", blk, Q%, @%)[ej*/ \old(e;)]}

Uwvc(l, blk, @7, Q)

r, dZEfr[f — VX]_, ey Xpe (P) Q)]

[, blk, @%, Q%)
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Approximative schwachste Vorbedingung (Revisited)

aWp(I_){}an QR)
awp(l, I = f(e1,...,en),

awp(l, f(e1,...,en),

awp(l,/ = e, Q, Qr)

def

= Q

= Ple/x)*

mit I'(f) = Vxi,...,xp. (P, R)
= Plei/x]”

mit I'(f) = Vxi,...,xp. (P, R)

def

awp(l,{c )}, Q,Qr) &

awp(T,if (b) {co} else {c1}, Q, Qr)

awp(l, /++ {q} */, Q, Qr)

while (b)
awp(l, | /+= inv ix/
c

awp(l,return e, Q, Qr) =
awp(l, return, Q, Qr)
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Qupd(o, I', e#) /0]
awp(l, c,awp({cs}, @, Qr), Qr)
( b7 && awp(T, co, Q, Qr))

|| (!b# && awp(T, c1, Q, Qr))
q

i

Qrle” / \result]
Qr
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Approximative Verifikationsbedingungen (Revisited)

ch(r7 { }7 Q, QR)
wve(l, x = e, Q, Qr)

7en)a Qa QR)

wve(l, x = f(eq,...
wve(l, f(er,...,en), Q, Qr)
wve(l, {c ¢}, Q, Qr)

wvc(T,if (b) o else c1, Q, Qr)

wve(l, /++ {q} =/, Q, Qr)

]

]

' { (Rlei/xi|[x/ \result]))* = Q}

mit I'(f) = Vx1,...,xp. (P, R)

£ {(Rlei/x))* = Q}

mit [(f) =Vx1,..., % (P, R)

= wve(T, c,awp(l, {cs}, Q, Qr), Qr)
U WVC(r7 {Cs}a Qy QR)

d:ef WVC(r, o, Q, QR)

U wvce(l, c1, Q, Qr)

{¢g= Q}

Q
BN

wvc(l, while (b) /++ inv i x/ ¢, Q, Qr) cIZEfwvc(r,c, i

wvc(l, return e, Q, Qr)
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Beispiel: swap

void swap (int xx, int xy)
/xx pre \valid (xx);
pre \valid(xx); x/
/*x post \old(xx) = xy
&& \old (xy) = xx; x/
{

int z;
Z= %X,
*X= *V;
xy= 7,

}
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swap |

void swap (int *x, int xy)

/#x pre \valid(*xx);

pre \valid(*x); =/
/#*% post \old(xx) == =y

&8& \old(xy) — x; */

{
int z;
zZ= *X;
*X= kY
*y= z;
}

\valid (*x) && \valid(xy),

G = [swap |——> \forall x,y. (P
Q = \old(*x) = *y && \old(xy) = x)]

Q# = {\old(xx) = read (s, read(s, y)) && \old(xy) = read(s, read(s, x))}

sk s o sk ok o K ok o o sk sk ok o o ok o o Kok ok ok ok sk ok ok o sk ok ok ok sk ok ok o K ok ok o ok Sk o sk K sk ok o o K sk ok ok Kk sk ok K sk ok o K sk sk ok K sk ok o Kk ok ok K
(A) awp(G, z = xx; *x = xy; xy = z, Q#, Q#)

= awp(G, z = xx, awp(G, *x = xy, awp(G, *y = z, Q#, Q#), Q#), Q#)

/ Siehe Einzelberehcnungen unten

{ \old(*x) = read(s, read(s, x)) && \old(xy) = read(s, read(s, y)) }

(A1) awp(G, *y = z, Q#, Q#)
= { let s3=Upd(s2, read(s2, y), read(s2, z));
in \old(xx) = read(s3, read(s3, y)) && \old(*xy) == read(s3, read(s3, x)) }
Da: read(s3, y) = read(Upd(s2, read(s2, y), read(s2, z)), y)
= read(s3, y) // day!=read(s2, vy)
Also: read(s3, read(s3, y)) = read(s3, read(s2, y)) = read(s2, z)
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swap |l

= { let s3=Upd(s2, read(s2, y), read(s2, z));

in \old(xx) = read(s2, z) && \old(xy) = read(s3, read(s3,
- Q1L
(A.2) awp(G, *x = xy, Ql, Q#)
= { let s2=Upd(sl, read(sl, x), read(sl, read(sl, y));

let s3=Upd(s2, read(s2, y), read(s2, z));

in \old(xx) = read(s2, z) && \old(xy) = read(s3, read(s3,
Da: read(s3, x) = read(s2, x) x |= read(s2, y)

read(s2, x) = read(sl, x) x |= read(sl, x)

read(s2, z) = read(sl, z) z = read(sl, x)
= { let s2=Upd(sl, read(sl, x), read(sl, read(sl, y));

let s3=Upd(s2, read(s2, y), read(s2, z));

in \old(*x) = read(sl, z) && \old(xy) = read(s3, read(sl,
= Q2
(A.3) awp(G, z = *x, Q2, Q#)
= { let sl=Upd(s, z, read(s, read(s, x)));

let s2=Upd(sl, read(sl, x), read(sl, read(sl, y));

let s3=Upd(s2, read(s2, y), read(s2, z));

in \old(xx) = read(sl, z) && \old(xy) = read(s3, read(sl,
Da: read(sl, z) = read(s, read(s, x))
= { let sl=Upd(s, z, read(s, read(s, x)));

let s2=Upd(sl, read(sl, x), read(sl, read(sl, y));

let s3=Upd(s2, read(s2, y), read(s2, z));

in \old(xx) = read(s, read(s, x)) && \old(xy) = read(s3,
Es gilt: read(s2, read(sl, x)) = read(sl, read(sl, x))
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swap I

#% Fallunterscheidung =x*

Dann: read(s3, read(sl, x))
Also: read(s2, read(sl, x))
Folgt:
= { let sl=Upd(s, z, read(s, read(s, x)));
let s2=Upd(sl, read(sl, x), read(sl, read(sl, y));
let s3=Upd(s2, read(s2, y), read(s2, z));
in \old(xx) = read(s, read(s, x)) && \old(xy) = read(sl, read(sl, y)) }
Da ausserdem: read(sl, y) != (lokale Variable sind von aussen nicht sichtbar)
Folgt:
= { let sl=Upd(s, z, read(s, read(s, x)));
let s2=Upd(sl, read(sl, x), read(sl, read(sl, y));
let s3=Upd(s2, read(s2, y), read(s2, z));

read (s2, read(sl, x))

1) read(sl, y) != read(sl, x):
= read(sl, read(sl, vy)

in \old(*x) = read(s, read(s, x)) && \old(*xy) = read(s, read(s, y)) }
2) read(sl, y) = read(sl, x):
Dann war auch: read(s, y) = read(s, x):
Dann: read(s2, read(s2, y)) = read(sl, read(sl, y)
Dann: read(s3, read(sl, x)) = read(s2, z)
= read (s, read(s, x))
= read(s, read(s, y))

Folgt (auch wie in 1)
= { let sl=Upd(s, z, read(s, read(s, x)));
let s2=Upd(sl, read(sl, x), read(sl, read(sl, y)));
let s3=Upd(s2, read(s2, y), read(s2, z));
in \old(xx) = read(s, read(s, x)) && \old(xy) = read(s, read(s, y)) }

sk ke sk st sk ok ke sk sk sk sk ke sk sk sk sk ke sk ok sk sk ke sk sk sk sk sk sk sk sk sk e sk ok sk sk ke sk sk sk sk sk s ok sk sk sk sk sk sk sk sk ke sk sk sk sk sk sk sk sk sk ke sk sk sk sk ke sk sk sk sk sk ok ok sk ok ok ok ok

(B) wve(G, swap) =
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swap IV

{ P# => awp(G,

z = xx; xx = xy; xy =z, Q#, Q#)[e_i/\old(e_i)] }

U wve(G, z = xx; *x = *xy; *xy = z, Q#, Q#)
= { P#=> (\old(xx) = read(s, read(s, x)) && \old(*xy) = read(s, read(s, y)))
[read (s, read(s, x))/\old(xx), read(s, read(s, y))/\old(xy)] }
U wve(G, z = #x; *x = xy; xy = z, Q#, Q#)
= { P# => (read(s, read(s, x)) = read(s, read(s, x)) &&
read (s, read(s, y)) = read(s, read(s, y))) }

U wve(G, z = *x;
= { True } U wvc(G,
(Aus B.2 folgt)
= { True }

(B.1) P# = (\valid(

kX = Ky, kY
Z = ®X; *X

z, Q#, Q#)
xy; xy =z, Q#, Q#)

*x) && \valid(xy))#

\valid(read(s, read(s, x))) && \valid(read(s, read(s, y)))

(B.2) wvc(G, z = #x; *x = xy; *y = z, Q#, Q#)

= wve (G, z = xx,
U wve(G, *x = xy,
U wve(G, *xy = z,
U wve(G, {}, Q#,

= wve (G, z = *x,
U wvc(G, *x = xy,
U wve(G, *xy = z
u {}

Durch (A.1), (A.2)

= wve(G, z = *xx
U wve(G, *x = %y
U wve(G, *xy = z
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. Q2)
Q1
. Q#)

awp(G, *x = *y; *y =z, Q#, Q#))
awp(G, *xy = z, Q#, Q#))

awp (G, {}, Q#, Q#))

Q#)

awp(G, wx = %y wy = 2, Q#, Q#)) [A.2]
awp(G, *xy =z, Q#, Q#)) [A.1]

. Q#)

)
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Beispiel: findmax revisited

#include <limits.h>

int findmax(int a[], int a_len)
/*x pre \array(a, a_len); x/
/#% post \forall int i; 0 <=1 && i < a_len
—> a[i] <= \result; %/
{
int x; int j;
x= INT_MIN; j= 0;
while (j< a_len)
[+ J\#x x/ inv \forall int i; 0<=1i && i < j—> ali]<
if (alj]> x) x=aljl;
j=j+1
}
return x;
}
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Fazit

» Der Hoare-Kalkul ist viel Schreibarbeitet

» Deshalb haben wir Verifikationsbedingungen berechnet:

» Approximative schwachste Vorbedingung

» Als nachstes: Approximative starkste Nachbedingung
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