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Mechanical Program Verification Topic of Part 3

Part 3
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Mechanical Program Verification

Use of FPP over the WWW

Browser on

remote computer

Use of FPP over the WWW

http://psc.informatik.uni-jena.de/

AdaZ program

FPP/FPP-main.htm

AdaZ program
> Server
™~
AdaZ program
+V\Cs FPP
+ FCs
+ error messages
AdaZ: Ada (subset) with assertions

(german: ,Zusicherung®)

Gregor Weske: gregor@minet.uni-jena.de
.please reboot the FPP server, thanks®

+49 3641 946 333
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Mechanical Program Verification FPP Input Window

<3 Frege Program Prover {FPP} - Microsoft Internet Explorer - O] =l

Datei  Bearbeiten  Ansicht  Faworiten  Extras 7 | -.'f
. — e . 2 R
- - ‘ £ N o -~ b
@ Zurick @ x ,,,-_,.: \_:_j | fj Suchen . Favoriten {} | [a_'__“: (== | _3
Adresse I@ http:ffpsc.informatik. uni-jena. de/FPEIFPP-main. htm ;I Wechseln zu | Links ** '@ -

-

Urversity of Jena, Deparfment of Mathemafics & Computer Science
Frogramming Languages and Compilers

The Frege Program Prover (FPP)

Introduction to the Frege Program Prowver

——!pre: -—-127 <= x and = <= 127 and X = x_ i: ;J
IF =<0
THEM v = —=x:
EL3IE v = =:
END IF:
——!post: 0 <= ¥ and ¥ <= 127 and v = ibs(x] and =* = =x_ i

| submitl clear form

If wou have any comunents or questions, please contact Juergen Winlkder ;I
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Mechanical Program Verification FPP Input

Example: Input

--lpre: -127 <= x and x <= 127 and x = x_i;
IF x<0
THEN y := -x;
ELSE y := x;
END IF;
--lpost: 0 <=y and y <= 127 and y = Abs(x) and x = x_i;

X, Y. program variables
X_i. specification variable
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Mechanical Program Verification FPP Output Window

| - | — | I - S [e—

-2} http://141.35.14.10,cgi-bin,/fpp0604.pl - Microsoft In 10| =|
Datei  Bearbeiten  Ansicht  Favoriten Extras 7 11.'
— ] — — & i
ick = | . / ) S - | >, - o
e Zuriick d \ﬂ @ th] | P Suchen *. Favoriten €3 [\ (= m & :
Adresse [&] http:/{141,35.14.10jcg-binjfpp0E04. pl | Werhseln zu | Links > | & ~
-l

Friedrich Schiller University Jena, Dept. of Mathemafics and Computer Science
Frogramming Languages and Compilers

FFF (Frege Program Proves) University of JTena, Germary
User: 141 351227 At 20060902, .43

The atizwer to your quety is:

--lpre Di-lEY = x AND x L= 127 AND x o= x_1i)

-=> Wp . (0 »= 1+ x AND 0O <= -x AND -x <= 127 AND -x = Absix) AND x = x_1i) o
-= OF (0 <= x AND x <= 127 AND = = dbs(x) AND = = x_1i]

-=> wC . [(-l27 <= x AND = <= 127 AND = = x_1i) i
- ==3 (0 >= 1 + x) i
- AND (0 <= -x)

- AND (-x <= 127) |
- BND (-x = Absix)) i
-= AND {x = x_1) 3
-= OF (0 <<= x AND x <= 127 AND = = Abs(x) AND = = x_1i)

--» RBesult: prowed |
IF x < 0 THEN ¢

¥ oi= -XH:
ELSE
¥ oI= M:
END IF:
--lpost D0 <= AND w <<= 127 AND ¥ = absix) AND x = x_1i)

If you have any contunents or questions, please contact Juergen Winkder
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Mechanical Program Verification FPP Output

Example: Output

__!pre : (-127 <=x AND x <=127 AND x = X_i)

--> Wp : (0>=1+xAND 0 <=-x AND -x <= 127 AND -x = Abs(x) AND x = x_i)
--> OR (0 <= x AND x <= 127 AND x = Abs(x) AND x = x_i)
-->VC . (-127 <=x AND x <=127 AND x = x_1i)
> ==> (O >=1+ X)
--> AND (0 <= -x)
--> AND (-x <=127)
--> AND (-x = Abs(x))
--> AND (x =x_i)
--> OR (0 <= x AND x <= 127 AND x = Abs(x) AND x = x_i)
--> Result: proved
IF x <0 THEN
y =X
ELSE
y=Xx
END IF;

—-lpost (0 <=y ANDy <= 127 AND y = Abs(x) AND x = x_i)
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Mechanical Program Verification FPP Structure

Structure of FPP

___________________

Client /\—[\ Ser- L F
http ver
b -+ Cstdout D+i—

vhsuserX.ada ) —» Mexana
' FPP Mathematica
Cooomar—
G

master.obj |7 Y| prover_port.exe

FPP : compute VCs

Mexana : try to prove the VCs mechanically
(extension of the automatic prover Analytica (Clarke/Zhao, CMU 1992)
written in Mathematica, executed interpretatively)
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Mechanical Program Verification FPP: AdaZ

The Prover: Analytica (with some extensions)

written in Mathematica
executed interpretatively by the Mathematica system

intended application area: analysis

variant of natural deduction
quantifiers are eliminated by Sklolemization
results is a quantifier-free first order formula F

try to reduce F to True

Problem: Analytica is not sound (due to Mathematica) (details come later)
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Mechanical Program Verification FPP: AdaZ

FPP: AdaZ

(small) subset of Ada + assertions as special comments

=> AdaZ program = Ada program fragment
(FPP assumes the fragment is legal)

Program p = AdaZ-program without assertions
(proper program or just “program®)

Specification q = assertion part of the AdaZ-program
(“the assertions® or “the specification”)

AdaZ program = the “asserted program ap”

--lpre: X = cX; -—__
" assertions, asserted

program T X = x+1; / specification program ap

--lpost: x > cx;
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Mechanical Program Verification FPP: AdaZ

FPP: AdaZ

Statements . null |assg | if | case | while | for | sequence
Assertions . --lpre: | --lpost: | --linv: | --lterm:

Types . integer (=7 !) | Boolean

Variables . program variables (occur in the program proper): x

specification variables (occur in assertions only): cx

Assertion lang : Boolean expressions + Implication + Quantification
=> (forAll ..., (exists ...

--lpre: X = cx;
X = X+1;
--lpost: x > cx;

10.10.2007 © J F H Winkler, 2006 12



Mechanical Program Verification

FPP: AdaZ

FPP: AdaZ. Example 21

~-lpre: x=x_iandy=y i

temp ==X ;
X=Y,
y ;= temp;

--lpost: x =y iandy = x_i;

--lpre :(x=x_iANDy=y i)

--> Wp :(y=y iAND x=x_1i)

-->VC :(x=x_iANDy=y i==>y=y iAND x=x_1i)
--> Result: proved

temp = Xx;
X:=Y;
y ;= temp;

—-lpost :(x=y_i ANDy = x_i)

10.10.2007 © J F H Winkler, 2006
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Mechanical Program Verification

FPP: AdaZ

FPP: AdaZ. Example 21b

~-lpre:x=x_iandy =y i

temp ;= x;
--lpost: x=x_iand y =y _iand temp=x;
X=Yy,
y ;= temp;
--lpost: x =y iandy = x_i;
--lpre (x=x_1ANDy=vy i) At: 2006.09.05, 8:19
--> Wp (x=x_iANDy=y i)
-->VC : (True)
--> Result: proved
temp = x;

-lpost :(x=x_iANDy=y i AND temp = x)

--> Wp : (y =y_i AND temp = x_i)

--> VC (x=x_ iANDy=y iANDtemp =x=>y =y i AND temp = x_i)
--> Result: proved

X=Y,

y = temp;

-lpost  :(x=y iANDy=x i)

10.10.2007 © J F H Winkler, 2006
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Mechanical Program Verification

FPP: AdaZ

FPP: AdaZ. Example 21c

-lpre:x=x_iandy =y i
temp ;= x;

--lpre: x=x_iand y =y _iand temp=x;
X=Yy,
y ;= temp;

--lpost: x =y iandy = x_i;

--lpre (x=x_iANDy=y i) At: 2006.09.05, 8:25
--> Wp :(x=x_iANDy=y i)

-->VC : (True)

--> Result: proved

temp = Xx;

--lpre :(x=x_iANDy =y i AND temp = x)

--> Wp :(y=y_i AND temp = x_i)

--> VC (x=x_ iANDy=y iANDtemp =x=>y =y i AND temp = x_i)
--> Result: proved

X=Y,

y ;= temp;

-lpost  :(x=y iANDy=x i)

10.10.2007 © J F H Winkler, 2006
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Mechanical Program Verification FPP: AdaZ

FPP: AdaZ: Example 21d
~-lpre: x=x_iandy =y i
temp = x;
--Ipost: x =x_iand y = y_i and temp=x;
--lpre: x=x_iand y =y _iand temp=x;
X=Yy;
y .= temp;
--lpost: x =y_iandy = x_i;

--lpre :(x=x_iANDy=y i) At: 2006.09.05, 8:29
--> Wp ' (x=x_iANDy=y i)

-->VC : (True)

--> Result: proved

temp = Xx;

-lpost :(x=x_iANDy=y i AND temp = x)

-->VC : (True)

--> Result: proved

--lpre :(x=x_iANDy =y i AND temp = x)

--> Wp : (y =y_i AND temp = x_i)

-->VC :(x=x_iANDy=y iANDtemp =x=>y =y i AND temp = x_i)
--> Result: proved

10.10.2007 © J F H Winkler, 2006 16



Mechanical Program Verification

FPP: AdaZ

FPP: AdaZ: Example 21e

~-lpre:x=x_iandy =y i
temp = x;

__!pre: X = X_i and y = y_l and temp=X;
--lpost: x=x_iand y =y _iand temp=x;

X=Y,
y .= temp;
--lpost: x =y _iandy = x_i;

~-lpre:x=x_iandy=y i
temp :=x;

2
3
4  --lpre:x =x_iandy=y_iand temp=x;
5

At: 2006.09.05, 8:41

--lpost: x =x_iand y =y i and temp=x;

6 X:=y;
Error?
Skipping...

Ayacc.YYParse : 1 syntax error found.

10.10.2007
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Mechanical Program Verification FPP: AdaZ: FOR

FPP: AdaZ: FOR-Loop

-lpre:n>=0andn<=7andn=n_j

prod = 1;
--lpre ;prod=1andn>=0andn<=7andn=n_jj Precondition
--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i; Postcondition
--linv : prod = factorial(i) and 1 <= i+1and n<=7 and n =n_i; Invariant
FORIiIN 1. nLOOP
prod := prod * i;
END LOOP;

Realistic factorial()

10.10.2007 © J F H Winkler, 2006 18



Mechanical Program Verification FPP: AdaZ: FOR

FPP: AdaZ: FOR-Loop

--lpre :(n>=0ANDNn<=7ANDnNn=n_i) At: 2006.09.05, 8:56
—>wp :(n>=0ANDn<=7ANDnN=n_j)
-->VC : (True)
--> Result: proved
prod = 1;
--lpre :(prod =1 AND n>=0AND n<=7AND n=n_i)
10.10.2007 © J F H Winkler, 2006 19



Mechanical Program Verification FPP: AdaZ:. FOR

FPP: AdaZ: FOR-Loop

--lpre - (prod =1 AND n>=0AND n<=7 AND n=n_i)
--lpost  : (prod = Factorial(n) AND prod <= 32767 AND n = n_i)
--linv : (prod = Factorial(i) AND 1 <=1+i AND n<=7 AND n =n_i)

-->functionality -----------------=--==----

-->func  : (initial AND induction AND final AND null loop)
-->initial

--> Result : proved

-->induction :

--> Result : proved

-->final

--> Result : proved

-->null loop :

--> Result : proved

FORiIN1..n LOOP
prod := prod * i;
END LOOP;
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Mechanical Program Verification FPP: AdaZ: FOR

FPP: AdaZ: FOR-Loop

--lpre - (prod =1 AND n>=0AND n<=7 AND n=n_i)

--lpost  : (prod = Factorial(n) AND prod <= 32767 AND n = n_i)
--linv : (prod = Factorial(i) AND 1 <=1+i AND n<=7 AND n =n_i)
-->functionality --------------=-====--=---

-->func  : (initial AND induction AND final AND null loop)

-->initial : (1 <=n AND prod=1ANDNn>=0ANDn <=7 AND n =n_li)
--> ==> (prod =1 AND n <=7 AND n =n_i)
--> Result : proved

-->induction : (1<=n)

--> AND (prod = Factorial(-1 +i)) AND (1 <=1)

--> AND (n<=7) AND (n=n_1i)

--> ==> (i*prod = Factorial(i) AND 1 <=1+ i AND n<=7 AND n=n_i)

--> Result : proved

FORiIN1..n LOOP
prod := prod * i;
END LOOP;

10.10.2007 © J F H Winkler, 2006 21



Mechanical Program Verification FPP: AdaZ: FOR

FPP: AdaZ: FOR-Loop

--lpre - (prod =1 AND n>=0AND n<=7 AND n=n_i)
--lpost  : (prod = Factorial(n) AND prod <= 32767 AND n = n_i)
--linv : (prod = Factorial(i) AND 1 <=1+i AND n<=7 AND n =n_i)

-->functionality ---------------------------
-->func  : (initial AND induction AND final AND null loop)

-->final (1<=n)

--> AND (prod = Factorial(n)) AND (1 <=1 +n)

--> AND (n<=7) AND (n=n_i)

--> ==> (prod = Factorial(n) AND prod <= 32767 AND n = n_i)

--> Result : proved

-->null loop: (1>=1+nAND prod=1ANDNn>=0ANDnNn<=7ANDnNn=n_i)
--> ==> (prod = Factorial(n) AND prod <= 32767 AND n = n_i)
--> Result : proved

FORiIN1..n LOOP
prod := prod * i;
END LOOP;

10.10.2007 © J F H Winkler, 2006 22



Mechanical Program Verification FPP: AdaZ: WHILE

FPP: AdaZ: WHILE-Loop

~-lpre:n>=0andn<=7andn=n_j
prod := 1;
i :=0;

-lpre:prod=1andn>=0and n<=7 and n=n_iand i=0;

--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i;

--linv : prod = factorial(i) and 0 <=iand i<=nand n<=7 and n = n_i;

--lterm: n-i; Termination function

WHILE i < n LOOP
= i+1;
prod := prod * i;
END LOOP;
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Mechanical Program Verification FPP: AdaZ: WHILE

FPP: AdaZ: WHILE-Loop

--lpre :(prod =1 AND Nn>=0AND n<=7ANDn=n_iAND i =0)
--Ipost  : (prod = Factorial(n) AND prod <= 32767 AND n = n_i)
--linv : (prod = Factorial(i) AND 0 <=i ANDi<=n ANDn <=7 AND n=n_i)

--lterm  :(-i+n)

-->functionality --------------------==-—--
-->initial

--> Result : proved

-->induction :

--> Result : proved

-->final

--> Result : proved
-->termination ---------———————— e~
-->nitial

--> Result : proved

-->induction

--> Result : proved

WHILE i < n LOOP
=1+ 1;
prod := prod * i;
END LOOP;

10.10.2007 © J F H Winkler, 2006 24



Mechanical Program Verification FPP: Modi

FPP: Modi
a) Compute wp
Input: statement
assertion
Output: wp(statement, assertion) -- asg, if, case, null, sequ
statement
assertion
b) Try to verify -- asgq, if, case, null, sequ
Input: assertion-1
statement
assertion-2

Output: assertion-1
wp(statement, assertion-2)
VC = [assertion-1 = wp(statement, assertion-2)]
Result -- (proved | not proved + FC)
statement
assertion-2

10.10.2007 © J F H Winkler, 2006 25



Mechanical Program Verification FPP: AdaZ: wp

FPP: AdaZ: wp

a) null
wp(“null;”, post) = post

b) assignment
wp(“v := expr;”, post) = post’ - OK?

expr

C) sequence
wp(“s1 s27, post) = wp(“s1”, wp(“s2”, post))

10.10.2007 © J F H Winkler, 2006 26



Mechanical Program Verification FPP: AdaZ: wp

FPP: AdaZ: wp

d) if-statement
wp(“if Cond Then S1 Else S2 End If;”, post) =

Cond A wp(“S17, post) v 7Cond A wp(“S2”, post)

If Cond
Then S If Cond1
End IF; If Cond1 Then S1
Then S1 Else If Cond2
U Elsif Cond2 — Then S2
Then S2 Else S3
If Cond Else S3 End If;
Then S End IF; End IF;
Else null;
End IF;

=> reduction to canonical If Then Else End If

10.10.2007 © J F H Winkler, 2006 27



Mechanical Program Verification FPP: AdaZ: wp
FPP: AdaZ: wp
e) case-statement
Case Expris 0<
Whed V1.1 ... | V1.n1 => S1 =m
CASE = Vij = const
When Others => So
End/Case;
Cij = Expr=cons A/1£i£m,1£j§ni
Ci.j = const1 <Expr A Expr < const2
Ci = Ci1 v...v Cini 1<i<m Ci must be pairwise disjoint
C=0C1v..vCm Type(Expr) must be covered
Co= C
10.10.2007
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Mechanical Program Verification FPP: AdaZ: wp

FPP: AdaZ: wp
e) case-statement
Case Expris
Wp(CASE, post) = C1 Awp(S1, post) v When Sel.1 => S1
Cm A wp(Sm, post) v When Sel.m => Sm
Co A wp(So, post) When Others => So
End Case;

--lpre: c>0;

case X is
when -c..-1 =>z := -x;
when 1..c =>z:=X;
when others =>z :=1;

end case;

--lpost: z>=0;

10.10.2007 © J F H Winkler, 2006 29



Mechanical Program Verification FPP: AdaZ: FOR-VC

FPP: AdaZ: VC for loops
f) FOR-loop
For loops it is not so easy to compute the weakest precondition,
especially if the number of repetitions is not statically known.

Kauer has developed an algorithm which works in certain cases
[Kau 99; KW 2007]

This algorithm is not (yet) built into FPP.

FPP uses the traditional approximation based on
= |oop invariant (FOR, WHILE)
= termination function (WHILE)

In Ada a FOR-loop always terminates if
= the computation of the bounds terminates and
= the execution of the body terminates

FOR-loops in the C-world do not have this property

10.10.2007 © J F H Winkler, 2006
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Mechanical Program Verification FPP: AdaZ: FOR-VC

FPP: AdaZ: VC for loops
f) FOR-loop

FOR id IN [REVERSE] simple-expr1 .. simple-expr2
LOOPﬂ statm-sequence
END LOOP;

declaration of id, idis a constant in the statm-sequence
simple-expr1 > simple-expr2 = null-loop

let v1 = value of simple-expr1, v2 = value of simple-expr2
id IN v1..v2 : statm-sequence'd ,

- -d
statm-sequence' succ(v1)

- id
statm-sequence'® ,

10.10.2007 © J F H Winkler, 2006
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Mechanical Program Verification FPP: AdaZ: FOR-VC

FPP: AdaZ: VC for loops
f) FOR-loop: VC (based on [Hoa 72))

- pre int = el1<e2 Apre = invidpred(e1)
null = e1>e2 A pre = post
FOR id IN el1..e2
LOOP
statm-sequence (ss) ind = el<e2 ainvid . = wp(ss, inv)
-~ inv
END LOOP;
- post final = e1<e2 Ainvid_, = post
VC = init A null A ind A final

10.10.2007 © J F H Winkler, 2006 32



Mechanical Program Verification FPP: AdaZ: FOR-VC

FPP: FOR-Loop: VC

~lpre ;prod=1andn>=0andn<=7and n=n_i; Precondition
--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i; Postcondition
--linv : prod = factorial(i) and 1 <=i+1andn<=7and n=n_i; Invariant
FORIiIN1. nLOOP
prod := prod * i;
END LOOP;
init = el1<e2 Apre = IV 4.1

= 1<fnAaprod=1An>=0An<=7An=n_i
= (prod = factorial(i) A 1 <= i+1 AN <=7 An=n_i),

1I<nAaprod=1An>=0An<=7An=n_i
= prod = factorial(0) A1 <=0+1 AN<=7An=n_i
= 1ZnAprod=1An>=0An<=7An=ni = prod=1A1<=1
= True
-->initial : (1 <=nAND prod=1ANDNn>=0ANDn<=7AND n =n_li)
--> ==> (prod =1 AND n <=7 AND n =n_i)
--> Result : proved
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Mechanical Program Verification

FPP: AdaZ: FOR-VC

--linv : prod = factorial(i)and 1 <= i+1and n<=7 and n =n_i; Invariant
FORIiIIN 1. nLOOP
prod := prod * i;
END LOOP;
null = e1>e2 A pre = post
= 1>nAprod=1An>=0An<=7An=n_
= prod = factorial(n) A prod <= 32767 An=n_i
= N<=0Aprod=1An>=0An<=7An=n_i
— prod = factorial(n) A prod <= 32767
= n=0Aprod=1A0<=7An=n_i = prod = factorial(0) A 1 <= 32767
= n=0Aprod=1A0<=7An=n_i = 1=14A1<=32767
= True
-->nullloop: (1>=1+nAND prod=1ANDn>=0AND n <=7 AND n =n_i)
--> ==> (prod = Factorial(n) AND prod <= 32767 AND n = n_i)

FPP: FOR-Loop: VC
--lpre ;.prod=1andn>=0andn<=7and n=n_i;
--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i;

--> Result : proved

Precondition
Postcondition

10.10.2007
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Mechanical Program Verification FPP: AdaZ: FOR-VC

FPP: FOR-Loop: VC

--lpre ;.prod=1andn>=0andn<=7and n=n_i; Precondition
--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i; Postcondition
--linv : prod = factorial(i)and 1 <= i+1and n<=7 and n =n_i; Invariant
FORIiIIN 1. nLOOP
prod := prod * i;
END LOOP;
ind = el<e2 Ainvid, 4iq) = WP(SS, inv)

= 1<n A (prod = factorial(i) A 1 <=i+1 An<=7 An=n_i) ,
= wp("prod := prod * i”, prod = factorial(i) A 1 <=i+1 AnN<=7 An=n_i)
1<n A prod = factorial(i-1) A 1 <=i-1+1 AN<=7 An=n_i
= prod *i=factorial(i) A1 <=i+1 An<=7 An=n_i
1<n A prod = factorial(i-1) A1 <=iAn<=7 An=n_
= factorial(i-1) * i = factorial(i) A 0 <=
= 1<n A prod = factorial(i-F-1)) A1 <=iAan<=7An=n_i = True A0 <=
-->induction : (1 <=n) AND (prod = Factorial(-1 +i)) AND (1 <=1)
--> AND (n<=7) AND (n=n_1i)
--> ==> (i*prod = Factorial(i) AND 1 <=1+iAND n<=7 AND n=n_i)
--> Result : proved

10.10.2007 © J F H Winkler, 2006
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Mechanical Program Verification FPP: AdaZ: FOR-VC

FPP: FOR-Loop: VC

--lpre ;.prod=1andn>=0andn<=7and n=n_i; Precondition
--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i; Postcondition
--linv : prod = factorial(i)and 1 <= i+1and n<=7 and n =n_i; Invariant
FORIiIIN 1. nLOOP
prod := prod * i;
END LOOP;
final = e1<e2 Ainvid,, = post

1<n A (prod = factorial(i) A 1 <= i+1 AN<=7 An=n_i),

= prod = factorial(n) A prod <= 32767 An=n_i

1<n A prod = factorialn) A1 <=nt1 An<=7An=n_i

= prod = factorial(n) A prod <= 32767 An =n_i

1<n A prod = factorialn) AO<=nAn<=7An=n_i = prod <= 32767

= 1<n A prod = factorialln) An<=7An=n_i = prod <= 32767 = True
-->final : (1 <=n) AND (prod = Factorial(n)) AND (1 <=1+ n)
--> AND (n<=7) AND (n=n_1i)
--> ==> (prod = Factorial(n) AND prod <= 32767 AND n = n_i)

--> Result : proved
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Mechanical Program Verification FPP: AdaZ: WHILE-VC

FPP: AdaZ: VC for loops
g) WHILE-loop

For loops it is not so easy to compute the weakest precondition,
especially if the number of repetitions is not statically known.
Kauer has developed an algorithm which works in certain cases

[Kau 99]
This algorithm is not (yet) built into FPP.

FPP uses the traditional approximation based on
= |oop invariant (FOR, WHILE)
= termination function (WHILE)
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FPP: AdaZ: VC for loops
g) WHILE-loop: VC

-- pre init, = pre = Inv
—inv null, = inv A "cond = post
WHILE cond
LOOP init, = cond Ainv = term>0
—inv Aterm>0 Aterm=T | i — cond Ainv = wp(ss, inv)
statm-sequence (ss) ind, = cond Ainv = [wp(ss, term<T)]T,_
- inv A term<T
END LOOP;
final = inv A 7cond = post
-- post
VC = init; A ind; A final; A init, A ind,

T is a fresh identifier
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FPP: AdaZ: WHILE-Loop

-lpre:prod=1andn>=0and n <=7 and n =n_iand i=0;

--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i;

--linv : prod = factorial(i) and 0 <=iand i<=nand n <=7 and n =n_i;

--lterm: n-i; Termination funct
WHILE i < n LOOP

i :=i+1; prod :=prod * i;
END LOOP;
init: = pre = inv

= prod=1An>=0An<=7An=n_ini=0

— prod = factorial(i) A0 <=iAi<=Nn AN<=7 ANn=n_i
prod=1An>=0An<=7An=n_iAi=0
= 1 = factorial(0) A 0 <=0 A 0<=n
prod=1An>=0An<=7An=n_iAi=0
= True A True
= True

-->jnitial : (prod=1ANDnNn>=0ANDnNn<=7ANDn=n_iANDi=0)
--> ==> (prod = Factorial(i) AND 0 <=iANDi<=n AND n<=7 AND n =n_i)
--> Result : proved
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FPP: AdaZ: WHILE-Loop

--linv : prod = factorial(i) and 0 <=iand i<=nand n<=7 and n = n_i;
WHILE i < n LOOP
i :=i+1; prod := prod * i
END LOOP;
ind; = cond A inv = wp(ss, inv)
= i<nAprod=factoriali) AO<=iAIK=ENAN<=7 AN=n_]

= wp("i :=i+1; prod := prod * i;”, prod = factorial(i) A0 <= i Ai<=Nn AN <=7 AN =n_li)
= i<naprod=factorial(i) AO<=iAiIK=ENAN<=7 AN=n_
= wp("i :=i+1;", prod*i = factorial(i) A0 <=iAi<=n AN <=7 An=n_i)

i <nAaprod=factorial(i) AO<=iAIK=ENAN<=7 AN=n_

= prod*(i+1) = factorial(i+1) AO <=i+t1 AiI+t1<=N AN <=7 AN =n_]
i <nAprod=factorial(i) AO<=iAiIK=NAN<=7 AN=n_

= factorial(i)*(i+1) = factorial(i+1) A -1 <= i A0 <=iAi<n

i <nAprod =factorial(i) AO<=iAi<=ENAN<=7 AN=n_

— factorial(i)*(i+1) = factorial(i+1) A 0 <=i = True

induction : (n >=1 +1i) A (prod = Factorial(i)) A(O<=i)A(i<=n)A(N<=7)A(n=n_i)
--> ==>  ((1+i)*prod = Factorial(1+i)) A(O<=1+i)A(1T+i<=n)A(N<=7)A(n=n_I)
--> Result : proved
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FPP: AdaZ: WHILE-Loop

--linv : prod = factorial(i) and 0 <=iandi<=nand n<=7 and n =n_i;
--Ipost: prod = factorial(n) and prod <= 32767 and n = n_i;
WHILE i < n LOOP
i :=1i+1; prod :=prod * i;
END LOOP;
final.= inv A 7"cond = post
= prod = factorial(i) AO<=iAi<=nAN<=7An=n_iA"(i<n)
= prod = factorial(n) A prod <= 32767 An =n_i
prod = factorial(i) AO<=iAiIK=NAN<=7AN=n_iAi=n
— prod = factorial(n) A prod <= 32767
prod = factorial(i) AO<=iAi=EnAN<=7ANn=n_i
= prod = factorial(n) A prod <= 32767
prod = factorialln) AO<=nAi=nAN<=7 An=n_i
= prod = factorial(n) A prod <= 32767 = True

final : (n<=1i) A (prod = Factorial(i)) A(O<=i)A(i<=n)A(nN<=7)A(N=n_I)
--> ==> (prod = Factorial(n) A prod <= 32767 An =n_li)
--> Result : proved
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FPP:. AdaZ: WHILE-Loop
--linv : prod = factorial(i) and 0 <=iand i<=nand n<=7 and n = n_i;
--lterm: n-i; Termination funct

WHILE i <n LOOP
i :=1i+1; prod :=prod * i;
END LOOP;

init, = cond Ainv = term>0

i <nAaprod = factorial(i) AO<=iAi<=nAN<=7An=n_I = n-i>0
i <nAprod =factorial(i) AO<=iAiI<=ENAN<=7AN=n_I = n>i
True

initial : (n>=1+1i) A (prod = Factorial(i)) A (0 <=i)A(i<=n)A(N<=7) A
(n=n_i)
-— ==> (_i + n>= 1)

--> Result : proved
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FPP: AdaZ: WHILE-Loop

--linv : prod = factorial(i) and 0 <=iand i<=nand n<=7 and n = n_i;
--lterm: n-i; Termination funct

WHILE i < n LOOP
i :=1i+1; prod :=prod * i;

END LOOP;
ind, = cond Ainv = [wp(ss, term<T)]"./m
= i<naprod=factorial(i) AO<=iAiIK=ENAN<=7 AN=n_i
= [wp("i ;= i+1; prod := prod * i;”, n-i<T)]" . <============

i<nAaprod=factoriali) AO<=iAan<=7An=n_i = [n-(i+1)<T]",
i <nAaprod =factorial(i) AO<=iAn<=7An=n_i = n-i-1 <n-i

= i<naprod=factoriali) AO<=iAn<=7An=n_i = -1<0

True

induction : (n>=1+i) A (prod = Factorial(i)) A(O<=i)A(i<=n)A(N<=T7) A
(n=n_i)
--> ==>(-i+n>=-i+n)

--> Result : proved
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Mechanical Program Verification Kauer: Invariant for FOR

Kauer: Algorithm for computing an invariant of a FOR-loop
Basic idea: inv = post® ... and further techniques

Example [Kau 99*: 101..102]:

~-s=0ANnz20

foriinm. m+nloop
S:=s+i;

end loop;
-n20As=sum(,1..n,j)+m*(n+1)

Algorithm computes mechanically the following invariant:

inv=n=20As=sum(,1..1,j)+ m*(i+1)

*): Kauer, Stefan: Automatische Erzeugung von Verifikations- und Falsifikationsbedingungen
sequentieller Programme. Dissertation, Friedrich Schiller University, 1999.Jan.27
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Mechanical Program Verification Kauer: Invariant for FOR

Kauer: Algorithm for computing an invariant of a FOR-loop

With this method the task of the program developer becomes easier:
he needs only to provide pre and post

In FPP style:

--lpre: s=0ANnz=0;

--lpost: n=20As=sum(,1..n,j)+m*(n+1)
foriinm. m+nloop

S: =S+
end loop;

=> degree of mechanization is increased
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