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Abstract

Program V eri�cation is a systematic approac h to pro ving the correctness of programs.

Correctness means that the program satis�es its sp eci�cation, giv en b y t w o logical form ulas:

the precondition and the p ostcondition. W e presen t the design and the implemen tation of

a protot yp e v eri�cation system for the Theorema imp erativ e programming language. This is

based on the W eak est Precondition Strategy , using Hoare Logic: starting from the "correctness

triple" f P g S f Q g (S is the program co de, P the precondition and Q is the p ostcondition),

the system generates, bac kw ards statemen t b y statemen t in S, the form ulae whic h need to

b e pro v en in order to sho w the program correctness. The essen tial part consists in sp eci�c

generation rules for eac h t yp e of statemen t. In particular w e presen t in this pap er the rules for

lo op termination v eri�cation and the rules for function calls, whic h are sp eci�cally designed

suc h that they are useful in practical applications. The system is completely em b edded in

the Theorema system, suc h that one can immediately use the pro v ersof Theorema in order to

c hec k the v alidit y of the pro of obligations.

1 In tro duction

Computer programs are b ecoming more and more part of systems that w e use or rely in our daily

liv es. Therefore they should w ork correctly , meaning that they should satisfy their requiermen ts.

A c hallenge for computer science is to dev elop metho ds that ensure program correctness.

The approac h presen ted here is usually called Hoare Logic [2 ] where program correctness is

expressed b y so-called correctness form ulas. These are the so-called Hoare triples f P g S f Q g , where

S is a program and P and Q are assertions (logical form ulae). The assertion P is the precondition

of the program and Q is the p ostcondition . The precondition c haracterizes the set of initial

states in whic h the program S is started and the p ostcondition c haracterizes the set of desirable

�nal or output states. The program S is a �nite sequence of statemen ts. A statemen tdenotes

single commands - assignmen ts, conditional, lo ops, function and pro cedure calls - of programming

languages and w e consider a program as a pro cedure (with output parameters, without return

v alues). W e deal with non-recursiv e deterministic programs.

Based on this approac h, in the Theorema imp erativ e language w e are implemen ting a pro-

tot yp e pac k age for program v eri�cation, called V eri�cation Condition Generator, whic h uses the

W eak est Precondition Strategy in order to generate the necessary v eri�cation form ulas for pro v-

ing program's correctness. This pac k age is based on previous w ork [3 ], our curren t con tribution

consisting in: impro ving the v eri�cation of lo op termination, and extending the v eri�cation of

function calls in order to handle more practical situations.

2 Correctness of Programs

Informally a (deterministic) program is correct if it satis�es the in tended input/output relation.

More precisely , w e are in terested in t w o in terpretations of correctness [5 , 3 ]:
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� a correctness form ula f P g S f Q g is true in the sense of partial correctness if ev ery terminating

computation of S that starts in a state satisfying P terminates in a state satisfying Q.

� a correctness form ula f P g S f Q g is true in the sense of total correctnessif ev ery computation

of S that starts in a state satisfying P terminates and its �nal state satis�es Q.

Th us, in the case of partial correctness, div erging computations of S are not tak en in to accoun t.

Our main in terest is to v erify program correctness, namely w e w an t to pro v e the consistency

b et w een sp eci�cation and program for ev ery p ossible input. T o this end w e in v estigate the cor-

rectness form ulas. W e presen t a v eri�cation system in asyn tax-directed manner[2, 1, 5 ], and w e

study the partial and the total correctness. The main di�erences b et w een the pro of systems of

partial and total correctness are:

- in the case of While lo ops: v eri�cation of termination is based on a sp eci�c termination term;

- in the case when the program has also pro cedure or function call (whic h ma y not terminate):

termination of the subroutines has to b e pro v en separately .

3 Program V eri�cation Rules

Corresp onding to the formally sp eci�ed program, w e generate predicate logic form ulae, called

v eri�cation conditions, suc h that the pro of of these v eri�cation conditions insures the correctness

of a program.

First w e giv e the v eri�cation rule for a sequence of statemen ts .

The program sp eci�cation

{P} S; s {Q}

where S is a program and s is one statemen t

is correct if

{P} S {R}

and

{R} s {Q}

In the pro of of the v eri�cation conditions w e also rely on the auxiliary rule for w eak er sp ec-

i�cations' rule (or consequence rule), namely: for an y program S, ha ving: P ) P' , Q ) Q' and

f P' g S f Q' g w e also ha v e: f P g S f Q g .

Due to the v eri�cation rule for sequence of statemen ts, in order to v erify the correctness of

programs w e need v eri�cation rules for eac h t yp e of statemen t: empt y statemen t, assignmen t,

conditionals, for lo ops, while lo ops (with and without termination), function and pro cedure calls.

3.1 Statemen t-Sp eci�c V eri�cation Rules

F or the sak e of completeness w e giv e here the complete set of v eri�cation rules, whic h are similar

to the ones giv en in the literature (see e.g [2 ]). In fact, these rules ha v e b een �rst implemen ted in

Theorema b y [3 ], based on the principles presen ted in [1 ].

Empt y

f P g empty f Q g

is correct if:

(E) P ) Q
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Example:

f x > 0 gf

1

x

> 0 g

pro duces the follo wing v eri�cation condition:

x > 0 ) (

1

x

> 0)

(whic h is clearly true.)

Assignmen t

f P g x := t f Q g ,

where t is a term and x is a v ariable

is correct if:

(A) P ) Q

x  t

,

where Q

x  t

results from Q replacing eac h o ccurrence of the v ariable x with t.

Example:

f x � 0 g

x := x + 1

f x � 1 g

pro duces the follo wing v eri�cation condition:

x � 0 ) ( x + 1) � 1

whic h is true.

Conditionals

f P g if C then S

1

else S

2

endif f Q g ,

where S

1

, S

2

are programs and C is a predicate

is correct if:

(C1) f P ^ C g S

1

f Q g

(C2) f P ^ : C g S

2

f Q g

Example:

f T r ue g

if ( a � b ) then

min := b

else

min := a

endif

f ( a � b ^ min = a ) _ ( a > b ^ min = b ) g
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pro duces the follo wing v eri�cation conditions:

( C 1) f T r ue ^ a � b g

min := b

f ( a � b ^ min = a ) _ ( a > b ^ min = b ) g

( C 2) f T r ue ^ : ( a � b ) g

min := a

f ( a � b ^ min = a ) _ ( a > b ^ min = b ) g

While Lo ops without V eri�cation of T ermination

f P g while C do S endwhile f Q g ,

where S is a program and C is a predicate

is correct if:

(W1) P ) I

(W2) f I ^ C g S f I g

(W3) ( I ^ : C) ) Q ,

where I is a Lo op-In v arian t.

r emark: With these v eri�cation rules one can not pro v e the total correctness of a program (only

the partial correctness)

Example:

f ( r = x ) ^ ( q = 0) g

while ( y � r ) do

r := r � y ;

q := q + 1

endwhile

f ( r + y � q = x ) ^ ( r < y ) g

where w e c ho ose as the Lo op-In v arian t: I � r+y*q = x,

pro duces the follo wing v eri�cation conditions:

( W 1)( r = x ^ q = 0) ) ( r + y � q = x )

( W 2) f ( r + y � q = x ) ^ ( y � r ) g

r := r � y ;

q := q + 1

f r + y � q = x g

( W 3)(( r + y � q = x ) ^ : ( y � r )) ) ( r + y � q = x ^ r < y )

r emark: In the case y=0, the program will not terminate and w e can not pro v e the non-termination

of it.

While Lo ops with V eri�cation of T ermination

f P g while C do S endwhile f Q g ,

4



where S is a program and C is a predicate

is correct if:

(WT1) P ) I

(WT2) ( I ^ C ) ) T 2 N

(or T 2 D , where D is an y domain with a relation of order denoted b y < )

(WT3) f I ^ C ^ ( T = T

1

) g S f I ^ ( T < T

1

) g

(WT4) ( I ^ : C ) ) Q

where I is a Lo op-In v arian t, T is a T ermination T erm and T

1

is a new v ariable.

r emark : These v eri�cation rules allo w us to pro v e the termination of the program.

Example:

f r = x ^ q = 0 g

while ( y � r ) do

r := r � y ;

q := q + 1

endwhile

f r + y � q = x ^ r < y g

where w e c ho ose as :

- T ermination term: T � r-y

- Lo op-In v arian t: I � r+y*q = x

pro duces the follo wing v eri�cation conditions:

( W T 1)( r = x ^ q = 0) ) ( r + y � q = x )

( W T 2)(( r + y � q = x ) ^ ( y � r )) ) ( r � y ) 2 N

( W T 3) f ( r + y � q = x ) ^ ( y � r ) ^ ( r � y ) = T

1

g

r := r � y ;

q := q + 1

f ( r + y � q = x ) ^ ( r � y ) < T

1

g

( W T 4)(( r + y � q = x ) ^ : ( y � r )) ) ( r + y � q = x ^ r < y )

r emark : In the case of y=0, the pro of of (WT3) will fail ) non-termination.

F or Lo ops

f P g for x := t

1

to t

2

do S endfor f Q g ,

where S is a program, t

1

and t

2

are terms and x is a v ariable

is correct if:

(F1) P ) I

x  t

1

(F2) f I ^ x � t

2

g S f I

x  ( x +1)

g

(F3) I

x  ( t

2

+1)

) Q

where I is a Lo op-In v arian t.

Example:

5



f n > 0 ^ sum = 0 g

for i := 1 to n do

sum := sum + i

endfor

f sum = ( n � ( n + 1)) = 2 g

where w e c ho ose as the Lo op-In v arian t:

I � sum = ( i � ( i � 1)) = 2

pro duces the follo wing v eri�cation conditions:

( F 1)( n > 0 ^ sum = 0) ) ( sum = (1 � (1 � 1)) = 2)

( F 2) f ( n > 0 ^ sum = ( i � ( i � 1)) = 2 ^ i � n ) g

sum := sum + i

f sum = (( i + 1) � (( i + 1) � 1)) = 2 g

( F 3)( sum = (( n + 1) � (( n + 1) � 1)) = 2) ) ( sum = ( n � ( n + 1)) = 2)

V eri�cation for Pro cedure Call

Sp e ci�c ation of a Pr o c e dur e

Name of the Pro cedure

Input: x

1

; :::; x

k

T ransien t v ariables: u

1

; :::; u

m

Output: y

1

; :::; y

n

Precondition: P (in whic h only the v ariables x

1

; :::; x

k

; u

1

; :::; u

m

o ccur free)

P ostcondition: Q (in whic h only the v ariables x

1

; :::; x

k

; u

1

; :::; u

m

; :::; y

1

; :::; y

n

o ccur free)

Pr o c e dur e Cal l

Using the Hoare triple, a Pro cedure Call has the follo wing form:

f P' g R ( t

1

; :::; t

k

; u

0

1

; :::; u

0

m

; y

0

1

; :::; y

0

n

) f Q ' g

( t

i

1 � i � k

;

�

u

0

j

�

1 � j � m

;

�

y

0

l

�

1 � l � n

actual parameters )

R - is a pro cedure constan t (the name of the pro cedure)

procedure R( x

1

; :::; x

k

; u

1

; :::; u

m

; y

1

; :::; y

n

)

Input: x

1

; :::; x

k

T ransien t v ariables: u

1

; :::; u

m

Output: y

1

; :::; y

n

Precondition: P

P ostcondition: Q

S - the b o dy of the pro cedure.

A call R( t

1

; :::; t

k

; u

0

1

; :::; u

0

m

; y

0

1

; :::; y

0

n

) can b e executed as follo ws:

- Determine the v alues of the input terms t

i

1 � i � k

and the transien t v ariables

�

u

0

j

�

1 � j � m

and

store them in the corresp onding parameters x

i

1 � i � k

and u

j

1 � j � m

.

- Determine the v ariables describ ed b y the transien t

�

u

0

j

�

1 � j � m

and the output

�

y

0

l

�

1 � l � n

v ari-

ables.
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- Execute the b o dy S of the pro cedure.

- Store the v alues of the transien t u

j

1 � j � m

and output y

l

1 � l � n

v ariables in the corresp onding

parameters

�

u

0

j

�

1 � j � m

and

�

y

0

l

�

1 � l � n

.

Th us, the execution of the call R( t

1

; :::; t

k

; u

0

1

; :::; u

0

m

; y

0

1

; :::; y

0

n

) is equiv alen t to execution of the

sequence:

x

i

:= t

i

1 � i � k

; ( u

j

:= u

0

j

)

1 � j � m

;

S ;

( u

0

j

:= u

j

)

1 � j � m

; ( y

0

l

:= y

l

�

1 � l � n

V eri�c ation for Pr o c e dur e Cal l

Considering the notations from ab o v e for a pro cedure sp eci�cation, w e giv e three v eri�cation

rules for pro cedure calls, as follo ws:

Verifica tion R ule I.:

f P' g R ( t

1

; :::; t

k

; u

0

1

; :::; u

0

m

; y

0

1

; :::; y

0

n

) f Q' g

where:

P' = P

x

1

 t

1

;:::;x

k

 t

k

;u

1

 u

0

1

;:::;u

m

 u

0

m

Q' = Q

x

1

 t

1

;:::;x

k

 t

k

;u

1

 u

0

1

;:::;u

m

 u

0

m

;y

1

 y

0

1

;:::;y

n

 y

0

n

Example:

f A > 0 ^ B > 0 g

GCD(A, B, C)

f C j A ^ C j B ^ 8

Z

(Z j A ^ Z j B ) Z j C) g ,

where w e ha v e:

procedure GCD( X, Y, U)

input: X, Y

output: U

Precondition: X > 0 ^ Y > 0

P ostcondition: U j X ^ U j Y ^ 8

Z

(Z j X ^ Z j Y ) Z j U)

S.

is correct, due to:

(A > 0 ^ B > 0) = ( X > 0 ^ Y > 0)

X  A;Y  B

C j A ^ C j B ^8

Z

(Z j A ^ Z j B ) Z j C) =

�

U j X ^ U j Y ^ 8

Z

( Z j X ^ Z j Y ) Z j U )

�

X  A;Y  B

Verifica tion R ule I I.

The giv en v eri�cation rule in most of the cases is hard to apply , some additional information

will b e also needed (i.e. in order to pro v e the generated v eri�cation rules, information from the

precondition of the pro cedure call will b e needed, although these information are not presen t in

the pre- or p ostcondition of the pro cedure). Therefore, w e ha v e another v eri�cation rule -with

some restriction-, as follo ws:
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f P' ^ I g R ( t

1

; :::; t

k

; u

0

1

; :::; u

0

m

; y

0

1

; :::; y

0

n

) f Q' ^ I g

where:

I is a predicate s.t. none of the free v ariables in predicate I app ear in the argumen t list u

0

1

; :::; u

0

m

; y

0

1

; :::; y

0

n

Predicate I is called invariant ( I do es not refer to the result's argumen ts, so it remains unc hanged

throughout the call of the pro cedure)

Verifica tion R ule I I I.

f P' ^ 8

A;B

�

Q

X  T ;U  A;Y  B

) V

U

0

 A;Y

0

 B

�

g

R (T, U', Y')

f V g

where:

� X denotes a sequen t of formal input v ariables f x

1

; : : : ; x

k

g

� U denotes a sequen t of formal transien t v ariables f u

1

; : : : ; u

m

g

� Y denotes a sequen t of formal output v ariables f y

1

; : : : ; y

n

g

� T denotes a sequen t of actual input terms f t

1

; : : : ; t

k

g

� U' denotes a sequen t of actual transien t v ariables f u

0

1

; : : : ; u

0

m

g

� Y' denotes a sequen t of actual output v ariables f y

0

1

; : : : ; y

0

n

g

� A, B are sequen t of v ariables f a

1

; : : : ; a

m

; r espectiv el y b

1

; : : : ; b

n

g

Example:

Ha ving:

procedure sqrt(x, y)

Precondition: f x � 0 g

P ostcondition: f y

2

� x � ( y + 1)

2

g

S

the pro cedure call:

f t > 25 g sqrt(t,y') f 5 � y

0

< t g

-using the W eak er Sp eci�cation Auxiliary Rule- pro duces the follo wing v eri�cation condition:

( t > 25) )

�

t � 0

V

8

b

( b

2

� t � ( b + 1)

2

) 5 � b < t )

�

T ermination

In the case when a program has pro cedure call (whic h ma y not terminate), the termination

of the pro cedure has to b e pro v ed separately .
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Our latest dev elopmen t is the v eri�cation rule for function calls.

V eri�cation for F unction Call

Eac h function has its o wn sp eci�cation and its "b o dy".

F or the sp eci�cation of a function - whic h has input v ariables x

1

; :::; x

k

and transien t v ariables

u

1

; :::; u

m

, where k, m � 0 - w e ha v e the follo wing restrictions:

� in the precondition P only the v ariables x

1

; :::; x

k

; u

1

; :::; u

m

o ccur free;

� in the p ostcondition Q only the v ariables x

1

; :::; x

k

; u

1

; :::; u

m

o ccur free and con tains also

F unction name[ x

1

; :::; x

k

; u

1

; :::; u

m

].

Using the Hoare triple, a function call has the follo wing form:

f P' g c := F ( t

1

; :::; t

k

; u

0

1

; :::; u

0

m

) f Q ' g

where:

c- is assigned to the returned v alue of the function

u

0

1

; :::; u

0

m

- are distinct v ariables,

t

1

; :::; t

k

- are terms,

F - is a function constan t (the name of the function) for whic h w e ha v e:

function F( x

1

; :::; x

k

; u

1

; :::; u

m

)

Input: x

1

; :::; x

k

T ransien t v ariables: u

1

; :::; u

m

Precondition: P

P ostcondition: Q

S - the b o dy of the function.

Considering the ab o v e function F, for the v eri�cation of function calls w e de�ne t w o v eri�cation

rules, in the similar manner as for the pro cedure calls, dep ending on the syn tax of the sp eci�cation

of the function.

Verifica tion R ule I.

f P' g c := F ( t

1

; :::; t

k

; u

0

1

; :::; u

0

m

) f Q' g

where:

P' = P

x

1

 t

1

;:::;x

k

 t

k

;u

1

 u

0

1

;:::;u

m

 u

0

m

Q'

c  F ( t

1

;:::;t

k

;u

0

1

;:::;u

0

m

)

= Q

x

1

 t

1

;:::;x

k

 t

k

;u

1

 u

0

1

;:::;u

m

 u

0

m

Example:

f A > 0 ^ B > 0 g

c = GCD(A, B)

f c j A ^ c j B ^ 8

Z

(Z j A ^ Z j B ) Z j c) g ,

where w e ha v e:
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function GCD( X, Y)

input: X, Y

Precondition: X > 0 ^ Y > 0

P ostcondition: GCD(X,Y) j X ^ GCD(X,Y) j Y ^ 8 Z (Z j X ^ Z j Y ) Z j GCD(X,Y))

S

is correct, due to:

(A > 0 ^ B > 0) = ( X > 0 ^ Y > 0)

X  A;Y  B

�

c

�

�

�

�

A ^ c

�

�

�

�

B

V

8

Z

( Z j A ^ Z j B ) Z j c )

�

c  GC D ( A;B )

=

�

GC D ( X ; Y )

�

�

�

�

X ^ GC D ( X ; Y )

�

�

�

�

Y

V

8

Z

( Z j X ^

Z j Y ) Z j GC D ( X ; Y ))

�

X  A;Y  B

Verifica tion R ule I I.

f P' ^ 8

A;b

�

Q

X  T ;U  A;F ( T ;U )  b

) V

U

0

 A;c  b

�

g

c = F ( T ; U

0

)

f V g

where:

� X denotes a sequen t of formal input v ariables f x

1

; : : : ; x

k

g

� U denotes a sequen t of formal transien t v ariables f u

1

; : : : ; u

m

g

� T denotes a sequen t of actual input terms f t

1

; : : : ; t

k

g

� U' denotes a sequen t of actual transien t v ariables f u

0

1

; : : : ; u

0

m

g

� A is a sequen t of v ariables f a

1

; : : : ; a

m

; g

� b is a v ariable

Example:

Ha ving:

function sqrt(x)

Precondition: f x � 0 g

P ostcondition: f sq r t ( x )

2

� x � ( sq r t ( x ) + 1)

2

g

S

the function call:

f t > 25 g c = sq r t ( t; y

0

) f 5 � c < t g

-using the W eak er Sp eci�cation Auxiliary Rule- pro duces the follo wing v eri�cation condition:

( t > 25) )

�

t � 0

V

8

b

( b

2

� t � ( b + 1)

2

) 5 � b < t )

�
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In the case when a program has function call (whic h ma y not terminate), the termination of

the function has to b e pro v ed separately .

4 The W eak est Precondition Strategy

In practice, program v eri�cation using only the inference rules of Hoare Logic can b e complicated,

b ecause the user has to "in v en t" all the in termediate assertions whic h are needed b et w een the

statemen ts. Therefore, one uses v eri�cation rules based on the W eak est Precondition [3 ], whic h

generate automatically (in most cases) the assertions whic h are needed.

Let's assume that w e w an t to v erify a program where w e kno w the p ostcondition but NOT

the precondition:

f ? g S f R g

In general there could b e arbitrarily man y preconditions Q whic h are v alid for the program

S and p ostcondition R. Ho w ev er, there is one precondition whic h describ es the maximal set of

p ossible initial states suc h that the execution of S w ould lead to a state satisfying R . It is called

the we akest pr e c ondition (a condition Q is we aker than P i� P ) Q ).

Simple Example

Giv en:

A program S : y := x � x

A p ostcondition R : y � 4

Find:

The w eak est precondition wp .

Solution:

wp : ( x � � 2) _ ( x � 2)

Using this strategy , pro ving the correctness of a giv en program :

f P g S f Q g

will b e done as follo ws:

f wp g S f Q g

P ) wp

Note that all the additional assertions are eliminated in the pro cess of generating the w eak est

precondition.

5 Program V eri�cation using Theorema's V eri�cation Condition

Generator

Based on the W eak est Precondition Strategy , in Theorema w e are dev eloping a pac k age for program

v eri�cation, called V eri�cation Condition Generator (V CG), whic h tak es an annotated program

with pre{ and p ostcondition (i.e. sp eci�cation) and pro duces as output a The or ema { Lemma with

a collection of form ulas, i.e. the v eri�cation conditions.

The v eri�cation condition generator is a translator based on a list of inference rules. It is

recursiv e on the structure of the co de and w orks bac k{to{fron t statemen t b y statemen t. In ternally

it rep eatedly mo di�es the p ostcondition using a predicate transformer suc h that at the end the

result is the v eri�cation condition

11



pr e c ondition ) tr ansforme d p ostc ondition

together with a list of v eri�cation conditions from the lo op in v arian ts.

Th us, V CG is a function:

V CG: < program, sp eci�cation > !f lemmata g

and uses an another function, called Extended Predicate T ransformer (EPT) whic h tak es the pro-

gram and its p ostcondition and pro duces the w eak est precondition (wp) of the program and the

necessary v eri�cation lemmas:

EPT: h statemen t, p ostcondition i ! h w eak est precond., v eri�cation conditions i .

V CG uses this list of v eri�cation lemmas and adds the implication: P ) wp to the v eri�cation

lemmas, pro viding all the necessary lemmas whic h are needed to b e pro v ed in order to pro v e the

correctness of the giv en problem.

Our latest dev elopmen ts in the V CG are the v eri�cation of :

� termination of while lo ops

� function calls.

6 Example of V erifying the T ermination of While Lo ops

Consider the follo wing problem DIVISION for computing the quotien t and the remainder of t w o

natural n um b ers x and y:

DIVISION � quo := 0; rem := x; S

where

S � while rem � y do rem:= rem - y; quo := quo + 1 endwhile

W e w an t to sho w that:

if x,y are natural n um b ers and DIVISION terminates, then quo is the natural quotien t and

r em is the remainder of x divided b y y .

Th us, using the correctness form ulas, w e wish to sho w:

(Div) f x � 0 ^ y > 0 g DIVISION f quo � y + rem = x ^ 0 � rem � y g

and:

DIVISION terminates

12



In Theorema's V CG, this problem can b e written as follo ws:

S pecif ication [" D iv ision " ; D iv [ # x; # y ; " r em; " q uo ] ;

P r e ! (( x � 0) ^ ( y > 0)) ;

P ost ! (( q uo � y + r em = x ) ^ (0 � r em < y ))]

P r og r am [" D iv ision " ; D iv [ # x; # y ; " r em; " q uo ] ;

q uo := 0;

r em := x ;

W H I LE [ y � r em;

r em := r em � y ;

q uo := q uo + 1 ;

I nv ar iant ! (( q uo � y + r em = x ) ^ (0 � r em ) ^ ( o < y )) ;

T er minationT er m ! r em ] ;

S pecif ication ! S pecif ication [" D iv ision "]]

The In v arian t and the T ermination T erm are giv en b y the user.

Calling V CG, w e obtain the necessary v eri�cation conditions for v erifying the correctness of the

program:

V CG[Program"Division"]

Lemma ( D iv ision ) :

f or any : x; y ; r em; q uo

( W H I LE :I nv + T er m )(( q uo � y + r em = x ) ^ 0 � r em ^ 0 < y ) ^ y � r em ^ ( r em = T 2)

)

 

�

( q uo + 1) � y + ( r em � y ) = x

�

^ 0 � ( r em � y ) ^ 0 < y

!

^ ( r em � y ) < T 2

( W H I LE :F inal )(( q uo � y + r em = x ) ^ 0 � r em ^ 0 < y ) ^ ( y � r em ) )

( q uo � y + r em = x ) ^ 0 � r em ^ r em < y

( W H I LE :T er m )

�

( q uo � y + r em = x ) ^ 0 � r em ^ 0 < y

�

^ y � r em ) r em � 0

( I nit ) x � 0 ^ y > 0 ) (0 � y + x ) ^ 0 � x ^ 0 < y

7 Example of V erifying Programs with F unction Calls

Consider a simple example in Theorema whic h uses the maxim um of t w o n um b ers:

(*the sp eci�cation of the function Max*)

S pecif ication [" M ax " ; m = M ax [ # x; # y ] ;

P r e ! ( I sI nteg er [ x ] ^ I sI nteg er [ y ]) ;

P ost ! ( m = x ^ x � y )

_

( m = y ^ y > x )]
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(*the sp eci�cation of the program and the source co de*)

S pecif ication [" C al cul us " ; C al c [ # a; # b; # y ; l x ] ;

P r e ! ( I sI nteg er [ a ] ^ I sI nteg er [ b ]) ;

P ost !

�

( x � ( y + a ))

^

( x � ( y + b )

�

]

P r og r am [" C al cul us " ; C al c [ # a; # b; # y ; l x ] ;

x := y + M ax [ a; b ]]

In a simple v ersion of V CG, expressions con taining function calls are not handled di�eren tly than

other expressions in a program. They are simply "inserted" in to v eri�cation conditions. Hence,

all the functions called within a program co de "accum ulate" in the v eri�cation conditions, as the

example sho ws:

V CG[Program["Calculus"],Sp eci�cation["Calculus"]]

Lemma ( C al cul us ) :

f or any : a; b; y ; x

( I nit ) I sI nteg er [ a ] ^ I sI nteg er [ b ] ) y + M ax [ a; b ] � y + a

^

y + M ax [ a; b ] � y + b

Pro ving this lemma automatically needs additional information ab out the function Max, otherwise

the pro of will fail. This additional information actually is giv en b y the sp eci�cation of the function.

W e ha v e this old v ersion of V CG, based on the v eri�cation rule I I. for function calls. Th us,

the informations from the sp eci�cation of the function are inserted in the lemmas, and the func-

tion name is replaced b y a new v ariable. This w a y , when a pro v er starts to pro v e the lemma

do esn't ha v e to searc h in the kno wledge base for additional information, b ecause this is already

"inserted" in the Lemmata.

V CG[Program["Calculus"],Sp eci�cation["Calculus"]]

Lemma ( C al cul us ) :

f or any : a; b; y ; x

( I nit ) I sI nteg er [ a ] ^ I sI nteg er [ b ] )

�

I sI nteg er [ a ] ^ I sI nteg er [ b ]

�

^ 8

x 1

�

( x 1 = a ^ a � b ) _ ( x 1 = b ^ b > a )

) y + x 1 � y + a ^ y + x 1 � y + b

�

8 Conclusion

W e are dev eloping a v eri�cation system whic h enables the user to sp e cify , implement , verify and

exe cute programs within one uniform en vironmen t: The or ema .

A ma jor ob jectiv e of our w ork is to dev elop the V eri�cation Condition Generator . Based on

an "Extended Predicate T ransformer" function, it mak es v eri�cation p ossible with only a minimal

set of necessary annotations supplied b y the user.

With the The or ema Pr o c e dur al L anguage , w e ha v e designed a small language with ideal prop-

erties for program v eri�cation within the functional en vironmen t of The or ema and w e ha v e tested

the system with n umerous examples.
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