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1. Definite iteration over unchangeable
data structures without loop exits.

2. Definite iteration over unchangeable
data structures with a loop exit.

3. Definite iteration over changeable
data structures with a loop exit.

4. Definite iteration over hierarchical
data structures with a loop exit.
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Definiteiteration over Unchangeable Data Structures

Let S be the structure:

memb(S) is the multiset of elements of the
structure S;

Imemb(S)| be the power of the multiset
memb(S).

1. empty(S) = true iff |memb(S)| = 0.

2. choo(S) returns an element of memb(S)
iff —empty(S).

3. rest(S) = S, where S’ is a structure of the
type of S and
memb(S’) = memb(S) \ {choo(S)}
iff —empty(S). .
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Definiteiteration over Unchangeable Data Structures

Let —empty(S):
vec(S) =[S, Sy, «en Sy

where memb(S) = {s,, s,, ..., S, },
s. = choo(rest1(S))

fori=17.2 n
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Definiteiteration over Unchangeable Data Structures

for xin S do v := body(v; x) end

S 1s a structure,

X is the variable of the type
“an element of S,

v is a vector of loop variables and
X &V,

body does not modify x and S.



The Replacement'Ope ration/

rep(v, S, body) =v_,
where v, = v if empty(S),
v; = body(v,.y, s;)
foralli=1,2,..n
if —empty(S).



Inference Rule p———

{Av' P(ve< V) Av=rep(V, S, body)}

w A;{Q) w
{P} for xin S do v:=body(v, xX) end A; {Q}
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Definite tteration over Unchangeable-Arrays
for (i=0;i<n;i++) v:=body(v, i, S) end

S is a one-dimensional array,

i, n are the variables of the integer type,

v is a vector of loop variables and
1€ v,

body does not modifyiand S, can contain
assignment, if and break statements.



s
Algorithm for rep Function Determinafion/
Let the body has the form:

{x, = expr,(X,, X,, us Xp.);

X, = eXpr,(X;, Xy, «en Xi);

X, = exXpr(Xq, X5, .. X )5}

v, x . X)
rep(v, S, body, 0) = (Xlo’ X3 o xkO)
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Algorithm for rep Function Determination

X, = expry(Xy, Xy, o Xp);
X, = eXpr,(expr,(Xy, Xy, s Xi)) X3, wp Xp);

X; ¢ rep((X, X5, .., X;), S, body, i - 1)



=
Algorithm for rep Function Determinafion/
if (e(i, X, Xy, .., X)) {A;} else {B;}

A, B are compound statements

VX, VX,..Vx e(i, X;, Xy, oy Xp) = A¥
VX, VX,..Vx, —e(i, X;, Xy, ..., X)) = B*



s
Algorithm for rep Function Determinafion/

break statement:
1. Top level — rep is defined fori=0, 1
2. In the if statement:

3j0<j<nVvij<i<n
rep((Xy, Xz - Xy), S, body, 1) =
rep((Xl, X9y v Xk): S, bOdYJ ])

VX, VX,..VX e(], X{, X5, o0y X)) =
(A*A(Vli<1= A¥))



Example — —
/* (length > 0) */
int search(int* arr, int length)
{
auto int result = -1;
for (i = 0; i < length; i++)
if (key == arr[i])
{
result = 1;
break;
};

return result;

[t DY)



Example: Postcondition = =

Q=(Vi(0<i) A (i<length) =
(key # arr|i]) A (result =-1))
\"
(3r (0 <r) A (r<length) =
Vi-1<i)A(i<r)=>
(key # arr|[i]) A
(key = arr[r]) A
(result=r)))



Example: Verification Condition //

(Iength > 0) A (result = rep(result, key, arr, length)) =
(Vi(0<i)A(i<length) =
(key # arr]i]) A (result =-1))
\"
(Ar (0 <r) A (r<length) =
Vi¢-1<ihA(i<n) =
(key # arr[i]) A
(key = arr|r]) A
(result=r)))



Example: Verification Condition //

(assert (not (forall ((result Int) (key Int)
(length Int) (arr (Array Int Int)))
(implies (and (> length 0)
(= result (rep result key arr length)))
(or (forall ((i1 Int))
(implies (and (< -1 i) (< i length))
(and (not (= key (select arr 1i)))
(= result -1))))
(exists ((r Int))
(implies (and (< -1 r) (< r length))
et U R Y G e e
(implies (and (< -1 i) (< 1 r))
(and (not (= key (select arr 1i)))
(= key (select arr r))

(= result r)))))))))))
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Example: Axioms for rep Function //

(i<1) = (rep(result, key, art; i) = -1)

(0<i) A(arr[i-1] =key)=
(rep(result, key, arr,i) =i-1) A
(Vii<j)=
rep(result, key, art; j) =i-1)

(0 <i) A (arr[i - 1] # key)=>
(rep(result, key, art, i) = rep(result, key, arr,i - 1))



Working with Induction inZ3 i il
vn P(n)
iS rewriten to
vn (Vkk <n= P(k))

Induction base: P(1)
Induction step: P(i)) = P(i+ 1)



Example: Extra-Axiom _//

(len > 0) A (Iength > len) A (result = rep(result, key, arr, len)) =
Vi(0<iA(i<len)=
(key # arr|[i]) A (result=-1))
\4
Ar(0<rA(r<len)=
Vi(0<DA(i<n=>
(key # arr[i]) A
(key = arr[r]) A
(result=r)))



Example:-Extra Verification Conditigw/

(length = 1) A (result = rep(result, key, arr, length)) =
(Vi(0<i)A(i<length) =
(key # arr]i]) A (result =-1))
\"
(3r (0 <r) A (r<length) =
Vi(-l<i)A(i<r)=
(key # arr[i]) A
(key = arr|[r]) A
(result=r)))



e
Using PVS to-Prove Inductive Verification Conditions

search: THEORY
BEGIN rep(result:int, key:int, arr:ARRAY[nat->int],
i:nat) : RECURSIVE int =
IF (1 < 1) THEN result
ELSE (IF ((0 < i) AND (arr(i-1)
rep(i-1, key, arr, i-1)
ELSE rep(result, key, arr, i-1) ENDIF)

key)) THEN

ENDIF
MEASURE 1
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Using PVS-te-Prove-inductive Verification Conditi{

vc: LEMMA

FORALL (result:int, key:int, length:nat,
arr:ARRAY[nat -> int]):

((length > 0) AND (result = rep(-1, key,

arr, length)))

IMPLIES

((FORALL (i:int): ((0 <= i) AND (i < length) AND
(not (key = arr(i))))

IMPLIES
(result = -1))

OR

(EXISTS (r:int): ((0 <= r) AND (r < length))
IMPLIES

(FORALL (i:int): ((0 <= i) AND (i < r) AND (not
(key = arr(i)))
AND (key = arr(r))))
IMPLIES (result = r)))
END search
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Conclusion — —

1. The work is in progress.

2. Automatic verification of definite
iteration over unchangeable arrays
with a loop exit.

3. Plans: definite iteration over
changeable structures,
more complicated examples.
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