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l.a

1. Introduction

Recent work by Maurer has provided a framework and

tools for analysis of computer programs and rigorous proof

that a program works correctly. The purpose of this report

is to give a detailed and nontrivial example of the application

of these methods. The basic concepts, definitions and theorems

are summarized below. For proofs and further details see (Maurer

3 and 4). The idea is to show that if a program is started

with variables satisfying a given set of conditions the result

is well defined (the program terminates) and the final values

of the variables satisfy a second given set of conditions.

.•>

Definition: A p-set is any set of the form J = II V , where
x€M x

M is a set such that there is a set, V , of values for each x

in M. n is the cartesian product.

Definition: A condition is a subset % c J . If S e ^,

then S satisfies J if S eJ. Denote by S(x) the value

of the x component of S (S(x) € V ).
x

Example: Let M =<I,N,A(20) >, Vj = VN =<1 <= I, N <= 20 >,

VA(i) =<floating point numbers that can be represented in a

computer word) for 1 <= i <= 20. Then form the

p-set on M, J = n V. Further let Q =<F. %1 <= i <= n,
x€M x L

Fi an executable instruction) and define X to be the program
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counter. V^ = Q and X is the next instruction to be executed.

Form anew p-set on MUX,^=//xQ = II V. Such p-sets
xeMUX x

play an important role in the theory to be used.

Example: Let Q =<F.; 1 <= i <= 7> with Fi as follows

Fl 1 = 1

F2 N = 20

F3 A(l) = 0.0

F4 A(I+1) = A(I) + 0.999

F5 1 = 1 + 1

F6 If (I.LT.N) GO TO F,

F7 STOP

Each F. is a function from J to ^7 = S x Q and Q is a program

on J , (J and <f are as defined above). F. can be expressed

in terms of its components P. : >0 —>^/ and N. :J > Q.

N. is called the next statement function. Thus for S e .d>

P1(S) = Sf where S1 (x) = S(x) if x ^ I and Sf (I) = 1;

NX(S) = F2; N6(S) = F4 if I (= S(I)) < N (« S(N)) and

N6(S) = F7 if I >= N. Fy is interpreted as Py = the identity

on J and N7 is nowhere defined. A program reaching F where
/ • y f

N is undefined for S ejfci will terminate at F if
y i y

S €J.
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Definition: If F is a function from Jfto J, F has effective

domain A(F) ~<x € M such that a change in S-,(x) may change

F(S1) = S2> and F has effective range p(F) ~<x e M such

that F may change the value of x, i.e, S.,(x) ^ S2(x)>
For a more precise definition see Maurer (3 ).

If J ' c J is a condition Jf has an effective domain

&(Jf* ) defined by considering </f as a function from x> to

<T,F> such that JX(S) =T if S e J' ,J' •(S) = F otherwise.

Example continued: A(P ) = 0 (the null set), p(P.,) = I,

A(N6) =<I,N>

Definition: A program P on ^ =7x P is a finite set

<Fi>, Fi = (Pi,Ni) functions on $ . It is assumed that

P contains a function F with Y = identity and N nowhere
XX X

defined and that N^ is everywhere defined for i ^ x. This

can easily be accomplished without changing the effect of P

on J by setting N. (S) = F if N. (S) is undefined. The
J- x i

computation sequence in P of (S, F,) is a sequence (S.,F.)

where S± = S, F^ = F^ S_. = Pj^S^), F[ =^(S^) .

Now it is possible to say what is meant by correctness. Let

F± €P, y/IN and -^q^ be conditions on Jt, then P is correct

with respect to (Fi> ^IN> ^0uT^ if whenever se-^in
the computation sequence of S, F^ terminates (say at Fn)
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and Sn+1 €JQm. P is partially correct with respect to
(F19 Jm> ^QUT^ if whenever the computation sequence of
(SjF^) terminates then Sn+1 e ^/qut'

First we describe how to prove that a program is partially correct

Let P be a program on Cf =J xP. A precondition structure
for P is acollection of conditions Jt ci J with one J^
associated with each F± in P. The precondition structure
induces a directed graph on P having as nodes the F± and a

link from F± to F. if and only if there is an S e <*±
such that N±(S) =F.. Asubstructure is any subset U of the
precondition structure such that Jx €U. Acontrol path of
U is a sequence of Fi# €P, 1 <= j <= n, (distinct except

possibly i. =i) such that (J± >J± >eU but no otheri in ±i n
J. are in U, and N. (S) = F. for some S ej± .

The r. . are defined inductively with J. =J. and
^ ij xl 1

>. «<P. (S); S€J7' and N (S) -F± >. A
^j S ^j-l Xj-1 Xj-1 *J
control path is consistent if J \ ^ Jj_ and Pi.(S) is

n n J

defined for all S €J\ such that N. (S) is defined. A
j 5

substructure of P is consistent if all of its control

paths are consistent.
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Theorem: Let P be a program on ^f =^/x P with F.. e P,

" IN' "l)UT conditions on ^o . Then P is partially correct

with respect to (F,, ^tm»^V)ut^ if and onl-y if p nas a
*' consistent substructure U with <d* eU, ^^c ^/^ and

^x C^ OUT

Theorem: Let P be a program on ^/ x P. A substructure

U for P will have a finite number of control paths if the

graph on P obtained by removing from the induced graph all

nodes F. and associated links for di € U is acyclic.

Thus to prove that a program is partially correct it is

sufficient to find a suitable substructure and check each control

path for consistency.

To show that a program terminates we introduce the

notion of expressions. Let P be a program on 0 =J x P with

precondition structure ^o^' A subset Q <= p is a set of

sufficiency if the graph on P obtained by removing from the

induced graph all nodes Fi and associated links for F. e Q

is acyclic. UQ =<J. (F. e Q) u V> is a substructure for P
J. !L X

with a finite number of control paths. An expression is a

function e from d> to 2 (the integers). A controled

set of expressions is a set <e.,i = l,n, e^ an expression>

such that for a fixed set of sufficiency Q there is at least

one e. that is increasing along any control path
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F. ...F. ^F in UQ with e. bounded at F. and
1^ in x J n

<e, , k < j> are nondecreasing along the control path.

Theorem: A program P on jxP terminates if P

has a controlled set of expressions.

When subroutine calls occur in a program for purposes of proof

the call is replaced by a function duplicating the effect of

the subroutine on J. Then each subroutine and main program

is treated independently. Maurer discusses this method in

?
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1.

The program COSET uses the Todd-Coxeter algorithm to

enumerate the cosets of a subgroup %c in a free group 3. The

result is the index of V in 3 if suitably small, otherwise

the program terminates with an overflow signal. The groups ?/

and 3 are defined below.

3 is the free group on NJ generators: ^ =<1,2,... NJ>.

A word in £ is a product, J, J« ... J„ of generators and

their inverses. Let ^ =<U(K)|1 <= K <= NU> and

R =<R(K)|1 <= K <= NR> be subgroups of *J generated by the

words U(K) and R(K) respectively, then V is the subgroup

of ? generated by & and the normalizer of R in 3.

The version of COSET for which the correctness proof was

carried out was written by H. F. Trotter. For further details

on the theory and other programs see Trotter [1] and Leech [2],

2. P-Sets.

In the following sections lower case letters will be

used for numbers, upper case for variables (or their values as

determined by context).

Sets will be enclosed by < >. For x e M, M a set of

variables, the set of allowed values of x is assumed to be

that allowed by the type of x (e.g., integer, logical, etc.).

For x an input variable the allowed values are those determined

by the corresponding format statement.
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The set M on which Coset is defined is the disjoint

union of the following sets:

M(INPUT) = <INPUT(i,j) - ith field of jth input record

F0RMAT(I1, 13, 3412) > *

M(COMMON) = <KL(n), KV(n), KF(n,k), KR(n,k),

1 <= n <= NMAX, 1 <= k <= NJX>

U<LS(n), LF(n), LR(k,n), 1 <= n <= NRX,

1 <= k <= NSX>

U<NMAX, N, NJ, NR, NVAC, ID, KN>

M(MAIN) =<NRX, NSX, NJX, F, SW, I, J, NCD, ICD, MULT, LWD, NCOS)

M(CONSOL) = <M, J, I, KT, K>

M(APPLY) =<IT, LA, L, LEN, LNS, I, IB, IX, M, MX, MY, J, JT, IA>

M(NOTE) =<IX, IY, IT, IA, IB)

Variables with the same name appearing in different subsets

are distinct as they in fact occur in different subprograms. It

is convenient to define subarrays of A9 c A of those occurring s

in M(COMMON) since in general program statements and pre

conditions refer only to elements of these subarrays.



KV' -<KV(n), 1 <= n <= N>

KLf =<KL(n), 1 <= n <« N>

KF' = <KF(n,k), 1 <= n<= N, 1 <= k <= NJX)

KR' =<KR(n,k), 1 <= n <= N, 1 <= k <« NJX)

LS' = <LS(n), 1 <= n <= NR>

LFf =<LF(n), 1 <= n <= NR)

LR» =<LR(k,n), 1 <= k <= LS(n), 1 <= n <= NR)

3.

3. Special Conditions.

Conditions will have the formr

COND identifier index = <* ... *)

The index is optional, occurring when more than one

condition has the same identifier. Reference to an indexed

identifier without specific index will be reference to the

intersection over all values of the index of conditions with

that identifier. If A and B are identifiers then the inter

section of A and B will be written <*A, B*>.
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3.1. INPUT

Let iz, ig, ir, be non-negative integers such that the

following inequalities are satisfied:

(i) 0 <= iz <= ig <= ir and iz < ir

(ii) ir - ig < NRX

COND INPUT A =<* INPUT(l,icd) = 0, 1 <= icd <=* iz;

INPUT(l,icd) 4 0, 2, iz < icd <=ig;

INPUT(l,icd) =2, ig < icd <= ir;

INPUT(l,icd) - 0, icd - ir + 1 *>

COND INPUT B =<* (|lNPUT(J,icd)| <= NJX, 3 <= j <= NSX+2,

INPUT(2,icd) > 0, INPUT(3,icd) 4 0),

iz < icd <* ir *>

A(INPUT) « M(INPUT)

3.2. GC(j)

Let U(X), R(i) belong to the sets defined in section 1

and let IY(j) be the identity element of Vf expressed as the

product jjjj where j is a generator of x and j its

inverse. W(£) represents the word in f given by

W(i)»nVf£^LR(ii,i) where ii aimod LS(i) and
1 <= ii <= LS(i) and n is the group operation written

multiplicatively
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COND GC(0) o <* 1 <= n <= NMAX, 1 <= NR <= NRX,

1 <= NJ <= NJX, 0 <= KN <= N *>

COND GCL(j) =<* 1 <= LS(i) <= NSX, 1 <= LF(i) <= 1000 NSX,

LS(i)|LF(i), (1 <=|LR(k,i)| <=. NJX, 1 <= k <= LS(i)),

1 <= i <= j *> for all j > 0

COND GCW =<* W(l) = U(icd-ig) *>, iz < icd <= ig;

=<* W(i5) = R(i), 1 <= i <= icd-ig *>, ig < icd <= ir;

= <* W(i) = R(^), 1 <« i <= ir-ig,

W(ir-ig+l) = n^x lY(k) *>,icd = ir +1.

COND GC(j) = <* GC(o), GCL(j), GCW *> j > 0

MGC(j)) =<N, NR, NJ, KN, ICD, ((LR(k,i), 1 <= k <= LS(i)),

LS(i), LF(i), 1 <= i <= j)>

3.3. K

COND K0 = <* 0 <= ID <= N; 0 <= KL(i) <= N, 1 <= i <= N *>

Let GKL be the directed graph defined by KL' as

follows. GKL has N+l vertices labelled 0,1,...,N. GKL has

an arc from i to j - KL(i), 1 <« i <» N, an arc from 0

to ID, and no other arcs. Define MCOS, C(k), P(k), I(k) as
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follows: MCOS + 1 is the number of components of GKL, P(k)

is the number of vertices in the kth component, C(k) =*

<i|vertex i belongs to component k>, I(k) = min C(k) , and assume

that the components are numbered such that k < k1 => I(k) < I(kl),

0 <= k < MCOS

60ND Kl = <* The components of GKL are cyclic and the

vertices 0, 1 belong to different components *)

Note that Kl implies the following:

1 <= MCOS <= N, 1(0) - 0, 1(1) - 1, 0 <= I(k) <» N, 1 <- P(k) <« N.

If KL(0) is defined to be ID then KL can be viewed as

a function on the set <0,1,...,N> and composition of KL with

itself p times is also a function on <0,1,... N) with

KLP(i) - KL(KLp"1(i)) and KL°(i) = i.

COND K2 =<* KV(i) = I(j) for i e C(j), 1 <- j <- MOCS;

-i < KV(i) < 0 and (-KV(i) e C(0) or -KV(i)= l(j)

for some j, 1 <= j <= MCOS), i €<C(0) - 0) *>

K0-2 imply that the following sequence is well defined

and terminates for each K €<C(0) - 0) : Kq « K, K^ = -W(JH±_i)
if Ki-:L € C(O), K. terminates the sequence if K. i C(0).

Thus the sequence will satisfy K = Kq > K^ •;• > K^ = I(j) for

some j, 1 <= j <= MCOS.
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Now define the function EC on <0,1,...,N>

EC(O) « 0

EC(k) - KU(K) k i C(0)

EC(k) - Kn k €<C(0) - 0)

EC partitions the set <0,...,N> into equivalence classes, one

class for each j, 0 <= j <= MCOS. For k e<C(0) - 0) the

sequence k± above will be called the EC chain with head k,

tailEC(k); for k i C(0) the pair (K,KV(k)) will be called the

EC Chain with head k, tail EC(k).

Links and Chains

For k, J, j such that 1 <» k, A <= N, 1 <= |j| <= NJ

we say that <KF* + KR1 > contains a link from k to t covering

j, written (k,j,i) e<KFf + KRf >, iff (a) j > 0 and there is

some k\ if 3 EC(k) = EC(k'), EC(i) = EC(^) and KF(k\j) = i»

or (b) j < 0, kf, i" as in (a) and KR(k\-j) = j\

Similarly, for 1 <= k± <= N, 1 <= |j | <= NJ we say

that <KFf + KRf> contain a chain from kQ to k covering

w= hh'-Jn' written (k0'w»kn) €<KFf + KR1 >, iff

<ki-pJlki> €<KF» + KR»), 1 <= i <* n. <w(i,j)) denotes the

set of words in 3 covered by a chain from i to j, W(i,j)

an element of this set.
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Let the integer 0 represent the identity in 3

and define KF(k,0) = KR(k,0) = k, 1 <= k <= N

Then the trivial link (k,0,k) is contained in

KF» + KR' for 1 <= k <= N. The statement (k,j,0) e KFf+KR'

means that (a) j > 0 and KF(k\j) = 0 for all k1 such

that EC(k') - EC(k) or (b) j < 0 and KR(k',-j) = 0

for all k such that EC(k') - EC(k).

COND K 3A » <* KF(i,j) = KR(i,j) = 0 if N < i <= NMAX

or NJ < j <= NJX;

0 <= KF(i,j), KR(i,j) <= N if 1 <= i <= N

and X <- j <- NJ.*>

K 3B = <* EC(KF(I(i)J)) - I(k) -> EC(KR(k',j)) - I(i)

and EC(KR(I(i),j)) - I(k) => EC(KF(k»,j)) = I(i)

for 1 <=» k,i <= MCOS and some k1 such that

row k» of KF, KR is labeled I(k) *)

K 3C =<* (i,j,k) € (KF1 + KRf) for j <» i,k <= N

j <= j <= NJ, EC(i) = I(i) ->

EC(KF(if,j)) = EC(k) for some i1 such that

row i1 is labeled 1(4) *>

K 3D -<*<W(l,I(k))>VJ 0 , 1 <= k <= MCOS *>



A row if is said to be labeled I(i) if i' = I(i) or

if i» €< C(0) - 0) and ECU1) « I(i).

COND K 4 » <* 0 <= NVAC, NVAC + MCOS + P(0) = N+1 *>

3.4. Chain

The word W(4) as defined in section 3.2 can be expressed

as a product as follows.

Define

3-1
W(j,4) - 71 LR(ii,i), 2 <= j <=> LF(i)+l

i-1

W(j,i) = 0, j = 0 or 1

T,y( £\

W(-j,i) o n LR(ii,£) 1 <= j <» LF(i)
i-LF(i)-j+l

where as before ii si mod (LS(i)) and i <= ii <= LS(i) .

Note that W(LF(i+l),Z) = W(-LF(i),i)

- W(j,i) W(-(LF(0 - j + 1), i) - W(i).

COND CHAIN (ix, iy, + j, £) «

<* (I(x), W(±j,i), I(y)) c < KF' 4- KR'> for

I(x) = EC(ix), I(y) - E(iy) *>
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4. Array AK

4.1. Definition and interpretation

Let a be the set of all arrays having non-negative

integer entries. AK is the function from j% -<* K, GC(NR)*)

into a defined as follows:

For S e J1, AK(S) is an array with NJ+1 columns

indexed by the integers 0, 1,... , NJ, and rows determined

by KL1, KV', KF' KR*. For each k, 1 <= k <= MCOS and each

row k' labeled I(k), AK(S) has a row with I(k) in column 0,

and EC(KF(k\j)) in column j, 1 <= j <= NJ. For each pair

(k,j), 1 <= k <=• MCOS, 1 <= j <= NJ, such that KR(I(k),j) - 0,

AK(S) has a 'single entry1 row with I(k) in column j and

zeros elsewhere. A(AK) =< KV1, KLf, KF», KR1, N, NJ, ID).

We say that i e AK(S) iff i occurs as an entry in some

row and column of the array. (Zeros are considered to be blanks.)

In particular, i €AK(S) iff i - I(k) for some k, 1 <= k <= MCOS.

AK(S) is complete if for every row x c AK(S) there is a nonzero

entry in column j, 0 <= j <= NJ. In the following sections AK

or AK(S) will be used to denote the array described above.

A link in AK is a triple (i,j,k), i, k € AK, |j| <= NJ

such that either j >= 0 and AK contains a row with i in

column 0, k in column j or j < 0 and (k,-j,i) € AK. Chains

in AK are defined in the obvious way. <* K3 *> insures that

(i,j,k) e AK iff (k,j,k) e <KFf + KR1 >.



11.

Proposition. If S e Jx =*<* K, GC(NR) *> then

AK(S) satisfies the following properties:

(i) Every row of AK with more than one (non-zero) entry

has an entry in column 0.

(ii) 1 € AK

(iii) i e AK => i occurs at least once in each column of AK

(iv) For each i in AK, AK contains a chain from 1 to i

covering some word in 3.

Proof:

(i) clear from definition of array

(ii) 1(1) - 1 since S € <* Kl *>

(iii) i occurs in column 0 by definition, for each j > 0,

either KR(i,j) = 0 or EC(KR(i,j)) = k, k € AK. If the former

is true then i occurs in column j of a single entry row, if

the latter then i occurs in column j of the row defined by

< KF(k,j)>.

(iv) clear since Se <* K3 *)

Proposition. If S e y =<* k, ID = 0, GC(NR) *>

then AK(S) satisfies the additional properties:

(v) i e AK => i occurs at most once in any column of AK.

(vi) No proper subset of rows of AK satisfy (i-iii).
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Proof.

(v) ID = 0 =>< C(0) - 0) = 0 thus i occurs only once

in column 0.

Suppose i occurs in rows x and y column j with kx, k

in column 0 of rows x and y. From the definition not both kx

and k are 0, suppose kx 4 0. If k = 0, then KR(i,j) « 0,

but since S €<* K3, ID - 0 *>

EC(KF(kx,j)) - i=> KR(i,j) = kx ^ °

Thus k 4 0. If 1^ 4 k^ then EC(KR(i,j)) - ky contradicting
EC(KR(i,j)) = kx.

(vi) Let AK1 <= AK be a subset of rows of AK such that

AK1 satisfies (i-iii) then we have

(a) i € AK - AKf => i t AK* since AK satisfies (v)

and AK' satisfies (iii).

(b) 1 jt AK - AK1.

Thus it is sufficient to show AK - AK1 4 0 => 1 € AK - AK1

For each i € AK there is a chain from 1 to i given by

<(ik.PJk,ik)|l <- k <• mO with *0 = lj *tal = ±m If
i e AK - AK' then i^^ € AK - AK' since imi-1 is contained
in some row also containing i. Thus by induction on mi it is

clear that i c AK - AK' => 1 € AK - AK».
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For each row x of AK define =£(x) =< (i,j, k) ,(k,-j ,i) |row x

column 0 contains i and (j,k) such that row x column j contains

k 4 0) and ^(AK) - U =£(x), all x e AK. If AK contains two

rows x, xa such that ^(x) c ^(xa) then deleting row =£(x)

leaves ^(AK) unchanged. Let H(AK) =<W(l,l))be the set

of words in 3 covered by a chain from 1 to 1 in AK. H(AK)

is a subgroup of 3. Clearly any function P % S —> S1

that leaves s£(AK) fixed also leaves H(AK) fixed.

If S e J* =<* K, ID - 0, GC(NR) *> then the sets

<W(l,i)) belong to different cosets of H(AK) in j? for

different i. If AK is complete AK affords a transitive permu

tation representation of 3 on the cosets of H(AK), and the

set <i|i e AK) is in 1-1 correspondence with cosets of

H(AK) in 3. For HO € H(AK) and k such that 0 <= k <- N define

H(K,AK) =<H0+<W(l,kk) W(i) W(kk,l); 1 <= kk <- k, 1 <= i <= NR»

For HO = A of introduction and W(i) - R(i), H(N,AK) is contained

in H(AK) implies H(AK) - ^(See Trotter [1].)

4.2. Lemmas

Lemma 1: Let P be a function on j>% = <* K, GC(NR) *)

(P(S) = S' c / for S e j>%) such that S1(NJ) >» S(NJ) and

S'(x) - S(x), x e< A(S')-NJ). Then H(AK') » H(AK).
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Proof: S € K3 => KF(i,j) = KR(i,j) = 0, 1 <= i <=» N, N < NJ

therefore ^(AK1) = =£(AK) and H(AKf) - H(AK) .

Lemma 2: Let J% =<* GC(NR), K, KF(i,j) » 0 for some (i,j)

such that 1 <= i <=»N, 1 <- j <- NJ *>

Let P be a function on J" (P(S) = S1 for S c ^") such that

N» - S*(N) - S(N)+1 <= NMAX, Sf(K (N1)) - S'(KL(N')) « N\

S'(KF(i,j)) = Nf, S'(KR(i,j)) = 1 and Sf(*) = S(x) elsewhere.

Then Sf e<* GC(NR), K *>, and H(AK') « H(AK) .

Proof: S' €<* GC(NR), K *> clear since P effectively adds

one new single vertex component GKL and one new pair of

links (i,j,N»), (N',-j,i) to KFf + KR». =>(AK») - rf(AK) +

(i,j,N») + (N\-j,i). Any chain (l,w,l) is AK1 not in AK

must contain one of the two new links. However the only link

that can be adjacent on the Nf side is the other new link,

thus they must always occur pairwise and cover the identity

in ;?, giving no new words in H(AK').

Lemma 2f: Lemma 2 with KF, KR interchanged.
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Lemma 3: Let S" =<* K, GC(NR), KF(ia,j) - k, KF(i,j) - 0

for some i, ia, j, k such that EC(i) = EC(ia), 1 <= j <= NJ,

1 <= i, ia, k <= N *>. Then the function P on </f

(P(S) = S1, S € </f, s1 e J% as defined above),

Sf(KF(i,j)) » k, S'(x) = S(x), x e <A(*0 - KF(i,j))

leaves H(AK) unchanged.

Lemma 31: Lemma 3 with KF replaced by KR. Clear since

L(AKf) = L(AK).

Lemma 4: Let ia = 1(a) < ib = 1(b) for some a, b,

1 <= a < b <= MCOS and let P be a function on J1 =

<* GC(NR),K *> such that S'(KF,KR) - S(KF,KR),

S'(KV(i)) = S(KV(i)), i t C(b), S'(KV(ib)) = -ia,

S'(KV(i)) - ia, i e<C(b) - ib), S'(KL) such that

C'(i)=C(i), i^ 0,a,b, C'(0) =<C(0) U ib),

Cf(a) = C(a) U<C(b)-ib>; Sf,(x) - S(x) elsewhere in

A(^f). Then (i) Sf € </; (ii) AKf is equal to AK

with ib replaced by ia throughout and duplicate single

entry rows deleted; and (iii) H(AK') « H(AK) U < W(l, ia) W(ib,l) ).

Proof, (i): Sf € GC(NR) , K 3A since p(P) n A(GC(NR) , K3A) = <p

S1 e K0,K1,K2 since KV is changed to be consistent with

changes in KL. S1 e K4 because MCOS is decreased by 1 and

P(0) is increased by 1 while NVAC and N are unchanged.
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From definition of EC and row labels it is clear that the

final set of rows labeled 1(a) is the union of the initial

sets of rows labeled 1(a) and 1(b). Thus S1 € K3C.

Let KF#, KR/ represent initial values and KF, KR represent

final values. A chain covering W in KF#' + KR^ is also achain \
covering W in KFf + KR1 -possibly with different head
and tail if the original head or tail belonged to the

equivalence class 1(b), thus S' eK3D. For K3B it is
sufficient to show the implications are true for k = a

since the others are not affected. EC(KF(I(^),j) - 1(a) «>

EC(KW(I(i),j) - Ka) or 1(b) -> EC(KR#(k\j)) = 1(0 for
some k» in the set of rows labeled initially 1(a) or 1(b),

respectively => EC(KR(k\j)) = I(i) for some k1 in the set
of rows labeled 1(a). Similarly for EC(KR(I(i), j)) = 1(a)
-> EC(KR(k',j)) = I(i). Thus Sf eK3B and part (i) is proved.

Proof (ii): Note that each k such that EC(K) - ib in S
EC(k) = ia in Sf since S e<*K*)and EC(K) unchanged if
not ib in S. Result then follows from definition of array,

(iii) see Trotter [1].

Corollary It If AK contains achain (ia, o,ib) and Pas in ?
Lemma 4 then H(AK') = H(AK).
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Corollary 2: Let j" =<* K, GC(NR), Chain(it,ix, i, z),

Chain(ig,it,-(LF(i) - i+ 1), i),it,ix,iy € AK *>

and set ib = max(ix,iy), ia = min(ix,iy). Then for P

as above (S e J\ S9 = P(S)), H(AK') - H(AK)

U<w(l,it), W(i) w(it,l)>.

Recall that W(i) =• W(i) W(-(LF(i)-i+l)) . i

Corollary 3: Let J% = <* K, GC(NR), Chain(it,ix, i, z) ,

Chain(iy,it,-(LF(i)-i),£), (iy,-j,0)€ < KF1 + KR» >

where it, ix, iy e AK, j - LR(ii,i), ii a i MOD(LS(i)),

1 <= ii <= LS(i) *>. Consider two cases (i) (ix,j,0)€

<KF' + KR')or (ii) (ix,j,iz) c< KF» + KRf >, iz € AK.

(i) Let Q be the function from •' to S* such that

Q(S) - S1 and Sf(KF(ix,j)) « iy, S'(KR(iy,j)) = ix

if j >0 (or S'(KR(ix,-j)) = iy, S(KF(iy,-j)) = ix if

j <0), S'(x) = S(x), x €< A(^) - KF(ix,j), KR(iy,j)>

or (x €<A(^f) - KF(iy,-j), KR(ix,-j)».

Then H(AK') = H(AK) U< w(l,it) W(i?) w(it,l)>.

Proof: Q is equivalent to application of P of Lemma 2

followed by P of Lemma 4 with ib=N+l, ia » iy.
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(ii) Let Q be the function such that Sf(KR(iy,j)) « ix

j >0 or S'(KF(ix,-j)) - iy, j < 0, S'(x) - S(x) elsewhere,

followed by P of Lemma 4 with ib = max(iz,iy),

ia - min(iz,iy). The A(AK') - H(AK) U<w(l,it) W(i) w(it,l)>.

Proof: Q is equivalent to P of Lemma 4 followd by P of

Lemma 3.

Lemma 5 (CONSOL): Let </ -<* K, ID « 0, GC(NR) *> and

suppose H(I(g),AK) e H(AK) for some 1(g), 0 <= 1(g) <- KN

Let Im be the function from < ik - I(k);

0 <« k <« MCOS >onto <k; 0 <=• k <= MCOS > such that

0 <= IM(ik) < IM(i-e) <= MCOS for 0 <« k < Z <= MCOS.

Im is 1-1, onto, order preserving. In fact lM(I(k)) » k

- |< kk; 1 <= kk <- k, KV(KK) =• KK>| .Denote by IMi

the inverse of I .

For S € J% let KV#(i) - S(KV(i)) and similarly

for other variables. Let P be the following function

on J>'. (Sf - P(S), KV(i) = S'(KV(i)) and similarly

for other variables.)

KF(k,j) - 3M(KU5^(KF#(IMI(k),j))), 1 <» k <» MCOS

- 0, MCOS < k <» N; 1 <= j <» NJ.
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KR(k,j) = IM(KV#(KR#ClMI(k),j))), 1 <= k <= MCOS

= 0, MCOS < k <= N; 1 <= j <= NJ.

KV(k) =» KL(k) = k; 1 <= k <= MCOS

N - MCOS

NVAC - 0

KN - IM(KV#(KN#0)

and S'(x) = S(x), x €<AGC(NR)-N, NVAC, KN>. Then

S'€ <* K, ID - 0, GC(NR) *>, H(AK) - H(AR#,

H(g,AK) e H(AK).

Proof: S* €G(NR) is clear since D(P) fl A(GC(NR)) - (N,NvAC,KN)

and conditions of GC are satisfied by the final values of these

variables. S? € K0, K4 is obvious. GKL is the graph with

MCOS+1 components, each with a single vertex. KV(k) =» KL(k) = K

thus Sf c Kl,K2. From the definitions of P, IM, and S € K,

ID = 0 the following is true:

KF(k,u) = Z <==> KV#(KF#(IMI(k),j)) = IMI(i),<»»> KV#(KR#(IMI(i), j))

- IMI(k) <==> KR(X,j) « k

K3C is trivial thus S* e K3A,B,C.
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AK contains a chain Jl£=0 (I(ak), jfc, Kak+1)) covering
w= Hk=0jk (1 <= ak <= MCOS, 1 <= |jkl <= NJ; 0 <= k <= p),
iff AK contains a chain nJ^Q (afe, jk, afc+1) covering
w « nP q j.. Since 1(1) « 1 chains from 1 to 1 are preserved

thus S' e K3D, H(AK) - H(AK ) and H(g,AK) € H(AK) .

5. Verification of Coset

Verification of the program COSET and of the subroutines

called by COSET is carried out in two steps (For details of

algorithm verification see Maurer [3D First proof that the

given precondition substructure is pathwise consistent, thus

proving partial correctness. Proof of consistency will

consist of listing each control path with its initial and

final preconditions and brief indication of reasoning necessary

to prove consistency. The effective range of the path is

contained in the set defined by RHO (NAME) Path = < >.

PC(NAME) PATH^r=<* *> gives the conditions satisfied

by the variables at branch points along the path. Reasoning

common to many of the control paths is discussed below.

The proofs are brief since the preconditions are set up

to make consistency obvious in mose cases. Lemmas have

been proved to simplify presentation and are referred to

where appropriate. Full listing of each (sub) program with

preconditions can be found in Appendix A.
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The most common reason for consistency of a final pre

condition or subcondition, of", with an initial condition, j\

is indicated in the proofs as NULL INTERSECTION. That is,

the effective range of the path 0(P) has the property that

o(P) n A(fl/") =« 0 and J' zd J1 . A condition is labeled vacuous
X X

to indicate the set j" is the compliment of 0. This occurs

with the domain of the condition is empty. For example:

<* KV(I) - IM(I), 1 <= I < K *> where K is known to be less

than or equal to 1. A condition said to be consistent by

PATH CONDITION assumes also properties of the initial conditions

and possibly assignments. For example suppose j' =» <* 1 <= I <= N *
x

S' = <* 1 <= I <= N *>, PC =<* I <= N *> and the assignment

I = 1+1 is only statement along the path affecting the value

of I. Then PATH CONDITION will be written for proof of consistency

of j$.
A precondition is labeled global if it is a valid pre

condition for all statements with preconditions that can be

reached via a computation sequence beginning at the statement

before which the condition is inserted. Proof of consistency

for such preconditions will be included in the introduction to

the correctness proof for the (sub) program.

The second step is the proof of termination which in

each case is proof that a given set of expressions is a controlled

set of expressions with respect to a given set of sufficiency, Q.
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The proof of termination assumes that the preconditions are

consistent. The variable * occurs in the set of expressions

for each (sub) program. The value of "h is determined as

follows. The graph of the (sub) program is divided into dis

joint subgraphs Di such that the induced graph on <Di> is

acyclic. The value of * at any statement in the (sub) program

is i where the statement is in subgraph Di. The graphs are

shown in Figs. 1-4.

5.1. Proof of correctness for subroutine NOTE

This section contains proof that if S e COND-IN(NOTE)

and P « NOTE then P(S) € COND-OUT(NOTE) . Let X = EC(IX),

Y = EC(IY) upon entering.

COND-IN(NOTE) =<* GC(NR), K, 0 <» IX, IY <=* N *>

COND-OUT(NOTE) =<* K, GC(NR), one of the set

<CI, CII, CIII, CIV> *>

CI=<*IX=0*>

CII =<* IX > 0, Y = IX, X = 0 *>

CIII =<* X - Y *>

CIV =<* IX, iY > 0, IA = MIN(X,Y), IB - MAX(X,Y),

EC(IB) = EC(IX) = EC(IY) - IA *>

GC(NR) is global by null intersection.



Decomposition graph:

Dh

( x ^

(,\
v y

D2 =

D4--

DX =

D3 D4 DX

s \

301 ( 40 )

—(V)
v y

Fig. 1, Graph of Subroutine Note

22a.



Decomposition graph1

di h—H D2 h-

D3=

41 » e» o» 38

a

D4 =

Hh^TLH
T

D3 D4

» p»

50

IJ
DX

40 t*^M>

-® <fr—O 8 9 > [ Y/ Y *
v /

Fig. 2. Graph of Subroutine Consol

22b.

<*-*W 51 )
v /

{41 )

—^(9999)



Decomposition graph:
i di 1—H D2 i-^-TdT

Dh

D2=

DX

Fig. 3. Graph of Subroutine Apply

22c.

' 60 )

DX

-^9999)



Decomposition graph:

DI

Dh

D2=
60

20 >*- 22

D3=

D2 D3 D4

16 »>• »n»tDD

{60.1 )
v j

»i»»-H 26 h^

\ .

..^O.lV«~~4~66~]

DX>

^-^999)

Fig. 4. Graph of Coset

22d.

DX

' \ •

30 » • •»>

v /
~W x )

- 40

tr

{ 70

75 !»?»?»«»( X )



NO1*"?CONTPOI.^A^HNn^PEF123

COND<*GC(FP)*>GLOBAL

CO*DVI:<*K,0<=IXrTY<=W*>

..?2!!!!.?*!.T-L?TX,YPFTHEINITIALVALTJE9_pF_^C(IY),*C(Tv)

1_IA=IX_

TF_(IA-FQ.0)GOT09999

IP=IY

1®..__LF_LJL?'VE-°>G0T020

IY=IA

GOTO9999

CONDN99°9A:<*K*>

CONDN999QP:<"*GC(NP)*>

CONDN9999C:<*ONEOFTHESETCIyCTT,CTTI,CIV*N

CCI:<*IX=0*>

CII:<*IX>0,TY=IX,IP=0)*>

CUT:<*IA=EC(IX)=TB=EC(IY)*>

CIV:<*IX,tv>0,IA=flTN(X,Y),TB=M»Y(yrv),

EC(IB)="?C(IX)=EC(IY)=IA*>

jy?9._.„NpTE__l_zL<i&>JB^IYl

PCNOTE1~<*IA-,=Q.IB=0*>

N9999A:nullintersection

N9999B:Global

N9999C»CII:byassignmentsandpath
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COND <"* GC(NP) *> GLOBAL

COND N 1: <* K, 0<=TXrIY<=N *>

COMMENT LET X,Y BE ^^^^-jy^_YJ^n..15.?„_2I _EfLiLYlf*C / ^

1 IA = IX _

IF ( IA -E0._0_) GO TO 9999

IB = IY

10 IF ( IP .NF. 0 )__GSL—°-?—

COND N 20 A: <* * *>

COND N 20 B: <* IP=IY, 0<IX,IY<=N *>

COND N 20 C: <* FC(IA)=X, ta BELONGS TO EC CHAIN WITH

C HEAD IX AND TAIL X. *>

\RHO NOTE 2 «<IA, IB)

PC NOTE 2 =<* iA-i "O.IBi • 0 *)

N 20 A: null intersection

N 20 B: assignment, null intersection^

N 20 C: IA = IX by assignment
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COND<T*GCCNF)*>_GLOBAL

CONDv1:<*K,0<=IX,TY<=N_*>

COMMENT_LETX,YPFTHEINITIALVALHE?0*ECfTY),ECfTY^

1IA.=IX

IF_(IA.EO.0)GOTO9099

CONDN9999A:<*K*>

CONDN9999B:<*GC(NR)*>

CONDN9999C:<*ONEOFTHESETCI,CTI,CII_IrCI?*>

CCT:<*IX=0*>

C_CIT:<*IX>0rIY=IY,T«=0)*>

CCIII:<*IA=EC(IX)=IB=EC(IY)*>

CCIV:<*IXrIv>0>IA=MIN(XyY),IB=!1AX(X,Y),

CEC(IB)=FC(IX)=FC(IY)=IA*>

RHONOTE3=<IA>

PCNOTE3=<*IA=0*>

N9999A:nullintersection

N9999B:global

N9999C=CI:pathcondition



NOTE CON^POL »ATH W*EP __ <* ...._. 26

COND N 20 A: <* *....*— --

COND N 20J3J <* J"sJTz_.AlI.X--'-?-Y<--? --#>

c jj^g-II JHLTAT.LJL*- *> - —-
20 IF ( KV(IA) .GE. 0J _J^OJPO _20ft

IA s - KV(TA)

GO TO 20

COND N 20 A: <* _J *>_. .„_

COND N__20 E_:: _<*_ _IJ^L?_..J'J?jJl^--*~- -
COND N 20 C: <* EC(IA)=X, IA BELONGS TO EC CHAIN WIT"

c HEAD IX AND TAIL X. *> _. .

RHO NOTE 4 =<IA>

PC NOTE 4 =<* KV(IA) < 0 *>

N 20 A;B: null intersection

N 20 C: definition of EC, path condition says -KV(IA)
is next lower member of EC chain from IX to X.
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COND N 20 A: <* * *>

r0KT) N 20 B: <* IB=TY, 0<IX,IY<=N _*>

COND N 20 C: <* EC(IA)=Y, IA BELONGS TO FC C^AIN VITP

C HEAD IY AND TAIL X. *>

20 _IF_( KV(TA) .GE. 0 )_W TO_ 20U

20U IA = KV(IA)

COND N 205 A: <* K *>

COND N 20^ B: <* IA=Y,_ 0<IY_,IY<=N *>

COND N 205 C: <* FC(IB)=Yr IB BELONGS ^O EC CH»IV ^Jj^

C HEAD IY AND TAIL Y. *>

RHO NOTE 5:=<IA>

PC NOTE 5 =_<* J^(^).J^..JPL*J>

N 205 A,C; null intersection

N 205 B: definition of EC and path condition say

KV(IA) = EC(IA) =» X, null intersection
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COND N 205 A: __<* K *>

COND NJ205 B: __<*_ lAj^fjr _ °5_TT_'?Y<=N _ **

COND N 205 C: <* FC(IB)=Y, IB BELONGS ™P EC CPAIN WITH

C HEAD IY AND TAIL Y. *>

205 IF ( KV(TB) .GE. 0 ) GO to 206

IB = - FV(TB)

GO TO 205

COND N 205 A: <* K *>

COND N 205 B: <* TA=X, 0<TX,IY<=N *>

COND N 205 C: <* EC(IB)=Y, IB BELONGS TO EC CHATN WITH

C HEAD IY AND tail y- *>

Pa£Jti_6 Proof analogous to path 4
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COND n 205 A: <* K *>

COND N ?0C P: <* IA =X, 0<TX,TY<=N *>

COND N 205 C: <* EC(IB)=Y, IB BELONGS TO EC CHAIN WI*"!?

HEAD IY AND TAIL Y. **

205 TF ( KV(IW) .GF. 0 ) GO TO 206

206 IB = KV(IB)

COND N 206.'' A: <* * *>

COND N 206.1 R: <* 0<IP = X<T = N, 0<IR=Y<=M *>

Path 7 Proof analogous to path 5
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COND N 206.1 A: <* K *>

COND N 206.1 P: <* 0<IA=X<=N, 0<IB=Y<=N *>

IF (TP.EO.IA) GO TO Q99Q

IF (TR.GT.IA) GO_TO "*0

25 IT = IA

IA = TB

IB = IT

COND N 30 A: <* K *>

COND N 30 P: <* 0<IA<IB, TA=MIN(X,Y) , TP=*AX(X,Y) *>_

COMMENT LET A BE SDCH THAT I(A)=TA, SIMILARLY I(B)-IB

RHO NOTE 8 - < IA, IB, IT)

PC NOTE 8 =<* IA >_IB *>

N 30 A: null intersection _

N 30 B: path condition assignments result in_eg^nge

of values of IA and IB.
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COND N 206.1 A: <* v *>

'70Nn__ ^ 701*1 P: <* 0<TA=XON, 0<IF =Y<=N *>

IF (IB.^O.IA) GO TO 9990

T"P (IB.GT.IA) GO TO 30

COND N 30 A: <* * *>

CONT> N 30 B: <* 0<IA<TB, Ift=MINfX,Yl, IB=K»X(V,V) *>

COMMENT LET A B*I SHCfl THAT I(A)=IA, SIMILARLY T (Bt =T*

RHO NOTE 9 » < 0>

PC NOTE 9 =<IA < IB>

N 30 A: null intersection

N 30 B: path condition
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CONn N 206.1 A:___<*_ _/___*> .

CON* J 206^1^: ^*_J°<LA^

IE (IB.EO.IA) GO TO 999°

COND N 9999 bz <jf__* .*>_...

COND N 9999 P: <* GC(NP) *>

COND N 9999 C: <* ONE OF ^WE SET CI,CTI,CTII,CTV *>

CI: <* IT=0 *>

CII: <* IX>Of IY=IX, IB=0) *>

CIII: <* IA=EC(IT)=IB=EC(rn*>

CTV: <* TX,TY>0, IA=MIN(XyY), TB=MAX(Y,Y),

C EC (IB) =EC (1X1 =EC(IY)=TA *>

RHO NOTE 10 « < 0 }

PC NOTE 10=<r*lB~IA*>

N 9999 A: null intersection

N 9999 B: global

N 9999 C a CIII: j3a_th^,andltio_n_
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"ONDN30A:<*K"*>

CONDM30B:<*0<IA<TP,TA=PtIN(X,Y),TR=!«AXfX,Y)*>

COW*'NT.J<S_?A.?.j..S_nCHTHATIJMjfJTA,SIJJIjyjXY_IfBJ=IB

30KV(_TE)_=L-IA

IT=IP

W=0

CONP__N__40_A:<*V^PR__J_NT?.IRLVALnEfOPK7_,KL,KR,*T;

C_*^*Pj:KF__lTNCHANGHP'KV(I7)TTNCfUNOFD

CFORIT-.<C(B)*>

CONDN40B:<*KV(IB)=-IP*>

CONDNKOC:<*^.<LA<I^fTA=MTN(X,Y),IB=MAT(X,Y)*>

CONDN40D:<*0<=w<P(B),IT=*T(IB)**M*>

CONDN40E:<*KV(I)=TAFORI=KL(TB)**Q,1<=o<=**>

RHONOTE11•<KV(IB),TT,M>

JPCNOTE11a0

N40A;C:nullintersection

N40B;D:assignment

N40E:vacuous
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COND K 40 A: <* K_FOR INITIAL. VALUES OF ..^Vy KLr KR_, ^F;
c KLyKRyK* UNCHANGED, KV(TT) _nNCHANGFr>

FOP IT -.< C(B) *>
C

COND N 40 B: <* KV(TB)=-IA *>

COND N 40 C: <* 0<TA<IB, IA=WTN (XrY) r IB=MAX(XrY) *>

COND N 40 D: <* 0<=y<P(B), rr«WL(IF)*»H *> _

COND N 40 E:_ <* WW**}.l. ???.Js.Kyi?? **?-?.. 1~?-^S
40 IF ( KL(Im) -EO. IB ) GO TO 60

IT = KL(I?)

KV (IT) = IA

tt=N+1

r?0 TO 40

M *S

COND N 40 A: <* K FOR INITIAL VALUES OF KVyKLy*F,**:

C KLyKR,KF nNCHANGED, *T (I*) UNCBANGFD_

FOR IT -*<. C(B) *>

COND N 40 B: <* KV(IB)=-IA *>

COND N 40 C: <* 0<TA<IPf IA«WTW (Xr^U^J^Z^IH.'^)--*>-

COND N 40 D: <* 0<^W<P(B), IT=KL (IP) *** *>

COND N 40 Et <* KV(I)=IA FOR I=KL(TP)**Q, 1<=0<=w *>

RHO NOTE 12 = < IT^RyilELMl.

PC NOTE 12 =<* KL(IT)...„i_g_gj^.

N 40 A,B,C: null intersection

N 40 D: path condition implies initial value of

M < P(B)-1 since M < P(B) and KL(iB)

** (M-f-1) -\ » IB. Remainder follows from

assignments

N 40 E: initial condition and assignment
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C?I^ V J*°__?: _<* * POT? INITIAL VALUES OF KV, FT, KR, KF:

.c _ ^IL,KRyR,F_ UNCHANGED, KV (IT) UNCHANGED

C FOR IT -*< C(R) *>

COND N 40 B: <* K"V(IB)=-IA *>

COND N 40 C: <* 0<TA<TB, IA=KIN(X,Y)y IB=!*AX(XyY) *>

..r.0ND. .JL _fL2. J>j <*_ _0<;L*<P fP^ ' IT=KL (TB) *** *>

COND N 40 E: <* *V(I)=IA FOR T=KL(IP)**0, 1<=0<=M *>

40 IF ( KL(I') .EO. IB ) GO TO 60

60^ IF (JT_ *J>PlJ?J. GO TO 70

KL(IT) = KL(TA)

KL(IA) = KL(TB)

70 KL(IB) = ID

ID =_IB

COND N 9990 A: <* K *>

COND N Q999 B: <* GC(NP) *>

COND N 9999 C: <* ONE OF ^H** SET CIyCIIrCTTI,CIV *>

5 __ CI:_ <* IX=0 *>

S CTI: <* TX>Oy IY=IXy TB=0) *>

CIII: <* IA=EC(IX)=IB-EC(IY) *>

CIV: <* IY,!Y>Or IA=KIN(X,Y) , IP=^AY(Y,Y^ ,

EC(IB) =FC (IX) =EC (IY) ='A *>

RHO NOTE 13: < KL( TJ) ,KL( 1A) ,KL( B) ,TJ)>

PC NOTE 13: <* IT - KL(B)**(P(B)-1) -, - B *>

N 9999 A: Lemma 4 Sect 4 N 40 and path give function of Lemma 4

N 9999 B: global

N 9999 C « CIV: null intersection for first part Lemma 4 for last



NOT'
CONTROL PATH NUMBER 14 3Av

cond n 40 a: ^*_r_™jmm^
~c" "~KL.KR^FjrTNCHANGED, KV|IT^ rTNCHANGED
c FOR 1" -»< C(B) *>

COND N 40 B: <* _Jl<Z*\=-JA.. ...*?- -

COND N_4_0_C_: <*_ Oj<y<IB,__I^ *>
r0ND N 40 D: <* 0<^H<P(B), IT=KL(IP)**j ^>

COND J_*0_*}_<* *V(I)=TA FOR^^KL^)^*Q^K^^L. *>_
40 IF ( ELflT) >FO. IB ) GO_TO_60

60 IF ( IT .EO. IB ) GO TO 70

70 KL(IB) = IT>

ID = IB

CONN N 9999 A: <* * ^ ~

COND N 9999 B: <* GC(NR) *> _

COND N 9999 C: <* ONE OF THE SET CI,CT!,CIII,CTV *>

c CI: <* IX=0 *> ...

C CII: _ <*_ _IX>0 rJl^Jlt.J?^.-.. *~

c cm: <* _^^cjJVi^l^^^J^> -
C CIV: <* IXyIY>Oy TA=«IN(T,Y) , T*=w.iv. 1X_,J}_L

c EC (IB) =EC (IT) =EC_riT)_^i;»_^SUl

Path 14 is alternate case of Lemma 4.
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Proof of termination for NOTE

Q(NOTE) «< F 20, F 205, F 40>

Expressions: el = A, e2 = -IA, e3 = -IB, e4 = M.

Proof that <el,e2,e3,e4> is a controlled set of expressions:

Path 1 : 20 —> 20

PC 1 =<* KV(IA) < 0 *>

X is constant along path, -iA < 0 at F 20 and

increasing along path by definition of EC chain

(see control path H).

Path 2 : 20 —> 205

PC 2 =<* KV(IA) < 0 *>

"K is increasing along path, constant at F 205.

Path 3 : 205 —> 205

PC 3 = <* KV(IB) < 0 *>

A, -IA constant thus non-decreasing along path.

-IB < 0 at F 205 and increasing along path by

definition of EC chain (see Control path 6)

Path 4a,b : 205 —> 40

PC 4a <* IB > IA *>

PC 4b <* IB < IA *>

~K is increasing along path and constant at F 40.
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Path 5 : 40 —> 40

PC 5 =<* KL(IT) 4 IB *>

*, -IA, -IB are constant along path thus non-decreasing.

M is increasing along path by assignment M = M+l.

M < P(B) at F 40 (COND 40 D).

Q.E.D.
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5.2. Proof of consistency for subroutine CONSOL.

This section contains proof that if S € COND-IN(CONSOL)

and P = CONSOL then P(S) e COND-OUT(CONSOL)

COND-IN(CONSOL) =<* K, ID - 0, GC(NR) *>

COND-OUT(CONSOL) =<* K, ID - 0, GC(NR), NVAC = 0,

KN - IM(KV/(KN)) *>

o(CONSOL) OAGC(NR) = N, KN

N occurs only in e(PATH 26),

KN occurs only in o(PATH 7), in each case GC(NR) is consistent

by assignment. The remainder of GC(NR) is valid by null

intersection. The global condition on KN is also true

by null intersection.
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COND C 1: <* KyID=OyGC(NR) *>

COND GLOBAL <* TD=0yGC(NF) *>

C T* DENOTES THE INITIAL VALUE OF THE VARTAPLE Xy

C Y DEVOTES THE CURRENT VALTTF

1 IF (NVAC.EO.O) GO TO 9999

M = 0

1=1

COND C 21 A: <* 1<=K=Ny W=1<IT: IKI, KV*(IT)*IT>I *>

COND C 21 B: <* K=*V (K) <KV (KK) <=M FOP K,W SUCH THAT

C 1<=K<KK<Iy KV«(K)=Ky KV»(KK)=KE:

C KV (K)=-KV(KV#(K)) FOR K SnCH THAT

C 1<=K<T, KVt(^)i=K; FOP EACH 1* SUCH THAT

C k=hm<=pi KV(K)=MM FOR SOME Kf

C 1<=K<IyFVft(K)=K *>

COND C 71 C: <* FV(K)=KV#(K) y K=K<=N *>

COND C 21 D: <* FL=*Lty KF=KF«, KR=KR# *>

RHO CONSOL 1=<M,I>

PC CONSOL 1 = <* NVAC > 0 * >

C 21 A: Assignment

C 21 B: Vacuous

C 21 C;D: Null intersection
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COND C 1: <* KyTD=OyGC (N*>) *>

COND GLOBAL <* ID=OyGC(NS) *>

C •« DENOTES mHE INITIAL VALUE 0* THE VARIABLE Xr

C X DENOTES THE CURRENT VALUF

1 IF (NVAC.EO.O) GO TO 99^9

COND C 9^99: <* FyID=OyNVAC=OyHfAK)=H(AE«) y

C KN=!K(KV#(KN#) ) *>

RHO CONSOL 2 - <0>

PC CONSOL 2 = <* NVAC = 0 *>

C 9999: Null intersection and path condition
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COWC21A:<*1<=K=NyW=|<H;TKI,KVft(TI)=TT>|*>

CONDC21B:<*K=KV(K)<KV(KK)<=MFOPK,KKSUCHTHAT

c1<=K<KK<TyKVt(K)=KrKV#(F*0=K*:

CKV(K)=-KV(KV#(K))FOP*SUCHTWA*

C1<=K<IyKV*(K)-=K;FOPEACHnvSUCHTHA^

ct<=MM<=MKV(K)=MKFORSOKEK,

C1<=K<IyKVi(K)=K*>

CONDC21C:<*KV(K)=KV#(K)yK=K<=N*>

CONDC21D:<*KL=KL#yKF=*F*yKR=*B**>

21rF(KV(I).NE.I)GOTO15

M=M♦1

TTV(I)=W

r=0TO20

CONDC20A:<*1<=K=NyM=|<TT;TI<'=IrKV*(II)=II'M*>

CONDC20B:<*C21PFORH=H-1y(KVt(I)=IyKVtT)**)

C0'C21By(*V#(T)-.=TyKV(T)=-KV(^Vtt(I)))*>

COWDC20C:<*KV(K)=KV*(F)yt<K<=N*>

CONDC20D:<*C21D*>

RHOCONSOL3=*<M,KV(I)>

PCCONSOL3=<*KV(I)«I*>

C20A:Assignmentandpathcondition.Thenewelement

ofset<II)iscountedbyincreaseofM.

C20B(FIRSTOPTION):Pathconditionandassignment

C20C,D:Nullintersection
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COND c 21 A: ^* K=K=V, W=1<TT: TKI, KV*(II)=IT>1 *>

CPWD C 21 P: <** 1<=KV(K) <«rV(KK)<=!« FOR *,** SUCH THA1*

C 1<=K<FTK<Ty FTV#(K)=Ky *Tft (KF) =FT:

C KV (K)=-KV (KV# (K)) FOP V SUCH THA*

C 1<-K<T, KV«(K)-i=K: FOP EACH FH SUCH n,HA'r

C 1<=MW<=« KV(K)=MH FOR SOME K,

C K=K<IyKV» (K)=K *>

COND C 21 C: <* KV(K)=KV*(¥C) , T<=K<=N *>

COND C 21 D: <* KL=KLty KF=KF*y KP=*Rt *>

21 IF ( FCV(I) .NE. I ) GO TO IS

15 J = KV(I)

KV(X) = -KV(,7>

Chnd C 20 A: <* 1<=K=Ny w=|<tt; tt<=I, kv*(II)=II>I *>

CO^D C 20 P: <* C 21 B FOR K=*!-1 , (KV* (T) =Iy KV fl) =F!)

C OR C 21, Bf (KV*(T)-.=Iy KV (I) =-fCV(F'V«(T) ) ) *>

COND C 20 C: <* KV (K) =KV# fK) y I<K<-=* *>

COND C 20 D: <* C 21 D *>

RHO CONSOL 4: <J, KV(I)>

JPC_. CONSOL 4: <* KV(I). -j « I *>

C 20 A: Path condition, no new element added to set < II)

by including I in bounds

C 20 B(SECOND OPTION): Path condition and assignment

since J » KV (I)

C20 C.D; Null intersection
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COND C 20 A: <* 1<=K=Ny M=|<II; IK=Ir KVafTT)=TT>l *>

COND C 20 P: <* C 21 B FOP W=*l-1 r (KVt (I) =Tr kv(t)=*)

C OR C 21 By (KV*(1)-*=I, KV(I)=-F-V(KVt(I)) ) *>

COND C 20 C: <* KV(K)=*V*(K) , T<K<=N *>

COND C 20 D: <* C 21 D *>

20 1=1+1

IF (T.LE.N) GO TO 21

COND ?VI*: <* M=»1COS*yKV (!)=!« (I) IF KV#(I)=I,

C KV(I)=-IM(KV»(I)) IF KV*(I)-=Iy 1<=t<=n *>

COND C 20.2: <* C 21 D, KVIM *>

.RHO CONSOL 5 - < I>

PC„ CONSOL 5 - <* I > _N_.*>

C 20.2: null intersection for C 21 D, C 20 A,B and

path condition for KVJM
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CONDC20A:<*1<=T<=NfH=f<IT;TK=TyF"V*(II)=II>|*>

CON*c20B:<*C21pFORf"=M-1,(ffVt(T>-t,*rv(I)=m>

C^PC21By(KVt(T)^=rrKV(I)=-«rv(?rv#fI))^*>

CO?™C20C:<*KVfK).=frv#(K)yT<K<=N*>

CONDC20D:<*C21D*>

201=1+1

IF(T.LE.N)GOTO21

CONDC21A:<*1<=K=Nr»=|<TI;TKI,KV*(TI)=TI>|*>

CONDC21B:<*1<=KV(K)<KV(KK)<=»FOPKy*KSUCHTHAT

C1<=K<TK<T,KV#(K)=K,KVi(*K)=*K:

CKV(K)=-KV(KV#(*))FORFSUCHTHAT

C1<=K<T,KVft(K)-.=F;FOPFACHMMSHCHTHA^

C1<=M^<=MKV(K)=W?1FORSOME*,

C1<=K<IyKV*(K)=K*>

CO\'r>c21C:<*KV(K)=KV»(K),K=K<=N*>

CONDC21D:^*K"L=*"L*yKF=KF#fKR=*F**>

RHOCONSOL6=<I),

PC.CONSOL6=<*.I<=N*>

C21A:C20withpathconditionandincreaseofI

C21B,C:C20B,CandincreaseofI

C21D:nullintersection
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CONn KVIM.: <* M=MCOS»yJTV(I)=IK(i) IF KV#(T)=T,

c KV(T)=-IM (KVi(T)) IF *Vt(I)-=Iy 1<=T<=N +>

COND C 20.2: <* C 21 Dr KVT* *>

KN = TABS ( KV(KN) )

1=1

COND GLOBAL <* KN=f TM (KV# (KN#) )| *>

COND C 31 A: <* KVIMr KL=KL* *>

COND C 31 B: <* 1<=K=N *>

COND C 31 C: <* KF(IIy J)=IW(KV#(KFtfIIyJ))) y

C KR(IIyJ)=TM(KV#(KF#(IIyJ))) r

c K=j<=NJy 1<=II<TyKV«(TI)=TI *>

COND C 31 D: <* KF(TIy J) =*F#(ITy J) , KP (IIy J) =KRt(II fJ)

r FOP K=IK=Ny 1<=J<=NJ *>

RHO CONSOL 7 =<.KN,Is

PC_ CONSQL„._7._=.<*-A-*>

COND. 31 A,D: Null intersection

.COND 3_1 B: .Assignment „_ _ ._

COND_.3J- C: Vacuous
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CONDGLOBAL<*KN=|IN(KV#(KN#))!*>

CONnc31A:<*KVTM,KL=KL**>

31P:<*K=K=N*>

31C:<*KF(TI,,7)=TM(KV#(KF*(TIyJ))),

*R(IIyJ)=TM(KV#(XV*(IIy,7))),

1<=j<=NJ,1<=IT<TyKV*(H)=TI*>

31D:<*KT(TT,J)=KF*(Hfj),KP(IT,.7)=KP*(IT,.7)

CFORK=II<=Ny1<=J<=NJ*>

31IE(KV(T).IT.0)GOTO30

J=1

CONDC26A:<*C31AfByCyKV(I)>0*>

CONDC26B:<*1<=J<=NJ*>

CONDC26C:<**F(T,J.7)=IH(KV*(KF*(TrJJ)))r

CKP(T,J.7)=IM(KV#(KP»(T,JJ)))y1<=JJ<J*>

CONDC26D:<*1TF(TT,JJ)=KF#(IT,JJ),KP(IT,,7,T)=KR«(IT,.7J)

CI*1T<nORT=TT,J<=JJ*>

CONDC

CONDC

C

r

CONDC

RHOCONSOL8=<J>

PCCONSOL8=<*KV(I)>0*>

C26A,D:Nullintersection

C26B:Assignment

C26C:Vacuous
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COND GLOBAL <* KN=|IM(KVS(KN«))1 *>

COND C 31 A: <* KVIHy *L=KL* *>

COND C 31 *: <* 1<='r<=N *>

COND C 31 C: <* *F(TIy.7)=Tfl(KV*(KF«(IT,J>)) ,

C KR (TIy.7)=T1(KV*(KRtC'IyJ))) ,

C 1<-j<-NJr K=TT<TrKV*(IT)=:IT *>

COND C 31 D: <* KF(TIyJ)=KF*(TIyJ) , KR (IT, J) =KP« (II,.1)

C FOR K=II<'=Ny 1<=J<=NJ *>

31 IF ( KV(I) .LT. 0 ) GO TO 30

COND C 30 A: <* C 31 AyByC *>

COND C 30 B: <* KV(I) >0 AND KF (Iy J) =TW(KV« (*** (Ir J) )),

C KR(IyJ)=IM(KV#(KR*(T,J))) , 1<=7<=NJ *>

C OR <* KV(I)<0 *>

CON" C 30 C: <* KF(!Tyi7)=KF*(TTyJ) , KTT<=N, 1<=J<=NJ *>

RHO CONSOL 9=0

PC CONSOL 9 = <* KV(I) < 0 *>

C 30 A,C: Null intersection

C 30 B(SECOND CHOICE): Path condition
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COND C 26 A: <* C 31 AyByCy KV(I)>0 *>

COND C 26 B: <* 1<=J<=NJ *>

COND C 26 C: <* KF(T,JJ)=TM(KV#(KF*(T,JJ))) ,

C KR(IyJ,7)=Ifl(KV*(KRt(TyJ,7))) , K=,7J<\7 *>

COND C 26 D: <* KF(IIy JJ) =*F#(TT,JJ) r KP (II, JJ) =*p#(IT yJJ)

C IF KIT OR I=TIr J<=JJ *>

26 IF ( KF(TyJ) .EO. 0 ) GO TO 23

KT = KF(IyJ)

KF(IyJ) = IABS( KV(KT) )

23 IF ( KR(!,J) .EO. 0 ) GO *0 2S

K^ = KR(Ty,7)

KR(I,J) = IABS( KV(*T) )

COND C 2S A: <* C 26 AyB,C,D FOP J<J.7 *>

COND C 25 B: <* KF("ryJ)=T'(!fKV# (KE* (Iyv7))) y

C KR(IyJ)=IM.(KV# (KR*(!yJ))) *>

_RH0_. CONSOL 10:= <KT, KF(I,J), KR(I,JX>

JPC... CONSOL 10 =<KFCI,J)- > 0, KR(I„J) >.0>

CQHD C _25A: Null intersection

COND C 25B: Path conditions, definition of IM and assignments
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COND C 26 A: <* C 31 *,ByCy KV(I)>0 *>

COND C 26 B: <* K=J<=NJ *>

COND C 26 C: <* KF(IyJJ)=IM(KVM^*a,^)))r
"c " KR(T,JJ)=T«(KV#(KRt(IyJJ))), 1<*.TJ<J **>

COND C 26 D: <* KFdl^^^Ftdl,^), KR (IT,^) =KR* (IT,^)

c IE KTI OR I=IIr J<*JJ *>

26 IF ( KF(IyJ) .EO. 0 ) GO TO 23

KT = KF(IyJ)

TT^(T,J) = IABS( KV(KT) )

33 I* ( KP(TyJ) .EO. 0 ) GO TO 25

COND C 2S A: <* C ?6 A,ByC,D FOR J<™ *>

COND C 25 B: <* KF(TyJ)=TW(KV#(KFt(Ir^)>).

r KR(IyJ)=IM(^V*(KRt(I,.7))) *>

(PATH 11) Proof of consistency analogous, to that for path 10.
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COND C 26 A: <* C 31 AyByCy *V(T)>0 *>

COND C 26 B: <* 1<=v7<=NJ *^>

COND C 26 C: <* KF(TyJJ)=I*(KV#(K*#(Iy JJ) )),

C KP(IyJJ)=IW(KV«(KP*(TyJ.7))) , 1<=-7v7<J *>

COND C 26 D: <* KF(IIy JJ) =KFt (II, JJ) , KP (IIy JJ) =*P« (TT,JJ)

C IF KIT OR 1=11, J**JJ *>

2* IF ( K*(I,.7) .EO. 0 ) GO TO 23

23 IE ( KP(IrJ) .EO. 0 ) GO TO 25

KT = KR (I,J)

«rp. (^,,T) = IABS( KV (KT) )

CONp C 25 A: <* C 26 fl,B,C,D FOR J<JJ *>

COND C 25 B: <* KF(I,J)=T«(KV#(KF#(T,J))) ,

C KR(IyJ)=IN(KV*(KRf (IrJ))) *>

(PATH 12) Proof of consistency analogous to that for Path 10.
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COND C 26 A: <* C 31 A,ByCy *V(I)>0 *>

COND C 26 B: <* 1<=J<=NJ *>

COND C 26 C: <* KF(I, JJ) =11 (KV* (*F* (I, JJ) )) ,^

KR(TyJJ)=IW(KV«(KR*(IyJJ)))r 1<=7J<J *>

COND C 26 D: <* KF(TIyJJ)=KF#(TT,JJ), KR (II, JJ) =KPMIT ,JJ)

C IF KIT OR 1=11, J<=JJ *>

C

26 IF ( KF(I,J) .EO. 0 ) GO TO 23

23 IF ( K?(T,J) .EO. 0 ) GO TO 25

COND C 25 A: <* C 26 AyB,C,D FOR J<JJ _** __

COND C 2S B: <* KF(T,J)=TN(KVf (TTF# (I,J>) ),

C KP(IrJ)^I«(KV*(KR«(I,J))) *>

(PATH 13) Proof of consistency analogous to that for Path 10.
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COND C 25 A: <* C 26 A,B,C,D FOR J<JJ *>

COND C 25 B: <* KF(I,J)=IM(KV*(K^«(T,J))) ,

C KR(T,J)=T1(KV*(KP*(T,J))) *^

25 ,7=«7+1

IV (J.LE.NJ) GO TO 26

COND C 30 A: <* C 31 A,B,C *>

COND C 30 B: <* KV(I)>0 AND KF (I, J) =IH (KVt (KF# (I ,J) )),

C KR(IyJ)=!?1(*V*(KP#(IrJ))) , 1<=J<T=NJ *>

C OR <* KV(I)<0 .*>

C^ND C 30 C: <* KE(II,J)=KF*(II,J) , I<IK=N, 1<=,7<=NJ *>

RHO CONSOL 14 = < J)

PC CONSOL 14 = <J > NJ >

C 30 A,C : Null intersection

C 30 B (FIRST CHOICE): C 25 and path condition
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COND C 25 A: <* C 26 A,B,C,D 'OR J<JJ *>

COND C 25 B: <* KF(I,J)=IW(KV#(K**(I,J))) ,

C KR(I,J)=IN(KVt(KR*(IyJ))) *>

25 J=J+1

IF (J.LE.NJ) GO TO 26

COND C 26 A: <* C 31 A,B,Cy KV(I)>0 *>

COND C 26 B: <* 1<=J<=NJ *>

COND C 26 C: <* KF(I,JJ)=in(KV#(KFf (I,JJ))) ,

C KP(I,JJ)=IM(KVt(KR#(T,JJ))) , 1<=7J<J *>

COND C 26 D: <* KF (II, JJ) =KF* (II, JJ) , KF (IT, JJ) =*P» (IT ,JJ)

C IF KTI OF I=IT, J<=JJ *>

RHO CONSOL 15 - <J>

PC CONSOL 15 =J< J <« NJ>

C 26 A,D: Null intersection

C 26 B: Path condition _

C 26 C: C 25 and assignment
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CONn c 30 A: <f* C 31 AyByC *>

COV* C 30 B: <* KV(I)>0 UND KF (T,J) =T* (*Vi (KF* f^, J)>) y

C *RfT,J)=IM(KVf (KP* (Iy J))) , 1<=J<=NJ *>

C OP <* KV(I)<0 *>

COND C 30 C: <* KF(IIyJ)=KF#(IIrJ) r T<TT<=N, 1<^,7<^N.7 *>

30 1=1+1

IF (I.LE.N) GO TO 31

J=0

1=1

COND C U1 A: <* 1<=K=Ny J=KTI; IKTyKVft(II)=II>| *>

COND C 41 B: <* KL(JJ)=KV(JJ)=JJ,

_C *F(JJyK)=TM(KVi (*F* (IKT(JJ) ,K))) y

C KR(JJyK)=IW(KV*(KRi (T*I(JJ) , M ) ) ,

C 1<=JJ<=J, 1<=w<-jjj *>

COND C U1 Ct <* ffE(IIrK)=TH,(KV*(KFt (TT,K) )) ,

C irn (IIrK)=IN(KV#(KR«(IIfK)) ) , 1<=*r<=NJy

C KV(H>=IM, (IT) , K!T<=N and KV*fTT) =jT;

C KV(II)=-IM(irv^(TI)) , KV*(TT) -*=TIr T<IK=N *>

RHO CONSOL 16 = <I,J>

PC CONSOL 16 - <* I > N *>

C 41 A: Assignment

C 41 B: Vacuous

C 41 C: C 30 with path condition
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COND C 30 A: <* C 31 *\,B,C *>

CON" C 30 B: <* KV(I)>0 AND KE (I, J) =IM (KV# (KFi (I, J) ) ) y

C KP(I,J)=IH(KV«(KRt(I,J))) , 1<=J< =NJ *>

C OP <* KV(T)<0 *>

COND C 30 C: <* KF(TI,J)=KF«(TT,J) , KIK=Ny 1<=,7<=rV,7 *>

30 1=1+1

IF (I.LE.N) GO TO 31

CONT> GLOBAL <* KN=| IB (KV# (KN§) ) | *>

COND C 31 A: <* KVTWy K7,=KL# *>

COND C 31 P: <* 1<=K=N *>

COND C 31 C: <* KF(II, J) =TH (KV# (KF* (IT , J) )) ,

C KR(II,J)=T?!(KV*(KRt(II,J))) ,

c K=j<=N.7y 1<=IKIyKV*(II)=II *>

COND C 31 D: <* KF(Hr J)=KF«(TTyJ) , KR (IT, J) =KR* (IT,J)

C FOR I<=IK=N, 1<=J<=NJ *>

RHO CONSOL 17 =.< I>

PC CONSOL 17 = <* L <= N *>...

C 31 A,D: Null intersection

C 31 B: Path condition

C 31 C: C 30 and assignment
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COND C 41 A: <* K=K=N, J=f<IT; TKI, KV*fII) =11*1 *>

COND C U1 B: <* KL(,7J) =KV(JJ)=JJ,

C KE(JJrK)=IM(frVft(KF*(IWI(JJ) ,K> )),

C KRfJJyK)=IM(KV#(KR#(I«I(J,7) ,K) ) ) ,

C 1<=.7J<=Jy 1<=k<=NJ *>

COND C 41 C: <* KF(II,K)=IM(KV#(KF*(TTyK) )) ,

C KP(IT,K) =TF1(KV#(KR#(IIyK))) , 1<=K<=NJy

C KV(II)=IM.(TT) y KIK=N AND KV#(TI)=It.

c: _ KV(II)=-TM(irv*(IT)) , KV#(II)-.=II, t<tk=n *>

41 IF (KV(I).LT.O) GO TO 40

J=J+1

*=1

COND C 3B A: <* 1<=K=Nf 1<=K<T=NJy KV(I)>0, J=I*t (J) *>

COND C 38 B: <* C 41 P WITH J REPLACED BV ,7-1,

_c_ KF(J,KK)=IM(KV#(KF* (IHT(J) ,KV\ )) ,

C KP(J,KT)=TM(KV#(KP# (TBI (.7) ,VK) )),

C 1<r=^R-<K *>

COND C 3B C: <* C 41 C *>

MO _.. CONSOL 18 = <^J, Ky

PC CONSOL 18 =<* KV(I) > 0 *>

\

Q .38. _Al Assignment, JJMI(I) « I < II;_ 1 <-. II <= I,

KV (II) = II > 1. If KV (I) = I.

C 38 B: First part by increase in J and null intersection,

secondI partyacuous since K = 1.

_C. ...38 C: Null intersection
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CONDC41A:<*1<=K=N,J=f<II;TKI,KV*(IT)=H>|*>

CONDC41B:<*KL(JJ)=KV(JJ)=JJy

CKF(JJyK)=IH(KV*(K«"#(I!1IfJJ)yK))),

CKR(JJyK)=IM(KV#(KR#(IHI(JJ),K)))r

C1<=JJ<=J,1<=K<=NJ*>

CONDC41C:<*KF(II,K)=IM(KV*(KF*(TIyK))),

CKP(II,K)=IW(KV#(KP*(II,K))),1<=K<-=NJ,

CKV(II)=IN(TI),I<IK=NANDKVf(TI)=II;

CKV(TI)=-I^(KV*(IT)),KV#(II)-=TI,T<TK=N*>

41I"(KV(I).LT.O)GOTO40

CONDC40A:<*1<=T<=*J,J=f<TI;IT<r=I,KV*(II)=TT>|*>

CONDC40B:<*C41p*>

CONDC40C:<*C41C*>

RHOCONSOL19=<0>

PCCONSOL19=<*KV(I)<0*>

C40A:Pathconditionandnullintersection

C40B,C:Nullintersection
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CONDC38A:<*K=K=Ny1<=K<=NJ,KV(I)>0,J=IRI(I)*>

CONDC38B:<*.C41BWITHJREPLACEDBYJ-1,

COND

38

37

KF(J,KK)=TH(KV#(KF*(IHI(J)9KK))),

KR(JyKK)=IH(KV*(KR#(I«KJ)yKK))),

1<=KK<K*>

38C:<*C41C*>

KF(J,K)=KF(IyK)

KR(JyK)=KR(IyK)

K=K+1

IF(K.LE.NJ)GOto38

KL(J)=J

KV(J)=J

CONDC40A:<*1<=K=N,J=KII;TK=I,KV*(IT)=!!>!*>

CONDC40B:<*C41B*>

CONDC40C:<*C41C*>

RHOCONSOL20=<KF(J,K),KR(J,K),K,KV(J),KL(J)>

PCCONSOL20=<*K>KJ*>

C_40A,C:Nullintersection

C40B:Assignmentpathconditionand38B
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COND

COND

C

C

C

COND

38 KF (JyK) = KF(I,K)

37 KP(J,K) = KR(T,K)

K=K+1

IF (K.LE.NJ) GO ^0 38

C 38 A: <* 1<=T<=N, 1<=K<=NJy KV(T)>Oy J=T^IT(T) *>

c 7P B. <* c 41 B WITH J REPLACED BY ,7-1,

r KF(JyKK)=in(KV*(KF* (I"T (J) ,KK))) ,

C KR(J,KK)=TM(KV#(KP* (IKT(J) ,KK) )) ,

r <]<=]<}«* *>

COND C 38 C: <* C 41 C *>

COND

COND

C 38 A: <* 1<=K=Ny K=K<=NJ, KV(I)>0, J=TNI(I) *>

C 38 B: <* C 41 B WITH J REPLACED B* ,7-1,

KF(.7yKK)=TM(KV*(KF* (IHT (J) r^^))) ,

KR(J, KK) =1H(KV* (^?n (If!T (J) ,KK) )),

1<=inr<K *>

C 38 C: <* C 41 C *>

RHO CONSOL 21 =<KF(K,J), KR(K,J),K>

PC CONSOL 21 = <* K <= NJ *>

C 38 A: Path condition on K, null intersection for remainder

C 38 B: 38 B and assignment

C 38 C: Null intersection _.
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CONTi C 40 A: <* 1<=K=Nf J=|<II; II<=IyKV*(TI)=TT>| *>

COND C 40 B: <* C 41 B *>

COND C 40 C: <* C 41 C *>

40 1=1*1

IE (I.LE.N) GO TO 41

COND C 40.2: <* KF(J,H=IM(KV*(KF* (IWI(J) ,K) )),

C KR(J,K)=TW(KV*(KR*(I!1I(J)yK))) ,

C KV(J)=KL(J)=J, 1<=K<=NJ, 1<=J<=H *>

RHO CONSOL 22= <I>

PC CONSOL 22 = <* I > N *>

C 40.2: C 40 and path condition



CONSOL CONTROL PATH NHMBER 23 62.

~ "" ~'"" i,+i" *j, t^-m T-l*TT- TK=TyKV*(II)=H>^ *>COND C 40 A: <* '\<~1<-=U, J-1<H, -•*- -'

COND C 40 "• <* C 41 B *>

COND C 40 C: <* C 41 C *>

110 T=T+1

IF (T.LF.N) GO TO 41

COND C 41 A: <* K=K=N, J=KH: IX<I.^*(TI)_=H>! *>
COND C 41 B: <* KL (JJ) =KV (JJ) =JJ,
~ KF(JJ,K)=If1(KV*(KF*(inT(JJ)rK)n,

"""" "" KR(JJyK)=IM(KV*(KR*(IHI(JJ);K))),

"~ 1<=JJ<=J, 1<=K<=NJ *>

COND C 41 C: <* KF(II,K)=IW(KV*(KF*(II,K))),
c ""KPriyv)=I^(KV*(KR*(II,K))), K=K<=NJy

C
Kv"(Il7=IN (II) , KIT<»" *™ KV*(IT)=II:

KV(II)=-IF1(KV*(II)), KV*(IT)-II, KIT^ *^

RHO CONSOL 23: <I>

PC CONSOL 23: <* I <= A*>

C 41 A: Path condition and increase in I

C 4.1 B,C: Null intersection



CONSOL CONTROL PATH NHWBEP 24 ^.

COND C 40.2: <* KF (J, K) = Itf (KV* (KF* (THI (J) ,K) )) ,

C KF (J,K)=!M(KV*(KR* (inifj) yK) )) r

C KV(J) =KL(J)=Jy 1<=K<=NJy 1<=.7<=M, *>

KT = M ♦ 1

I=KT

COND C 51 A: <* C 40.2 *>

COND C 51 B: <* M + 1<=K=N *>

COND C 51 C: <* KF(TT, J) =KR (II, J) =0y 1<=J<=NJ, KT<=IKI *>

RHO CONSOL 24 = < KT, I)

PC CONSOL 24 = 0

C 51 A: Null intersection

C 51 B: Assignment

C 51 C: vacuous
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COND C 51 A: <* C 40.2 *>

COND C 51 B: <* H4-K=T<=N *>

COND C 51 C: <* KF(TI,J)=KR(IT,J)=Oy 1<=J<=NJ, KT<=IKI *>

51 J=1

COND C 52: <* C 51; 1<=J<=NJ;

C KF(If JJ)=KR(I,JJ)=Oy 1<=JJ<J *>

RHO CONSOL 25 «<J)

PC CONSOL_25 = 0

C_ 52; Null intersection, vacuous^ ass.ignment.
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COND C 52: ^* C 51; 1<=,7<=NJ;

C KF(I,JJ)=KR(IyJJ)=0, K=JJ<J *>

52 KF (I,J) =0

KR (I,J) = 0

50 J=J+1

IF (J.LF.NJ) GO TO 52

1=1+ 1

IF (I.LE.N) GO *0 51

N = M.

NVRC = 0

COND C 9999: <* K,ID=0,NVAC=0,H(AK)=H(AK*),

C KN=IM(KV*(KN*)) *>

\RHO CONSOL 26=<KF(I,J), KR(I,J), I, J, N, NVAC)

C 9999: C 52 a^nd path_conditj.ons_show_conditions are

those necessary for Lemma 5 to apply.
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COND C *2: <* C M; 1<=J<=*J:
c KF(TyJJ)=^^(IrJ'T)=0, 1<=JJ<J *>

52 KF(I,J) = 0 _ _ _

KR(I,J) = 0

50 J=J+1 . . . _

IF (J.LE.NJ) GOT0^52 ___

T.=I + 1

IF (I.LF.N) GO TO 51

COND C SIAtJ*^2^ „
ToTn C 51 B: <* ff*K«I<«W *>

COND C 51 C: <* KF(II,J)=KPCII,J)=Oy 1<=J<=NJ, FT<-TT<T *>

RHO CONSOL 27 =<KR(I, J) , KF(I, J) ,..!,. J

PC CONSOL 27 -<I <« N, J >NJ *>

C 51 A: Null intersection

C 51 B: By path condition

C 51 C; Path condj£ipn./^
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CQVD c 52: <* c 51; 1<=j<=NJ;

C KF(TyJJ)=KP (IyJ,7) =0, 1<=JJ<J *N

5? KP(I,J) = 0

KR (I, J) = 0

50 J=J+1

If (J.LE.NJ) GO *Q S2

COND C 52: <* C 51; 1<=J<=NJ;

C KF(I,JJ)=KF(I,,7J)=0, K=JJ<J *>

RHO CONSOL 28 = <KF(I, J) , KR(I, J), J>

PC CONSOL 28 = <* J <= NJ *>

-c..-5-2.:^s?.i§I,r?e.?.L.aJ?.l Path condition for last part

Null intersection for first part.
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Proof of termination for CONSOL

Q(CONSOL) •< F 20, F 25, F 30, F 38.2, F 40, F 50)

Expressions: el = A, e2 = I, e3 = J, e4 = K.

Proof that <ei; i = 1,4) is a set of controlled expressions:

PATH 1 (i,iii) 20 —> 21 ==> 20

A is constant, I is increasing and I <= N at 20

by COND C 20.

PATH 2 20 —> 31 —> 30

A increases, A is constant at 30.

PATH 3 (i,iv) 20 —> 31 —> 26 ==> 23 ==> 25

A increases, A is constant at 25

PATH 4 25 —> 26 ==> 23 ==> 25

A is constant, I is constant, J increases and

J <= NJ at 25 by COND C 25.

PATH 5 25 —> 30

A, I are constant, J increases and J <= NJH-1

at 30 by COND C 25 and J - J+l
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PATH 6 30 —> 31 —> 30

A is constant, I increases and I <= N at 30

by COND C 30.

PATH 7 (i,iv) 30 —> 31 —> 26 ==> 23 ==> 25

A is constant, I increases and I <= N at 25

by COND C 25.

PATH 8 30 —> 41 —> 40

A increases and A is constant at 40

PATH 9 30 —> 41 —> 38.2

A increases and A is constant at 38.2

PATH 10 38.2 —> 38 —> 38.2

A, I, and J are constant, K increases and

K <= NJ at 38.2 by COND C 38.

PATH 11 38.2 —> 40

A, I, J are constant, K increases and K <= NJ+1

at 40 by COND C 38 and K = K+l

PATH 12 40 —> 41 —> 40

A is constant, I increases and I <= N at 40

by COND C 40.
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PATH 13 40 — 41 — 38 — 38.2

A is constant, I increases and I <= N at 38.2

by COND C 38.

PATH 14 40 —> 51 —> 50

A increases and A is constant at 50.

PATH 15 50 —> 52 —> 50

A and I are constant, J increases and J <= NJ

at 50 by COND C 52.

PATH 16 50 —> 51 —> 52 —> 50

A is constant, I increases and I <= N at 50

by COND C 51.

Q.E.D.
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5.3. Proof of correctness for subroutine APPLY(IT,IA)

This solution contains the proof that if

S € COND-IN(APPLY) and P = APPLY the P(S) e COND-OUT(APPLY).

Let HH = H(AK) at entry.

COND-IN(APPLY = <* GC(NR); K, ID = 0, 1 <= LA <= NR

1 <= it <« N, KV(IT) - IT *>

COND-OUT(APPLY) = <* GC(NR); K, ID = 0;

H(AK) = <HH + W(1,IT) W(L) W(IT,1))*)

or <* N = NMAX+1 *>

GC(NR) is consistent for all paths not thru 36.1 by

null intersection or by proofs of NOTE, CONSOL. For paths

thru 36.1, GC(NR) or N = NMAX+1 is valid by assignment

and path condition since A(GC(NR)) n p(APPLY) = N.

In the preconditions for APPLY the notation

MjJ* X MOD(Y) means that Y divides M-X.
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COMMENT LET HH BE THE INITIAL VAL*E OF H(AK)

COND <* GC(NR) *> PRECONDITION FOR ALL STATEMENTS

c EXCFPT 36.1 AND 9<W

COND <* GC(NR) OR N=NMAX+1 *> PRECONDITION VALID FOP

c 36.1 AND o<*99

COND AP 1 A: <* KfTD=0 *^

COND AP 1 B: <* K=LA<=NR *>

COND AP 1 C: <* 1<=IT<=N, KV(IT)=IT *>

1 L = LA

LEN = LF(L)

LNS = 15 (L)

I = IT

IB = I

M=LNS

MX=1

COND GLOBAL <* 1<=L<=NP, ^<=IW<=™0MS?, ^ ™<=V™.

c 1<=IT<=N *>

COND AP 21 A: <* K,ID=0 *>

COND A*> 21 B: <* 1<=HX<=LEN, 1<=w<-=LNS,

c (F*1)*wt WOD(LNS) *>

COND AP 21 C: <* "10=1, TP<=N, _KV (I)_=I, ^<^> *T^1T.. *>
COND AP 21 D: <* CHPIN(T,TTrWTfL) *>

COND AP 21 E: <* P(AK)=HH *>



RHO APPLY 1 =< L, LEN, LNS, I, IB, M, MX)

PC APPLY 1=0

AP 21 A,E: null intersection

AP 21 B: assignment and GC(NR)

AP 21 C: assignment and AP 1 C

AP 21 D: trivial since I = IT and MX = 1

73
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COND GLOBAL <* 1<=L<=NR, 1<=IEN<=1000NST, 1<=LNS<=NSX,

C k=it<=N *>

COND AP 21 A: <* K,ID=0 *> _

COND AP 21 B: <* 1<=M7<=LEN, 1<=M<=LNS,

C (H*1) #MX MOD (LNS) *>

COND AP 21 C: <* 1<=I,IB<=H, KV (I) =1, K^g^:*!TT --.*^-

COND AP 21 D: <* CHAIN(I,IT,MX,L) *>

COND AP 21 E: <* H(AK)=PH *>

21 M = M ♦ 1

IF < M .GT. LNS ) M = 1

.7 = LR (M,L)

IF (J.GT.O) GO TO 1U

13 J » -J

IX = KR(I,J)

GO TO 15

COND AP 15 A,C,D,E: <* A*> 21 A,C,D,E *>

COND AP 1* B: <* 1<=MX<=LEN, 1<=M<=I.NS, *#MT MOD (LNS) *>

COND AP 15 F: <* IX=0, (I,LR (M,L) ,0)^ <J;^+** '__ *^
1 OP <* IX>0, (I,LR(M,L),KV(iy)) < KE^*F» *>

RHO APPLY 2 =<M, J, IX)

PC APPLY 2 =<* J<_0 *>

AP 15 A,C,D,E: null intersection _

AP 15 B: AP 21 B and assignments

AP 15 F: IX - KR(I, -LR(M,L)) by assignment.

The condition follows from link definition and K3
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COND GLOBAL <*. 1<=L<=NP, 1<=LEN<=1000NSX, 1<=LNS<=NFXf

C 1<=r<=N *>

CON" AP 21 A: <* K,ID=0 *>

COND AP 21 B: <* 1<=MX<=LFN, 1<=M<=LNS,

C (M*1) tMX MOD(LNS) *>

COND AP 21 C: <T* 1<=I,TF<r=N, KV(T)=I, KV (IB) =TR=TT *>

COND A*5 21 D: <* CHATN(I,TT,MX,L) *>

COND AP 21 E: <* H(BK)=HH *>

21 fl = M + 1

IF ( M .GT. LNS ) M = 1

J = LR(MrL)

IF (J.GT.O) GO TO 1U

1U IX = KF(I,J)

COND AP 15 A,C,DrE: <* W 21 A,C,D,F *>

COND AP 15 B: <* K=MX^=LFW, 1<=M<'=LNS, M#MT HOD(INS) *>

COND AP 15 E: <* I*=0, (I,LR(MrL),0) < K^+KTM *>

C OR <* IX^, (T,LR (M,L) ,KV(TX)) < KE'+KP» *>

RHO APPLY 3 =<M, J, IX>

PC APPLY 3 = <* J, GT,0 *_>

AP 15 A,C,D,E: null intersection

AP 15 B: _AP_21 J8 and assignments

AP 15 F: IX = KF(I, LR(M,L)) by assignment.

Path condition, link definition and K3 imply condition
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COND AP 15 A,C,D,E: <* A*> 21 A,C,D,E *>

COND AP 15 P: <* 1<=MX<=LEN, 1<=M<=LNS, M*MX MOD(LNS) *>

COND AP 15 E: <* TX=0, (I,LR(M,L) ,0) < K*'*KR« *>

C OR <* TX>0, (I,LR(M,L) ,*V(IX)) < *?'+*V *>

15 IF ( IX .EO. 0 ) GO TO 30

20 I = KV(IX)

MX=MX+1

IF (MX.LE.LEN) GO TO 21

GO TO 50

COND AP 50 A: <* K,TD=0 *>

COND AP 50 B: <* 1<=I,TB<=N, KV(I)=I, KV(TH)=TB *>

COND AP 50 C: <* CHATN(IB,I,LEN*1,L) *>

C OR <* CHAIN (IT,I,MX,L) ,

C CHAIN (IB,IT,- (LEN-MX+ 1) ,L) *>

COND AP 50 D: <* H(AK)=HH *>

RHO APPLY 4=<I, MX) . -

PC APPLY 4 =<* IX > 0, MX > LEN *>

AP 50 A,Dtj null intersection

AP 50 B: assignment and K2 imply KV(I) = I

null, intersection for remainder..

AP 50 C: path condition and AP 15 D give first possibility for C
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COND AP 15 A,C,D,E: <* AP 21 A,C,D,E *>

COND A^> 15 B: <* 1<=MX<=LEN, 1<=M<=LNS, MtMX MOD (LNS) *>

COND AP 15 E: • <* TX=0, (I,LR(M,L),0) < «Tt+?rpt *>

C OP <* T*>0, (I,LR (M,L) ,KV(IX) ) < K*"4-KR' *>

15 IF ( IX .EO. 0 ) GO *0 30

20 I = KV(IX)

MX=MX+1

IF (MT.LE.LEN) GO ^0 21

COND GLOBAL <* K=L<=NR, 1<=LEN<=1000NSX, 1<=LNS<=NSX,

C 1<=TT<=N *>

COND AP 21 A: <* K,TD=0 *>

COND AP 21 B: <* 1<=MX<=LEN, 1<=M<=LNS,

C (M+1) *MX MOD (LNS) *>

COND AP 21 C: <* 1<=T,IB<=N, *V(T)=I, KV(IB)=IB=I^ *>

COND AP 21 D: <* CHMN(T,TT,MX,L) *>

COND AP 21 E: <* H(AK)=HH *>

RHO APPLY 5 =< I, MX >

PC APPLY 5 = <* IX > 0, MX <= LEN *>

AP 21 A,E: null intersection

AP 21 B: assignment and path condition

AP 21 _..C: assignment_and K2, ID = 0 implyJKV(I) =» I

null intersection for remainder

AP 21 > D: AP 15 D, path condition IX > 0 and assignments
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COND AP 15 A,C,D,E: <* &° _V-A^J?/-*.--*- -
"cOFD ~AP'""^5Ti" <* K=MX^=LEN, l^^^ «*«* «™> (LNS) *>
"cOTD^AP"l5 F: <* IX=0, (I,LR(M,L),Q) <KF'+KR' ♦>

~~C OP. <* IX>0, Cl^lMH.I).K?(ITn <_**_'+**• *>
15 IF ( IX .EO. 0 ) GO TO 30

30 M=1

MY=MX

COMMENT IE* M7 = KX+LEN-M^

COND AP 41 A,E: <* AP 21 A,E*>

COND AP 41 B: <* 1<=MX<=MY<=LEN, 1<«M<=LNS,

c (M-1)*M7 MOD (LNS) *>

COND AP 41 C: <* 1<=I,I*<=N, KV(T)=Ir KV(IB)=IB,

KV(IT)=IT *>

COND AP 41 D: <* CHAIN(IT,I,MX,L) ,

C CHAIN(IB,IT,-<MY-MX),L)) *>

RHO APPLY 6 =<M,MY >

PC APPLY 6 =<* IX - 0 *>

AP 41 A,C,E: null intersection

AP 41 B: assignment, AP 15 B, and GC(NR)

AP 41 D: nulljj^erj3ec_t^ _...

second chain trivial since IB = IT and MY = MX.
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rQM^-Pxy^»j,-p«r»«n7=MX+LEN-MV

CONDAT>41A,E:<T*AP21A,E*>

CONDAP41B:<*1<=MX<=MY<=LPN,1<=M<=LNS,

C(M-1)«M7MOD(LNS)*>

CONDA"U1C:<*1<=I,tp<'=N,KV(I)=I,KV(TB)=IB,

CKV(IT)=IT*>

CONDAP41D:<*CHAIN(IT,I,MY,L),

CCHAIN(IB,TT,-(MY-MY),I.))*>

41M=M-1

Tv>(W.EO.0)M=LNS

J=LP(M,L)

IE(J.GT.O)GOTO34

TX=KE(IBrJ^)

GOTO35

CON^AP35A,C,D,E:<*A*541AfC,D,E*>

CONDAP35B:<*1<=MX<=Mv<=LEN,1<=M<=LNS,

C^*M7:MOD(LNS),J=LP(M,l)*>

CONDAP3r>F:<*TY=0,(0,J,TH)<KE»+kr»*>

COP<*TXNO,(KV(TT),J,IB)<K-v'4-jrR'*>

RHOAPPLY7=<M,J,IX)

PC_.APPLY7=<*J<0*)

AP35A,C,D,E:nullintersection

AP35B:nullintersectionforfirstinequality,

assignmentandAP41Bforremainder.

AP35F:pathcondition,assignmentanddefinitionoflink,
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COMMENTLETM7=MX+I.FN-MV

CON*AP41A,E:<*AP21A,E*>

rQvnp41B:<*1<=MX<=MY<=LFN,K=M<=LWS,

C(M-1)tM7MOD(LNS)*>

CONDAP41C:<T*1<=I,I*<=N,KV(I)=Tf*V(IB)=IP,

CKV(I1")=TT*>

CONDAP41D:<*CHAIN(1^,I,MY,L),

CCHAIN(IP,I1*,-(MY-MX),L))*>

41M=M-1

IF(M.EO.0)M=LNS

J=LP(M,L)

IE(J.GT.OVGOTOT4

1UIX=KR(IB,J)

CO*TDAP35A,C,D,E:<*A©41A,C,D,E*>

CONDAP35B:<*1<=MX<=MY<'=LEN,1<=M<=L*TS,

CM*M7WOD(LNS),J=LR(*,L)*>

CONDAT>35E:<*Tv=0,(0,J,IB)<K^'4-KP'*>

COP.<*IY>0,(KV(IV)rJrIB)<KE'*K<?«*>

RHOAPPLY8=<M,J,IX>

PCAP8=<*J>0*>

ProofsameasforPath7.



AP^LY CONTROL Dft^H ^n^^^T? q 81

COND AD ?5 ArC,D,T': <* AP 41 A,C,D,E *N

COND AD ?5 B: <T* 1<=MX<=MY<=LT:,N# 1<'=M<=LNS,

C M«M7, MOD (LNS), J=LR(MrL) *>

COND AP 35 F: <* IX=0, (0,J,IB) < K^+KP' *>

C OP <* IY>0, (KV(IX) ,J,IP) < **»+KR« *>

35 IE ( IX .NE. 0 ) GO t»0 40

IF ( «Y .LT. LEN ) GO TO "*6

IE ( J .GT. 0 ) GO TO 355

KE (TB,JT) = I

CALL NOTEf IB, W (I, JT) )

GO TO 60

COND AD 60 A: <* K *>

COND AP 60 P: <* HfAKJ^HH +Wd,!'") W(L) W(TT,1) > *>

RHO APPLY 9 =< KF(IB,JT), p(NOTE) >

PC APPLY 9 = <* IX, =0, J < 0 *)

AP 60 A: NOTE preserves the condition K.

. .Since AP 35 satisfies initial conditions of NOTE

following NOTE EC(KR(I,JT)) = IB thus KF(IB,JT) = I

satisfies K3.

AP 60 B: Corollary 3 to Lemma 4



*nPLY CONTROL OATH NHMBFR 10 82

COND AD ?5 A,C,P,E: <* A» 41 A,C,D,E *>

CON^ AP 35 P: <* 1<=MX<=MY<=LEN, ''<=M<=LNSr

r *|#M7, MOD (LNS) , ,7=LR(M,L) *>

COND AP 35 F: <* IX=0, (0,J,IB) < W+W *>

C OR <* IX>0, (*V(T?) ,,7,T*) < KF«*KR» *>

35 IE ( IX .NE. 0 ) GO TO 40

IF ( MY .LT. LEN ) GO TO 36

IE ( J .GT. 0 ) GO TO 355

355 jtr (IB, J) = T

CALL NOTE ( IB,KE(I,J) )

GO TO fO

COND Ap 60 A: <* K *>

COND AP 60 B: ^* H(AK) =<HH*W(1 ,IT) W (L) ^(1^,1) > *>

PATH 10: The same as PATH 9 with KR, KF interchanged.



APPLv COMTPOL PAT* N^MBES 11

COND AP ?S A,C,D,F: <* AP U1 A,CrP,S *>

CO^ID AP 3* B: <* 1<=MX<=MY<=L?N, 1<'=M<=T,N?r

C *|M7 MonfLNS), .7=LR(M,I> *>

COND AP 35 Ft <r* iy=o, (0,.7,TB) < *F»*F*» *>

C OR <* 7YM), (R-VflY) r.7,TP) < K-^t+KR» *>

^5 tf f it .np. o ) go to ao

IF ( MY . LT. L*!N ) 0,0 TO 35

3K N = N ♦ 1

IF f N .GT. NMAX t no TO 9999

U(N) = N

KV(N) = N

IX = N

IF ( J .G«n. o ) GO TO 37

«"F(IPfJm) = TY

*"P fIXr Jm> = IB

no to ao

CON^t AP ttO : ^* AP 3S , ty>0 *>

83

RHO APPLY 11- <N, KL(N), KV(N), IX, KR(IB,JT), KF(IX,JT)>

PC APPLY 11 =<* IX = 0, MY < LEN, N <= NMAX, J < 0 *>

AP 40: Path condition and Lemma 2



APPLY CONTROL nATH WTMBFR 12

CONT> AP ^S HfCfD,B: <* AP ^ A,C,D,F *>

CONP AP 35 B: <* 1<=MX<=MV<=LEN, 1<=M<=LNS#

r «*M7. MOP(LNS), J=LP(Mrn *>

"rONP AP 35 F: <* IT=0, (0,J,IB) < *?■♦**• *>
c OR <* IX>0, (KV(IX),.7,IB> < KF«*irpt *>

35 TF ( IX .NE. 0 > GO TO UO

IF ( MY .LT. LSN ) GO TO 36

36 N = N * 1

IF ( N .GT. NMAY ) GO TO 9999

KL(N) = N

KV(N) = N

IX •= N

TF ( «7 .GT. 0 ) GO *0 37

37 KR (IB, J) = TX

*F(TX,J) = Ip

CONP AP UO : <* AP 35 , IX>0 *>

PATH 12: analogous to Path ll.

84



*"PIY CONTROL PA^B NUMBER 13 35

COND AP 35 A,C,D,F: <* AP 41 A,C,D,E *>

COND AP 35 B: <* 1<=MX<=MY<=LFNr K=M<=LNS,

c M#MZ KOD(LNS), v7=LR(M,T,) *>

COND AP 35 F: <* TX=0, (0,J,TB) < KF«-f*pt *>

C OP <* TX>Or (KV(IX) ,J,IB) < KF'+^R* **>

35 IF ( ty .us, 0 ) GO TO UO

IF ( MY .LT. LFN ) GO TO 36

36 N = N ♦ 1

IF ( N .GT. NHAX ) GO TO 9999

COND AP 9999 A: <* K,IP=0 *>

COND AP 9999 B: <* GC(NP) *>

COND AP 9P9Q C: <-* H(A K) =<HH+W (1, IT) W(L) W (IT, 1> > **>

C 0^

COND AV> Q°?9 D: <* N=NWAY«-1 *>

RHO APPLY 13=<N_>

PC APPLY 13 =<* N > NMAX, IX > 0, MY < LEN *>

AP 9999 D: by path condition



A^PLY CONTROL PATB N"MBFR m • 86

CON^i AP 35 A,C,D,E: <* AP ^ A,C,D,F *>

COND AP 35 B: <* 1<=MX<=*Y<=LENr 1<=M<=T.N?,

C M#M7, M0D(LN5), «7=LR (M,L) *>

COND AP 35 F: <* TX=0, (OfJ,TB) < KF'+KP* **>

C OP <* TX>0, (KV(TX) rJ,TB) < KB1***1 *>

3^ TF f IX .NF. 0 ) GO TO ttO

COND AT> UO : <* AP 35 r T*>0 *>

RHO APPLY 14 = 0

PC APPLY 14 =<* IX >0*>

AP 40: path conditon and null intersection



APPLY CONTROL PATH N^IBFR 15 87

COND AP UO : <* AP 35 , IX>0 *>

40 -rB = ?V(TX)

F?Y=MY*1

T^ fKY.L.E. LFN) GO to U1

COND A^ 50 A: <* K,TD=0 *>

COND AP 50 P: <* 1<=I,TP<-Nf KV(I)=T, KV (IP) =T* *>

COND AP 50 C: <* CHAIN(TB,I,LFN+1,L) *>

C OR <* CHAIN(I"',I,MYrL) ,

C CHAIN (TBf IT, - (LFN-MX+1) ,L) *>

COND AP 50 D: ^* H(AK)=FH *>

RHO APPLY 15 » < IB, MY >

PC APPLY 15 = <* MY > LEN *>

AP 50 A,B,D: null intersection

AP 50 C: AP 35 D, F, assignment, and MY = LEN+1

by path condition



88
n^PLv CO?eTFOL PATH NnMBFR 16

COND AP 40 : <* AP 35 , IX>0 *>

40 TB = *7(TX)

*Y=MY+1

IF (MY.LE.LEN) GO TO 41

COMMFNT IFT M7. = MX+LFN-MY

CO*?D AP 41 A,E: <* AP 71 A,E *>

COND AP 41 B: <* 1<=MX<=MY<=LFN, 1<=M<=LNC!,

c fl^-1)tM7 HOD(LNS) *>

COND A^ 41 C: <* 1<^IfTB<-=N, **(?)=!, FV(TP)«T«,

C KV(TT)=IT< *>

COND AP 41 D: <* CHAIN (IT,I,MX,L) ,

C CHAIN (TB,IT,-(«Y-MX),L>) *>

RHO APPLY 16 =< IB, MY > __

PC APPLY 16 =» <* MY <= LEN *>

AP 41 A,C,G: null intersection

AP 41 B: assignment, path condition

AP 41 D: AP 35 D, F and assignment



A°PLY CONTROL vftw ^TTMBFB 17 39

COND P.v 50 A: <* tt,tD=0 *>

COND AP 50 E: <* 1<r=T,TP<'=N, KV(I)=Tr K7 (TB) =tt> *>

COND A*> 50 C: <* CHAIN (TRrT,T,FN*1,L) *>

C OR <* CHAIN (ITfT, MY, T.) ,

C CHAIN (IB,!"1,- (LEN-*v*1) ,L) *>

Cov^ AT> 50 D: <* H(AT)=FH *>

^0 CALL NO"»E(T,TB)

CONn A^ 60 At <* * *>

COND AP 60 B: <* H(AK)=<WH*W(1,IT)W(L) W(TT,1)> *>

RHO APPLY 17 =<p(N0TE)>

PC APPLY 17 = 0

AP 60 A: AP50 satisfies initial conditions for note,

thus K is preserved.

AP 60 B: Corollary 2 to Lemma 4.



A°PL^ CONTROL T>AmH NHMBFR 1B 90.

CONP AP 60 A: <* * *>

COND AP *0 B: <* H(AK)=<wB4.W(1,tt)W(L)W(T'%1)> *>

60 IF ( TD ."0. 0 ) GO to P990

*VAC - NVAC ♦ 1

T = TD

ID = FL(T)

IA = I

KL(I)=I

J=1

CONn AP 64 A: <* K0,K1,*2,K3, TNCLTTDINO T XN THE SET OF

C ROWS LABELFD EC (I) , MCOS+NVAC+P(0)=N+? *>

COND AP 64 B: <* AP *0 B *>

COND AP 64 C: <* IA BFLONGS TO EC CHAIN WITH P?t*

C TAIL Fr(I) *>

COND AP 64 D: <* K=J<=NJ *>

RHO APPLY .18 = < I*. _ED,. IA,.. KL(I).... J)

PC APPLY 18 = <* ID > 0 *>

AP 64 A: I is separated from C(0) and made a single vertex

cycle by assignments <* K-Kl*> is still satisfied by

considering I as part of C(O). NVAC is increased giving

last_equation from K4.

_AP_ 64 B: redefinition of K does not change any links.

AP .64 C: assignment



APPLY CONmFOI, PAm" N^BEF 19 91

COND AP 60 A: <* * *>

royP AP 60 B: <* H (AT) = <-pH*W (1 , IT) W (L) W fT1", 1) > *>

60 ^F ( Tp ,F0. 0 ) GO TO 9099

CONn AP Q9°9 ?; <* k",TP=0 *>

COND AP 99QO p: <* GC(NP) *>

COND AP 9999 C: <* H(AK) =<'HH +W(1,TT) W (L) W(TTr 1> > *>

C op

COND AP 9QC>9 P: <* N=NMAY+1 *>

RHO APPLY 19 = <0>

PC APPLY 19 = <* ID = 0 * >

AP 9999 A: null intersection and path condition

AP 9999 B: global on apply-paths thru 3.6.1

AP 9999 C: null intersection



APPLY CONTROL PATH NHMRFP 20 92.

COND Ap" 64 A: <* K0,K1,F2,K3, TWCI.nT)ING T TN THF SET OF
C ROWS LABELED EC(I) , MCOS+FVAC+P(0)^N+? *>

COND AP 64 B: <* AP 60 B *>

COND AP 64 C: <* IA 8ELONGS "0 SC CHATN WITH HF*p T,

C TAIL EC (I) *>

COND AP 64 D: <* 1<=J<=NJ *>

64 IF ( KV(IA) .GE. 0 ) GO TO 65

IA = -FV(IA)

GO TO 64

COND AP 6U A: <* K0,K1,K?,K3, INCLUDING I IN THF SET OF

r ROWS LABELED FC(I), MCOS«-NV AC+P(0) =N♦? *>

COND AP 64 B: <* AP 60 B *>

CO^D AP 64 C: <* IA BELONGS TO EC CHATN WT^H H*AT> T,

C TAIL FC(I) *>

CONP AP 64 D: <* 1<=,7<=N,7 *>

J^_jAP]PXY..AO..-»<-J^L):-..- - -

PC APPLY 20 = <* KV(IA) < 0 *>

AP 64 A,C:L nu_ll: M^Xsection _

AP 64 B: definition of EC chain path condition and

assignment



APPLYCONTROTPATHNHMBER2193.

CONDAP64A:^**0,K1r*2,*3,INCLHDTN^IIN^HPzv<*of

CROWSLABELEDEC(I),PCOS+NVAC+P(0)=V+?*>

CONDAP64B:<*AP60B*>

^ONDAP64C:<*TABELONGSTOECCHAINWTTFHEADT,

C^ATLFC(T)**

CONDAP64D:<*1<=J<=Nt7*>

*4IF(fTV(TA).GE.0)GO^0f*

65IA=KV(TA)

KV(T)=TA

*L(T)=KL(TA)

VL(TA)=I

CONDA?71A:<**INCLUDINGIINTHFSET0*ROW*

CLABELEDIA,EC(T)=TA*>

CONPAP71P:<T*AP60B*>

CONDAP71C:<*1<=J<'=NJ*>

COMDAP**1D:<*(KF(T,L)=0OREC(KF(TA,L))=?r(w(z,I)\\

CAND(KR(I,L)=0OPEC(KR(TA,L))=EC(KP(-,L)))

Ct«ORK=L<J*>

RHOAPPLY21=<IA,KV(I),KL(I),KL(IA)>

_._PC.APPLY21=<*KVCIA)>0*>

AP71A:IA»EC(IA)bypathcondition,assignmentand

definitionofECchain.Remainingassignmentsmove

thepointcycleIintocomponentwithIAasrepresent/ition

restoringconditionK4.ByincludingIinrowslabeledIA

A(K3)isjjnchanged.
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AP 71 B: from 71 A A(K3) unchanged means *?(AK) unchanged

AP 71 C: null intersection

AP 71 D: vacuous



APPLV CONTROL PATH *7nM*EF 2? 95

COND AP 71 A: <* * INCLUDING I IN THE SPT OF ROWS

C LABELED IA, EC(T)=IA *>

COND AP 71 B: <* AP 60 B *>

COND AP 71 C: <* 1<=J<=NJ *>

COND AP 71 D: <* (KF(T,L)^0 OR EC (KF (TA, L) )=EC (FF (T,!.)) )

C AND (KR(T,L)=0 OP EC (KR (T A, L) >=EC (KR (T ,L) ))

C FOP 1<=L<J *>

71 CALL NOTE ( FF(T,J) , FF(IA,J) )

CALL NOTE ( KR(T,J) , FR(IA,J) )

70 .7=J+1

IF (J.LE.N.7) GO TO 71

GO TO 60

COWD AP 60 A: <* F *>

COND AP 60 B: <* H(AF)=<HH+W(1,IT) W(L) W(ITr1) > *>

RHO APPLY 22 =< J, ^

p(NOTE(KR(I,J), KR(IA,J))

PC APPLY 22 »<* J > NJ *>

AP 60 A,B: NOTE preserves K

Path condition says AP 71 D holds for 1 <= L <= NJ

and therefore all links defined by row I of

KR' + KFf are in the set of links defined by

row IA thus deleting row I leaves H(AK) fixed
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APPL^ CONTROL PATH NHUBFR 23

^"Tp" Tl A^ <*K INCLHDING TIN THE SET OF ROWS
c LABELED TA, EC(T)=IA *>

COND AP 71 B: <* AP 60 B *>

COND AP 71 C: <* 1<=J<=^ *> __ __
COND 7V7l7T<* (KF(I,L)=a OR EC (KF (IA,L) )=EC(KF (T.l) ))
"•- AND (KP(I,L)=0 OP EC(FR(IA,Ln=BC^M^^V)

FOP 1<=L<.7 *>

71 CALL NOTE ( KF(I^7) , KP(IA,J) )

CALL NOTE (*R (I ,J^JJ^*^ }
70 .7=J+1

IF (J.LE.NJ) GO TO 71

C^ND AP 71 A:'~'<*J^CJM^
"c LABELED IA, EC(I)=IA *>

COND AP 71 B: <* AP 60 * *>

COND AP 71 C: <* K-J<=N-7 *>

~c"o7t> 'J'lTvz <r(KF(T,L)=o"oR EC(KF(IA,L))=FC(FF(I,L)))
AND (KR(I,L)=0 OP EC(KR(IA,L))=EC(KP(T,L)))

r FOR 1<=L<.7 *>

C

RHO APPLY 23 =<J, o(NOTE(KF(I,J), KF(IA,J»,

o(NOTE(KR(I,J), KR(IA,J))>

PC APPLY 23 =<* J <« NJ *>

AP 71 A: K preserved by NOTE

AP 71 B: effect of NOTE is described by either the function
of Lemma 3, or Corollary 1 to Lemma 4, thus H(AK)

is unchanged.

AP 71 C: path condition

AP 71 D: property of NOTE
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Proof of termination for APPLY.

Q(APPLY) =< F 20.2, F 40.2, F 64, F 70.1)

EXPRESSIONS: el = a, e2 - MX, e3 = MY, e4 - NVAC, e5 = - IA, e6 « J.

Proof that <ei; i » 1,6> is a controlled set of expressions:

PATH 1 (i,ii) = 20.2 —> 21 ==> 15 —> 20.2

a is constant along the paths. MX is increasing along

the paths and MX <=» LEN+1 at 20.2 by COND AP 15.

PATH 2 (i,xii) « 20.2 —> 21 ==> 15 —> 41 — 35 ==> 36 —> 40 —> 40.2

a increases along each path, a is constant at 40.2.

50

a increases along each path, a is constant at 64

PATH 4(i,vi) = 40.2 —> 41 ==> 3^—> 36 =~>^40 —> 40.2

"K and MX are constant along paths, MY increases and

MY <= LEN+1 at 40.2 by COND AP 40.

50

3*

a increases along paths, is constant at 64.

PATH 6 = 64 —> 64

a, MX, MY and NVAC are constant, -IA increases and

-IA < 0 at 64 by COND AP 64 and definition of EC chain
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PATH 7 - 64 —> 70.1

*, MX, MY and NUAC are constant, -IA is nondecreasing
-IA <0 by COND AP 64, J is increasing, J <= NJ+1 at

70.1 by COND AP 71,

PATH 8 - 70.1 —> 70.1

a, MX, MY, NVAC and -IA are constant, J increases

and J <= NJ+1 at 70.1 by COND AP 71.

PATH 9 - 70.1 —> 60 —> 64

a, MK, MY are constant and NVAC increases. By

COND AP 60, NVAC « N+l - MCOS - P(0), by K

MCOS > 1 and P(0) > 1 therefore NVAC < N. N

is constant in D3 when bound on NVAC is necessary.

Q.E.D.
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5.4. Proof of correctness for main program COSET

This section contains proof that if

S € COND-IN(COSET) and if P . COSET then P(S) e COND-OUT(COSET).

COND-IN(COSET) =<* INPUT *>

COND-OUT(COSET) = <* N = [? : V] or N = MAX+1 *>

INPUT is a global condition since o(COSET) n A(INPUT) = 0



COSET CONTROL PATH NDMBER

COND GLOBAL <* INPTJT *>

10

NMAX = 500

NJX = 5

NRX = 10

NSX = 20

NVAC = 0

ID = 0

NJ = 1

1=1

COND H 16 A <* 1<=NJ<=NJX, NVAC=0, ID=0 *>

<* 1<=K=NWAX *>COND PI 16 B

100.

COND M 16 C <* (KF(II,J)=KR(II,J)=0, 1<=J<=NJX) ,

KV (II) =KL (IT) =0, K=IKI *>

J^O_J30^ET__LirXNmX^ ..NRX^JKSX, NVAC, TD^-NJ^-l)

PC COSET 1 =* 0

M 16 A,B: .As sJLj

M 16 C:..__V.acuous__s.ince....I .=». JL.



COSE? CONmROL PATF NUMBER 2 1Q1

COND * 16 A: <* 1<=NJ<=NJX, NVAC=0, ID=0 *>

COVD « 16 B: <* 1<=K=NMA7 *>

_C0ND J1 16C: <* (^(HfJ)=KR(II,,7)=0, 1<=J<=N,7X) ,

C KV(II)=FL(II)=0, K=II<T *>

16 FL(I) = 0

f»(T) s 0

J=1

COND fl 17 A: <* W 16 *>

CONn m 17 p: <* 1<=J<=NJX *>

COND fl 17 C: <* KF(I,J.7)=FP(I,JJ)=0, 1<=JJ<J,

c FV(I)=KL(I)=0 *>

PC COSET 2=0

M 17 A: Null intersection

M_ 17 B: Assignment

J^^J^^X^?J^^^^Jt^acjM\i8 .s; ince J_»_ 1jB.ecpnd j>art due
to assignment



COSE^ CONTROL t>A^p NTTMBER 102.

COND

COND

COND

C

17

COND

COND

COND

M 17 A: <* K 16 *>

n 17 B: <* 1<=J<=NJX *>

H 17 C: <* FF(I,JJ)=KR(I,JJ)=0, 1<=JJ<,T,

KF (I,»7) = 0

KR (T,J) = 0

KV(I)=KL(T)=0 *>

J=J+1

IF (J.LE.NJX) GO TO 17

1=1+1

TF (I.LE.NWAX) GO ^0 16

N = 1

FL(1) = 1

*V(1) = 1

NR = 1

F = .TRDE.

SW = .FALSE.

FN = 0

TCD=0

1 20 A

M 20 B

*! 20 D

DI

DII

Dili

<* OC(NP-1>, FN=0 *>

<* F, TD=0 *>

<* ONE OF TBE SE^ DI,DTI,Dill *>

<* o<=icd<=it;, f=.t., sw=.f., *r=i *>

<* IZ<ICD<=IG, f=.f., SW=.F., NR=1 *v

<* IG<TCD<'=IR, F=.F., ?W=.T., NP=TCD-I0f1 *>

COND n 20 F <* <n(I), 0<=K=MIN(ICD-IZ, 10-17) > < H(AR-) *>



RHO COSET 3 =<KF(I,J), KR(I,J), J, I, N, NR,

KL(1), KV(1), KN, ICD, F, SW>

103.

PC COSET 3 = <* J > NJX, I > NMAX *>

M 20 A: NR = 1 Condition GC(0) is satisfied by assignments

M 20 B: KO true by 17, path condition and assignments.

Kl true since N » 1, and KL(1) = 1 give two com

ponent graph each with a single member.

K2 true since Kv(l) = 1. K3 true since

KR, KF = 0. K4 true since MCOS » 1,

NVAC - 0, P(O) = 1, N = 1.

M 20 C: Assignment

M 20 D =• DI: by assignment

M 20 E: vacuous



COSET CONTROL PATF NnpBER 4 10^

COND « 17 A: <* F 16 *>

COND « 17 B: <* 1<=.7<=NJX *>

"cOW> !l 17 C: <* FF(T,JJ)=KMTrJl7)=0^1<=JJ<J.
c KV(I)=FL(T)=0 *>

17 KF(I,J) =0

KR(I,.7) = 0

J=J+1

IF (J.LE.NJX) GO TO 17

1=1*1

IF (I.LE.NMAX) GO TO 16

CONDM16 A: <* 1<=NJ<=NJT, NVAC=0, ID=0 *>

COND M 16 B: <* K=K=NWAX *> _

"cOND~~T 16 C: <* (KF (II, J) =KR (IT, J) =0, 1<=J<=*JX) ,
r FV(II)=FL(II)=0, 1<=IKT *>

RHO COSET 4 =< KF(I,J), KR(I,J) ,.J,.... I_>

PC COSET 4 =<J < NJX, I <=_NMAX> ___

M 16 A: Null intersection

M 16 B,C: Path condition and assignment



COSETCONTROL^atwNTTNBER5105

CONDFJ17A:<*w16*>

CONDK17B:<*K=j<=»jJX*>

CONDH17C:<**F(I,JJ)=FR(T,,7J)=0,1<=,7J<\7,

CKV(I)=FL(I)=0*>

17KF(I,J)=0

KR(I,J)=0

J=J+1

IF(.7.LE.NJX)GOTO17

CONDM17a:<*!*16*>

CONDW17B:<*1<=J<=NJX*>

CONDH17C:<*FF(I,JJ)=KR(I,JJ)=0,1<=J.7<J,

CFV(I)=KL(I)=0*>

PCCOSET5=<*J<=NJX*>

M_17A:Jtfullintersection

M17B:Pathcondition

M17C:Assignment



COSEm CONTROL PATH NBWBER 106.

COND

COND

COND

COND

20

COND

COND

COND

C

C

C

COND

COND

COND

H 20 A: <*

H 20 B: <*

n 20 D: <*

DI: <*

DTI: <*

Din: <*

GC(NR-1) , FN=0 *>

F, ID=0 *>

ONE OF THE SET DI,DTT,DITT *>

0<=ICD<=IZ, F=.T., SW=.F., NR=1 *>

IZ<ICD<'=IG, F=.F., SW=.F., NR=1 *>

IG<ICD<'=IR, F=.F., SW=.T., NR=TCD-TO*1 *>

W 20 E: <* <H(T), 0<=K=MIN(ICD-IZ,IG-IZ)> < F(AF) *>

ICD=ICD+1

READ (5,201)

w 22 A: <*

* 2? B'

H 22 D

DI

DII

Dili

H 22 F

"! 22 F

H 22 G

<*

<*

<*

<*

<*

<*

<*

<*

NCD,MULT, (LR(I,NR) ,1=1,NSX)

M 20 A *>

P! 20 B *>

ONE OF THE SET DI,DTI,Dili *>

1<=ICD<=IZ+1, F=.T., SW=.F., NR=1 *>

I7+KTCDOIG+1, F=.F., SW=.F., NR=1 *>

IG+1<ICD<=IR+1, F=.F., SW=.T.r NR=TCD-IG *>

<TT(T) ,0<=K=HIN(ICD-IZ-1,IG-IZ)> < H(AF) *>

NCD=INPHT(1,ICD) , MDLT=INPHT (2,TCD) *>

LR(T,NR)=INPH*T' (1*2,ICD) , 1<=K=NSX *>

RHO COSET 6 = <ICD, NCD, MULT, (LR(I,NR) 1=1, NSX)>

PC COSET 6 = 0 .

M.„22 A,B: Null intersection

„M_J£2 J3JEj..IncreaseoLlCD by. L

M .22 F,G: Assignment
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COND H 22 A: <* W 20 A *>

COND n 22 B: <* M 20 B *>

COND « 22 D: <* ONE OF THE SET DI,DH,DIIT *>

C DI: <* K=TCD<=I7+1, F=.T., SW=.F., NR=1 *>

C Oil: <* I7+KICD<=TG*1, F=.F., SW=.F., NR=1 *>

C Dili: <* IG+KICD<=IR +1, F=.F., SW=.i\, NR=ICD-IG *>

COND M 22 E: <* <D(I) ,0<=I<r=HIN(ICD-IZ-1,TG-IZ)> < H(AK) *>

COND n 22 F: <* NCD=INPHT(1 ,TCD) , W!JLT=INPDT (2 ,TCD> *>

COND P! 22 G: <* LR(I,NR)=INPHT(I+2,ICD) , 1<=K=NSX *>

22 IF ( NCD .EO. 0 ) GO TO 60

TF (F) WRTTE(6,2U0)

* = .FALSE.

1=1

COND n 26 A: <* M ?0 A *>

COND W 26 B: <* « 20 B *>

CON^ n 26 C: <* 1<=K=NST *>

COND H 26 D: <T* ONE OF ^HE SET DTI, Dili *>

C Oil: <* T7<ICD<=TG*1, F=.F., SW=.F., NR=1 *>

C DTTI: <* TG4-KTCD<=IR, F=.F., SW=.T., WP=ICO-TG *>

COND ^ 26 E: <* F 22 *• *>

COND H 26 F: <* F 22 F *>

COND H 26 G: <* H 22 G, 1<=| LP (II ,NP) f<=N.7, 1<=TT<T *>

RHO COSET 7=<F,I>

JPC COSET 7 =_<* NCD 4 .0 *>

.J1 „26__4:»B»5_».*!>P_: ?u.1l..ii1J:.e^sec-?.:i:on„.

M 26 C: Assignment

M 26 D: NCD 4 0 implies IZ < ICD <= IR

22D and F = .F. implies 26D.
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COND

COND

COND

C

c

COND

CONr>

COND

22

COND

COND

COND

COND

C

r

* 22 A

* 22 B

H 22 D

DI

DIT

Dili

M 22 E

F 22 F

H 22 G

IF ( NCD

H 60 A

M 60 B'

M 60 C

F 60 D

DI

DIT

<* F 20 A *>

<* F 20 B *>

<* ONE OF THE SET DI,011,0111 *>

<* K=ICD<=I7+1, F=.T., SW=.F., NR=1 *>

<* T74-KTCD<=IG*1, F=.F., SW=.*., NR=1 *>

<* IG+KICD<=IR+1, F=.F., SW=.T., NR=ICD-IG *>

<* <H(I) ,0<=K=FIN(ICD-IZ-1,IG-T7)> < H(AK) *>

<* NCD=TNPnT(1,TCD) , FnLT=TNPnr (2,TCD) *>

<* LR(T,NR)=INPHT(I+2,TC0) , 1<=K=NSX *>

.EO. 0 ) GO TO 60

<* M 20 A *>

<* M 20 B *>

<* H 22 F *>

<* ONE OF THE SET DI, DII *>

<* K=TCD<=I7, NR=1, F=.T., SW=.T?. *>

<*TCD=IP+1, F=.F#, NF=IR-IG*1 *>

RHO COSET 8 = < 0>

PC COSET 8 = <* NCD = 0 *>

M 60 A,B,C: Null intersection

M„. 60 D: NCD = 0 implies ,1 <= ICD_<= JZ or

.ICD = IR+1
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COND W 26 A: <* w 20 A *>

COND H 26 B: <* F 20 « *>

COND w 26 C: <* 1<=K=NSX *>

COND F 26 D: <* ONE OF THE SE^ DII,OITT *>

C DIT: <* I7<TCD<=IG4-1, 7=.?., SW=.^., NR=1 *>

C DITT: <* TG+KICD<=IR, F=.F., SW=.T., NR=TCD-IG *>

COND M 26 F: <* W 22 E *>

COND W 26 E: <* H 22 F *>

COND n 26 G: <* M 22 G, 1<=fLP (IT, NR) \ <=NJ, 1<=TKT *>

2* IF ( LR(T,NR) . EO. 0 ) GO TO 30*

NJ = MAX0( NJ, TABS f LP(I,NR) ) )

1 = 1*1

IF (T.LE.NS*) GO *0 26

t = Yt$Y + 1

COND H 30 A: <* F 26 A,B,D,E,F,G *>

COND F 30 B: <* 1<T<-=NST+1 *>

RHO__.. COSET_.JL =_< NJ^lJ^

PC COSET 9 = <* LR(L,NR) ^ 0,. I > NSX *>

_M_3.P ,_Aj_„?6_G..and_input_^onditlon_imply lXR(I.,NR) I <=NJX

..._ _ Therefore 26A is preserved. 26 B, D, F true by

null intersection. 2.6E true_ by Lemma 1 since

4CAK)„unchanged,, .26 G_J^ue_„l?y..a^^ignment.

M ,30 B: I - NSX+1 by path condition



COSET CONTROL PATH NDMBER 10 HO.

COND H 26 A: <* F 20 A *>

COND F 26 B: <* F 20 B *>

COND F 26 C: <* 1<=T<=NSX *> ^

COND F 26 D: <* ONE OF THE SET DII,DIIT *>

C DTI: <* I7<ICD<T=IG4-1, F=.F„, SW=.F., NR=1 *>

C Dill: <* TG+KICD<=TR, F=.F., Sff=.T., NP=TCD-IG *>

COND W 26 E: <* M 22 E *>

COND M 26 E: <* F 22 E *>

COND M 26 G: <* F 22 G, 1<=1 LR (II, NB) |<=NJ, K'IKI *>

26 IE ( LR(I,NR) .EO. 0 ) GO TO 30

NJ = FAX0( NJ, IABS( LS(I,NR) ) )

1=1+1

IF (I.LE.NSX) GO ^0 26

COND F '26 A: <* F 20 A *>

COND M 26 B: <* * 20 B *>

COND F 26 C: <* 1<=K=NSX *>

COND H 26 D: <* ONE OF THE SET DIT,Dili *>

C Oil: <* IZ<ICD<=TO+1, F=.*., SW=.F., NR=1 *>

C OUT: <* TG*KTCD<=TR, F=.F., SW=.T., NP=ICD-IG *>

COND F 26 E: <* F 22 E ,*>

COND F 26 E: <* F 22 * *>

COND F 26 G: <* F 22 G, 1<=1LR (II,NR)|<=NJ, 1<=TKI *>

RHO COSET J.0.=_<NJ,I>..,

PC COSET 10 -.<* LR(IJflR) 4 0, I <=_NSX *>

__See_PATH„9 for. ML.26^_A,..B*_.A.. E,.F, _G_ _

M 26_ Cl path condition
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COND F 26 A: <* F 20 A *>

COND F 26 *: <* F 20 B *>

COND F 26 C: <* 1<=T<=NSX *>

COND F 26 D: <* ONE OF THE SE* DTT,DIIT *>

C DTI: <* TZ<ICD<=IG+1, F=.E., SW=.*., NR=1 *>

C Dili: <* IG*KICD<=TR, F=.F., SH=.T., NR=ICD-IG *>

COND F 26 E: <* F 22 E *>

COND M 26 E: <* F 22 F *>

COND F 26 G: <* F 22 G, 1<=| LR (II ,NR) \ <=NJ, 1<=IKI *>

2* IE ( LP(T,NR) .EO. 0 ) GO TO 30

COND F 30 A: <* M 26 A,B,DrE,E,G *>

COND F 30 B: <* 1<K=Nc?X-»-1 *>

RHO COSET _11 .j!L_<JO

PC COSET ..11 = <* LR(I,NR) = 0 *>

_M 30 A:.__Null. in_t_ers.ection

M 30 B: LR(I,NR) = 0 implies I > 1 by input condition and 26 F



COSE* CONTROL RATH NHWBER 12 *12,

COND F 30 A: <* F 26 A,B,D,E,F,G *>

COND F 30 B: <* 1<K=NSX+1 *>

30 LS(NR) =1-1

LE(NR) = FTTLT * LS (NR)

WRITE(6,301) NCD^HL**, (LR(J-1,NP) ,J=2,I1

COND M 30.3 A: <* GC(NR), KN=0 *>

COND F 30.3 B: <* K, ID=0 *>

COND F 30.3 C: <* NCD=TNO(T(1,ICD) *>

COND F 30.3 D: <* F 26 0 *>

COND F 30.3 E: <* F 22 E *>

RHO COSET 12 =<LS(NR), LFCNR)>

PC COSET 12 = 9 . _ -

M 30.3 A: GC(NR-l) M 26 G and assignments

M 30.3 B,C,D,G: Null intersection
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COND F 30.3 A: <* GC(NR), KN=0 *>

COND F 30.3 B: <* K, TD=0 *>

COND M 30.3 C: <* NCD=TNT>Uf (1 ,ICD) *>

COND F 30. ^ D: <* F 26 D *>

CONB H 30.3 E: <* M 22 E *>

T* ( NCD .EO. 2 ) GO ^O UO

COND F 30.4 A: <* F 30.3 A *>

COND F 30.tt B: <* F 30.3 B *>

COND F 30.4 C: <* F 22 E *>

COND M 30.4 D: <* F 26 DTI *>

RHO COSET 13 = < 9>

PC COSET 13 = <* NCD -» = 2 *>

M 30.4 A,B,C: Null intersection

M 30.4 D: Path condition and input condition
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COND F 30.3 A: <* GC(NR), KN=0 *>

COND F 30.3 B: <* K, ID=0 *>

COND F 30.3 C: <* NCD=INPTTT (1 ,ICO) *>

COND F 30.3 D: <* F 26 D *>

COND F 30.3 E: <* F 22 E *>

IE ( NCD .EO. 2 ) GO TO 40

COND F 40 A: <* F 30.3 A *>

COND F 40 B: <* F 30.3 B *>

COND F 40 C: <* F 22 E *>

COND F 40 D: <* F 26 D, NCD=2 *>

RHO COSET 14 = <0>

PC COSET 14 = <*_NCD. = Z *>-

M 40 A,B,C: Null intersection

M _40 __D:...Path^condition .and..input, condition
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CONDF30.4A:<*F30.3A*>

CO*DF30.4B:<*F30.3B*>

CONDF30.4C:<*F22E*>

CONDF30.4D:<*F26DTI*>

CALLAPPLY(1,1)

T*(N.GT.NMAX)GO^09999

GOTO20

CONDM20A:<*GC(NR-1),KN=0*>

CONDF20B:<**,10=0*>

CONDF20D:<*ONEOFTHESETDI,Oil,Dili*>

CDT:<*0<=100^=17.,E=.T.,SWs."*.,NR=1*>

COil:<*I7<TCD<'=IG,F=.E.,SW=.F.,NP=1*>

CDili:<*IG<TCD<=IR,E=.E.,SW=.T.,NR=TCn-T04-1*>

CONDF20E:<*<V(I),0<=K=FIN(ICD-I7,TG-I7)><H(AK\*>

RHOCOSET15=<p(APPLY))

Zc„.._COSET15=<*N<=NMAX*>

M20A,B:Propertyofapplyandpathcondition

M20D:Nullintersection

M20E:M26E,DII,andAPPLY.



COSET CONTROL PATH NHFBER 16 H6

COND F 30.4 A: <* F **0.3 A *>

COND F 30.4 R: <* * 30.3 B *>

COND F 30.4 C: <* M 22 E *>

COND F 30.4 D: <* F 26 DTT *>

CALL APPLY (1,1)

IE (N.GT.NFAX) GO TO 9909

COND F 9999: <* N=f*:Hl OR N=NFAX*1 *>

RHO COSET 16 =<p(APPLY) >

..PC COSET, 16 =<N..>.NMAX>

M 9999 (SECOND CHOICE) : path condition
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CON^ F 40 A: <* » 30.3 A *>

COND w 40 B: <* m 30.3 R *>

COND F 40 C: <* F 22 E *>

COND F 40 D: <* F 26 D, NCD=2 *>

40 SH = .^RTTE.

NR = NR ♦ 1

GO TO 20

COND F 20 A: <* GC(NR-1), KN=0 *>

COND F 20 B: <* K, ID=0 *>

COND NJ ?0 D: <* OMP 0* ""HE SET DI,DTI,Dili *>

C DI: <* 0<=ICD<'=T''f E=.T., SW =.E., NR =1 *>

C DTI: <* T*7<TCD<=Tr;r E=.E., SW=.*., NR= 1 **>

C Dili: <* IO<TCD<r=T*, F=.E., SW=.^., HP=TCD-irn. 1 *^

CONn M 20 E: <* ^(11, 0<=K=FIN (ICD-I7, TG-T7) > < P(\*) *^

RHO COSET 17 =<SW,NR>

PC COSET 17 = 0

M 20 A: increase of NR by 1, M 40 A

M 20 B: Null intersection

M 20 D: M 40 D and assignment implies Dill

M 20 E: Null intersection



COSET CONTROL *ATH NHFBER 18

COND F 60 A: <* F 20 A *>

COND F 60 B: <* F 20 B *>

COND F 60 C: <* F 22 E *>

COND H 60 D: <* ONE OF THE SET DT, Oil *>

118

C
DI. <* 1<=ICD<=T7, NR=1, E=.T., SW=.E. *>

c"~ Oil: <* TCD=IR*1r T=.?.9 NR=IR-IG+1 *>

60 IE (E> GO to 20

T,s (up) = 4*NJ

LE(NR) = 4*NJ

1=1

COND F 66 A: <* F 60, DIT *>

COND F 66 B: <* 1<=K=NJ *>

COND F 66 C: <* LS(NR)=LE(NR)=4*NJ *>

COND F 66 D: <* LR(K*4*IT,NR) =11 IF K=0 OR -3

"r " =-H IP F=-1 OR -2, 1<=TKI *>

RHO COSET 18 =<LS(NR),^LF(NR)J,„I>

PC COSET 18 = <* F = .F. *>

M 66 A: Path condition and null intersection

M 66 B,C: Assignment

M 66 D: Vacuous
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CONfiF60A

CONDF60B

CONDF60C

CONDF60D

CDI

CDII

<*F20A*>

<*F20B*>

<*m22E*>

<*ONEOFTHESET01,DII*>

<*1<=ICD<=I7,NR=1,E=.T.,SW=.F.*>

<*ICD=IR+1,E=.E.,NR=TR-I0*1*>

60IE(E)GOTO20

CONDF20A:<*GC(NR-1),KN=0*>

CONDF20B:<*F,TD=0*>

CONDF20D:<*ONEOFTHESETDT,DIT,DTTI*>

CDI:<*0<=TCD«r=T7,E=.T.,SW=.E.,NR=1*>

CDII:<*T7.<TCD<=TG,F=.E.,SW=.P.,NR=1*>

CDili:<*IG<TCD<=IR,E=.E.,SW=.T.,NF=TCD-TO-M*>

CONDF20E:<*<nfT)r0<=K=FTN(TCD-I7,,10-17)><H(A*)*^

RHOCOSET19=<0>

PCCOSET19=<*F=.T.*>

M20A,B,E:Nullintersection

M20D=DI:Pathcondition
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COND F 66 A: <* H 60, DTI *>

COND F 66 B: <* 1<=T<=NJ *>

COND F 66 C: <* LS (NR)=LE (NR)_=4*NJ *>_
COND w 66 0: <* LR (K*4*TT,WR)=IT IF K=0 OR -3

=-II TF F=-1 OR -2, 1<=TKI *>

66 LR (4*1-3,NE) =1 ^

LR (4*1-2, NR) = -I

LR (4*1-1, NR) = -I _ _

LR(4*I,NR) = I

1=1 + 1

IF (I.LE.NJ) GO TO 66

LWD=0

NCOS=1 __ _ _ _ .

C LET HO = <F(I), 0<=T<=TG-I7.>

C

COND F 70 A: <* GC(NR), KN<N *>

COND F

F

70

70

B:

c:

<* F, TD=0 *>
—

COND
<* F(FN,AK) < H(AF) *>

COND F 70 D:
<* THERE EXISTS P, 1<=P<=FN*NCOS^UCH^HAT

C
(1,W,R> < FE'+KR' FOR AIL V OF LENGTH

C
LESS THAN OR EOHAL TO LHD *>

— ... ... .

_ . - - - -

RHO COSET 20-<(LR(4*I-K, NR), 0 <= K,<- 3), I>

PC. COSET 20-<*. I >NJ *>

M 70 A: M 66 and Path condition

M 70 ]B: Null interjection

M 70 C: Null intersection since KN=0

M 70 D: Vacuous, LWD = 0
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CONn h 66 A: <* F 60, DTI *>

COND F 66 B: <* 1<=I<=NJ *>

COND F 66 C: <* LS(NR) =LE(NR)=4*NJ *>

COND F 66 D: <* LP (K*4*II,NR) =11 IE K=0 OR -3

C =-II IE F=-1 OR -2, 1<=TKT *>

66 LR (4*1-3, NR) = I

LP (4*1-2, NR) = -I

LR(4*1-1,NR) = -I

LR(4*I,NR) = I

1=1+ 1

IE (I.LE.NJ) GO TO 66

COND F 66 A: <* F 60, DIT *>

COND F 66 B: <* 1<=K=NJ *>

COND M 66 C: <* LS(NR) =LF(NR)=4*NJ *>

COND F 66 D: <* LR(F+4*IT,NR)=11 IP K=0 OP -3

C =-II IE F=-1 OR -2, 1<=IKI *>

RHO COSET 21 = <(LR(4*I-K, NR), 0 <= K <= 3)., I>

„PC__ COSET, 21 =X* I <= NJ *>

M....._66 A,C: Null intersection

M_J66 B: Path condition

M 66 D; Assignment
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C LET HO = <0(I), 0<=K=IG-T7>

COND F 70 A: <* GC(NR), KN<N *>

COND M 70 B: <* F, ID=0 *>

COND F 70 C: <* H(KN,AF) < H(AK) *>

COND F 70 D: <* THERE EXISTS P, 1<=P<=FN*NCOS SOCH THAT

C (1,W,P) < KF«*KR« FOR ALL W OF LENGTH

C LESS THAN OR EOnAI TO LWD *>

70 KN = FN + 1

1=1

NCOS=NCOS-1

IE (NCOS.GE.O) GO TO 76

LWD=LWD+1

NCOS=N-FN

COND F 76 A: <* GC(NR) , 1<=KN<=N *>
.t. .. ....... . -• •

COND F 76 B: <* F 70 F *>

COND F 76 C: <* 1<=K=NR *>

COND F 76 D: <* H(KN-1 ,AF) +<W (1 ,KN) W(L) W(KN, 1) , K=L<I>

C < H(AK) *>

COND F 76 E: <* F 70 D *>



123.

RHO COSET 22 =<KN, I, NCOS, LWD >

PC COSET 22 = <* NCOS < 0 *>

M 76 A-D: Same as Path 23

M 76 E: M 70 and path condition implies (l,W,p) € KF* + KR1

for 1 <= p <= KN-1 and since

(KN-1, W(NR), KN-1) € KFf + KR\

(p,J,p') e KFf + KR', 1 <= p <= KN-1,

1 <= p1 <- N, thus word length can be increased

by 1.



COSET CONTROL PATH NHFBER 23

C LET HO = <TT(I), 0<=T<=TG-T7J>

COND H 70 A: <* GC(NR), KN<N *>

COND F 70 B: <* F, ID=0 *>

124.

COND F 70 C: <* H(KN,AF) < H(AK) *>

COND F 700: <* THERE EXISTS P, 1<=P<=KN*NCOS SHCH THAT

"r" (1,W,P) < FF«*KR' FOR ALL W OF LENGTH

LESS THAN OR EOnAL TO LWO *>

70 KN = FN + 1

1=1

NC0S=NC0S-1

IE (NCOS.GE.O) GO TO 76

COND F 76 A

COND F 76 B

COND F 76 C

COND F 76 D

C

<* GC(NR), 1<=KN<=N *>

<* F 70 B *>

<* 1<=K=NR *>

<* H(*N-1,AK)+<W(1,FN)W(L)W(KN,1), 1<*l<* >

< H(AK) *>

COND F 76 E: <* F 70 D *>

RHO COSET 23 = < KN, I, NCOS >_

PC_ COSET 23 =<* NCOS _>= .0.*)-.

M __76 A

M 76 B

M 76 C

M 76 D

M 76 E

Assignment^ for; KN, nulLAntersect:ion for remainder
Null intersection

Assignment

Vacuous

Null intersection __p+^
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COND

COND

COND

COND F 76 0: <* H(KN-1,AF) ♦<» (1 ,FN) W(L) W (KN, 1) , K=L<I>

C < H(AF) *>

COND F 76 E: <* M 70 D *>

76

F 76 A: <* GC(NR), 1<=FN<=N *>

F 76 B: <* F 70 B *>

F 76 C: <* 1<=K=NR *>

TF (KV(FN)) .NE.KN) GO TO 75

TF ( N .GT. NMAX - LE(NR) ) CALL CONSOL

CALL APPLY (FN,I)

125.

IE ( N .GT. NMAX ) GO TO 9999

<* F 76 A *>

<* F 76 B *>

<* F 76 C *>

<* H(FN-1,AF)+<W(1,FN)W(L)W(FN,1) , K=L<=T>

< H(AF) *>

IE ( N

COND F 75 A:

COVD F 75 B:

COND M 75 C:

COND F 7S D:

C

COND F 75 E:

RHO COSET 24 =< p(CONSOL) p(APPLY), I >

PC COSET 24 =<* KV(KN) = KN, N <= NMAX, I <= NR *>

M 76 is a p condition for 76.2 by null intersection or

by property of CONSOL

M 75 ?Z..P??P.?5.t?._P?__APPLY and path condition



COSET CONTROL PATH NH1BER ?*>

COND F 76 A: <* GC(NR) , K=FN<=N *>

COND M 76 B: <* F 70 B *>

COND F 76 C: <* K=K=WP *>

ne.

COND F 76 0: <* H(ini-1^n^

c < H(AK) *>

COND F 76 E: <* M 70 D *>

76 IE (KV(KN)).NE.K!n. G_° 1°_7!
_ """'" #(;T# HHRT . LF(NK) ) CALL CONSOL

CALL APPLY (FN,I)

IE ( N .GT. NFAX ) GO TO 9999

COND F 9Q90: <* N=1*:H| OR N=NFAX*1 *>

RHO _COSET .2_5„.=X ^XCQNSOL)^^.jCAPPLY)..

PC COSET 25 =<* NMAX < N *>

\

M 9999 (SECOND CHOICE): JPath condition
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COSET CONTROL PATH NUMBER 26

COND M 76 A: <* GC(NR), 1 <= KN <= N *>

COND M 76 B: <* M 70 B *>

COND M 76 C: <* 1 <= I <= NR *>

COND M 76 D: <*H(KN-1,AK) +< W(1,KN) W(L) W(KN,1), 1 <= L < I )

C < H(AK) *>

COND M 76 E: <* M 70 D *>

76 if (KV(KN).NE. KN) got to 75

COND M 75 A: <* M 76 A *>

COND M 75 B: <* M 76 B *>

COND M 75 C: <* M 76 C *>

COND M 75 D: <* H(KN-1,AK)+< W(1,KN) W(L) W(KN,1)

C 1 <= L <= I > <H(AK) *>

COND M 75 E: <* M 70 D *>

RHO COSET 26 = 0

PC COSET 26 =<* KV(KN).NE.KN *>

M 75 by null intersection and path condition since

KV(KN) 4 KN implies (KN,W(L),KN) e KF1 + KRf,

1 <= L <= NR.



COSET CONTROL PATH NUMBER 2fl- 128.

COND F 75 A: <* F 76 A *>

COND M 75 B: <* F 76 B *>

COND M 7^ C: <* M 76 C *>

COND F 75 0: <* H(KN-1,AK)+<W<1,_KN)W(L)W(KN,1), 1<=L<=T >
c < H(AK) *>

COND F 75 E: <* M 70 0 *>

75 1=1+1

IE (I.LE.NR) GO TO 76

IF ( FN .LT. N ) GO TO 70

COND F 75.3 A: <* GC(NR), KN=N *>

COND F 75.3 B: <* F 70 B *>

COND F 75.3 C: <* H(N,AK) < H(AK) *>

_RH0_ ..COSET _27 _= <_..I_

PC COSET 27 =<* I > NR, KN = N >

\

M 75.3 A: Path condition

M 75.3 B: Null intersection

M 75.3 C: Path condition and assignment



COSET CONTROL PA^H NUMBER 2$ 129.

COND F 75 A: <* F 76 A *>

COND F 75 B: <* F 76 B *>

COND F 75 C: <* F 76 C *>

COND M 75 0: <* H(KN-1,AK)*<W(1_,KN)W(L)W(KN,1), 1<=L<=T %

c < H(AF) *>

CONO M 75 E: <* M 70 D *>

75 1=1+1

TF (I.LE.NR) GO TO 76

TF ( KN .LT. N ) GO TO 70

C LET HO = <H(I), 0<=K=IG-IZ>

COND F 70 A: <* GC(NR), KN<N *>

COFD F 70 B: <* K, 10=0 *>

COND F 70 C: <* H(KN,AK) < H(AK) *>

COND F 70 D: <* THERE EXISTS P, K=P<=KN+NCOS SHCH THAT

C (1fWrP) < KE»+KR» FOR ALL W OF LENGTH

r LESS THAN OR EOHAL TO LWD *>

RHO COSET 28=< I >

PC COSET 28 =<*_I >NR, KN < N...*>.

M 40 A,C: Path condition

M 40 B: Null intersection



COSEm CONTROL PATH NHFBER ?*} 130.

CON^ F 75 A: <* F 76 A *>

COND F 75 B: <* F 7fi P *>

COND F 75 C: <* F 76 C *>

COND M 7S D: <* H(KN-1 ,AK) +<W (1 ,KN) W(L) W(KN, 1K 1<=L<=I >

C < H(AK) *>

COND F 75 E: <* F 70 D *>

7S 1=1+1

IP (I.LE.NR) GO TO 76

COND F 76 A: <* GC(NR), 1<=KN<=N *>

COND F 76 B: <* M 70 B *>

COND F 76 C: <* K=K=NR *>

COND F 76 D: <* H(KN-1,AK)+<W(1,KN)W(L)W(KN,1), K=L<I >

c < H (AK) *>

COND F 76 E: <* M 70 D *>

RHO COSET 29 =.< I >

PC COSET 29 = <* I <= NR *>

M 76 A,B: _Null intersection _

M 76 C,D: Path condition and assignment
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COND F 75.3 A: <* GC(NR), KN=N *>

COND F 75.3 B: <* F 70 B *>

COND F 75.3 C: <* H(N,AK) < H (AK) *>

CALL CONSOL

COND M 9999: <* N=1*:H| OR N=NFAX+1 *>

RHO COSET 30 = < p(CONSOL) >

PC COSET 30 • 0

«..A_??99 _(FIRST CHOICE).: Property, of CONSOL
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Proof of termination for MAIN PROGRAM COSET

\Q(COSET) =< F 17.4, F 20, F 26.2, F 66, F 70, F 76 /

Expressions: el » A, e2 - ICD, e3 - LWD, e4 = -NCOS,

e5 = I, e6 = J

Proof that < ei, i= 1,6 >is a controlled set of expressions:

PATH 1 17.4 —> 17 —> 17.4

X, ICD, LWD, NCOS and I are constant, J increases

and J <= NJ+1 at 17.4 by COND M 17

PATH 2 17.4 —> 16 —> 17 —> 17.4

*, ICD, LWD, NCOS are constant, I increases and
I <= NMAX at 17.4 by COND M 17.

PATH 3 17.4 —> 20

^ increases and A is constant at 20.

PATH 4 20 —> 22 —> 26 —> 26.2

\ is constant, ICD increases, ICD <= IR at 26.2

by COND M 26.

(Note that 20 —>22 —> 26 —> 30 ... is a path that will
note be taken due to INPUT and PATH CONDITIONS.)
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PATH 5 20 —> 22 —> 60 —> 20

A is constant, ICD increases and ICD <=* IR at 20

by COND M 20.

PATH 6 20 —> 22 —> 60 —> 66

A increases and A is constant at 66.

PATH 7 26.2 —> 26 —> 26.2

A, ICD, LWD, and NCOS are constant, I increases

and I <» NSX at 26.2 by COND M 26.

A, ICD, LWD, and NCOS are constant, I increases

and I <= NSX+1 at 20 by COND M 30.

PATH 9 66 —> 66

A, ICD, LWD, and NCOS are constant, I increases

and I <= NJ at 66 by COND M 66.

PATH 10 66 —> 70

A increases and A is constant at 70.
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PATH 11 76 ==> 75 —> 76

A, ICD, LWD and NCOS are constant, I increases and

I <= NR at 76 by COND M 76.

T

PATH 12 76 ==> 75 —> 70

A, ICD, LWD, NCOS are constant, I increases and

I <= NR+1 at 70 by COND M 75 and assignment I* 1+1

PATH 13 70 —> 76 PC =<* N COS >= 0 *>

A, ICD, LWD are constant, -NCOS increases,

-NCOS <= 0 at 76, by path condition.

PATH 14 70 —> 70.1 —> 70.2 —> 70.3 —> 70.4 —> 70.5 —> 76
A, ICD are constant. LWD increases. To show LWD

bounded consider two cases.

(i) [3:v] is suitably small. Then 3- WjV + W2?' +

Let LWX = maximum length of W± above then LWD < LWX

otherwise V e H(AK) and KN « N, the array AK is

complete. (See Trotter [1] for proof.)

(ii) More than NMAX+1 distinct COSETS will be found
during enumeration then let LWX = maximum of length of
COSET representatives of COSETS 1, NMAX+1. Then

LWD < LWX or N > NMAX.

+wnv.
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Appendix A. Listing of COSET, and subroutines with preconditions

Non executable statements do not appear in the listings.

Associated with each (sub) program is the statement:

COMMON KL(500), KV(500), KF(500,5), KR(500,5), LS(10),

LF(10), LR(20,10), NMAX, N, KR, NJ, ID, NVAC, KN

Associated with COSET is the type declaration:

LOGICAL SW, F



A*.

N0Ti? ppoGPAM WITH PRECONDITIONS

COND <* GC(NB) *> GLOBAL

:ond N 1: <* K, 0<=IXfI7<=N___*>

COMMENT LET X,Y HE THE INITIAL VALn^S^F^F^JJJ^EC(TY)

TA = IX

TF ( IA .EO. 0 ) GO *Q 9Q^9

IR = IY

10 TF ( ID .WE. 0 ) GO TO 20

IV = TA

£Q mf> OOQQ

COND N 20 A: <* * *>

COND _ N_20_B_: <* J^7.F^.^<:.^y.<^—----- -•
CON^> N 20 C: <* EC(TA)=Y, TA_ BELONGS__*0 EC_C_HAT*_^TTH

C BEAD Tv AND TAIL Y_. *J>

20 TF ( KV(IA) . 0*. 0 \ GO ^O?0*i

XA = - *V (7M

GO ^0 20

20(i T» = *V (TA)

'"ON^ N 205 A: <* * *^

C^ND N 205 n: <* TA=Yf 0<TYrTY<=N *>

CONn N 205 C: <* ECdB^Y, IB n*LONOS ™ ^ ™*TW VIT*

C HEAD T.y AND TAIL v. *>

205 TF ( KV(T^) .GE. 0 ) GO TO 206

TB = - KV (TB)

GO TO 205 ......

20^ TB = KV(IB)

COND N 206.1 A: <* * *>



hi

CONDN206.1B:<*(KI^X^N,0<IB=Y<=N*>

Iv(IB.EO.IA)GOTO^Q^Q

TF(IB.GT.TA)GOt0?0

25IT=__IA

IA=TB

IB=IT

CONDN30A:<*K*>

CONDN30B:<*0<IA<IB,IA=ttIN(X,Y),TB=PAX(X,Y)*>

COMFENTLETABESHCHTHATT(A)=IAySIMTLAPLYTfB)==TB

30KV(IB*=-IA

IT=IB

M=0

COND!L_?°_A:<*_T[70PT^TTTALVALUESOPKV,FCL,*P,**•

CKT,rKRrKFnNCHANOEB,KV(IT)TTNCHA^GFD

FOPIT-*<C(?)*>

CONDN40B:<*KV(TB)=-IA*>

CONDNUOC:<*0<IA<IByTA=MIN(X,v),T3=MAX(X,Y)*>^

_COND__N00D:<*0<=M<P(B),TT=KL(I*)**M**>

COND_NUOE:<**V(I)=TAFOPI=KL(IP)**Q,1<=0<r=M*>

UOTF(KL(TT).EO.TB)GOTO60

I**=^L(IT)

KV(IT)=TA

M=M+1

GOTOUO

60TF(IT.EO.IB)GOTO70

__1LJ7T)"_5LGLAJ

KL(IA)=KL(IP)

70KL(IB)=in

TD=TB

CONDNQQ99A:<*K*>



COND N 9099 B: <* GC(NP) _*>._.

COND N 999« C: <** OVEJ>FJTFE^J^J^£^^^^

C CT: <* TX=0 *>

C CIT: <* IX>0, TY=TXr tb=0)_ *>

C CUT: <* TA=Fr(TX) =TB=EC (TY) *>

c civ: <* tx,iy>o, __TA=mtn./1ay1' I?*w.\y (Y'y) '
C EC(TB)=FC(IX)=EC(IY)=Tfl *>

999Q PETDRN



CONSOLPPOGPAHWITH^PFCONDITTONS

CONDC1:<*KfTD=0rOC(NP.)*>

CONT>GLOBAL<*TD=0,GC(NP)*>

CYftDENOTESTHVTNTTTALVALUEOFTHEVAPTABLE7,

C7DENOTESTP.ECflFFENTVAT/IE

1IF(NVAC.EO.O)GOTO9<>99

M=0

1=1

CONDC21A:<*1<r=TONrM=|<II;IKI,KV*(TI)=TT>|*>

CONDC21B:<*1<=KV(KX*V(KK)<=WFOPV,VVSTIC""•HA*

c-K=K<rK*<T,KV«(K)=K,KVt(*K)=KK:

rKV(K)=-KV(KV*(K))^OPKSTTCHtwat

r1<=K<-T>«rv«(*)-.=*-;EOFEACHP*sncH^HA^

c1<=MM<'=!,«KV(K)=W*I''OPSG-MF.Kr

r1<=K<Tr^Vft(K)=K*>

CO\TDC?1C:<*KV(K)=KV«(K),T<=K<=N*>

CONDC21D:<*KL=KL*,KF=KF$,KB=KP#*>

2^TF(KV(I).NE.I)GOTO15

ffl-W+1

KV(T)=*

GOTO20

1r^,7=KV(I)

KV(T)=-KV(J)

CONDC20A:<*1<=K=NrK=|<TT:TK=T,KVt(TI)=IT>1*>

CONDC20B:<*C21*FOPM=M-1,(FVt(T)=T,KV(T)=M)

rnnC?1%(KV*(T)^=T,KV(I)=-KV(KV«(T)))*>

CONDC20C:<*KV(K)-YVHtV),T<K<=N*>



CONDC20D:<*C21D*>

201=1+1_

IF(T.LE.N)GOTO21

CONDKVIH:<*W=WCOS«,KV(I)=IM(T)IFKV#(I)=T,

CKV(I)=-I?<(KV*(I))TFKV*(I)-=I,!<=-?<=?*>

CONDC20.2:<*C21DrKVTK*>

KN=TABS(KV(KN))

1=1

CONDGLOBAL<*KN=|TW(*V*(KN*))\*>

CONDC31A:<*KVIW,KT.=KL**>

CONDC31B:<*1<=K=N*>

CONDC31C:<*KF(TI,J)=TM(KV#(KFt(II,J))),

CKP(II,J)=in(KVt(KP#(IIrJ))),

c1<=J<=NJ,1<=TKI,KV#(II)=TT*>

CONDC31D:<*KF(TI,J)=KF#(TT,J),KP(IT,J)=KF#(TT,7)

CFOPT<=!T<=N,1<=J<=NJ*>

31TF(*V(T).LT.0)GOto30

J=1

TOWDC26A:<*C31A,B,C,KVm>0*>

COvnc26B:<*1<=J<=NJ*>

CONDC26C:<*KF(I,JJ)=IM(KV*(K^f(T,jjn),

CKP(IfJJ)=IW(KV*(KP*fTrJJ))),1<=JJ<J*>

CONDC26D:<*K*(TTrJJ)=KF*(II,JJ),KP(TJ,j.tj=KP*(IT,JJ)

rIFT<"IOP1=11,J<=JJ*>

26TF(KF(T,J).EO.0)GOTO23

KT=K*(I,J)

KF(T,J)=IABS(KV(KT))

23TF(KF(T,J).FO.0)GOTO25

KT=KP(I,J)

KP(I,J)=IAPS(KV(KT))



HI:

CONB C 25 A: <* C 26 A,B,C,D FOR J<JJ *>

COND

C

C 25 B: <* KF(I,J)=TMKV*(KF*(I,J))) ,

KF (I, J) =IM (KV* (KP* (I, J) ) ) *>

J=J+1

... .

25

IF (J.LE.NJ) GO TO 26

COND C 30 A: <* C 31 A,B,C *> '

COND C 30 B: <* KV(I)>0 AND KF (I, J) =IM (KV* (KF* (I, J) ) ) ,

C KF(I,J)=IM(KV#(KR#(I,J))) , 1<=J<=NJ *>
«

C OR <* KV(I)<0 *>

COND C 30 C: <* KF(II,J)=KF*(II,J) , KIK=N, 1<=J<=NJ *>

30 1=1+1

TF (I.LE.N) GO TO 31

J=0

1=1

COND C U1 A: <* 1<=K=N, J=1<TI; IKI,KV*(II)=II>1 *>

COND C U1 B: <* KL(JJ)=KV(JJ)=JJ,

c KF (J J , K) =1W (K V* (KF* (I HI (J J) ,K)))#

c

c

KR(JJ,K)=IW(KV*(KR*(I«I(JJ) ,K))) ,

K=JJ<=J, 1<=K<=NJ *>

C U1 C: <* KF(TI,K)=I«(KV*(KF*(IIrK))) ,CONn

r KP(TI,K)=TW(KV*(KP*(II,K))) , 1<=K<=NJ,

KV(TI)=IW(II) , KIK=N AND KV*(TT)=II;

KV(TI)=-T'"(KV*(TI)) , KV*(II)-.= II, T<TK=N *>

c

c

U1 IE (KV(I) .LT.O) GO TO UO

J=J + 1

c

-

K=1

COND

COND

C 3fl A: <* 1<=K=N, 1<=K<=NJ, KV(I)>0, J=IWI (I) *>

C 38 B: <* C U1 B WITH J REPLACED BY J-1r

K.F(J,KK)=TK(KV*(KF*(IH!(J) ,**))> rC

KR(J,KK)=IN(KV*(KR* (IHI (J) ,KK) )) ,



3

AS

C1<=KK<K*>

CONDC38C:<*CU1C*>

38KF(J,K)=KF(T,*)

37KP(J,K)=KP(I,K)

K=K-f1

IF(K.LE.NJ)GOTO38

KL(J)=J

KV(J)=J

CONDCUOA:<*1<=K=N,J=f<II;TK=T,KV*(II)=TI>|*>

CONDCUOB:<*CU1B*>

CONDCUOC:<*CU1C*>

UO1=1+1

IF(T.LE.N)GOTOU1

CONDCU0.2:<*KF(J,K)=TW(KV*(KF*(TMI(J),K))),

CK?(J,K)=IW(KV*(KR*(Tffl(J),*))),

CKV(J)=KL(J)=JfK=K<=NJ,K=J<=**>

P=M1

T=KT

CONDC51A:<*CU0.2*>

CONDC51B:<*M+K=K=N*>

CONDC51C:<**FfTT,J)=KP(IT,J)=0,1<=J<=N.7#K-<=TT<I*%

51J=1

CONDCS7:<*C51;1<'=J<=NJ;

CKF(T,JJ)=KP(T,JJ)=0,1<=JJ<J*>

52K^(T,J)=0

KR(T,J)=0

50J=J+1

I*(J.LE.NJ)GOTO52

1=1+1

TF(T.LE.N)GOto51



_. -.m

N = H

NVAC = 0

COND C 9999: <* K,ID=0,NVAC=0, H(AK) =H (AK#) ,

C KN=IH(KV*(KN*) ) *>

ooqq FFTUFN



j

f\lo

APPLY PPOGPAW WITH PRECONDITIONS

CO*!*ENT LET HH BE THE INITIAL VALDE OF H(AK')

COND <* GC(NP) *> PPECONDTTTON FOR ALL STATEMENTS

r EXCEPT 36.1 AND 99qa

COND <* GC(NR) OR N=N«AX+1 *> PPECONDTTTON VALID FOF

36.1 AND 9999

COND JP 1 ft: <* K,ID=0 *>

COND AP 1 B: <* 1<=LA<=NR *>

COND AP 1 C: <* 1<=IT<=Nr KV(IT)=TT *>

1 L = LA

LEN = LF (L)

LNS = LS(L)

T = IT

TB = T

W=LNS

MX=1

COND GLOBAL <* 1<=L<=N*, 1<=LEN<=1000NSX, 1<=LNS<-=NSX,

c k=tt<=n *>

COND A^ 21 A: <* K,TD=0 *>

CO^D AP 21 B: <* 1<=HX<=LEN, 1<=FK=LNS,

C (1+1) *NX KOD(LNS) *>

COND AP 21 C: <* K=I,T*<=N, KV(I)=I, KV(IB)=^B=TT *>

COND AP 21 D: <* CHATN (I,IT,MY,L) *>

COND AP 21 E: <* H(AK)=HH *>

21 V = n + 1

TF ( H .GT. T.NS ) M - 1

J = LP(F,L)



IF(J.GT.O)GOTO1U
—*-—...

-v.13J=-J

IX=KP(I,J)

GO*"015

1UIX=KF(I,J>

flil

CONDAP15A,C,D,E:<*AP21A,C,D,F*>

CONDAP15B:<*1<=nX<-=TFN,1<=PK=LNS,W*HX"OH(LNS>*>

CONDAP15F:<*IX=0,(I,LR(«,L),0)<KF»+KR»*>

COR<*IX>0,(I,LR(H,L)r*V(TX))<KF«*KR»*>

15IV(tx„EO.0)GOTO30

20T=KV(TX)

MX=WY+1

TV(MX.LF.LEN)GOTO21

GOto50

30*-1

COF^EN^LETH7=KX+LEN-1Y

CONDAPU1A,F:^*A*>21*,E*>

CON^APU1B:<*1<-=MY<='»lv<=L^Nr1<'=*!<=LNS,

r(^-1)ftw7*!OD(LNS)*>

CONDAPU1C:<*1<=T,Tt^=N,KV(I)=T,*V(7P>-T»,

rKV(TT>=TT*>

CO*DAPU1D:<*CHAIN(IT,T,«Y#L),

CCHAIN(IB,T"\-(i«Y-MX),L))*^

uin=m-1

IF(*.EO.0)M=LNS

J=LR(M,L)

TF(J.GT.O)GOTO3U

•njt=-J

IX=KF(TB,JT)



f\iz.

GOtq35

n•""""
J3UIX=KP(TB,J>

CON"AP35A,C,D,E:<*A»U1A,C,D,E*>

CONDAP35B:<*1<=flX<=*Y<=LFN,1<=F<=LNS,

cmmwod(Lns),j=lr(*,t,)*^

CONDAP35F:<*IX=0,(0,J,TB)<KF»+KP»*>

COP<*IX>0,(KV(IX),J,IB)<KF'+^R'*>

35IF(IX.NF.0)GOTOUO

IF(PIT.LT.LEN)GOTO36

TF(J.GT.0)GOTO355

KF(TB,JT)=X

CALLNOTE(TB,KR(T,JT))

GOTO60

355KR(IB,J)=T

CALLNO^E(TB,KF(T,J))

GOTO60

36N=N+1

TF(N.0™.NMAY)GOtqQoqo

KL(N)=V

KV(N)=N

IX=N

TF(J.GT.0)GOTO37

K^dBjJT)=TV

KR(IX,JT)=TB

GOTOUO

37KR(TB,J)=IX

KF(IX,J)=IB

CONDAPUO:<*AP35,TT>0*>

UOT*=KV(TY)

»*IY=WY+1



fl!3

T*(M^.LE.L^N)GOtoU1

CONDAP50A:<*K,TD=0*>

COND'AP50B:<*K=T,IB<=N,KV(X)=T,KV(IB)=™*>

CONDAP50C:<*CHAIN(TB,T,L^N+1,L)*>

COP<*CHAIN(IT,I,MX,L),

CCHAIN(IB,IT,-(LEN-MX+1),L)*>

CONDAP50D:<*H(AK)=HH*>

50CALLNOTE(I,TB)

CONDAP60A:<*K*>

CONDAP60B:<*H(AK)=<HH+W(1,IT)W(L)W(IT,1)>*>

60IF(ID.EO.0)GOTO9999

NVAC=NVAC+1

I=ID

TD=KL(T)

TA=T

KL(I)=I

J=1

CONOat>6UA:<*K0,K1,K2,K3,INCLHDTNGTINT«ESETof

cROWSLABELEDEC(I),MCOS+NVAC+P(0)=N+?*>

CONDAP6UB:<*AP60B*>

CONDAP6UC:<*""ABETONGSTOECCHATNWTT*JHEADTr

C*mAILECfl)*>

CONDA7*6UD:<*1<=J<=NJ*>

6UTF(KV(TA).GE.0)GOto65

TA=-KV(TA)

GOTO6U

K5TA=KV(IA)

KV(I)=IA

WL(T)•=KL(TM

KL(TA)=T



All

COND AP 71 A: <* K INCLHDING I IN THE SET OF ROWS

"1 r LABELED TA, EC(I)=TA *^

COND AP 71 B: <* AP 60 B *>

COND AP "71 C: <* K=J<=NJ *>

COND AP 71 D: <* (KF(%L)=0 OR EC (KF (IA ,L> )=EC (K* (I ,L) )>

? ^ ^ (KP(TfTf)=0 OF EC(KR(IA,L))=EC(KP(T,L)))

c FOR 1<=L<J *>

71 CALL NOTE ( KF(I,J)_ , *J}J*•J) }
CALL NOTE ( KR(I,J) , KR(TA,J) )

70 J=J+1

IF (J.LE.NJ) GO to 71

, • GO TO 60

COND AP 9Q99 A: <* K,TD=0 *>

COND AP 9°99 B: <* GC(NP) *>

COWD AP 9Q99 C: <* H(A*)=<RH+W(1,^)W(L)W(TT,1)> *>

C OR

CONP AP oqqq p: <* N=NNAX+1 *>

qoqq RETHPN



COSET PROGRAM WITH PRECONDITIONS

COND GLOBAL <* INPTTT *>

10

NMAT = 500

NJX = 5

NRX = 10

NSX = 20

NVAC = 0

ID = 0

A±s

NJ = 1

1=1

COND H 16 A: <* K=NJ<=NJX, NVAC=0, TD=0 *>

COND M 16 B: <* 1<=K=NMAX *>

COND M 16 C: <* (KF(IIrJ)=KR(!T,J)=0, 1<=J<=NJX) ,

C KV(II)=KL(TT)=0, 1<=I!<I *>

16 KL(T) = 0

KV(T) = 0

J=1

COND M 17 A: <* M 16 *>

COND M 1"7 B: <* 1<=J<=NJX *>

COND M 17 C:

C

17 KF (T,J) = 0

KR(I,J) = 0

J=J+1

IF (J.LE.NJX) GO to 17

1=1+ 1

<* KF(T,JJ)=*-R(T,JJ)=0, K-'^^r

KV(T)=KL(I)=0 *>

IF (I.LE.NMAX) C^O TO 16



COND

COND

COND

C

C

C

COND

20

COND

COND

, COND

C

C

c

COND

COND

COND

22

N = 1

KL(1) = 1

KV(1) = 1

NR = 1

F = .TRHE.

SW = .FALSE.

KN = 0

ICD=0

M 20 A: <* OC(NR-1), KN=0 *>

W 20 B: <* K, ID=0 *>

H 20 D: <* ONE OF THE SET DI,DII,Dili *>

flit

DI: <* 0<=ICD<=T7, F=.T., SW=.F., NR=1 *>

DII: <* I7<TCD<=IG, F=.F., SW=.F., NR=1 *>

Dill: <* IG<ICD<=IR, »=.*., SW=.T., NR=ICrr-TG*i *>

M 20 E: <* <H(T), 0<=K=MTN(ICD-IZfIG-T7)> < HM*) *>

TCD=TCD*1

READ(5,201) NCD,MHLT, (LP(T,NP) ,T=1,NSX)

M 22 A: <* M 20 A *>

M 22 B: <* M 20 P *>

i* 22 D: <* ONE OF the SE™ DI,DTT,DIII *>

DT: <* 1<=ICD<=I7+1, F=.T., SW=.F., NP=1 *>

DII: <* T7+KICD<=IG+1 , F=.F., S^=.F., NP=1 *>

Dili: <* IG+KTCD<=IR+1, F=.F., 5^=."., N*=TCD-IG *>

M 22 E: <* <TD(T) ,0<=K=MIN(TCD-IZ-1,IG-T7)> < H(AK) *>

M 22 F: <* NCD=TNPTTT(1,ICD) , MOLT=TNPDT(2,TCD) *>

M 22 0: <* LR(T,NR)=TNPDT(I+2,TCD), 1<=K =NSX *>

IF < NCD .EO. 0 ) GO TO 60

TF (F) WRITF(6,2U0)

F = .FALSE. __ _

T=1



COND M 26 A: <* H 20 A *> _ _ __

"5 CO^D M 26 B: <* M 20 B *>

COND M 26 C: <* 1<sI<s*S_*„*?_---- -
COND M 26 D: <* ONE OF THE SET DWtDIII_*>

C Ml: <* I7<ICD<=IG+1, E=.F. 'J^^IL'-I*^ .**
Dill: <* IG+KICD<=IR, F=.F.rSW=.T., NR=TCD-IG *>

COND H 26 Et <* * 22 E *>

COND H 26 F: <* M 22 F *>

cond m 26 o: <* B_^ e» ;<^E,.1IB)..,<rH'.-1<*II<I #>
26 IF ( LF(I,NR) . EO- 0 ) C50 TO 30

NJ = MAT0( NJ, IABS( LR(I,NR) ) )

1=1 + 1

IF (T.LE.NSX) GO TO 26

T = NSX ♦ 1

COND M 30 A: <* n 26 A,B,D,E,F,G *>

CONP M 30 8: <* 1<K=NSX+1 *>

30 LS(NP) =1-1

LF (NR) = MHLT * LS (NR)

WRT,T'E(6,301) WD,MTTLTr (LR(J-1,NP) ,J=2,T)

COND M 30.3 A: <* GC(NR), KN=0 *>

COND M 30.3 B: <* K, tp=0 *>

CON" M 30.3 C: <* NCD=TNPn^(1,TCD) *>

COND « 30.3 D: <* M 26 D *>

COND M 30.3 E: <* M 22 F *>

IF ( NCD .EO. 2 ) GO TO UO

COND M 30.U A: <* * 30.3 A *>

COND M 30.U B: <* M 30.3 B *>

COND M 30.U C: <* M 22 E *>

COND M 30.U D: <* M 26 DIT *>

CALL APPLM1,1)



_ fits
17 (N.GT.NHAX) GO TO 9999

c
GO TO 20

COND H UO A: <* M 30.3 A *>

COND M UO B: <* M 30.3 B *>

COND M UO C: <* M 22 E *>

COND M UO D: <* M 26 D, NCD=2 *>

UO SW = .TRHE.

NR = NP ♦ 1

GO TO 20

COND M 60 A: <* H 20 A *>

COND H 60 B: <* M 20 B *>

COND M 60 C: <* M 22 E *>

COND M 60 D: <* ONE OF THE SET DI, DII *>

DI: <* 1<=ICD<=T7J, NR=1, F=.T., SW=.F. *>

C DII: <* TCD=IF+1, F=.F., NP=IR-IG+1 *>

60 IF (?) GO TO 20

LS(NR) = U*NJ

L-p(NP) = U*NJ

1=1

COND M 66 A: <* M 60, DIT *N

COND M 66 B: <* 1<=K=NJ *>

COND M 66 C: <* TS(wp)=L^(NR)=U*NJ *>

COND M 66 D: <* LP.(K+U*TT,NR) =11 TF K=0 OP -3

C =-TI TF K=-1 OR -2, 1<=TT<I *>

66 LR(U*I-3,NR) = T

LR(U*T-2,NR) = -I

LR (U*I-1,NR) = -I

LR(U*T,NR) = I

1=1+1

TF (T.LF.NJ) GO TO 66



LWD=0

NC0S=1

CLETHO=<D(I),0<=K=IG-I7>

CONDM70A:<*GC(NR),KN<N*>

CONDM70B:<*K,ID=0*>

CONDM70C:<*H(KN,AK)<H(AK)*>

CONDM70D:<*THEREEXISTSP,1<=P<=KN+NCOSSHCHTHAT

(1,W,P)<KF^+KR'FOBALLWOFLENGTH

LESSTHANOREQHALTOLWD*>

70KN=KN+1

1=1

NCOS=NCOS-1

IF(NCOS.GE.O)GOTO76

LWD=LWD+1

NCOS=N-KN

CONDM76A:<*GC(NR),1<=KN<=N*>

CONDM76B:<*M708*>

CONDM76C:<*1<=T<=NP*>

CONDH76D:<*H(KN-1,AK)+<W(1,KN)W(L)V(KN,1),1<=L<T>

C<H(AK)*>

CONDM76E:<*M70D*>

76TE(KV(KN)).NF.KN)GOTO75

TF(N.r,T.NMAX-L*(NF))CALLCONSOL

CALLAPPLY(KN,I)

IF(N.GT.NMAX)GOTO9999

CONDM75A:<*M76A*>

CONDM75B:<*H76B*>

CONDM75C:<*M76C*>

CONDM75D:<*H(KN-1,AK)+<W(1,KN)W(L)W(KN,1),1<=L<=I>

C<H(AK)*>



COND M 75 E: <* B 70 D *>

75 I=i+1

COND

COND

- COND

IF (I.LE.NR) GO TO 76

IF ( KN .LT. N ) GO TO 70

75.3 A: <* GC(NR), KN=N *>

75.3 B: <* M 70 B *>

75.3 C: <* H(N,AK) < H(AK) *>

CALL COUSOL

COND H 9999: <* N=fF:H! OR N=NBAX+1 *>

9999 WRITE(6,751) N

(A 2.0



F5

KEY TO FIGURES 1-4

unlabeled statement

—\TW"- statement labeled n

statement with precondition

-0-
statement in sef of sufficiency, Q

^r**y- statement with precondition and in Q

entry point

/

t * \ statement in another subgraph.
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