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Abstract

Although the formal method VDM has been in existence
since the 1970’s, there are still no satisfactory tools to sup-
port verification in VDM. This paper deals with one pos-
sible means of approaching this problem by using the PV§
theorem-prover. It describes a translation of a VDM-SL
specification into the PVS specification language using, es-
sentially, the very transparent translation methods described
in [1]. PVS was used to typecheck the specification and to
prove some non-trivial validation conditions. Next, a more
abstract specification of the same system was also expressed
in PVS, and the original specification was shown to be a
refinement of this one. The drawbacks of the translation
are that it must be done manually (though automation may
be possible), and that the “shallow embedding” technique
which is used does not accurately capture the proof rules of
VDM-SL. The benefits come from the facts that the portion
of VDM-SL which can be represented is substantial and that
it is a great advantage to be able to use the powerful PVS
proof-checker.

1. Introduction

In the paper [1], Sten Agerholm demonstrates how a large
subset of VDM-SL[4] may be translated directly into the
specification language of the PVS theorem prover[8]. The
translation is a “shallow embedding” which works well in
this case because the two languages possess many structures
and concepts in common. The result is a simple and direct
means of harnessing the power of the PVS proof-checker
for verifying results about VDM-SL specifications.

We independently discovered essentially the same repre-
sentation of VDM-SL in PVS, and explored this by trans-
lating a medium sized VDM-SL specification into PVS and
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proving several theorems about it. Next, we considered
VDM-style refinement, and found that the PVS theory mech-
anism can be used to express this quite satisfactorily. Again,
we used our example to explore this approach, and found
that we were able to prove all of the refinement proof obli-
gations with the PVS proof-checker.

The VDM-SL example which is used was developed
with the help of the IFAD VDM-SL Toolbox [9] which pro-
vides syntax-checking and some typechecking for VDM-
SL. Other work which deals with refinement within PVS
includes [12] which is concerned with providing proof sup-
port for Abrial’s “B” Abstract Machine Notation.

The main contributions of this paper are a medium-sized
case study with non-trivial theorems proved giving evidence
to support the feasibility of the approach proposed in [1]
and a simple extension of this approach to incorporate re-
finement. The paper is organized as follows: Section 2
describes the application which serves as our main exam-
ple. In Section 3 we show how this system was formally
specified in VDM-SL, the specification translated into PVS,
and a number of proof obligations and validation conditions
formally verified using PVS. In Section 4 we present our
first specification as a refinement of a more abstract specifi-
cation, and discuss using PVS to prove the refinement proof
obligations. In the final sections, we present some obser-
vations about what was learned during this project and our
conclusions.

2. The MSMIE protocol

MSMIE (Muitiprocessor Shared-Memory Information
Exchange) is a protocol for “inter-processor communica-
tions in distributed, microprocessor-based nuclear safety
systems” [13], which has been used in the embedded soft-
ware of Westinghouse nuclear systems designs.

The protocol uses multiple buffering to ensure that no
“data-tearing”” occurs as separate processors communicate
via some shared memory. In other words, data should never
be overwritten by one process while it 1s still being read by
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another. One important requirement is that neither writing
nor reading processes should have to wait for a buffer to
become available; another is that recent information should
be passed, via the buffers, from writers to readers. The ex-
ample has previously been analyzed using CCS in [5] and
is used in as a basis of a comparison of VDM and B in
[7]. In a simplification considered in [5] it is assumed that
information is being passed from a single “slave” proces-
sor to several “master” processors. Thus, there are several
reading processors, “masters”, but only one writing, “slave”
process.

The information exchange is realized by a system with
three buffers. Atany time, one buffer is available for writing,
one for reading, and the third is either between a write
and a read and hence contains the most recently written
information, or between a read and a write and so is idle.

The status of each buffer is recorded by a flag which can
take one of four values:

s - “assigned to slave” This buffer is reserved for writing.
It may actually be being written at the moment or just
marked as available for writing.

n - “newest” This buffer has just been written and contains
the latest information. It is not being read at the
moment.

m - “assigned to master” This buffer is being read by one
Or MOre Processors.

1 - “idle” This buffer is not being read or written and does
not contain the latest data.

The names of the master processors that are currently
reading are also stored in the state.

The VDM specification of [6] and [7] is concerned with
various “data models” of MSMIE: the state of the device
is modeled but not the slave and master processors nor the
dynamic evolution of the system as they access the buffers in
parallel. This analysis concerns only the operations which
modify the buffer status flags. In the system as a whole, these
operations are protected by a system of semaphores which
allows each operation uninterrupted access to the state, and
thus their behavior is purely sequential,

There are three such operations;

slave This operation is executed when a write finishes. It
sets the status of the buffer that was being written to
“newest”, thereby replacing any other buffer with this
status.

acquire This 1s executed when a read begins. The new
reader name (passed as a parameter) is added to the set
of readers and status flags are updated as appropriate.

release This is executed when a read ends. The given
reader name is removed from the set of readers and
status flags are updated as appropriate.

The precise description of these operations is left to the
formal specification in the following section.

We note, in passing, that the MSMIE protocol has the
undesirable property that it is possible for information flow
from slave to master to be held up indefinitely. This problem
is dealt with in the original paper [13] by the use of timing
constraints. The paper [5] suggests an improvement to the
protocol in which the problem is avoided by the use of a
fourth buffer. This improved protocol is quite intricate,
and is modeled in [6] by using non-standard extensions to
VDM which provide a more concise means of expression
than standard VDM. In this paper we restrict ourselves to
standard VDM specifications and do not treat the improved
MSMIE protocol.

3. Formal specifications of MSMIE

The paper [6] explores several ways of specifying this
system in VDM with varying degrees of abstraction. These
specifications can be translated more or less “as is” into PVS,
which can then be used to carry out proof obligations. The
translation can be done in such a way that some of the proof
obligations are automatically generated by PVS, though it
is still necessary to type in others by hand.

The VDM specifications shown here have been modified
to conform with standard VDM-SL so they differ slightly
from those in [6].

3.1. The VDM specification

The specification uses an auxiliary function called count,
which counts the number of occurrences of a given item in
a sequence.

functions

count(@T]: @T x @T" - N

count (s,ss) &
cases ss :
[ -0,
others — if hd ss = s
then 1 + count{@ T] (s, 35)
else count[@ T (s, 1l ss)
end

The possible values of the status flags are given via an
enumerated type; the type of the names of master processes
is deferred.
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types

Status =S| M| N| L

MName = token

The state records the status of each of the three buffers,
and the names of all currently reading master processes.
These are represented by, respectively, a sequence of status
values and a set of master names. The invariant captures
constraints on the possible states that are reachable: there
is exactly one buffer assigned to the writing slave process;
at most one buffer is currently being read, and at most one
holds newest data that is not being read; the set of readers is
empty precisely when no buffer is being read. In the initial
state, one buffer is assigned to the slave and the other two
buffers are marked as idle.

state X of
b: Status®
ms : MName-set

invmk-X (b, ms) &
lenb=3A
count[Status] (S, b) =
count[Status] (M, b) € {0 1} A
count[Status] (N, b) € {0,1} A
(count[Status] (M, b) =0 & ms ={})

(
inits & 5 =mk-2 ([s,1,1],{})
end

The slave operation is executed when a slave process
completes writing. The buffer that has just been written,
previously of status S, is given the status N reflecting that
it now contains the newest data. This buffer replaces any
other buffer with the N status. The operation also selects
one of the available buffers and assigns to it status S, making
it the new buffer available for writing.

operations
slave ()
extwr b : (Status™)
pre true
postVi € {1,2,3}-
(b(i)=8 = b(i)=N)A
(b ()=m = b(i)=M);

The acquire operation is executed when a master process
is about to begin reading. The new reader’s name, passed
as a parameter, is added to the set of active readers, and
status flags are updated as necessary. If there is already a

buffer being read, then the new reader also begins to read
that buffer and no status changes are needed. Otherwise it
reads the buffer with the newest data, status N, and the status
of that buffer is changed to M.

acg (I : MName)
extwr b ; (Status™)
wr ms : (MName-set)
pre (= ({ € ms)) A
(31€{1,2,3}-b(4)) =NV b(i) =M)
post ms = ms U {I} A
Vie {1,2,3}
if b (i) =N
then b (i) =
else b (i) =

Ams = {}
M
0

(1) 5

The release operation takes place when a master process
has finished reading. Because of space limitations in this
paper, the specification of this operation is not shown.

3.2. The PVS system

The PVS system[8] was developed at SRI International in
Califorma. It features an expressive specification language
based on classical higher-order logic, enhanced with a rich
system of types including subtyping, dependent types and
recursive types. Specifications may be structured using a
system of parameterized theories. The PVS specification
language is supported by a collection of tools including
a type checker and an interactive proof checker in which
basic proof commands are tightly integrated with powerful
decision procedures and tactics. The main attraction of the
method exemplified in this paper is that it enables us to use
this powerful proof-checker for verification of VDM.

3.3. PVS translation

The VDM specification is represented as a PVS theory
called msmie_sigma2. The theory is parameterized over a
non-empty type of master names.

nmsmie_sigma2 [MName : TYPE+] : THEORY

BEGIN

The theory begins by importing another theory containing
definitions of functions on lists. The *count” function is
defined within this imported theory.

IMPORTING list_funs

As in VDM, the possible values of the status flags are
represented by an enumerated type.
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Status : TYPE = {Slave,Master,Newest, Idle}

The state and invariant of the VDM specification are rep-
resented by a single (dependent) type in PVS. The definition
is best understood in two parts. First, the state is repre-
sented as a record containing two fields: a list, b of Status
values, and a set of master names, ms. The set of valid states
is then represented by forming the subtype, sigma2, of all
such records which satisfy the invariant.

sigma2 : TYPE =
{x : [#Db list[Status],
ms : setof [MName] #] |
{{length{(b{x)) = 3) AND (count(Slave,b{x)) = 1)
AND
member (count (Master,b(x)), {x:nat|x=0 OR x=1})
AND
member (count (Newest,b(x) )}, {x:nat |x=0 OR x=1})
AND
( {count {(Master,b(x)) = 0) <=>
(ms (x) = emptyset)))}

The initial state is defined as a record containing ap-
propriate values and its type is explicitly constrained to be
sigma2. When this definition is typechecked, PVS will au-
tomatically generate as a type-checking constraint (TCC)
the condition that the initial state satisfies the invariant. We
shall look more closely at these TCCs in the next section.

initial_sigmaZ sigmaz =
(# b := (: Slave, Idle, Idle :),
ms := emptyset #)

For each operation, the precondition is represented as a
predicate over the valid states (sigma2). The postcondition
is represented as a predicate over pairs of valid states. The
operation is then defined as a function which maps each
value from the subtype defined by the precondition to a
nondeterministically chosen valid state which, when paired
with the input value, satisfies the postcondition’.

Typechecking such a definition causes PVS to generate a
TCC stating that a suitable value for the non-deterministic
choice does indeed exist. In other words, we are asked to
show that the specified operation is feasible.

Qur first example is the s1ave operation. The definitions
of the pre- and postconditions resemble very closely the
original VDM specification. One difference is that there is
no analogue in PVS to the frames in VDM, so that the fact
that the variable ms has read-only status in the VDM speci-
fication must be explicitly stated in the PVS postcondition.

pre_slave: [sigma2 -> bool] = LAMBDA (st:sigmaZl)
true

post_slave: [ (pre_slave),sigma2 -> bool] =
LAMBDA (st: (pre_slave),st2:sigma2)

I The interpretation of looseness in VDM and PVS is discussed in Sec-
tion 5.2.

((FORALL (i:{x:nat| x=0 OR x=1 OR x=21})

{(nth{b(st),1i) = Slave IMPLIES
nth(b(st2),1i) = Newest)
AND
(nth(b(st),i) = Master IMPLIES
nth{b({st2),1) = Master))
AND
(ms (st2) = ms(st)))

The slave operation is then defined using the nondeter-
ministic choice operator “choose”.
slave: [ (pre_slave) -> sigma2] =

LAMBDA (st: (pre_slave))
choose ({st2:sigma2 | post_slave(st,st2)})

The specifications of acquire and release are done simi-
larly. First the precondition and postcondition are defined
as predicates.

pre_acq: [MName ->[sigma2 -> bool]] =
LAMBDA (1l:MName) {st:sigma2)

(NOT member (1l,ms(st})) AND
(EXISTS (i:{x:nat| x=0 OR x=1 OR x=2})
(nth(b(st),1) = Newest OR
nth(b(st),1) = Master))
post_acqg:

[1:MName -> [(pre_acqg(l)),sigma2 -> bool]] =
LAMBDA {l:MName) (st: (pre_acq(l)),st2:sigma2)

(ms(st2) = union(ms(st),singleton(l))) AND
(FORALL (i:{x:nat]| x=0 OR x=1 OR x=2})
IF nth(b(st),1) = Newest AND
ms(st) = emptyset
THEN nth(b(st2),1) = Master
ELSE nth{b(st2),1i) = nth(b(st),1i)

ENDIF)

Next, the acquire operation is defined as a function which,
when given a master name 1 and a state belonging to the
type (pre_acq(l)), returns a nondeterministically chosen
state in sigma2 such that the two states together satisfy the
postcondition post_acq(1}.
acqg: [1:MName, (pre_acg(l)) -> sigma2] =

LAMBDA (l:MName, st: (pre_acaq(l)))
choose ({st2:sigma2 | post_acqg(l) (st,st2)})

The specification of the release operation is not shown.
3.4. Typechecking constraints

Typechecking a PVS theory usually results in the cre-
ation of proof obligations called typechecking constraints
(TCCs). These must be proved in order to demonstrate that
the theory is well-typed. Simple TCCs can be handled by
invoking an automatic TCC-prover, tcp, but more difficult
ones must be proved interactively by the user. In the case
of the theory msmie_sigma2, 4 of the TCCs which are gen-
erated are too difficult for tcp to prove. Interestingly, these
TCCs correspond to the satisfiability proof obligations for
the specification: in effect, we must show that the initial state
satisfies the invariant, and that each of the three operations
1s feasible.
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3.4.1. Showing that the initial state satisfies the invariant

The first TCC generated for msmie_sigma2 is shown below.
It results from the fact that we have explicitly stated that
the initial state, initial_sigma?2,is of type sigma2. We are
required to prove that initial_sigma2 satisfies the predi-
cate which defines the subtype sigma2. In other words, we
must show that the initial state satisfies the invariant. The
proof is too difficult for tep, but can be done quickly using
the interactive prover. The main goal, which consists of a
conjunction of 5 formulae, is split, making each conjunct
into a separate subgoal. Each of these is then proved by re-
peatedly expanding definitions until a statement is obtained
which PVS recognizes to be trivially true.

initial_sigma2_TCCl: OBLIGATION

({length((: slave, Idle, Idle :)) = 3) AND
(count (Slave, (: Slave, Idle, Idle :}) = 1)
AND
member {count (Master, (: Slave, Idle, Idle :)),
{x: nat | x = 0 OR x = 1})
AND
member {count (Newest, (: Slave, Idle, Idle :)),
{x: nat | x = 0 OR x = 1})
AND
{ {count {(Master, (: Slave, Idle, Idle :})} = 0)
<=> (emptyset = emptyset)));

3.4.2. Showing that the operations are feasible

To specify the operations we used the nondeterministic
choice operator of PVS. For this to be correctly typed, PVS
requires us to demonstrate that there exist possible candi-
dates for the nondeterministically chosen values. In other
words, we must show that each operation is feasible.

We show the statement of this proof obligation for the ac-
quire operation. Given any master name 1, and any state st
within the type defined by the precondition, (pre_acq(1)),
we must prove that the set of all states, st2, satisfying the
postcondition post_acq(1) (st,st2) iS nonempty.

acg _TCC1l: OBLIGATION
(FORALL (1: MName,

nonempty?
({et2: sigma2 | post_acg(l) (st,st2)}));

st: (pre_acg(l))):

This TCC has been proved interactively using PVS. The
proof is unsurprising but not trivial: the user must supply a
suitable candidate for the nondeterministic choice and then
verify that all the vartous conditions imposed by the post-
condition and the invariant are satisfied.

We describe only the main highlights of the proof. Af-
ter skolemizing, expanding definitions, and making some
hidden hypotheses explicit, we are in a position where we
may supply a possible candidate for the value that is nonde-
terministically chosen. This is done using the tactic InsT,
which is given two arguments: an integer representing the
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appropriate subgoal and a value for instantiation consist-
ing of a record representing the state after the operation is
carried out. In this case, the postcondition of the acquire
operation happens to be very explicit so the calculation of
the post state simply reflects the postcondition. Note that
identifiers such as st 11 are skolem variables generated by
PVS.

(INST -8
“(# ms :=
b :=
(: IF nth(b(st!l),

union{ms (st!l), singleton(1!1)),

0) = Newest AND

ms(st!l) = emptyset
THEN Master ELSE nth{b(st!l), 0) ENDIF,
IF nth{b(st!l), 1) = Newest AND
ms(st!l) = emptyset
THEN Master ELSE nth(b{(st!l), 1) ENDIF,
IF nth(b(st!l), 2) = Newest AND
ms(st!l) = emptyset
THEN Master ELSE nth(b{(st!l), 2) ENDIF

1) #)M)

This gives us two subgoals: we must show that the wit-
ness satisfies both the postcondition and the invariant. We
shall not describe these proofs in detail because they are
lengthy and not particularly instructive. Briefly, each sub-
goal consisted of a conjunction which was split to give
several new subgoals. These subgoals were then proved
by case analysis (splitting the hypotheses), rewriting and
simplifying each individual case, and then using a decision
procedure or a powerful tactic such as GRIND to either verify
the conclusion or discover a contradiction within the hy-
potheses. Much use was made of the HIpE command to hide
irrelevant formulae and hence speed up the workings of the
tactics.

Using a proof approach similar to that described above,
we were able to show that the release operation is also fea-
sible. The slave operation should have been similarly easy
to handle, but, unfortunately, we were unable to complete
the proof because of a bug in the PVS system concerning
equality. (The PVS implementors are aware of this bug, and
are working on correcting it.)

3.5. Some validation conditions

In our specification of the slave operation, the postcondi-
tions explicitly specify what happens to those buffers which
have status Slave or Master, but do not describe the effect
on buffers which have status Newest or Idle. However,
one can show that, in conjunction with the invariant (and
the frame in the VDM version), the postcondition ensures
that no other Newest buffer remains, exactly one new Slave
buffer is chosen, and no new Master buffers are added. This
fact was stated as a validation condition in [6]. We have
verified it using PVS. We show its statement in both VDM
and PVS notations.
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