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Abstract

Refinement is the process of deriving verifiably-correct
software from its specification. In practice, however, refine-
ment steps are complex and difficult to prove correct. We
show how animation can be used to provide insights into the
correctness, or otherwise, of refinement steps for the most
general form of data refinement in which the whole system
design can be changed in a single step.

1 Introduction

The concept of refinement, i.e., formally deriving pro-
grams from their specifications, is well understood in the
formal methods community. However, refinement is hardly
used at all in industry except in the most critical applica-
tions. Many refinement steps are accompanied by ‘side
conditions’ whose satisfaction involves the same intellec-
tual challenges as theorem proving. To make refinement
theory accessible to industry, techniques for helping pro-
grammers understand refinement steps are essential.

Animation tools can be effective in the validation of for-
mal specifications [13]. Previously, we proposed the use of
animation tools to help validate simple refinements [21, 20].
In this paper we extend that work to consider “whole sys-
tem” data refinements, in which the entire system design
can change in a single refinement step. We illustrate the
approach with an action system refinement [1], based on
Peterson’s mutual exclusion algorithm [5].

2 Comparison with Related Work

Our overall aim is to use animation to support reason-
ing about the correctness of refinement steps from formal
specifications. Relevant previous work includes uses of an-
imation for analysing properties of specifications.

Miller and Strooper investigated the use of animation
tools for testing a specification systematically [16]. How-
ever, they define a method for systematically deriving test
cases from the specification under test, whilst we consider

verifying and validating specifications against more abstract
specifications.

In another paper, Miller and Strooper show how the re-
sults of animating a specification can be used to test an im-
plementation of the specification [17]. Their method makes
use of data refinement techniques, within the limits of the
Z specification language. Z does not include guards and its
refinement approach relies on explicit matching of each ab-
stract operation to a concrete operation. In our work, guards
and preconditions can be refined separately, and the whole
system design (including all the operations) can be changed
in a refinement step. Also our focus is on interactively ex-
ploring the specifications to get a better understanding of
the refinement and to allow the user to creatively look for
errors.

The Nitpick [14] and the more recent Alcoa [15] tools,
check properties of specifications written in Alloy, a subset
of Z. Alcoa specialises in producing counter-examples that
show cases where the property does not hold and has been
optimised to perform this task efficiently. Our primary mo-
tivation for using an animation tool is to permit the user to
interactively check refinements, in a manner analogous to
testing. Such an approach could be complemented by auto-
mated tools such as Alcoa.

Waeselynck and Behnia examine the relationship be-
tween formal refinement and testing via animation [22].
They propose a process in which an animator is used to test
a specification against informal user requirements. Their
work differs from ours in that they propose the use of an an-
imator for testing a specification against test cases and test
oracles, which are derived from an understanding of infor-
mal user requirements. We use the animator to check refine-
ment steps that relate an abstract specification to a concrete
one.

Other refinement checking tools exist, such as the Pro-
gram Refinement Tool [23] and the Refinement Calcula-
tor [6]. However these tools are aimed at supporting formal
refinement proofs. The tools support the user by providing
libraries of theorems that are useful in proving refinements
and by automating certain routine tasks, including the doc-
umentation of the proof process. Our focus is on the more
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modest, but practical, goal of helping the programmer visu-
alise refinement steps.

In our previous work [21], we proposed two different
approaches to visualising simple refinements using a spec-
ification animation tool, one aimed at visualising trace re-
finements and one at visualising state machine refinements.
Subsequently [20], we further developed the approach to
animating state machine refinement, by devising a method
for checking Z data refinements using an animation tool.

In this paper we focus instead on whole-system trace re-
finements, using the action system formalism [2]. This is
the most general form of refinement, because the entire sys-
tem design is allowed to change, and consequently involves
the most challenging proof obligations. We also develop a
general approach to animating refinements that is suitable
for both trace refinements and state machine refinements,
and is well suited to the type of animation tool we use.

3 Background: Data Refinement

If we have a system which conforms to an abstract spec-
ification A and it is replaced by a system which conforms to
a concrete specification C, and if an external observer could
never detect that the replacement has occurred, we say that
specification C is a refinement of specification A [10].

Refinements are usually conducted in a series of small
steps, moving from an abstract specification towards a con-
crete specification or code, a process known as stepwise re-
finement. A specification typically consists of some data,
a set of operations on that data and a definition of how the
operations should be used. In operation refinements, indi-
vidual operations are refined, with the monotonicity of the
refinement relation ensuring that the refinement holds for
the whole system. In data refinement, the local data used by
the system operations is refined, and so, as part of the re-
finement step, the system operations which access that data
may need to change. Potentially, in data refinements, the
whole system specification can change providing the exter-
nally observable behaviour remains the same.

Different formalisms take different approaches to data
refinement. For example, they make different assumptions
about what parts of system behaviour are externally observ-
able. However, all the forms of data refinement are based
on the idea of simulation.

We can visualise a system behaviour as a graph, each
node of which represents a state of the system, and each
arc of which represents an operation which leads from one
state to the next. If system AS is refined by system CS, then
we can visualise their behaviours with a commuting dia-
gram, as shown in Figure 1. Corresponding states of the
two systems are related via an abstraction relation R. The
basic idea is that for any path through the graph via a con-
crete operation, there should always be an alternative path

AS Aopl

Ainit

Cinit

CS Copl

Figure 1. Commuting Diagram

(or simulation) to the same state via an abstract operation.
This form of simulation is called a forward simulation. In
certain situations, for example when non-determinism in the
abstract specification is postponed in the concrete specifica-
tion, backward simulation is required to prove the refine-
ment. In this paper, we will deal only with forward simula-
tions. De-Roever and Englehardt provide a comprehensive
survey of the various types of simulation in their book on
data refinement [7].

4 Action Systems
4.1 Action System Specifications

Action systems [2] use Guarded Command Language
notation to define an interleaving, state-machine simulation
of concurrent behaviours. Each action appears as a (mul-
tiple) assignment protected by a Boolean guard. An outer-
most do...od loop nondeterministically selects actions with
true guards until none remain.

An action system, based on an example by Back [1], is
shown in Figure 2. The action system SP0 is intended to
specify two concurrent processes, which together update a
shared variable w. One process increases w by one (via ac-
tion CS.0), whilst the other process increases w by two (via
action CS.1). Both processes update w in two steps using
a variable y.i local to process i. Actions CS.0 and CS.1 are
both executed atomically (i.e., they cannot be interrupted).
The motivation for this example is to use it as the starting
point for a stepwise refinement to an action system in which
the actions CS.i are not executed atomically, but mutually
exclusive access to w is preserved nevertheless. The vari-
able and action names are chosen with this in mind — CS
represents the critical section, NS the non-critical section,
and cr.i is a flag which is true when process i is in its criti-
cal region.

The action system declares local variables y.0,y.1, cr.0
and cr.1, with ¢r.0 and cr.1 being initialised to false. The
do...od loop contains two actions. Each action is specified
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vary.i:N; cri:Bfori=0,1
init cr.i := false for i = 0,1

do

(O cri — yi=w+i+1; wi=yd; cri:=falsefori=0,1) [CS.i]
(O —cri — cri:=falseQcr.i:=truefori=0,1) [NS.i]
od:w:N

Figure 2. Example action system specification SP0

by a guard before the arrow, and a statement after the arrow.
The ‘;” operator in the statements is sequential composition.
Statements do not change the values of variables they do not
specifically assign values to. Externally visible variables are
listed at the end of the specification. In this case, there is one
such variable, w. In action NS.i, we use the O operator to
indicate that this action nondeterministically updates cr.i to
either true or false.

Action system semantics is defined in terms of be-
haviours, which are sequences of steps, each step consisting
of a pair of the local state and the externally visible state. A
private step is a step in an action system behaviour with the
same externally visible state as the previous step. A frace
of an action system is its externally visible behaviour, and
is obtained by removing all finite sequences of private steps
and then removing all the local states from the sequence [3].
Our example specifies all traces in which w can only in-
crease by either 1 or 2 at each externally visible step.

4.2 Action System Refinement

Informally, an action system A is refined by action sys-
tem C if every trace of C is also a trace of A [3].

Action system refinement allows for changes to guards
and statements as well as the addition of stuttering actions.
A stuttering action is an action of the concrete specifica-
tion which does not change the externally visible state or
the parts of the local state that are related to the abstract
state via the abstraction relation. In terms of a simulation,
each concrete stuttering action is effectively equivalent to
the abstract action system doing nothing.

Since the action system semantics is defined in terms of
traces of variables only, the individual actions used in each
iteration of the action system loop are not significant. The
refinement rules are stated in terms of the whole action sys-
tem — there is no need to match up the individual actions
in the two specifications. It is however necessary to know
whether a new action is a stuttering action or not.

The action system refinement rules are defined using the
weakest precondition predicate transformer [8]. For a pro-
gram prog and a postcondition A, wp(prog, A) is the weak-
est precondition sufficient to ensure termination in a state
described by A [18].

An action system A is defined by its local variables x =
Xg,X1, ..., the initial values of its local variables x;,; =
X0inits X1init, - - -» 1ts €xternally visible variables z = zg,z1, . - -
and its actions A = Ag, A1, ..., where each action A; =i
gA; — sA; consists of a guard gA; and a statement sA; [1].

The alternate actions Ag,A;, ... comprising an action
system together make up a single action A. So,

A=A0...04,
=gA; —» sA;0...0gA,, — sA,
= \/71:1 gA; — ifA,0...04,fi

Let gA be |/, gA; and sA be if A, 0 ... 0A,, fi. Then the
whole action system 4 can be considered to consist of a
single action A, i.e.,

A = begin var xdo A od end :

This concept is used throughout the definition of the action
system refinement rules.

An action A involving variables x : X and z : Z is data re-
fined by action A involving variablesx : X, x' : X' andz: Z
if there is a relation (called an abstraction relation) on these
variables R : P(X, X', Z) such that for all postconditions ¢:

RI Awp(A,q) = wp(A',Ix e RI A q)

where RI is shorthand for (x,x',z) € R. If an action A is
data refined by action A’ via the abstraction relation R, then
we write A Cr A’.

Action system A containing action A, is refined by ac-
tion system A’ containing action A’ that corresponds with
the old action A, and a new stuttering action H' (which may
consist of many individual stuttering actions H), if there ex-
ists a relation R : P(X, X', Z) such that the following proof
obligations hold [1].

1. Initialisation: For any initial value of z and any initial-
isation x},;, of A’, there is some initialisation x;u;; of A

that establishes the abstraction relation.

!

!
VZ’xmil ® X (xi’lit’xiniz’z) €ER

2. Main Action: Action A is data refined by action A’, via
the abstraction relation R.

ACgA
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Note that the ‘A’ here refers to the combination of
all the individual actions in the action system (as ex-
plained earlier).

3. Exit Condition: If action A is enabled then either the
action A’ is enabled, or a new stuttering action is en-
abled.

RAgA=gA' Vv gH'

4. Auxiliary Actions: The stuttering actions do not affect
the externally visible variables z.

SKIP Cr H'

Here SKIP is an action whose guard is always enabled
and which does not change the local state of action sys-
tem A or the externally visible state.

5. Internal Convergence: It is not possible to have an in-
finite sequence of stuttering actions.

R = wp([do H' od], true)

Recall that for some action A, wp(A,true) charac-
terises those states for which A is guaranteed to ter-
minate [8].

When all these conditions hold, we write A Cgr A’.
4.3 An Example Refinement

Back gives an example refinement from the action sys-
tem shown in Figure 2, to an action system in which the
two steps used to update variable w may be interrupted [1].
The refinement makes use of Peterson’s mutual exclusion
algorithm [5].

In this paper, we examine the first two steps of the refine-
ment. In the first step, Back introduces some stuttering ac-
tions, and additional variables which are used to control the
order of the actions, and provides the necessary variables
for implementation of the mutual exclusion algorithm. In
the second step, he breaks up the actions in the critical sec-
tion.

Action system SP1, the outcome of the first step of the
refinement, is shown in Figure 3.

Each process i owns a boolean variable b.i which it sets
to true to indicate its intention to enter its critical section. To
resolve contention when both processes wish to enter their
critical sections a shared (atomically accessible) variable ¢
of type {0, 1} is set to ‘/’ to indicate process i’s willingness
to give way to the other process (1 — i). Process i will enter
its own critical section only if the other process (1 — i) has
not indicated its intention to also do so (- b.(1 — i)) or if
the other process has given way to process i (t = 1 — i).

As can be seen in Figure 3, action NS.i has not changed,
but action CS.i has been refined to action CS'.i, and there are

~

O N =1Es]
NNNT S
SIS R
X XK X~

Figure 4. Abstraction relation for the first re-
finement step

a number of new stuttering actions BS.i, TS.i and BR.i. For
each process i an additional ‘program counter’ variable pc.i
is introduced to control the sequence in which process i’s
actions occur.

Back provides a suitable abstraction relation and a proof
of this refinement step [1]. The abstraction relation is shown
in Figure 4, and is expressed as an invariant on the new
variables from action system SP1, where X denotes “don’t
care”.

The most complex part of the proof is a case analysis
performed to prove the exit condition proof obligation. We
omit the proof here, and focus instead on the second refine-
ment step (see Section 7).

5 Representing Action Systems in Possum

We use the Z animation tool Possum [12], a part of the
Cogito [11] toolset, to visualise and animate action system
refinement.

This extends our previous work on visualising and an-
imating Z refinements [21, 20]. Animators exist for other
specification languages, such as B and CSP. However, these
lack important features of Possum, such as the ability to
execute implicit specifications and the ability to plug-in vi-
sualisations.

Possum interprets queries, written in Z, and responds
with simplifications of those queries [12]. It can be used
either to step through consecutive states of a state machine
by “executing” the operations of that machine, or to evalu-
ate arbitrary expressions and predicates.

Z schemas are named specification components com-
prising variable declarations, and predicates relating the
variables. By convention, individual Z operations, which
we will use for modelling the statement part of actions,
are specified by a schema whose declaration part includes
Astate to define those variables that the operation may
change. Unprimed variable names, e.g., cr0, are the values
of variables in the before state of the operation, and primed
variable names, e.g., crQ are values of variables in the after
state. The predicate part of the operation schema specifies
the relationship between before and after states.
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var (pc.i,y.i:N; b.i,cr.i:Bfori=0,1); ¢: {0,1}
init b.i := false; pc.i := 0; cr.i := false for i = 0,1

do
(OcriApci=0 — b.i:=true; pci:=1fori=0,1) [BS.{]
(O pci=1 — t:=1i; pci:=2fori=0,1) [T5.1]
(O pci=2A

(=b.(1-10)V

t=1—1i) — yi:=w+i+1l; w:=y.i;
cr.i:= false; pc.i:=3fori=0,1) [CS".i]

(O pc.i = —  pc.i:=0; b.i:=falsefori=0,1) [BR.i]
(O —erdi — cri:=false Ocr.i:=truefori=10,1) [NS.]]
od :w:N

Figure 3. Action system SP1, the outcome of the first step of the refinement

state______ __sCSO
|7w,y0,y1 :N Astate
1:B
cr0, cr W = w1
w = y0'
o = cr0f
— it crl’ =crl Ayl =y1
Astate
= cr0’
—crl’

Figure 5. Part of the Z representation of action
system SP0

Whereas action systems have predicate transformer se-
mantics, i.e., functions from predicates to predicates, the
Z specification language is interpreted as having a rela-
tional semantics, i.e., predicates relating before and after
states. For example, consider the operation sCSO shown in
Figure 5, which achieves the same effect as the statement
part sCS.0 of action CS.0 from Figure 2.

If we perform operation sCS0 when cr0 and crl are true
and w, y0 and y1 are all 0, then the animation tool responds
with:

[...cr0" = false,crl’ := true,w' := 1,y0" := 1,y1" := (]

These bindings to the primed variables become the new cur-
rent state.

Where there is nondeterminism in a specification, Pos-
sum picks the first binding that satisfies the specification.
For example, if we call the init schema from Figure 5, it
responds with

[cr0" := false,crl’ := false,w' := 0,y0" := 0,y1" := 0]

Possum does this predictably, i.e., it will always respond as

above. The user of the animator can however tell Possum to
pick an alternative binding by entering:

[init | W' = 1]

This will respond as above but with w' := 1.

If an operation is called when its precondition is false,
then Possum responds with no solution, meaning that it can-
not find a binding from the current state in which both the
pre and post conditions of the operation are true.

In order to animate the action system refinement using
Possum, it is necessary to represent the whole action system
example in Z. In Figure 5, we showed how it is straightfor-
ward to represent the statement part sA of an action A as a
Z operation. However, it is also necessary to represent the
guard gA of each action.

CSP-OZ [9] solves this problem by representing each
guard as a separate schema, associated with its correspond-
ing operation by a naming convention. However, for the
purposes of animation, we really want the state of the guard
predicates to be updated after each operation.

We therefore create a boolean variable for each of the
guards, and set their values as part of the state invariant.
As shown in Figure 6, which defines the guards for speci-
fication SPO, we also introduce a new variable terminated,
which defines termination of the whole action system (when
no guard is enabled).

Now we can represent all the action system variables,
initialisation, guards and statements in Z. Although guards
are only matched to operations representing statements by
a naming convention, we create a plug in interface to the
animator to prevent the user calling an operation when its
guard is not enabled. This is achieved by providing a button
for calling each operation, which is enabled only when the
corresponding guard is true (see Section 6).

Note that the main do...od loop of the action system
model does not appear in the Z representation. Its role is
taken by the user’s interaction with the animator itself. For
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__state
w,y0,y1 : N
crO,crl : B

gCS0, gCS1, gNS0, gNS1, terminated : B

gCS0 =cr0 A gCS1 =crl
gNSO =—¢cr0 A gNS1 = - crl
terminated =

— (gCSO Vv gCS1 Vv gNSO Vv gNS1)

Figure 6. Specification of guards in Z

the purposes of animation, we allow the user to pick any
enabled action. Each execution of an action represents one
iteration of the loop. The loop terminates when no actions
are enabled — the user can do nothing.

6 Animation of Action System Refinements

6.1 Overview of Approach

The user’s aim in animating an action system refinement
is to check that the refinement relationship is as intended, or
to find errors in the refinement. This process is analogous
to testing one specification against another, the aim being to
find inconsistencies.

To animate a refinement from action system SP0 to ac-
tion system SP1, our approach is as follows:

6.1.1 Preparation for the Animation

e We represent the action systems SP0 and SP1 as
shown in Figures 5 and 6, but prefixing every variable
and schema name with sp0 or spl, to make it clear
which specification they belong to.

e We specify a combined state S, which includes
both splstate and sp2state, and a schema R relating the
two states. This represents the abstraction relation R,
discussed in Section 4.2, an example of which is shown
in Figure 4.

e We add a counter variable iter for each of the speci-
fications. This represents the current iteration of the
action system. All operations increment their respec-
tive iteration variable, except SKIP.

e Using the visualisation capabilities of Possum, we pro-
vide a button for each action. We present the buttons
in an intuitive layout. For example the buttons for the
first example refinement step are shown in Figure 7. In
this case, it is natural, for example, to place the SPO

K~ Mutual Exclusion Anim:{BE[E]

File

Undo |

Choose SPO0 action |

Trace this:

% bool - num

bl|
N30 | N31

Figure 7. The interface to the animator

buttons for NSO and NS1 side by side, and to line these
buttons up with the similarly named buttons in SP1.
Also note that we have provided one large SP0 SKIP
button that lines up with the stuttering actions in SP1.
This is a special SKIP operation, which increments
the spQiter iteration variable, but leaves all other vari-
ables unchanged. It is needed to keep the two mod-
els synchronised, so that SP0 can perform an action
whenever SP1 performs one of its stuttering actions.

e We provide the user with a means of tracing variables
from the two specifications. The following types of
traces are supported:

— Comparative traces, in which the tool plots a vari-
able from each specification on the same graph.

— Individual variable traces, in which the tool plots
one variable value on a graph.

— Predicate traces, in which the tool plots the truth
of a predicate on a graph. This is a particularly
powerful capability, allowing arbitrary properties
to be observed.

6.1.2 Performing the animation

The animation of the refinement proceeds in a series of
steps. Each step is made up of two turns, beginning with
the user’s turn, followed by the tool’s turn. The user always
controls the concrete actions and the tool always controls
the abstract actions.

In the first step, the user initialises the concrete specifi-
cation, (in this case SP1), by calling

splinit A spOskip
and then the tool tries to match SP1’s state, using:

spQinit A splskip A R'
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Assuming that initialisation is successful, we move to the
next step. Now the user can choose from the enabled con-
crete actions. For example, the user can choose to exe-
cute SP1 action NSO, by clicking on the appropriate button
(which is green when enabled). This causes another call to
the animator:

splsNSO A spOskip

It is the tool’s turn again — the user selects the “choose
SPO action” button, which causes the tool to pick from the
enabled SP0 actions. For example, the tool could attempt
to perform a skip in SP0, as follows:

spOskip_special A splskip A R’

In this case, this will result in Possum responding with no
solution, since it cannot match the two states using a SKIP.
The tool will now try another of the enabled actions, and
will continue to try enabled actions until either one of them
succeeds in matching the two states, or none of them suc-
ceed. In this particular case, the tool can successfully match
the states using the S0 action NSO.

We now explain how this approach to animation supports
checking of the refinement rules.

6.2 Checking the Refinement Proof Obligations

As stated earlier, the user’s main aim is to find errors in
the refinement relationship. Such failures can be defined in
terms of the proof obligations needed to verify refinement
steps. We now consider each of Back’s proof obligations [1]
in turn and show how the failure of each proof obligation,
with the given abstraction relation, manifests itself in the
animation process.

1. Initialisation: ¥ z,x.,;, ® I Xiir ® (Xinigs Xipiy» 2) € R
If the user can perform an initialisation that the tool
cannot match then this proof obligation does not hold.

2. Main Action: A Cr A’
If the user can choose a concrete action, and the tool
has a choice of enabled abstract actions (other than
SKIP), but none of these (including SKIP) can result
in a matching state, then this proof obligation does not
hold. This means that either the refinement cannot be
shown by forward simulation, or the choice of abstrac-
tion relation is wrong.

3. Exit Condition: R \ gA = gA' vV gH'
If the user has no concrete actions enabled, but the tool
has abstract actions enabled (other than SKIP), then
this proof obligation does not hold. This means that
the concrete system has terminated prematurely.

4. Auxiliary Actions: SKIP Cr H'
If the user chooses a concrete stuttering action, and the

pc.i (SP1) pc.i(SP2)
0 0
1 1
2 2
2 3
2 4
3 5

Figure 9. Mapping between values of the old
and new program counter pc.i

tool cannot match it with a SKIP in the abstract speci-
fication then this proof obligation does not hold. This
means that the concrete system can perform internal
actions not allowed by the abstract specification.

5. Internal Convergence: R = wp([do H' od], true)
If the user enters a concrete state, and then by using
only stuttering actions is able to return to the same
state, then this proof obligation does not hold. This
means that the concrete system can perform internal
actions indefinitely, i.e., it has entered an infinite loop.

If one of the above proof obligations does not hold then
we can conclude that either we cannot prove the refinement
using forward simulation, or the choice of abstraction rela-
tion is wrong.

We now illustrate this approach using the second stage of
Back’s mutual exclusion refinement case study [1], and we
show how the method was used to expose an error in Back’s
abstraction relation.

7 Finding an Error in a Data Refinement

In the second stage of the refinement, Back splits ac-
tion CS.i into three actions CAS.i, CBS.i and CCS.i, thus
allowing the processes’ critical sections to be executed non-
atomically. The result of this refinement step is shown in
Figure 8. As well as splitting action CS.7, Back also changes
the operation of the program counter pc.i [1].

The abstraction relation is given as a mapping between
values of the old and new program counter pc.i, as shown in
Figure 9, plus an invariant on the new variables as follows:

pci=1Vpci=2=b.i
Apci=3=biN(=~bjVi=jVpcj=1)
Apci=4Vpci=5=DbiA(mbjVi=jV
pej=LAyi=w+i+1

wherej =1 —i.

Back verifies the refinement step by first proving that the
above invariant is preserved by each action in SP2, and
then satisfying each of the proof obligations.
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var (pc.i,y.i:N; bi,cri:Bfori=0,1); 7:0...1
init b.i := false; pc.i := 0; cr.i := falsefori =0, 1

do
(OcriApci=0 — b.i:=true; pc.i:=1fori=0,1) [BS.i]
(O pci=1 — t:=1i pci:=2fori=0,1) [T5.1]
(O pci=2A

(=b.(1-0)V

t=1-i) — pci:=3fori=0,1) [CAS.i]

(O pci=3 — yi:=w+i+1;pci:=4fori=0,1) [CBS'.i]
(O pci=4 — w:=yli; cri:=false; pc.i:=5fori=0,1) [CCS'.i]
(O pci=5 — pci:=0; b.i:=falsefori=0,1) [BR.i]
(O —erdi = cri:=false Ocr.i:=truefori=0,1) [NS.i]
od :w:N

Figure 8. Action system SP2, the outcome of the second step of the refinement

We checked this refinement step using the method de-
scribed in Section 6.1.2. This quickly revealed an error in
Back’s abstraction relation via the following sequence of

actions:
User’s choice (SP2) Tool’s choice (SP1)
init init [ S w (IR [2 4 Mutual Exclusion Animati=]m] ]
NS.O0 NS.0 Tracing w (spl and sp2). File
NS.1 NS.1 3 T |
BS.0 BS.0 3 Choose 3P1 action |
BS]. BS]. B Trace this:
7S.0 7S.0 5 |
CASO SKIP 4 % bool - num
CBS.0 SKIP ; P sP2
CCS.0 Can’t match! 1 o -- ﬂlil

CASD | CAS1 |
10 1z 14 16 138 20
CS0 CB30 | CB31 |

ceso | cest |

The sequence ends when the tool is unable to match i i
SP2’s state with any of the enabled SP1 actions. The mﬁﬁimg T SPE@E
traces generated by the above animation are shown in Fig-

B30 BS1

9
ure 10. Three traces are shown: § -- TS0 | TS1
7
e Shared variable w. This shows the values of the exter- 5 R |EW
nally visible variable w in both SP1 (denoted with a 5 ) : :
cross) and SP2 (denoted with a circle). (Note that this 2 Oo [3-asspey0 — gspzwsl___ |=lolx]
is not equivalent to seeing a trace, in the sense of the 2 B Tracing $sp2y0 == $spzwiel (sp2).
}

T o

action system semantics defined in Section 4.1. Here L

we can see iterations of the action systems in which w 4 6 611012 14 16 16 20
does not change — steps which are not considered to : :
be externally visible.)

FYE 810 12 14 16 18 20 |

=
I

e Program counter pc.0. This shows the values of the Figure 10. Problem - tool cannot match SP2’s
program counter pc.0 in both SP1 (denoted with a state
cross) and SP2 (denoted with a circle). This clearly
shows the relationship between the program counter
variables that Back defined in tabular form (see Fig-
ure 9).

e Predicate y.0 = w + 1. This shows the truth of a part
of Back’s invariant in SP2. It should be frue when-
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ever pc.0 = 4 V pc.0 = 5, if the invariant is to be
preserved. (Its value under other circumstances is ir-
relevant.)

As shown by the traces in Figure 10, program
counter pc.0 equals 4 at time 8 and 5 at time 9. We there-
fore expect predicate y.0 = w + 1 to be true at both these
times. However, the trace shows that this predicate is false
at time 9, thus revealing the error in the invariant.

When we check the concrete action system specification
in Figure 8 we see that action CCS’.i makes the assign-
ments w := y.i and pc.i := 5 which clearly violate the
invariant reproduced above.

Fortunately, this problem can be easily fixed by changing
the abstraction invariant to:

pci=1Vpci=2=b.i
Apci=3=bilN(=bjVi=jVpcj=1)
Apci=4=biN(=bjVi=jVpcj=1)A
yvi=w+i+1
Apci=5=biN(=bjVi=jVpcj=1)Ayi=w

where j = 1 — i. With this correction, we are unable to find
any further errors in the refinement.

8 Discussion

The error that we found in the refinement does not in-
validate the refinement step, but it does show that Back’s
proof of the step was incorrect. This type of error in the
abstraction relation appears to be common in refinement
proofs [20]. Using proof alone it can be a very time con-
suming process to find the right abstraction relation. Our
method very quickly revealed the mistake.

Furthermore, our experience indicates that the user of
such a tool can quickly get an intuitive understanding of
how the refinement step works. The user achieves this by
watching the guards being enabled and disabled dynami-
cally, as well as selecting and examining the traces.

The approach is comparable to program testing, and ex-
hibits the same properties. It is effective for finding errors in
a refinement but, except in examples with very small state
spaces, it is not effective for proving a refinement to be cor-
rect.

Our approach does not currently consider backward sim-
ulations [7]. If the refinement relation being checked is
provable only by backward simulation then our checks may
fail, i.e. the user may appear to find an error, even though
the refinement relation is valid. This can be solved by al-
lowing the tool to backtrack in order to find a match, but
this introduces complexity into an otherwise intuitive ap-
proach. We intend to consider backward simulations in fu-
ture work, but since most practical refinements are forward
simulations, our current approach is useful as it stands.

In the examples in this paper, the statements are mostly
straightforward executable assignments. However, Possum
can animate specifications that are not refinable to code.
In future work, it would be interesting to explore cases in
which the specifications are not obviously executable.

The animation method we have described is much like
a game that the user plays against the tool. The aim of the
game from the user’s perspective is to find an error in the
refinement. The animation tool supports the user in win-
ning the game, by providing an intuitive interface to the two
action systems, and by allowing the user to select suitable
traces to visualise. The user can take advantage of these vi-
sualisations to help him guide the game towards a winning
position, in which one of the refinement rules can be shown
not to hold (see Section 6.2).

This is a very different kind of game to the game ap-
proach developed by Back and Von Wright [4], where they
use game theory to provide an operational interpretation
of contracts statements (a more general form of specifica-
tion). It is, in fact, closer to the use of game theory in
bisimulations [19], although the mechanisms and aims of
the game are quite different. The game analogy seems to be
quite general, and can be adapted for all the other styles of
data refinement we have examined. It also lends itself to a
more general specification/program testing method, which
focusses and supports the user in achieving the right goal —
that of finding errors. This is a direction for future work.

9 Conclusion

We have shown how animation can be used to provide
programmers with insights into the correctness, or other-
wise, of refinement steps. While such techniques cannot
offer the same guarantees as theorem prover-based refine-
ment tools, we have seen that they can quickly uncover ma-
jor problems in the same way that testing can often detect
gross errors more efficiently than formal verification.

Futhermore, we considered the most general and pow-
erful form of refinement, in which the whole design may
change in a single step. In doing so, we noted a pleasing cor-
respondence between the five proof obligations needed to
verify such a refinement step and distinct errors detectable
via the animator.
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