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Abstract

This paper presents an approach for the automated generation of proof obligations for 0O program refine-
ment defined in the rCOS language. We first extend the mechanization of the refinement calculus done
by von Wright in HOL, representing the state of a program as a graph instead of a tuple, in order to deal
with object-orientation. The state graph structure is implemented in Isabelle, together with definitions
and lemmas, to help the manipulation of states. We then show how proof obligations are automatically
generated from the rCOS tool that can be loaded in Isabelle to be proved. We illustrate our approach by
generating the proof obligations for a simple example, including object access and method invocation.
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Introduction 7

1 Introduction

Software verification is about demonstrating that an implementation (executable code) of the software
meets its specification (formal description of the behavior) and several techniques are available in order to
achieve this goal. Testing and model checking aim to find a counter-example, that is, a possible execution
which would violate the specification, while theorem proving aims to build the proof of correctness, that
is, the semantics of the implementation logically implies the specification. For all these techniques, there
are several challenges to address:

i) An increasing number of software is written using the 0O approach, and therefore the execution states
of a program are complex, due to the complex relations among objects, aliasing, dynamic binding, and
polymorphism. This makes it hard to understand and reason about the behavior of the program.

i1) Tool support is provided to help the development of software, offering an environment where the
user can specify, analyze, implement and verify a program. Therefore, the validation process needs to be
integrated within the tool.

ii1) The gap between the specification and the implementation might prevent the user to use automated
techniques, and she is then required to guide the validation process through the different steps.

The refinement for Component and Object Systems (rCOS) [9, 14] method provides an interesting
framework to address these challenges. Firstly, rCOS has a formal semantics based on an extension of
UTP [10] to include the concepts of components and objects. The graph-based operational semantics [11]
has recently been defined for oo programs. Secondly, the rCOS tool (available athttp://rcos.iist.unu.edu)
provides a UML-like multi-view and multi-notational modeling and design platform. In particular, two
verification processes are already implemented: the automated generation of test cases to check the ro-
bustness of a component [13], and the automated generation of CSP processes to verify the compatibility
between the sequence diagram and the state diagram of a contract [5]. Lastly, rCOS extends the refine-
ment calculus [1, 15], which is a program construction method, where a non-deterministic specification
is incrementally refined to deterministic code, using pre-defined rules. This approach creates several
refinement steps, which fill the gap between the specification and the implementation, therefore reduces
the proof effort.

Related Work The mechanization of the refinement calculus was firstly done in [18], and we extend
this work, with the constructs for object-oriented programs. Refinement calculus for object-oriented pro-
grams has also been studied in the literature [16, 2] but to the best of our knowledge, they lack a mecha-
nized tool support. Moreover, different memory models for objects exist, in particular Why/Krakatoa [7],
but we believe that the graph-based semantics we have implemented is more intuitive and therefore helps
the interactive proving process. Finally, there is an on-going work in VDM/Overture [8] to provide a
theorem-prover support, but not in the context of the refinement calculus.
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rCOS 8

Contribution The main contribution of this paper is the automated generation of proof obligations for
refinement steps in rCOS. Concretely, we have implemented in the rCOS tool a plug-in which is able
to take the bodies of two methods defined with the rCOS language, translate each body into a predicate
transformer in Isabelle and generate automatically an Isabelle lemma stating that the first predicate trans-
former refines the second one (the proof still has to be done by the user). This process is linked with the
definition of refinement steps within the tool. The most technical part of this work is the translation from
rCOS designs to Isabelle statements, which is done by extending the mechanization of the refinement
calculus done by von Wright in HOL [18]. The state of a program is here represented as a graph.

Organization Section 2 introduces the rCOS language. Section 3 recalls the previous mechanization
of the refinement calculus. Section 4 presents the graph-based representation of the memory and its
implementation in Isabelle/HOL. Section 5 extends the mechanization of refinement calculus to object-
orientation. Section 6 presents an example to illustrate our approach. Finally, Section 7 concludes and
presents the future work.

2 rCoOS

The rCOS method consists of two parts: a component/object-oriented language, with a formal semantics,
and a modeling tool, enforcing a use-case based methodology for software development, providing tool
support and static analysis. We give here a brief description of the language, and we refer to [3, 4] for
further details.

2.1 Language

The rCOS language is an extension of the Unifying Theories of Programming (UTP) [10], to include
object-oriented and component features. The essential theme of UTP that helps rCOS is that the se-
mantics of a program P (or a statement) in any programming language can be defined as a predi-
cate, called a design. The most general form of a design is a pair of pre- and post-conditions, de-
noted as p(x) b R(x,z’), of the observable x of the program. Its meaning is defined by the predicate
p(x) Aok = R(x,x’) A ok’, which asserts if the program executes from a state where the initial value x
satisfies p(x), the program will terminate in a state where the final value 2’ satisfies the relation R(x, 2”)
with the initial value z. Observables include program variables and parameters of methods or procedures.
The Boolean variables ok and ok’ represent observations of termination of the execution preceding the
execution of P (i.e. ok is true) and the termination of the execution of P (i.e. ok’ is true), respectively. A
design can also be defined as:

e a conditional statement d; <l e I> d2, where d; and ds are designs and e is a boolean expression,
e a non-deterministic choice d; M ds, where d; and d» are designs,

e asequence dj;do, where dy and dy are designs,
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Mechanized Refinement 9

e aloop x(e, dy), where d; is a design and e is a boolean expression or

e a primitive command, such as an assignment, a variable declaration, a method call, SKIP or CHAOS.

The rCOS language includes the notion of components, which provide or require contracts. A contract
includes an interface (a set of field and method declarations), the specification of each method and a
protocol stating the allowed sequences of method calls (for instance, for a buffer, the method put must
be called before the method get). A component provides a contract through a class, which is the usual
notion of class, where each method has to be defined using a design. Note that the design of a method
does not have to be executable in general, only if the user wants to generate Java code, since executable
rCOS designs are quite similar to Java programs. For instance, all the following examples are correct
rCOS programes.
class A{

int x;

public m(int v) { x := v }

}

class B; {
Aa;
public foo() { [ true |—a.x’ =2 Vax'=3]}

}

class B {
Aa;
public foo() { [ true |[—a.x’ =1] ; ax:=ax+1}

}

class Bjs {
Aa;
public foo() { a.m(1); a.x == a.x+1}

The method Bj::foo is abstract and non-deterministic: it just specifies, under the true precondition, that
the value of the field x of the field a should be either equal to 2 or to 3. The method Bs::foo mixes
abstract pre/post-conditions with a concrete assignment while Bs::foo is completely concrete and could
be directly translated to Java. In this example, we can see that Bj::foo is refined by Bs:foo, which is
refined by Bs::foo. We detail in the following section the mechanization of the notion of refinement.

3 Mechanized Refinement

The refinement calculus [1, 15] is a program construction method, where a non-deterministic specifica-
tion is incrementally refined to deterministic code, using pre-defined rules. This calculus has been fully
implemented with a theorem prover, HOL, in [18, 6] and then extended, in particular in [12], which intro-
duces, among others, procedures and recursive functions. The implementation is actually the definition
of a predicate transformer semantics, i.e. the weakest precondition. For any design d and any predicate
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q over states, the function d ¢ is defined as the weakest precondition that should be true on states before
executing d such that ¢ holds after executing d. Therefore, a design is usually considered as a predicate
transformer, since it takes a predicate (q) as input and returns another predicate (the weakest precondition
of g). We recall here the definitions of the assignment and the refinement from [18]. We introduce first
the types of predicates over states and the type of predicate transformers.

types ’a pred = ’a = bool”
’a predT = "’a pred = ’a pred”

The assign predicate transformer takes a function e, which takes a state and returns the state where the
corresponding assignment is done. The weakest precondition of a predicate g is calculated by checking
q on a state where the assignment has been done.

definition assign :: ”(Ca = ’a) = ("a pred) = ("a pred)” where
“assign e ¢ = Au. q (e u)”

A design c1 is refined by a design c2 iff the weakest precondition of c1 implies the one of c2 for any
state.

definition implies :: ”(Ca pred) = ("a pred) = bool” where
“implies pq = V u. (pu) = (qu)”

definition refines :: “(C’a predT) = (’a predT) = bool”
(infix] “ref” 40) where
”cl ref ¢2 = V q. (implies (cl q) (c2 q))”

In addition to the definition of the semantics, helpful theorems are introduced in [18]. For instance the
one stating that the loop *(g, ¢) refines the loop *(g, d) if the design c refines the design d.

theorem do_ref : ”d ref ¢ = (do g d) ref (do g c)”

Although the previous definitions do not directly depend on the structure of the state, it is implicitly
defined as a tuple, where each element of the tuple is the value of a variable of the program. For instance,
if a program has two variables x and y, set respectively to 1 and 3, the state of such a program is the
pair (1, 3). The names of the variables are therefore lost in the translation, and any operation concerning
x has to be translated as an operation concerning the first element of the pair. As a result, dealing with
local variables and method calls implies to extend and narrow the state. Moreover, this approach does
not directly handle references and therefore such a representation for states cannot be applied for oo
programs, so we need to introduce a new way. The usual way is to represent oo states as records, but a
new approach, more intuitive and with a better description of the model is to use graphs instead [11], as
we see in the next section.

4 Graph Representation

In [11], in order to handle objects, the state of a program is represented as a directed labeled graph. We
recall here the definition of such a graph and give its implementation in Isabelle/HOL, together with
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basic operations to manipulate state graphs.

4.1 State Graph

A state graph describes the values of variables, together with a family of objects and their relations.
Moreover, due to the existence of nested local variables and method invocations, we need to describe
scopes in state graphs. A scope is represented as a node in a state graph, called scope node. The adjacent
scope nodes are connected by an edge labeled by $, and in particular, the top scope node with no incoming
$ edge represents the current scope, and is thus the current root of the state graph. The outgoing edges
of a scope node, except for the $ edge, represent the variables defined in the corresponding scope. A
non-scope node in a state graph represents an object or a primitive datum, called object node and value
node respectively. An object node is labeled by the runtime type of the object, while a value node is
labeled by the primitive value. An outgoing edge from an object node is labeled by a field name of the
source object and refers to the target object representing the value of this field. There is no outgoing edge
from a value node.

Let A be the set of names of variables and fields, and At = A U {this, $}, where this is the special
variable denoting the current object. Let C be the set of classes and V the set of constant values. The
formal definition of a state graph is then given as follows.

Definition 1 (State Graph) A state graph is a rooted, directed and labeled graph G = (N, E, T, F,r),
where

e N = RUOQOU L is the set of nodes, where R is the set of scope nodes, O is the set of object nodes
and L is the set of value nodes,

e [/ C N x A" x N is the set of edges,
e T : O — C is a mapping from object nodes to types,
o I': L — Vis a mapping from value nodes to values,

e 1 € R is the root of the graph and it has no incoming edges,

starting from r, the $-edges, if there are any, form a path such that except for r each node on the
path has only one incoming edge.

All the nodes on the $-path are scope nodes, the top of which is the root of the state graph. When a new
scope is entered, a new node together with a $-edge from it to the current root are pushed onto the $-path;
and when a scope is exited, the top node of the $-path is popped out, together with all edges outgoing
from it. As an illustration, Figure 1 (a) shows the state graph after the command a.b.x :=1; var int c=2;
is executed. Moreover, Figure 1 (b) shows a state graph with recursive objects, where the types and
values of nodes are ignored.
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Figure 1: (a): a state graph; (b): a state graph with recursive objects

4.2 Graph Implementation

A state graph requires that the sets of scope nodes, object nodes and value nodes are disjoint. To im-
plement this, we define the datatype vertex as the union of three disjoint types: node for object nodes,
root for scope nodes, and 1eaf for value nodes.

datatype vertex = N node | R root | L leaf

A state graph is defined as the cartesian product of four elements:

types

edgefun = ”vertex = label = vertex”

nodefun = "node = ctype”

leaffun = ”leaf = val”

graph = “edgefun * nodefun = leaffun = root list”

The first element of a graph is the function edgefun, which given a vertex a and a label z, returns the
vertex b if (a, z, b) is in the set of edges, L otherwise (where L stands for the undefined vertex, different
from the node corresponding to null). Note that with such a definition, the determinism for edges is
automatically ensured for any state graph. The second (resp. the third) element of a graph corresponds
to the function T (resp. the function F'). The last element is a list of roots (scope nodes), where the head
of the list stands for the current root, the second element stands for the previous root, and so on. This
representation of roots allows us not to implement $-edges.

In order to ensure that there is no edge starting with the undefined vertex L, we introduce the following
property.

definition isGoodFunction:: “graph = bool” where
”isGoodFunction g = V x. (getEdgeFung) L x=_1

where getEdgeFun g is used to get the first component of g.

Moreover, we need some properties concerning the list of roots. Indeed the root list is well-formed (and
in this case the graph satisfies isCorrectRoot, which we do not detail here due to lack of space) iff: (1)
the root list is not empty; (2) the roots cannot be _L; (3) all the roots are unique; (4) from each root, there
must exist at least one outgoing edge; (5) a root can never be the target of an edge. Thus, a graph g is
well-formed, denoted by wt g iff it satisfies i sGoodFunction and isCorrectRoot.

definition wf::” graph = bool” where
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”"wf g = isGoodFunction g & isCorrectRoot g”

4.3 Graph Operations

This section gives the implementation of some basic graph operations. Due to space limitation we only
present a subset of definitions below, more can be found in [11] and at http://isg.rhul.ac.uk/morisset/ictac/grap

First, the function swingEdge swings an edge with the given source and label to point to a new vertex by
updating the edge fun of the graph. It will return the original graph when the edge to be swung does not
exist, or when the new target is undefined.
definition swingEdge:: “graph = vertex = label = vertex = graph” where
”swingEdge gn x m= (if ((getEdgeFung) n x) = Ltheng

else if m=_1 theng

else let new EF=((Av. A1. (if (v=n &1 =x) then m
else ((getEdgeFun g) v 1))) in (new_EF, snd g))”

We then introduce the type path as a list of labels, hence representing navigation paths. For implemen-
tation optimisation reasons, the path is actually stored as the reverse list of labels: for instance, the rCOS
expression a.b.x is defined as the list [*’x’’", ’'b’’, ’’a’’]1. Given a graph and a path, the function
getowner then returns L if the path is empty, the corresponding root of the variable if the path is limited
to one element (using the function getRoot0fvar) and otherwise, recursively gets the owner of the tail
of the path, from which it gets the next vertex associated with the head of the tail.

consts getOwner :: “graph = path = vertex”

primrec “getOwnerg [] = L~

“getOwner g (x#t) = (if t = [] then (R (getRootOfVar g x))
else ((getEdgeFun g) (getOwner g t) (hd t)))”

Finally, the function swingPath swings the last edge of a path in the graph to point to a new vertex. It
uses getOwner and hd p to find the source and the label of the last edge respectively, and then swings
the edge by using swingEdge directly. When the path is empty, swingPath returns the original graph.

definition swingPath :: “graph = path = vertex =- graph” where
”swingPath g p n = (if p = [] then g else swingEdge g (getOwner g p) (hd p) n)”

This function has been proved to preserve the well-formedness, i.e. for any graph g, any path p and any
non-root vertex n, if g is well-formed then (swingPath g p n) is also well-formed.

Furthermore, we prove that a path after being swung to a vertex will actually point to the vertex. In order
to prove this property, we first introduce the function getvertexPath which returns the vertex pointed
to by the path in the graph.

5

definition getVertexPath :: “graph = path = vertex” where
” getVertexPath g p = (if p = [] then (R undefRoot)

else ((getEdgeFun g) (getOwner g p) (hd p)))”
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Moreover, we define a path p to be well-formed w.r.t. g, denoted by wtpath, iff p is not empty, and p
points to a vertex in g, and the owner of p appears exactly once as a source in the list of edges from the
root to the vertex pointed to by the path, the latest of which is exactly the property isGoodPath g p. For
instances, in the state graph in Figure 1 (b), the paths v.a, v.a.b.c and v.a.b.x satisfy isGoodpath, while
v.a.b.c.a and v.a.b.c.a.b.x do not. We discuss in the conclusion about the limitations caused by this
constraint.

Finally, the theorem swingPathChangeVertex is proved under three assumptions: g is well-formed; p is
well-formed w.r.t. g; and n is well defined. In particular, with the assumption isGoodpPath, we can prove
a key fact that the owner of the path p is not changed after it is swung.

theorem swingPathChange Vertex :
"wf g = wfPath g p = n # L =-getVertexPath (swingPath g p n) p =n”

Adding edges representing variables in a graph is done by the function addvartist, which given a graph
g and a function £ of type labelverF (mapping variables to vertices), adds edges labeled with variables
1p in the domain of £ to the root and makes them point to the associated vertices £ 1p.
types

labelVerF = label = vertex”
definition addVarList:: “graph = labelVerF = graph” where

”addVarList g f = case (getRootList g) of [] = g

| a#tp = (Avp. Alp. (if (vp=(Ra) & (3 v. f Ip =v)) then (f Ip) else
((getEdgeFun g) vp 1p))), snd g)”

Moreover, we define two functions respectively corresponding to entering or exiting a local scope: the
function createRoot pushes a new root into the root list of a graph; the function removeRoot removes
the top root from the root list, and in consequence all edges outgoing from the root. The function vars
combines the operations of creating a root and adding edges. Given a graph g and a function £ of type
labelExpF which maps from variables to expressions, it first creates a new root for g, and then adds edges
labeled with variables in f to the new root to point to the vertices initialised in £. In the definition, the
function expToNode translates a function of type 1abelExpF to the corresponding one of type labelverF,
by changing in the range the expressions to the vertices they represent in the graph.

definition Vars:: “graph = labelExpF = graph” where
”Vars g f = addVarList (createRoot g) (expToNode (createRoot g) f)”

Finally, the function addobiect is defined for creating a new node (object). Given a graph g, a path 1,
and a class type s, it first gets a fresh node of type s that is not in g, done by getNodeFromType; then
swings the path 1 to refer to the new node by using swingPath; and finally, attaches the attributes of
class s to the new node and initialises them, the last of which is implemented by the function addattrs.
In the definition, the function getattrNodes is used to extract the attribute information from class s.
definition addObject:: “graph = path = ctype = graph” where

”addObject g 1 s = let v = (N (getNodeFromType g s)) in
addAttrs (swingPath g 1 v) v (getAttrNodes s)”

Furthermore, we have proved properties for these functions, e.g. they preserve graph well-formedness
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(except for createRoot), and addvarList, Vars and addobject ensure that variables or attributes are
initialised with correct values.

5 Refinement of rCOS designs

The graph-based representation of the memory presented in the previous section allows us to extend the
mechanization of the refinement calculus presented in Section 3 to deal with object-orientation. Since we
only consider well-formed graphs and paths, we integrate these conditions into the weakest precondition
of each command. The complete definition of the refinement calculus for all constructs can be found at
http://isg.rhul.ac.uk/morisset/ictac/rcos.thy.

5.1 Primitive Designs
Pre/post-condition

The definition of the non-deterministic assignment is changed to include the well-formedness checks.

definition
nondass :: ”(graph = ’a pred) = path list = ’a pred = graph pred ” where
“nondass P 1 q = (A\v. (wfv) & (wfPathl v 1) & (V vl. Pv vl = q vl))”

where wfpPathl v 1 is true iff every path in | satisfies wfpath. This list of paths corresponds to all
the paths appearing in the post-condition. A pre/post-condition is then an assertion followed by a non-
deterministic assignement.

definition pp :: ”(graph pred) = (graph = ’a pred) = path list =
’a pred = graph pred ” where
"pppr 1 = assert p ; nondass r 1”7

where assert is the standard definition for the assertion. For instance, the pre/post-condition [ true |— a.b.x’=2]
is translated into the following statement

pp (true) (A g. A gl.((getNatOfPath gl a.b.z) =2)) [a.b.x]

where, for the sake of readability, we write a path as in code, e.g. a.b.x stands for the path (" "<’ 7,7 /b’ 7,772’ " 1.

Assignment

The definition of the assignment is changed as follows.

definition assign :: ”(graph = graph) = path = (graph predT)” where
“assign e pq = Au. wfu & wfPathu p & q (e u)”
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where p is the path assigned; e is a graph to graph function. For instance, the rCOS design a.b.x := 11is
translated into

assign (Ag. swingPath g a.b.x (getNodeN 1)) a.b.x ;

where getNodeN n returns the vertex in g whose value is the natural n. Note that this function takes a Nat
as input, which means we first need to know the type of an expression before translating it to Isabelle.
Similar functions exist for the other types.

Local declaration and undeclaration

The commands begin and end declare/initialize new local variables and terminate them, respectively.

definition begin :: “labelExpF = (graph pred) = (graph pred)” where
“begin f ¢ = Au. wfu & wflabelExpFu f & q (Vars u f)”

definition end :: ”(graph pred) = (graph pred)” where
“end ¢ = Au. wfu & q (removeRoot u)”

where £ is a function of type 1abelExpF that is required to be well-formed w.r.t. u, which means that for
each associated expression in f, it is a path in u, or a constant.

The command 1ocdec defines the block for local declaration and undeclaration, where £ is the same as
above and c is the body of the block.

definition locdec :: “labelExpF = (graph predT) = (graph predT)” where
”locdec f ¢ q = Au. ((begin f; c; end) q) u”

Method invocation

Intuitively, a method invocation of the form e.m(ve, re) first records the value of the actual value
parameter ve in the formal value parameter of m, and then executes the body c of m. At the end it
returns the value of the formal return parameter to the actual return parameter re. The command method
implements this with the help of the command 1ocdec.

definition method::”(label * exp) list = (graph predT) = (graph predT)” where
“method 1 ¢ q = locdec (getLabelExpF1) ¢ q”

where 1 is of type (label * exp) list, each pair of which is composed of a formal value parameter
and the corresponding actual value parameter of the method; and c is the method body followed by the
assignment from the formal return parameter to the actual return parameter. For instance, the method
call a.m(1) in the example of Section 2 is translated as:

method [(this, Path this.a), (v, Val (Nat 1))]
assign (A g. swingPath g this.z (getVertexPath g [v])) this.x”
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When the method is called, the variable this is initialised by this.a (the caller), and v by 1. Note
that with this approach, recursive method calls are not directly handled, and require the definition of a
fix-point, which we do not consider here.

In the method command, the recursive function getLabelExpF translates such list to a function of type
labelExpF which maps formal value parameters to corresponding actual value parameters of the method.

Object creation

The command object creates a new object of type s, and lets the path p refer to it.

definition object :: “path = ctype = (graph predT)” where
”object ps q = Au. wfu & wfPathu p & q (addObject u p s)”

5.2 Composite Designs

With the predicate transformer semantics, the definitions of the composite designs, like the sequential
composition, the loop or the conditional statement, do not depend on the representation of the memory
state. Hence, we can directly re-use the definitions and theorems from [18]. For instance, the sequential
composition c; d is refined by e; f if c is refined by e and d is refined by £ and c is monotonic, and in fact,
we have proved that all basic commands (i.e. nondass, pp, assign, begin and end) are monotonic, and
the compound constructs locdec, method, cond, do, seq preserve monotonicity with respect to their
subcomponents. Moreover, the other constructs such as the conditional cond and the loop do preserve
refinement with respect to their subcomponents. By applying these theorems, we can refine a program
by repeatedly refining its subcomponents, and then prove that the new generated program is a refinement
of the old one.

6 Application

We describe in this section how to use the mechanization of the refinement calculus within the rCOS
tool.

6.1 Tool Refinement

Refining a model is, by definition, a dynamic action: a new model is generated from a previous one, by
applying some refinement rules. The main challenge is then to be able to consider both models at the
same time, in order to generate the corresponding proof obligations. When the refinement concerns only
method bodies, the rCOS tool provides a simple way to define a refinement operation. Firstly, a class

Report No. 430, May 2010 UNU-IIST, P.O. Box 3058, Macao



Application 18

is created, and stereotyped with a specific kind of refinement, for instance refining automatically every
[true |— x’=¢] by x := e. The most general refinement is the manual refinement, where the user provides
an operation, its old design (mainly for sanity checks), and the refined design. In a second step, the user
can, at any time, apply such a refinement by right-clicking on the corresponding class and selecting the
“refine” operation, and the tool will then transform the model accordingly.

6.2 Provided Lemmas

In addition to the theorems introduced in [18], we present lemmas corresponding to refinement steps.
For instance, the lemma stating that for any path p and any integer expression n, [true |— p’=n] is refined
by p := nis defined as:

lemma ref_pp_assign :

pp (true) (A g. A gl.((getNatOfPath gl p) =n)) [p]
ref (assign (A g . swingPath g p (getNodeN n)) p)”

The proof of this lemma, together with the proofs of other useful lemmas, can be found at http://isg.rhul.ac.uk/mor:

Another example is the Expert Pattern, which is an essential rule for oo functionality decomposition by
delegating responsibilities through method calls to the objects, called the experts, that have the informa-
tion to carry out the responsibilities. For instance, defining a setter for a field is a special case of the
Expert Pattern, and therefore a refinement. In this case, we have proved, with the theorem EPIsRefOne,
that the method bar() { p.x := n } is refined by the method bar() { p.m() } where m () {this.x := n} is
a method of p, for any non-empty path p and constant n; a similar theorem EPTsRefTwo is provided, when
the setter takes the value as an argument, that is, the method bar() { p.x := n } is refined by the method
bar() { p.m(n) } where m (T v) {this.x := v} is a method of p, for any primitive type T and parameter v.

6.3 Example

Let us consider the examples given in Section 2. The user first defines the classes A and B; and then in-
troduces a manual refinement, concerning the operation foo, where the old design is d,;q =[true|—a.x’=2 V a.x’=3]
and the new design is dpey, ={a.m(1) ; a.x := a.x + 1}. When applying the refinement, the class Bs is
obtained. However, proving directly that d,;4 is refined by d,.,, might be complex, as several steps of
refinement are involved. The user can either decompose the refinement proof in Isabelle or directly in

the rCOS tool. Indeed, the latter allows one to easily compose refinement steps. In this example, the user

can introduce, as described in Table 1, the manual refinements 71 and 73, use the pre-defined refinements

r3 and r4, and combine then into a single refinement operation.

The refinement r; strengthen the post-condition of the design, so the proof is quite straight-forward. The
proof of 73 is a bit more complex as it requires to manipulate the memory. The proofs of 79 and ry
directly follow from the lemmas described in the previous subsection. The complete proofs can be found
in the appendix and at http://isg.rhul.ac.uk/morisset/ictac/example.thy. Finally, using the

Report No. 430, May 2010 UNU-IIST, P.O. Box 3058, Macao



Conclusion 19

r1:  doyg = [true|—a.x’=2V ax’=3]
dpew = [true|—a.x’=2]
!
ro :  Auto-refinement of pre/post-conditions to assignments
l
rs dold = a.x =2
dpew = a.x:=1;a.x = a.x+1
!

r4 .  Expert-Pattern on a.x = 1

Table 1: Refinement steps

fact that the refinement relation is transitive, we can prove that d,;q =[true|—a.x’=2 Vv a.x’=3] is refined
by dpew ={a.m(1) ; a.x := a.x + 1}. Apart from the proofs of r; and r3, all the other proofs could be
derived automatically, since automatic transformations are used, and such an approach is, as we say in
the conclusion, a future work.

7 Conclusion

The approach presented in this paper allows a user of the rCOS tool to automatically generate proof
obligations of design refinement. The generated statements are defined using the predicate transformer
semantics mechanized in [18] extended here to support object-oriented programs, thanks to a graph-
based representation of the memory. A library of lemmas and theorems is available to the user in order to
help her to prove the generated statements, concerning for instance the graph operations or the refinement
calculus. There are two major strengths to this approach. The first one is the seamless integration within
the rCOS tool, hence making the process transparent for the user, who can design a software using UML,
with the proof obligations being automatically generated. Of course, these obligations still have to be
discharged, but using a more generic back-end like Why [7], would generate proof statements both for
interactive theorem provers and automated demonstrators. The other strength of this approach is the
definition of the graph-based semantics, which eases the proving process, by giving an intuitive view of
the memory, and therefore helping reasoning about the state of the program.

Several limitations need however to be addressed, for instance the assumption i sGoodpath in the theorem
swingPathChangeVertex or in the weakest precondition of the statements, which may be too strong.
Intuitively, this theorem still holds without it but the proof is more complex since in general we lose the
fact that the owner of the path is the same before and after swinging, as we showed on the examples. A
possible lead to address this issue is to consider that any path which does not satisfy isGoodrath can
be “reduced” to a path which does. For instance, on Figure 1 (b), the path v.a.b.c.a points to the same
object that v.a points to which satisfies i sGoodpath. Moreover, more designs need to be implemented in
the translation process, for instance recursive method calls. However, we can extensively reuse [6, 12],
defined for imperative programs, by extending them to object-oriented programs. Finally, the method
call does not currently support dynamic binding, but it could be done by looking up the actual type of
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the caller from the second element node fun of the graph to fix the called method body.

In general, the next step is to integrate this mechanism within model transformations, which is an on-
going work in the rCOS tool [17]. The principal challenge in this work is for the tool to handle several
models at the same time: before, during and after refinement. Such modifications are easy to handle
when changing the design of a single method, but more complicated when for instance changing or
deleting classes. The idea is then to establish a correspondence between the modifications done in the
tool and the refinement rules involved. Moreover, a better interaction with Isabelle could help the user
in the decomposition of the refinement steps. For instance, using similar techniques than those used in
automated demonstration, the tool could use the feedback from the theorem prover to ask the user to
introduce more steps. We then could have a system where the user introduces a refinement rule, the tool
tries to prove it automatically, if it cannot, it asks the user for an intermediary step, tries again, and so on
until the whole rule is proved.
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A Proof of refinement

The theory can be found at http://isg.rhul.ac.uk/morisset/ictac/example.thy. We do not put

here the lemmas defined, the theory for the graph implementation can be found at http://isg.rhul.ac.uk/morisset/i
the implementation of the rcos designs at http://isg.rhul.ac.uk/morisset/ictac/rcos.thy, and

the useful lemmas (including ref_pp_assign and EPIsRefTwo) at
http://isg.rhul.ac.uk/morisset/ictac/rcos_lib.thy.

Note that for 1, o and r4, the statement might seem quite long, but the proofs are actually short, and
very straightforward, following directly the refinement rules.

A.1 Refinement r;

This manual refinement transforms [true|—a.x’=2 V a.x’=3] into [true|—a.x’=2].

lemma rl_is_refinement :
“pp (true) (A g. A gl.((getNatOfPath gl [’x’*, " a”,”" this ’]) =2 |
(getNatOfPath gl [’ x’’,”"a”,” this ”’]) = 3))
[>x’,”a’”,” this ’]]
ref pp (true) (A g. A gl.((getNatOfPath gl [’x’’,”’a’”,” this ’]) = 2))
[ x>,’7a’,” this ’]]”
(is 7pp (true) (Ag. ?7Q1) ?path ref pp (true) (Ag. ?Q2) ?path™)
proof —
have f1 : “implies ?Q2 ?Q1” by (simp add: implies_def )
thus ? thesis by (simp add: pp_strengthen_post )
qed

A.2 Refinement 7

This refinement automatically transforms [true|—a.x’=2] into a.x :=2.

lemma r2_is_refinement :
“pp (true) (A g. A gl.((getNatOfPath gl [’x’,”’a’",” this ’]) = 2))
[’x’,”a”,” this ’]]
ref
assign (A g . swingPath g [’x’’,’"a’’,” this ”’] (getNodeN 2))
[’x’,”7a”,” this 7’]”
by (simp add: ref_pp_assign )

A.3 Refinement 3

This refinement transforms a.x :=2 into a.x :=1; a.x := a.x + 1. The proof might seem quite long, but
we have preferred to make it “readable”, by naming variables and decomposing each step, instead of
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applying directly complicated tactics.

lemma r3_is_refinement :
”(assign (A g . swingPath g [’x’’,”7a’’,”" this ”’] (getNodeN (2::nat))) [’x’’,’a’’,” this ’]) ref
(assign (A g . swingPath g [”’x’",”"a”",”" this ”’] (getNodeN (Suc 0))) [’x’’,”a’”,” this ’] ;
(assign (A g . swingPath g [”’x’,”7a’’, " this ”’] (getNodeN (Suc (getNatOfPath g [’ x’’,*’a’’,”" this ’’])))) [’x
(is 7?A ref (?B; 7C)”)
proof —
let ?path = ”[’x’’,”’a’",” this *’]” let ?Lone = "getNodeN 1” let ?Ltwo = "getNodeN 2”
have f2 : "V q. (implies (?Aq) (?B (?Cq)))”
proof —
have f1: ”!lg. wf g = wf (swingPath g ?path (getNodeN (Suc 0)))”
proof —
fix g assume hl : "wf g”
have f1 : ”V x. getNodeN (Suc 0) # R x” by (simp add:getNodeN_def)
with hl f1 show “wf (swingPath g 7path (getNodeN (Suc 0)))”
by (simp add:h1 f1 wfswingPath [of “getNodeN (Suc 0)” g ?path])
qed
have f2 : ”!lg. wf g = wfPath g 7path = wfPath (swingPath g ?path (getNodeN (Suc 0))) ?path”
proof —
fix g assume hl : "wf g” assume h2 : ”wfPath g ?7path”
with h1 h2 show ”"wfPath (swingPath g ?path (getNodeN (Suc 0))) ?path”
by (simp add:swingPathNatPreserveswfPath [of g ?path Suc 0”])
qed
have f3: ”!lg q. wfg = wfPath g 7path = q (swingPath g ?path (getNodeN (2::nat))) =
q (swingPath (swingPath g ?path (getNodeN (Suc 0)))
Tpath (getNodeN (Suc (getNatOfPath (swingPath g ?path (getNodeN (Suc 0))) ?path ))))”
proof —
fix q g assume hl : ”wf g” assume h2 : “wfPath g ?path”
assume h3 : ’q (swingPath g ?7path (getNodeN (2::nat )))”
let ?h = ”(swingPath g ?path (getNodeN (Suc 0)))”
show ”q (swingPath ?h ?path (getNodeN (Suc (getNatOfPath ?h ?path ))))”
proof —
from hl h2 have f1 : ”(getNatOfPath ?h ?path) = Suc 0”
by (simp add:sPCV_Nat [of g ?path ”Suc 07])
have 2 : ”getNodeN (Suc 0) # undefVertex” by (simp add:getNodeN_def undefVertex_def)
have f3 : ”getNodeN 2 # undefVertex” by (simp add:getNodeN_def undefVertex_def)
from h1 h2 f2 f3 have f4 : “swingPath ?h ?path (getNodeN 2) = swingPath g ?path (getNodeN (2::nat))”
by (simp add: swingPathTransitive [of g ?path “getNodeN (Suc 0)” “getNodeN 2”])
with h3 have f5 : ”q (swingPath ?h ?path (getNodeN (2::nat)))” by simp
have ”Nat 2 = Nat (Suc (Suc 0))” by simp
hence ”getNodeN (2::nat) = getNodeN (Suc (Suc (0:: nat)))”
by (simp add:getNodeN_def, arith )
with f1 {5 have ”q (swingPath ?h ?path (getNodeN (Suc (getNatOfPath ?h ?path ))))” by (simp)
thus ? thesis by simp
qed
qed
with f1 {2 f3 show ?thesis
by (simp add: assign_def implies_def andd_def, auto, simp add:fl, simp add:f3)
qed
thus ?thesis by (simp add: refines_def seq-def)
qed
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A.4 Refinement r,

This refinement transforms a.x := 1 into a.m(1). We use directly EPIsRefTwo.

lemma r4_is_refinement :
” (assign (A g . swingPath g [’x*7,”7a’",” this ’] (getNodeN (Suc 0)))
X, 7a” ) this 7] ;
(assign (A g . swingPath g [”’x’,”"a”’,”" this ”’] (getNodeN (Suc (getNatOfPath g [’ x’,’’a’’,” this ’’]))))
[’x’,”7a”,” this ”’]))
ref
(method [(*’ this >, Path [ *’a’’,”" this ”’]), (’v’’, Val (Nat (Suc 0)))]
(assign (A g. swingPath g [’ x’",” this ] (getVertexPath g [*’v’’])) [’ x’’,” this ’])) ;
(assign (A g . swingPath g [’ x’",”"a”",”" this ”’] (getNodeN (Suc (getNatOfPath g [’ x’*,’’a’’, " this ’’]))))
’x’7,7a’’, " this ’])”
(is ”(?A; B) ref (?2C; 7B) ™)
proof —
have f1 : ”?A ref ?C” by (simp add:EPIsRefTwo)
thus ?thesis by (simp add: seq.ref_left )
qed

A.5 Refinement Chain

Finally, the proof that the whole chain is a refinement is very simple using the fact that the refinement
relation is transitive. We have to decompose each step, otherwise the auto tactic of Isabelle generates too
many possibilities.

lemma chain_is_refinement :
“pp (true) (A g. A gl.((getNatOfPath gl [’x’*, >’a’,” this ’]) =2 |
(getNatOfPath g1 [’x’’, 7 a’’,” this ’]) = 3))
[[>x’,”a’,” this ’]]
ref
(method [(’” this >’ , Path [*”a’’,”’ this ’]), (’v’’,Val (Nat (Suc 0)))]
(assign (A g. swingPath g [’ x”’,” this ’] (getVertexPath g [*’v’])) [’x’’, * this ”’])) ;
(assign (A g . swingPath g [”’x’",”"a”",”" this ”’] (getNodeN (Suc (getNatOfPath g [’ x’,’’a’’,” this ’’]))))
x>, ?a’, ” this ’])”
(is 7?A ref 7B”)
proof —
let ?path = ”[’x*” , >’a’’, * this ”’]”
let ?2C="pp (true) (A g. A gl.((getNatOfPath gl ?path) = 2)) [?path]”
let ?D ="assign (A g . swingPath g ?path (getNodeN 2)) ?path”
let ?E = “(assign (A g . swingPath g ?path (getNodeN (Suc 0))) ?path ;
(assign (A g . swingPath g ?path (getNodeN (Suc (getNatOfPath g ?path )))) ?path))”
have f1 : ”?A ref ?C” by (simp add: rl_is_refinement )
have 2 : ”?C ref ?D” by (simp add: r2_is_refinement )
have f3 : 77D ref ?7E” by (simp add: r3_is_refinement )
have f4 : ”7E ref ?B” by (simp add: r4_is_refinement )
from f1 {2 have ”?A ref ?D” by (simp add: ref_transitive [of "?A” ”7C” ”7D”])
with f3 have ”?A ref ?E” by (simp add: ref_transitive [of "?A” ”?D” ”?E”])
with f4 show ?thesis by (simp add: ref_transitive [of “?A” ”?E” ”7B”])
qed
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