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Interference is the essence of concurrency and it is what makes reasoning about
concurrent programs difficult. The fundamental insight of rely-guarantee thinking is
that stepwise design of concurrent programs can only be compositional in
development methods that offer ways to record and reason about interference. In this
way of thinking, a rely relation records assumptions about the behaviour of the
environment, and a guarantee relation records commitments about the behaviour of
the process. The standard application of these ideas is in the extension of Hoare-like
inference rules to quintuples that accommodate rely and guarantee conditions. In
contrast, in this paper, we embed rely-guarantee thinking into a refinement calculus
for concurrent programs, in which programs are developed in (small) steps from an
abstract specification. As is usual, we extend the implementation language with
specification constructs (the extended language is sometimes called a wide-spectrum
language), in this case adding two new commands: a guarantee command (guar g.c)
whose valid behaviours are in accord with the command c¢ but all of whose atomic
steps also satisfy the relation g, and a rely command (rely r.c) whose behaviours are
like c provided any interference steps from the environment satisfy the relation r. The
theory of concurrent program refinement is based on a theory of atomic program
steps and more powerful refinement laws, most notably, a law for decomposing a
specification into a parallel composition, are developed from a small set of more
primitive lemmas, which are proved sound with respect to an operational semantics.
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Abstract

Interference is the essence of concurrency and it is what makes reasoning about concurrent programs
difficult. The fundamental insight of rely-guarantee thinking is that stepwise design of concurrent pro-
grams can only be compositional in development methods that offer ways to record and reason about
interference. In this way of thinking, a rely relation records assumptions about the behaviour of the
environment, and a guarantee relation records commitments about the behaviour of the process. The
standard application of these ideas is in the extension of Hoare-like inference rules to quintuples that ac-
commodate rely and guarantee conditions. In contrast, in this paper, we embed rely-guarantee thinking
into a refinement calculus for concurrent programs, in which programs are developed in (small) steps
from an abstract specification. As is usual, we extend the implementation language with specification
constructs (the extended language is sometimes called a wide-spectrum language), in this case adding
two new commands: a guarantee command (guar g e ¢) whose valid behaviours are in accord with the
command ¢ but all of whose atomic steps also satisfy the relation g, and a rely command (rely r e ¢)
whose behaviours are like ¢ provided any interference steps from the environment satisfy the relation .
The theory of concurrent program refinement is based on a theory of atomic program steps and more
powerful refinement laws, most notably, a law for decomposing a specification into a parallel composi-
tion, are developed from a small set of more primitive lemmas, which are proved sound with respect to
an operational semantics.
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1 Introduction

The rely-guarantee rules of Jones [Jon81, Jon&3|] provide a compositional approach to reasoning about
concurrent processes (the most accessible reference is [Jon96]|; an exhaustive analysis of various compo-
sitional and non-compositional approaches can be found in [dRO1]]). Based on many other contributions
such as [Stg90l ICJOO, [CJO7] these rules have been absorbed into a more general rely-guarantee “thinking”
as exemplified in [JP11].

The basic rely-guarantee idea is simple: in order to develop a concurrent process ¢ separately from
its surrounding components, one needs to take into account interference from the processes which form
the (parallel) environment of c¢. This is done by assuming that any interleaving step of the environment
of ¢ satisfies a rely condition r. The rely condition records assumptions the developer is invited to make
about possible interference from the environment. Conversely, each process is associated with a guarantee
condition, which must be proved to be the limit of interference that it can inflict on the other processes in
its environment. Both rely and guarantee are expressed as binary relations over states. To handle reasoning
about concurrent programs, [Jon81| Jon83]] extended Hoare triples to quintuples of the form {p,r} ¢ {g, ¢},
in which the precondition p is augmented with a rely condition r and the post condition ¢ is augmented with
a guarantee condition g. A set of Hoare-style inference rules based on these quintuples allows reasoning
about concurrent programs.

In this paper we use an approach based on the refinement calculus rather than Hoare logic. The refine-
ment calculus has separate primitives for precondition assumptions {p} and post condition specifications
[q]. To extend the refinement calculus for concurrent programs, we add two new constructs: one to sup-
port a guarantee condition g on a command ¢, (guar g e ¢), and the other to support a rely condition r,
(rely r e ¢). The main advantage of our new approach is that one can develop separate simpler refinement
laws for each construct in isolation and then combine them to produce more complex laws involving rely
and guarantee conditions as well as pre- and post-conditions. Proofs of laws equivalent to the Jones-style
inference rules are then straightforward to derive from the more basic laws and it is easier to derive new
variants of laws.

The guarantee command. To simplify reasoning about types and invariants in the refinement calculus,
Morgan and Vickers [MV90] introduced an “invariant command”: (invp e ¢). A step of the execution of
¢ is allowed by (invp e ¢) only if the step maintains the invariant p (a predicate of a single state). If in a
particular state the only steps available to ¢ would all break p, then (inv p e ¢) is infeasible (in refinement
calculus terms; also known as unsatisfiable in VDM).

The way in which an invariant constrains a program is similar to the way in which a guarantee constrains
a program: an invariant constrains each state, while a guarantee constrains each atomic transition between
states. This was already noted in [[CJOO] but here the similarity is taken further in that a novel command
of the form (guar g e ¢) is introduced. The idea behind this new command was motivated by the analogy
with the invariant command of Morgan and Vickers. The command (guar g e ¢) behaves as ¢ but it only
allows atomic program steps which either satisfy the relation g between their before-state and after-state
or stutter (i.e. do not change the state). Any step that ¢ alone could take that does not stutter or satisfy g
is not a valid step for (guar g e ¢). If in a particular state o the only steps available to ¢ would neither
stutter nor satisfy g, then (guar g e ¢) is not feasible in 0. The stuttering steps allow a process to perform
internal steps that do not affect the shared state. The definition of the guarantee command is given in terms
of a more primitive strict conjunction operator (¢ M d) in which every atomic step of ¢ M d must be a valid
atomic step of both ¢ and d.

The sequential refinement calculus makes use of a specification command of the form [q] ,in which g is
arelation (expressed as a two-state predicate) giving its post condition [Mor88[]. Any implementation of [q]
must terminate in a state such that the initial and final states are related by ¢q. The command (guar g e [q] )
not only satisfies the post condition ¢ but also only uses atomic program steps which each satisfy the
relation g or stutter. At this level there is no particular notion of granularity of atomicity; all that is required
is that the atomic program steps (whatever they turn out to be) of any implementation of (guar g e [q} ) all
individually satisfy g or stutter, while the complete sequence of steps satisfies g.

The main advantage in introducing the guarantee command is that it facilitates the separation of the
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concern of refining a command from that of showing that the refined code adheres to a guarantee. Because
the guarantee command is monotonic with respect to refinement of the command in its body, the body can
be refined and then a separate set of refinement laws can be used to distribute and eliminate the guarantee
There is one caveat though: a valid refinement of the body may introduce steps that become infeasible
when constrained by the guarantee. This means that in doing the refinement one needs to be aware of the
enclosing guarantee context in order to ensure that the refinement respects it. The guarantee command also
provides a novel simple definition of framing for a command c, i.e. specifying the set of variables ¢ may
modify. Section [3]explores guarantee commands in detail.

The rely command. Sequential refinements are only valid if the interference from the environment is
restricted to stuttering steps and hence in order to preserve sequential refinements in our concurrent theory,
a specification is defined to abort if the environment does a non-stuttering step. In order to specify a
construct that meets a pre-post specification in the context of interference from the environment bounded
of a relation r, we make use of a novel command of the form (rely r e ¢), which is an “implementation”
of ¢ provided interference from the environment respects the rely condition r. The relation » records an
assumption about every atomic step of the environment of the command: either the step satisfies r or it
stutters. The command (r V id)* represents any finite number, zero or more, of atomic steps that satisfy
the relation r or the identity relation id (i.e. stuttering). A specification [q] is refined by (C) the command
(relyr e [q} ) run in parallel with interference bounded by r, i.e.

[q] C (relyre [q]) | {(rvid)y*.

The stronger the rely condition, the more constrained the acceptable environments and hence the easier
it is to implement [q} The empty relation is the strongest rely condition: it represents only stuttering
interference from the environment. Common rely conditions are those that require that certain variables
are not modified, or those that restrict the way in which variables may change (e.g. only increase). Sectionf4]
explores rely commands in detail as well as combining rely and guarantee commands.

Parallel. The key step in any concurrent refinement is the introduction of parallel composition, splitting
a sequential specification into two processes. The quintessential quintuple rule of Jones allows a postcon-
dition of gy A g1 to be achieved by two parallel processes that achieve go and ¢, respectively, provided
each branch of the parallel guarantees the rely condition of the other. This can be expressed in the notation
used here as follows.

[90 A 1] T (guargo e (rely gy o [qo])) || (guar g o (relygo o [q1])) M

Using the strict conjunction operator “M”, the specification [qo A ql] can be written as a conjunction of two

specifications: [qo] m [ql} . This motivates a generalisation of (1)) to refine a conjunction of two commands
¢o and ¢ to a parallel composition.

coMcy C (guargg e (relyg; o cp)) || (guarg; o (relygo o c1))

Section [5] gives derivations of the laws for introducing parallel compositions from the properties of the
guarantee and rely commands and Section [6|extends these laws to allow trading of conditions between the
post condition of a specification and rely and guarantee conditions. These proofs give further insight into
the way in which rely and guarantee combine to enable reasoning about concurrent programs.

In the literature, early justifications of proof obligations for rely/guarantee conditions had to confront
the complete set of assumptions and commitments at once. [Pre0Oll [PreO3]] limits the task both by disal-
lowing nesting of parallelism (but allowing multi-way parallelism) and by simplifying assumptions about
atomicity; she does however provide a complete Isabelle-checked proof. In contrast, [Jon81]] and [CJO7]
only offer proof outlines, but with minimal atomicity assumptions and using a language with arbitrarily
nested parallelism. In this paper the proof of the rule for introducing a parallel composition is comparatively
short and elegant because it utilises more basic laws that were not expressible in the earlier approaches.

'In saying this, there is no suggestion that the advantages of “rely-guarantee thinking” in providing a top-down development
method should be forgotten.
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Refinement with interference. As well as introducing parallel compositions, our laws need to handle
refining the individual processes in the presence of interference. Refining specifications to sequential com-
positions, atomic steps and assignments is treated in Section [/l In situations in which the environment
does not modify any of the variables used (read or written) by a process, sequential refinement laws can
be used. To accommodate this in the theory another command, (uses X e ¢), is introduced; it restricts ¢ to
only access variables in the set X.

Section [§| examines expression evaluation, which in the presence of non-trivial interference is non-
deterministic. Section [9] examines local variable blocks. Local variables are not subject to interference
from external processes and, within a local variable block, code cannot modify any other variables with the
same name as the local variables and hence guarantees they are unchanged.

Reasoning about control structures in the presence of interference requires accepting that interference
can affect test evaluation. In the following refinement, the specification [q] is refined to an if statement, in
a context in which the variable x may be decreased, as represented by the rely relation x’ < x in which x
and x’ stand for the initial and final values of the variable x, respectively, within the relation. For the “then”
branch, if x < 0 is true, decreasing x will not falsify it and hence x < 0 can be assumed as a precondition
of the “then” branch. For the “else” branch, if x > 0 is true, decreasing x may falsify x > 0, and hence
only the trivial precondition true can be assumed for the “else” branch. A specification command with a
precondition p and postcondition g is written [ , q]; any behaviour is possible if p does not hold initially.

(relyx’ <xe [g]) T ifx <O then (relyx’ <xe [x <0, q]) else (relyx’ < xe [true, g])

To handle tests within control structures, a new test construct [[b]], for boolean expression b, is used to
allow for interference during test evaluation. Section [I0] examines rules for introducing conditionals and
“while” loops. Showing termination of loops requires reasoning about the effect of the interference on a
well-founded relation, in addition to the loop guard. A non-trivial example of a parallel search algorithm
involving relies, guarantees, parallelism, local variables, conditionals and iteration is developed in full in
Section 1]

Theory of atomic steps. In order to define the new constructs, we found it beneficial to develop a theory
of programs based on atomic program/environment steps. Our motivation is to provide a theory for reason-
ing about concurrent programs based on a set of basic laws for primitives that allow more complex laws to
be derived as needed. Using the theory, it is only necessary to justify that about two dozen basic lemmas
respect the semantic model: all of the remaining laws are derived from this basic set. Hence —to illustrate
that the theory does allow this— we have given the proofs of the derived laws in terms of the basic laws and
other derived laws. The theory of atomic steps is presented, as needed, throughout the paper. Interestingly,
it allows program properties to be represented as refinements, for example, termination of a command ¢
from states satisfying the precondition p in an environment in which all the interference steps satisfy the
relation r can be represented by c satisfying the refinement:

{p}(true)” C, ¢

where the command (true)* can perform a finite number, zero or more, of any atomic program step.
The semantics of the language is given in Appendix [A]and proofs of the basic lemmas are contained in

Appendix

2 Programming language and refinement

2.1 Syntax

The syntax of expressions and commands is given in Figure (I} The command (p, ¢), where p is a single
state precondition and g is a relation, may abort if p does not hold in the before state but otherwise performs
a single atomic program step that satisfies relation g between its before and after states. The environment
is free to interleave any environment steps either before or after the program step. Note that p is evaluated
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Expressions Let v be a value, x be a variable, “®” stand for a binary operator and “©” stand for a unary
operator.

e = v|x|eDex | Se

Basic commands Let p be a predicate, g be a relation, C a set of commands, b a boolean expression, X a
set of variables, x a variable, and v a value.

c u= (pg)| [ [{p} | T1C | exmes | crsea [ erllez | (0] |
usesX e ¢ | statex — vec

Figure 1: Syntax of expressions and basic commands

in the state immediately prior to the program step. The word “step” always means an atomic step. The
specification command [q} may take any finite number (zero or more) of atomic program steps to achieve
the relation g between its before and after states but it assumes that the environment will not interfere —
only stuttering environment steps are allowed otherwise the specification aborts. Refinement in an environ-
ment that only performs stuttering steps in our concurrent theory corresponds to refinement in a sequential
program theory.

The precondition command {p} terminates immediately if p holds initially, otherwise it aborts, at which
point any behaviour is possible. For a preconditioned command, “{p} ; ¢” is written with the *;” elided
as “{p}c”. The operator “[ |” is (demonic) nondeterministic choice from a set of commands and “M” is
strict conjunction of commands (a specification rather than implementation construct — see Section [3).
Sequential composition ““;” and parallel composition “||”” are standard. Sequential composition has a higher
precedence than the other binary operators. The command [[b]] tests condition b and may either succeed
or fail depending on whether b evaluates to true or false, or it may abort if evaluation of the expression is
undefined, (e.g. division by zero); only traces for tests that succeed are retained as program traces. Tests are
used to define the “if” and “while” commands. The “uses”” command restricts its body to only use (read and
write) variables within the set X. A local state command (state x — v e ¢) behaves as ¢ but encapsulates x
as a local variable with initial value v.

Figure [2) gives a set of derived commands that are defined in terms of the basic commands. Note that
assignment is not a primitive but is defined in terms of a nondeterministic choice over all possible values,
v, such that the test [[e = v]] succeeds, followed by an atomic update of x to be v. The nondeterminism is
needed because the evaluation of e may take place in an environment in which the variables in e are being
(concurrently) modified, and so there may be many possible final values v which can be assigned to x. A
local variable block (varx e ¢) encapsulates x as a local variable with an arbitrarily chosen initial value.
A command may be iterated a finite number of times (c* for zero or more and ¢™ for one or more), an
infinite number of times (¢*°), and either a finite or infinite number of times (¢* for zero or more and c*+
for one or more). Although fixed point operators are not part of the programming language, iterations of
commands are defined via greatest (v) and least () fixed points with respect to the refinement ordering
[vWO04].

The language does not include procedures but (as usual) the main concern with adding procedures
is the possibility of introducing variable aliasing via the parameter passing mechanism. To simplify the
presentation, our language does not allow aliasing but we note below any places that would be impacted
by aliasing.

The syntax of predicates and relations is not given in detail here. A relation is expressed as a predicate
over a pair of states: the before state is represented by unprimed variables and the after state by primed
variables. The notation py = p; means (Vo : ¥ e po(o) = p1(0)), and g9 = ¢1 means (Vo,0' € X o
qo(o,0’) = q1(0,0’)). If the implications hold in both directions for all states, the symbol “=" is used.
The predicate p’ stands for the predicate p with all variables replaced by their primed versions, i.e. p holds
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Let p be a predicate, g be a relation, ¢, ¢y and ¢; be commands, b a boolean expression, e an expression, x
a variable, and Val the set of values. For a set of variables X, the relation id(X) is the identity relation on X.
For a variable x, x is the set of all variables other than x.

skip = {true} 2)
abort = {false} 3)
(q) (true, q) 4
p. 4 {r} [4] (5)

IR

1D

magic = []{} (6)
cofer = [1{co,c1} )

¢* = wvxeskipfc;x 3

> = pxec;x )]

¢ = puxeskiplc;x (10)

ct = e (11

ot = e (12)
ifbthen coelsec; = ([[b]];co) M ([[-]] ;1) (13)
whilebdoc = ([[b]];¢)“;[[—D]] (14)
xi=e = [|{veValelle=V];{® =vAidx))} (15)
varxec = [|{veE Vale (statex+>vec)} (16)

The notation {v € V e f} stands for the set of values of the expression f for v in the set V

Figure 2: Derived commands

in the after state. The composition of two relations gy and ¢; is defined by
qo $q1 = (3 Var" e qo[Var" /Var'] A q1[Var” [ Var]) a7

in which the final state variables of the first relation (Var’) and the initial state variables of the second
relation (Var) are identified by replacing them both with fresh intermediate state variables Var”. The
reflexive, transitive closure of a relation r is denoted by r*.

2.2 Program refinement

The refinement calculus [Bac81, Mor87, Mor88| Mor94, MV94a. BvWO8| provides a systematic approach
to program development based on step-wise refinement from a specification to code. A key concept is that
the development takes place using a wide-spectrum language, which includes implementation constructs as
well as specification constructs that are not directly executable. The process of refinement is to transform
the specification into code in small steps, some of which may generate proof obligations.

The sequential refinement calculus introduced both precondition assumptions {p} and postcondition
specifications [q] as commands in the wide-spectrum language. In this paper we introduce two new com-
mands (guar g e ¢) and (rely r e ¢) which extend the expressive power of specifications to allow reasoning
about interference between concurrently executing commands. The most general form of specification is
thus (guarg e (relyr e {p} [¢])). The statement that this specification is refined by a command c is
written

(guarg e (relyr e {p} [q])) E
and is logically equivalent to c satisfying the Jones-style five tuple {p, r} ¢ {g, ¢}

2The notation {v € V e f} is often written {f | v € V} but it is preferable not to use the latter because it is ambiguous as to
whether v is bound within the set comprehension or a free variable being tested for membership of V.
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In the standard sequential refinement calculus, refinement of a command ¢ by a command d, written
¢ C d, is defined in terms of weakest precondition predicate transformers but, because we wish to deal
with concurrent execution of processes, this form of semantics is inadequate. Instead we use an operational
semantics based on traces formed from atomic steps (detailed in Appendix [A). In order to handle specifi-
cations with rely conditions, we use a form a trace invented by [|Acz83|], which distinguishes program steps
and environment steps [dBHdR99, [dRO1]]. A state is a total mapping from program variable names (Var)
to values (Val) or the undefined state “L”.

¥ =  L|Var— Val (18)

Each atomic step of a program, « € L, is either a program step, 7(o, '), an environment step, €(c, '), or
a termination step, v'(0), where o and ¢’ represent the pre (before) and post (after) states of a step.

o pre(v(0))
o’ post(v(0))

g
g

o pre(e(o,0’))
o' post(e(o,0’))

pre(m(o,0"))
post(w(o,0’))

1
1
1

A trace t is a sequence of steps, which may be finite or infinite in length (i.e. # € £), and which must be
consistent, that is, the post state of any step in # always matches the pre state of the next step in 7. Indices
of sequences start from zero and #¢ stands for the length of .

Ly, = {o:Zev(o)} (19)

consistent(t) = Vi€ dom(r) — {0} e post(¢(i — 1)) = pre(t(i)) (20)

Trace = {t: L% | consistent(t) N 21
(Viedom(r)ot(i)e L, =t L Ni=#1t—1)}

Complete =  {t:Trace | dom(t) #N=t(#t—-1) € L,} (22)

The domain, dom(7), of a sequence is the set of valid indices of ¢ and its range, ran(7), is the set of elements
in the sequence. The semantics of a command c is represented by a set of traces, [c], which is determined by
the operational semantics given in Appendix[A] Once a command aborts any trace of behaviour is possible,
i.e. the transition (L, o) is possible for any o. Parallel execution of two commands is given an interleaving
semantics that matches a program step (o, 0’) of one command with an equivalent environment step
€(o, c’) of the other to give a step 7 (o, o’) of the composition, or matches equal environment steps of both
to give an environment step of the composition. Termination of one of the commands via a v/(o) step
means the parallel composition reduces to the other command.

In general, the semantics of a command is given for arbitrary environment transitions but often we wish
to restrict consideration to a particular environment; given a trace ¢, its environment relation env(f) may be
extracted by collecting the pairs of states in each environment step.

env(t) = {(0,0") | €(o,0") €ran(t)} (23)

The traces of ¢ for which the environment steps are restricted to satisfy r or stutter (i.e. satisfy id) are
defined as follows.

el = {t€]c]|en(r) Crvid} (24)

Refinement of a command ¢ by a command d in environment r requires that all traces of d in environment
r are traces of c. Refinement is a partial order.

Definition 2.1 (refinement-in-context) For any relation r and commands ¢ and d,

ct,d = [d, <[] (25)
c=,d (cC,d)AN(dC,c) (26)

I

Note that (25)) is equivalent to [d], C [c],. Sequential refinement corresponds to refinement in a context in
which the environment may only stutter: ¢ Cig d. Refinement in any context corresponds to choosing 7 to
be the universal relation true because this allows any environment steps.
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Definition 2.2 (refinement) For any commands c and d,

I

cCtd ¢ Cie d
c=d = (¢cCd)A(dLCec)

Strengthening the environment assumption preserves refinement. In particular, if ¢ C d then ¢ C, d, for
any r.

Law 2.3 (refinement-monotonic) For any commands c and d and relations rq and ry, if ro = r1 V id and
cC, d thencC, d.

Proof. As ro = r1 V id by 24), [d],, C [d],, and by Definition 2.1] (refinement-in-context) [d],, C [c]
and hence the result follows by transitivity. O

2.3 Basic properties of the refinement calculus

We use the term “lemma” to refer to a basic property of a language construct for which the proof is
dependent on the semantics of that construct, and the term “law” for properties that are proven from the
basic lemmas and other laws. Proofs of most of the basic lemmas may be found in Appendix [B]

A precondition command {p} aborts (i.e. any behaviour is possible) if p is false in the initial state (i.e.
before any execution steps, even environment steps, have taken place); if p holds in the initial state, {p}
terminates immediately.

Lemma 2.4 (precondition) For any predicates p, po and p1, relation r and commands ¢ and d,

{poHp1t = {poApi} (27)
(po=p1) = (po} C {p1}) (28)
({p}cC.{p}d) & ({p}cC, d) (29)

Because these properties are so basic, we often make use of them without explicit reference to this lemma.
Lemma 2.5 (parallel-precondition) For any predicate p, and commands c and d,

{pielld) = ({rio) |l ({p}d)

A specification [p, q] is defined to achieve g between its before and after states provided p holds
initially and the environment only stutters; if the environment does a non-stuttering step the specification
aborts. The only interesting case for refinement of a specification is refinement in an environment of id,
because a specification command is defined to abort in any other environment.

Lemma 2.6 (refine-specification) For any predicate p, relation g, and command c,
([p,al Ec) <  ([p,g] Eac).

As a result of this property one can use “C” in place of “Ciy” whenever the left side of a refinement is a
specification.

Lemma 2.7 (make-atomic) For any predicate p and relation g, [p, q] C (p,q).

Some basic laws from the sequential refinement calculus are still valid in our extended language.

Lemma 2.8 (consequence) For any predicates po and p1, and relations qo and q1, provided py = p1 and

Po N q1 = qo,
<P0a¢]0> E <171a611> (30)
[P0, 0] T [p1, 1] @31
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Lemma 2.9 (sequential) For any predicates py and p1, and any relations g, qo and g1, such that py N
((qo APV) 1) = 4

[Po, 61] C [Po, 90 /\Pﬂ ; [Ph 611] .

Recall that p} stands for p; holding in the after-state. The traces of a nondeterministic choice over a set of
commands consists of the union of their traces.

Lemma 2.10 (nondeterminism-traces) For a set of commands C,
[Mcl = |(JHeeceled}

Nondeterministic choice has identity magic and zero abort. Nondeterministic choice is the greatest lower
bound with respect to the refinement ordering and hence satisfies the following laws.

Law 2.11 (nondeterministic-choice) For any relation r, command c and set of commands C,

(VdeDe(3ccCeoc,d) = ([1C)C, (D) (32)
ceC = (lO)C, ¢ (33)
(VdeDecL,d) = «c¢LC,([]D) (34)

Proof. Property follows from Lemma (nondeterminism-traces) and Definition [2.1] (refinement-
in-context). The other two parts are special cases of given that ¢ = [ |{c}. O

In the sequential refinement calculus the specification [def(b), b A id], where predicate def (b) holds
if and only if b is well defined (e.g. not the result of a division by zero), can be used to represent test
evaluation in the definitions of conditional and loop commands. Such a definition is inadequate in the
context of concurrent interference and hence here test evaluation is represented by the separate command
[[p]], which is defined operationally in Appendix A test [[b]] refines [def(b), b A id] in an environment
consisting of only stuttering. If b evaluates to false the test is infeasible.

Lemma 2.12 (introduce-test) For any boolean expression b, [def (b), b A id] T [[b]] .

Lemmas[2.13]to are based on standard properties of iterations defined in terms of fixed points [vW04].
They follow from definitions (8)), (9) and (I0).

Lemma 2.13 (fold/unfold-iteration) For any command c,

¢ = skipfc;c* (35)
¢ = ;™ (36)
¢ = skiphfc;c? (37)

Lemma 2.14 (iteration-induction) For any relation r and commands c, d and x,

xC,dMec;x = xC,c";d (38)
c;xC,x = ¢ C,x 39)
dfMe;xE,.x = ?idCx (40)

Lemma 2.15 (iteration-monotonic) For any relation r and commands ¢ and d, if ¢ C, d then both ¢* C,
d*andc¥ C, d* .

All our commands are conjunctive (i.e. ¢ ; (doMdy) = ¢;dp Mc;dy) and hence ¢* can be decomposed
into a choice between finite and infinite iteration [vWO04].

Lemma 2.16 (isolation) For any commandc, c¢* =c*Mc¢™>.

The following lemma allows reasoning about fixed points on a complete lattice [BvWOS]|. The lattice join
operation is the standard one induced by the refinement ordering, i.e. intersection on set of traces.
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Lemma 2.17 (fusion) For monotonic functions F and G on complete lattices and a function H, if Ho F =
G o H then

H(uF)=puG provided H is continuous and
H(vF)=vG  provided H is co-continuous.

A terminating command can only perform a finite number of atomic steps. As in the sequential refine-
ment calculus, a command may be guaranteed to stop only from starting states satisfying a precondition p.
Further, in the context of concurrency, it may be guaranteed to stop only if every interference step of the
environment satisfies a relation r or stutters.

Definition 2.18 (stops) For any command c and relation r, stops(c,r) is the weakest predicate such that
Sfrom states satisfying stops(c,r), ¢ is guaranteed to stop in environment r.

{stops(c,r)}(true)” C, ¢ A1)
Vp e ({p}true)" T, c) <« (p= stops(c,r)) (42)

Law 2.19 (term-monotonic) For any commands ¢ and d and relations r, ry and r1,

(ro=r vid) = (stops(c,r1) = stops(c,ry)) (43)
(cC,d) = (stops(c,r) = stops(d,r)) (44)

Proof. For by Definition (stops) part (1),

{stops(c,r1)}{true)* C,, ¢
= by Law[2.3|(refinement-monotonic) as ro = ry V id
{stops(c,r)}{true)* C,, c

and hence by Definition (stops) part (2), stops(c,r1) = stops(c, ro). For from Definition [2.18]
(stops) part (1)

{stops(c,r)}({true)* C, cC, d
and hence by Definition [2.18|(stops) part [@2), stops(c, r) = stops(d,r). O
Lemma 2.20 (precondition-term) For any predicate p, relation r and command c,
stops({p}c,r) = p A stops(c,r) .

Lemma 2.21 (specification-term) For any relations q and r,

7r)
7r)

Lemma 2.22 (sequential-term) For any relation r and commands co and c1,

stops(
stops(

true, ifr=id
false, ifr=id

q
q

stops(co;c1,7) = stops(co{stops(c1,r)},r) .

Lemma 2.23 (atomic-term) For any predicate p, and relations q and r, such that r = (p = p’),
stops({p,q),r) = p.

For an atomic step (p, g) not to abort, its precondition p must hold in the state in which the atomic program

step takes place, which may be after a sequence of environment steps. If r preserves p and p holds initially,
p holds after any number of environment steps that respect r, and hence p = stops({p, q), r).
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3 The guarantee command

The guarantee command (guar g e ¢) constrains the possible implementations of the command ¢ such that
each program step must either satisfy the relation g or stutter. Intuition for its semantics is provided by
some examples in Section [3.1] before its definition in terms of a strict conjunction operator and iteration of
atomic steps is given in Section[3.2} Sections [3.3] and [3.4] give some properties of atomic steps and strict
conjunction. Sections [3.5] [3.6] [3.7]and [3.8] give laws for manipulating guarantees. Section [3.9introduces
a special case when the guarantee preserves an invariant. Section [3.10] applies guarantees and guaran-
tee invariants to a novel development of a simple search algorithm (which is revisited when we consider
concurrency in Section[TT).

3.1 Examples

The laws referred to in the following examples are given later in Section 3]

1. Refine a specification enclosed in a guarantee by an assignment which respects the guarantee and
implements the specification.

guarx < x’ e [x' =x+1]
C byLaw (guarantee-assignment) as X’ = x + 1 = x < x’
x:=x+1

2. Use two atomic steps that both satisfy the guarantee.

guarx < x' e [x' =x+ 2]
C by Law(guarantee—monotonic) as [ =x+2|C ¥ =x+1]; [x¥ =x+1]
guarx <x e ([X =x+1]; [¥ =x+1])
= by Law[3.27|(distribute-guarantee) over sequential
(guarx <x' e [x' =x+1]); (guarx <x e [x =x+1])
C by example (I) above (twice)
x:=x+1;x:=x+1

3. A guarantee may restrict a choice. Because every atomic step must satisfy the relation x < x’ or
stutter, the whole must satisfy the reflexive transitive closure of this relation: (x < x")*.

guarx <x e [ =x+1Vx =x—1]

= by Law [3.31](trading-post-guarantee) and as (x < x')* = (x < x/)
guarx <x' e [(X =x+1Vx =x—1) Ax<X]

=guarx <x e [X =x+1]

4. A specification constrained by a guarantee g cannot be implemented if there is no sequence of atomic
steps satisfying g that satisfy the post condition of the specification overall.

guarx < x' e [x' =x— 1]

= by Law[3.31](trading-post-guarantee) and as (x < x')* = (x < x/)
guarx <x' o [f =x— 1A (x <x)]

= guarx < ¥’ o [false]

= [false]
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3.2 Defining the guarantee command

The definition of the guarantee command makes use of the strict conjunction operator “M”, where ¢ M d
defines a command that behaves as both ¢ and d in the sense that each atomic step of taken by ¢ M d must
be an atomic step that both ¢ and d can make. The conjunction is strict in the sense that if either c or d can
abort, then ¢ M d can also abort.

Every atomic step of a guarantee command, (guarg e c¢), must satisfy g or stutter. The command
(g Vv id) represents a single atomic step that satisfies g or the identity relation (i.e. a stuttering step), and
(g Vv id)“ represents the iteration of (g V id) any number of times, zero or more, including infinitely many
times. The strict conjunction operator “@” is used to conjoin (g V id)“ with ¢ to define the guarantee
command.

Definition 3.1 (guarantee) For any relation g and command ¢, guargec = (g Vid)“Mc.

3.3 Properties of atomic steps and iterations

Law 3.2 (strengthen-iterated-atomic) For any relations gy and g1, if go = g1 then both (g1)* C (go)*
and (1)* E (g0)* -

Proof. The proof follows by combining Lemma 2.8] (consequence) for atomic steps (30) with Lemma[2.15]
(iteration-monotonic). O

Law 3.3 (refine-iterated-relation) For any relation g, [g*] C (g)*.

Proof. The proof follows using Lemma [2.14] (iteration-induction) for finite iteration (38) provided the
refinement, [¢*] T skip 1 (g) ; [¢*] , holds, which is shown as follows.

ls]
= asg'=id Vv (g3g)
[id v (s38")]
C by Law[2.T1](nondeterministic-choice) and Lemma [2.9] (sequential)
[id] 11 [s] ; [g7]
C by Lemma[2.7) (make-atomic)
skip 1 (g) ; [¢*] -

d

3.4 Properties of strict conjunction

Strict conjunction “M” is an associative, commutative and idempotent operator with identity (true)* and
zero abort. It is monotonic with respect to refinement in each of its arguments.

Lemma 3.4 (conjunction-monotonic) For any relation r and commands c, c1, do and d1,
(coCrdo) N(c1 Erdi) = (coMer) E, (doMdr)

Lemma 3.5 (conjunction-strict) For any predicate p and commands c¢ and d,
(pYend) = (proymd = cn({pyd) = {p}e)n({p}d).

Lemma 3.6 (conjunction-atomic) For any predicates py and p., relations qq and g1, and commands c
and cq,

skip mskip =  skip (45)
(Po,qo) M (p1.q1) = (Po Ap1,q0 A qr) (46)
((Po,qo) ;c0) M ({p1,q1)5¢1) = ({Po,q0) M (p1,q1)); (coMcy) 47

({(po,qo) ;co) Mskip = {po}magic (48)
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Strict conjunction does not distribute through parallel or sequential composition but the following in-
terchange properties hold.

Lemma 3.7 (interchange-conjunction) For any commands cg, c1, dy and dy, the following hold.

(co |l e1) M (do || dv)
(cosc1) M (dosdr)

(Co m do) || (Cl m dl) 49)
(CQ m do) ; (C1 m dl) (50

i1 1

Note that (49) is a refinement rather than an equality because on the left behaviour of ¢y may synchronise
with behaviour of either dy or d, whereas on the right it can only synchronise with behaviour of dy; (50)
is similar.

Lemma 3.8 (refine-conjunction) For commands cq, ¢1 and d, if co C, d and c1 E, d, then co M c1 C, d.

Proof. Any trace of d in environment » must also be a trace of both ¢y and c1, and hence it is a trace of
co M c1, noting that if either ¢y or ¢ can abort their conjunction also can. O

Law 3.9 (simplify-conjunction) For commands c andd, ifcC,d, cMdLC,d.
Proof. The proof follows from Lemma 3.8] (refine-conjunction) as ¢ C, d and d C, d. O

Law 3.10 (conjunction-term) For any relation r and commands cy and c1,
stops(co, ) A stops(ci,r) = stops((coMcy),r) .

Proof. Let p = stops(co,r) A stops(c1,r), by Definition (stops) part both {p}(true)* C, ¢; and
{p}(true)* C, ¢y and hence by Lemma [3.4] (conjunction-monotonic)

{p}(true)* m {p}{true)* C, coMcy,

and because “M” is idempotent the left side reduces to {p}(true)*, and hence by Definition (stops)
part @2), p = stops((coMcy),r). O

For a local variable block (varx e ¢), any program step of ¢ that modifies only x becomes a stuttering
step of the block but any steps that modify variables other than x are preserved.

Lemma 3.11 (no-change-local) For any command c, and variable x,
(id(x))* m (varxec) = (varxec).

Proof. Because x is local to (varx e ¢), every program step of (varx e ¢) maintains id(x) on the global
variable x, and hence the conjunction with (id(x))“ has no effect. O

For a relation g that does not depend on x, if every program step of ¢ satisfies g, then every program
step of (varx e ¢) also satisfies g. A relation g depends only on a set of variables X, if the effect of g in a
state is independent of all variables other than X. Recall that id(X) is the identity relation on X; it allows
chaos for variables other than X.

Definition 3.12 (depends-only) For any relation g and set of variables X,

depends_only(g,X) = (dX)ggsidX))=g.
Note that the above is equivalent to (id(X) § g 3id(X)) = g because the reverse implication holds for any g
and X. Furthermore depends_only(g,X) implies (id(X) $g) = g = (g 5id(X)).

Strict conjunction distributes through both itself and nondeterministic choice, and conjunction of an
iterated atomic step (g)“ distributes through both sequential and parallel composition, as well as through
local variable blocks and iterations.
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Lemma 3.13 (distribute-conjunction) For any relations g and g1, commands c, d, dy and dy, nonempty
set of commands D, and variable x, such that g, does not depend on x, i.e. depends_only(g1,X),

cm(domdl) =  (cMdy)m(cmd) (51)
m({1D) = [l{deDe(cmd)} (52)
(¢ > mc;d) = ((&)Mc);((g)” Md) (53)
@“mcld = ((&me)| (&) md) (54)
(g1)* M(varxec) = varxe ((g1)“Mc) (55)
(@“m(c) = ((&“mec)” (56)
Law 3.14 (conjunction-with-atomic) For any relations g and q, {(g)“ M (p,q) = (p,g N q) .
Proof.
(g)* m{p,q)

= by Lemma[2.13| (fold/unfold-iteration)
(skip 1 (g) 5 (8)*) M (p, q)

= by Lemma (distribute-conjunction) over choice and {p,q) = (p, q) ; skip
(skip ™ (p, 4)) 11 ((g) ; (¢)* M (p, q) ; skip)

= by #g), and ({@6) of Lemma [3.6] (conjunction-atomic); Lemma [2.13] (fold/unfold-iteration)
({p}magic) 11 ({p,g A q) ; ((skip M (g) ; (¢)*) M skip))

= by Lemma (distribute-conjunction) over choice (52));
({p}magic) 11 ((p,g A q) ; (skip 11 ((g) ; (g)* M skip))

= by Lemma [3.6|(conjunction-atomic) part {8
({p}magic) 1 ({p,g A q) ; (skip M magic)

= as skip N magic = skip and (p, g A ¢) C {p}magic

g Nq)

g
Law 3.15 (terminating-iteration) For any relation g, (true)* m (g)* = {(g)*.

Proof. Lemma 2.17] (fusion) can be applied by choosing F = (Ax e skip 1 (true) ; x) and hence vF =
(true)*, and choosing G = (A x e skipM{(g);x), and hence vG = (g)*, and choosing H = (A x e xM {(g)*),
and hence H(vF) = (true)* m (g)*. Both F and G are monotone because non-deterministic choice and
sequential composition are monotone operators. By Lemma|2.17] (fusion) (true)* m (¢)* = (¢)* if,

(skip 1 (true) ; x) M (¢)* = skipT1(q); (x @ (g)*)
which we show as follows starting from the left side.
(skip 11 (true) ; x) m (g)*
= by Lemma (fold/unfold-iteration)

(skip M (true) ; x) m (skip 11 (g) ; (¢)“)
= by Lemma [3.13|(distribute-conjunction) over choice (52)

(skip m skip) 1 (({true) ; x) M skip) 1 (skip m ((g) ; (¢)*')) N (((true) ; x) M ({g) ; {g)))
= by Lemma [3.6] (conjunction-atomic) parts (@3], @8) twice, and (@6)

skip M magic M magic M ((g) ; (x @™ (¢)*))
= as skip M magic = skip

skip 11 ({(g) ; (xm (g)*))

Function H is co-continuous by Lemma [3.13] (distribute-conjunction) over non-deterministic choice (52))
and as magic M (¢)* = magic. O

Law 3.16 (conjunction-atomic-iterated) For any relations gy and g1 both the following hold.

(g0)“ M(g1)” = (goAg1)” (57
(go)" M {g1)" = (goNg1)" (58)
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Proof. By Law [3.2) (strengthen-iterated-atomic) both the refinements (go)* T (go A g1)* and (g1)* C
(g0 A g1)* hold and hence by Lemma [3.8] (refine-conjunction) (go)* @ (g1)* C (go A g1)*. The reverse
refinement for (57) holds by Lemma [2.14] (iteration-induction) provided

skip M1 (g0 A g1) 5 ((0) M (1)) E  (g0)” M (1)

which we show by expanding the right side as follows.

(80)* M (g1)*
= by Lemma[2.13|(fold/unfold-iteration) unfolding

(skip 1 (g0) ; (g0)*) M (sKip 1 (g1) ; (81)“)
= by Lemma[3.13](distribute-conjunction) over choice (52)

(skip m skip) 11 (skip @ (g1) ; (1)) M ((g0) ; {g0) Mskip) 1 (({g0) ; (80)*) M ({g1) ; {81)*)
= by Lemma[3.6](conjunction-atomic) parts [@3)), [@8) twice, (7) and {6)

skip M magic M magic M (go A g1) ; ({g0)* M (g1)*)
= as skip N magic = skip

skip 11 (g0 A 81) 5 ({g0)” M (1)*)
To prove (58) we start by using (57).

(g0) M (g1)* = (g0 A 81)”
= by Lemma [3.4] (conjunction-monotonic)

(true)* m (go)“ M (g1)~ = (true)* m (go A g1)*
= by Law[3.15|(terminating-iteration) as conjunction is idempotent and associative

(80)* M (g1)" = (go A 81)"
0

Law 3.17 (conjunction-with-terminating) For any predicate p, relations r and g, and command c, such
that p = stops(c,r),

{rHe)" C (& m({p}e).

Proof. Definition (stops) part (@2) gives {p}(true)* C, {p}c, which is used below.

{r}g)

= by Law[3.13](terminating-iteration) and Lemma 3.5] (conjunction-strict)

() m ({p}(true)")
C, by Lemma3.4](conjunction-monotonic) as {p}(true)* C, {p}c

(&) m({p}e)

O
Lemma 3.18 (conjoined-specifications) For any relations gy and ¢, [qo A ql} = [qo] m [qﬂ .

Proof. In any environment other than id both sides may abort and hence by Lemma[2.6(refine-specification)
one only needs to consider equivalence in environment id. A trace of [go] M [g1] must be a trace of both
[40] and a trace of [g1], and hence it satisfies both gy and g1 end-to-end and hence it satisfies go A g1
end-to-end, and thus it is a trace of [go A ¢1]. By Lemma(consequence) both [g0] T [g0 A ¢1] and
[41] T [g0 A g1] and hence by Lemma(reﬁne—conjunction) [90] @ [q1] T [q0 A q1]. O

Law 3.19 (specification-finite) For any relation g, (true)*m [¢] T [q]

Proof. By Lemma [2.21|(specification-term) (true)* Cig [¢] and hence by Law(simplify—conjunction)
(true)* m [q] Cig |¢|- In a non-id environment both sides abort and the refinement holds. O
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3.5 Laws for refining guarantee commands

Law 3.20 (guarantee-true) For any command ¢, (guartrue e c) =c.

Proof. The proof relies on the fact that (true)* is the identity of “m”.
(guartrue e ¢) = (true vid)* mc = (true)* Mc = ¢ O

Law 3.21 (guarantee-monotonic) For any commands ¢ and d, and relations g and r,
¢C,d = (guargec)C, (guarged).

Proof. The proof relies on Lemma [3.4] (conjunction-monotonic). If ¢ C, d,
(guargec) = (gVvid)*mc C, (gVid)“md = (guarged).O

Law 3.22 (strengthen-guarantee) For any command c and relations gy and g1,
(sfo=>g1Vvid) = (guarg;ec)LC (guargyec).

Proof. The proof relies on Lemma (conjunction-monotonic) and Law (strengthen-iterated-atomic).
Assume gg = g1 V id,
(guarg; ec) = (g1 Vid)Ymec C (go Vid)* Mc = (guargyec).O

Law 3.23 (guarantee-precondition) For any predicate p, relation g and command c,
(guarg e {p}c) = {p}(guargec).
Proof. From Lemma [3.5]a strict conjunction aborts if either of its operands aborts,
(guarg e {p}c) = (g Vid)*m{p}c = {p}({gVid)*Mmc) = {p}(guargec).O

Law 3.24 (introduce-guarantee) For any command c and relation g, ¢ C (guarg e ¢) .

Proof. The proof can be shown using Law [3.20] (guarantee-true) and Law [3.22] (strengthen-guarantee) as
follows: ¢ = (guartrueec) C (guargec)O

The traces of (guarg e c) are a subset of the traces of ¢ and hence if ¢ stops from some state o,
(guar g e ¢) must also stop (or it is infeasible).

Law 3.25 (guarantee-term) For any command c, and relations g and r,
stops(c,r) = stops((guarg e c),r)

Proof. The law holds by Definition (stops) part {@2) if {stops(c,r)}(true)* C, (guarg e c), which
holds using Definition 2.18](stops) part (#I) and Law [3.24] (introduce-guarantee) as follows.
{stops(c,r)}({true)* C, ¢ C (guargec).O

Law 3.26 (nested-guarantees) For a command c and relations go and g1,
(guargy e (guarg, ec)) = (guargy Agjec).

Proof. The proof relies on the property of relations: (go V id) A (g1 V id) = (g0 A g1) V id.

(guar g o (guar g, o))
= by Definition [3.1] (guarantee) twice, “M” is associative

(go Vid)“ m (g1 Vid)“ mc

= byLaw (conjunction-atomic-iterated) part using the above property of relations
((go A g1) Vid) me

= (guargo A\ g1 ¢ ¢)

O
A guarantee on a composite command may be distributed to its component commands.
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Law 3.27 (distribute-guarantee) For any relations g and g1, commands c and d, set of commands C, and
variable x such that g, does not depend on x, i.e. depend_only(g1,X), the following hold.

guarge (cMd) = (guargec)m (guarg e d) (59)
guarge (1C) = [1{ce€Ce (guargec)} (60)
guarge (cid) = (guargec);:(guarged) ©1)
guarge (c||d) = (guargec) | (guarged) (©2)
guarg; e (varxec¢) = varxe (guarg; ec) (63)
guarge () = (guargec)” (64)

Proof. The proofs of (59)-(64) follow directly from Lemma [3.13] (distribute-conjunction) properties (31))-

(56) respectively. O
A guarantee g on an atomic step that satisfies ¢ must satisfy both g and the guarantee.

Law 3.28 (guarantee-atomic) For any predicate p and relations g and g,

(guarge (p,q)) = (p,(gVid)Agq).

Proof. The proof follows using Law (conjunction-with-atomic).

(guarg e (p,q)) = (g Vid)*n{p,q) = (p,(gVid) Ag)O
The following law is a fundamental property of guarantees used in a parallel composition and is used
in proving the parallel introduction laws in Section 5]

Lemma 3.29 (refine-in-guarantee-context) For any relations g and r and commands cq, ¢1 and d, such
that Co Eg\/r C1,

¢l (uarged) C, | (guarged).
Law 3.30 (refine-in-context) For any relations rq and r1 and commands co and cy, if cg B, v, €1,
co || (ro Vid)" C,vm 1| (roVid)*

Proof. Using Lemma (refine-in-guarantee-context) taking d to be (true)*, g tobe rp and rtobe ro V 11
gives the following.

co || (guarry e (true)*) C, v, c1 | (guarrg e (true)*)
< by Definition [3.1] (guarantee)

co || ((ro Vid)* m (true)*) T, v, c1 || ((ro Vid)¥ m (true)*)
< by Law [3.13] (terminating-iteration) twice

Co || <r0 vV |d>* Ero\/rl C1 || <r0 V |d>>.<

O

The execution of any command enclosed in a guarantee consists of zero or more atomic steps each of
which must satisfy g or stutter and hence any such finite execution sequence satisfies the reflexive, transitive
closure of g. The following law allows a post condition ensuring g* to be traded for a guarantee of g on
every atomic step.

Law 3.31 (trading-post-guarantee) For any relations g and g,
(guarg e [¢* A g]) = (guarg e [q]) .

Proof. By Lemma (consequence) [g] T [¢* A g| and hence by Law (guarantee-monotonic) the
refinement holds from right to left. The proof of refinement from left to right follows.

guarg e [¢* A ¢
= by Definition 3.1] (guarantee), Lemma [3.18] (conjoined-specifications)

(g vid)~ m [¢g*] m [q]
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C by Law[3.3|(refine-iterated-relation) and (g V id)* = g*
(g Vid)* m (g vid)*m [q]
= byLaw (terminating-iteration)
(g vid) m (g v id)~ m (true)* m [q]
C as “M” is idempotent and by Law (specification-finite)
(g vid)y~ m [q]
= Definition 3.1] (guarantee)
guarg e [q]

a

3.6 Tests and control structures

In order to define conditionals and loops, a primitive test command, [[b]], is used. It evaluates the boolean
expression b and if it evaluates to true the test terminates normally, however if it evaluates to false, the test
is infeasible and that trace of behaviour is eliminated. We assume that expressions are evaluated in any
order as opposed to a strict left-to-right evaluation. One may enforce the order of evaluation by defining
boolean operators, such as “conditional and” (candﬂ and “conditional or” (cor), that evaluate their second
operand depending on the evaluation of the first. Tests satisfy the following laws.

Lemma 3.32 (tests) For any boolean expressions a and b the following hold.

lanb] = [ld]llpl] E [[al] ; (1] = [la cand b]]
lavel] = [linfpll £ (e]0{=dl; (b = [lacord]

For arithmetic expressions eq and e,
leo <el]] = [H{veVval,weVal|v<we ([leo=V] | [[ex =w]])} -

Other relational operators are treated similarly. Assuming atomic access to a variable x, for any value v
Te=s]] = (d)*s (x=vAid); (id)" .

Because a test does not modify any variables, it ensures any guarantee. Note that because tests only
stutter they do not have to be atomic in order to satisfy a guarantee.

Law 3.33 (test-guarantee) For any relation g and test predicate b, (guar g e [[b]]) = [[]] .

Proof. Refinement from right to left holds by Law [3.24] (introduce-guarantee). Because a test does not
modify any variables (guar id e [[b]]) = [[#]], which is used in the following refinement.

(guar g o [[]])
C by Law[3.22)(strengthen-guarantee) as id = g V id
(guarid e [[5]])

= [[b]]

a
For the conditional and loop control structures, because guarantees distribute over program combina-
tors, they distribute into conditionals and loops.

Law 3.34 (guarantee-conditional) For any relation g, boolean expression b, and commands c and d,

(guarg e ifb then celsed) =  ifD then (guarg e c) else (guarg e d) .

3In languages deriving their syntax from C, cand and cor are written “&&” and “||” but we reserve “||” for the parallel operator
here.
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Proof. The proof is mechanical: it expands the left side conditional using its definition (13), applies
Law [3.27] (distribute-guarantee) to distribute the guarantee over the nondeterministic choice and sequential
compositions, then applies Law [3.33] (test-guarantee) twice to eliminate the guarantee around the tests, and
finally rewrites the result as a conditional using definition (13). O

Law 3.35 (guarantee-loop) For any relation g, boolean expression b, and command c,

(guar g e whilebdoc) =  whilebdo(guargec).

Proof. The proof is mechanical: it expands the left side loop using its definition (14), then applies Law[3.27]
(distribute-guarantee) to distribute the guarantee over the sequential composition and iteration, then applies
Law [3.33] (test-guarantee) to eliminate the guarantees around the tests, and finally rewrites the result as a
while loop using definition (T4). O

3.7 Frames and assignment

The refinement calculus as described by [Mor88] includes a version of a specification command x: [q]
with an explicit frame x representing the set of variables that may be changed by it. Using the notation x to
stand for all variables other than x, and id(x) to stand for the identity relation on all variables other than x,
in Morgan’s sequential refinement calculus x: [g] is defined as [g A id(x)], where this latter specification
implicitly has all variables in its frame. In the context of concurrent programs this definition is not strong
enough as it allows the following refinement,

x:[x’:y—l—l] C y=y+Lx=y;y:=y—1

which, although it modifies y, leaves its final value the same as its initial value and hence satisfies the
specification on the left. If a concurrent process accesses y during the execution this may lead to unexpected
results. However, if the specification is strengthened by making id(X) a guarantee, i.e. (guarid(x) e
[x’ =y+ 1] ), the above refinement is no longer valid. Hence, rather than Morgan’s definition above, a
frame on a specification satisfies the following.

x:[g] = (guarid(x)e [q]).
It turns out to be simple to allow a frame on any command, not just a specification.

o~

Definition 3.36 (frame) For any set of variables x and command ¢, x : ¢ (guarid(x) e ¢) .

The importance of framing in reasoning about concurrency is highlighted by framing being defined in terms
of a guarantee, which is central to our approach to concurrency.
Note that one needs to avoid nested frames because by Law [3.26] (nested-guarantees)

x:(y:c) = (guarid(x) Aid(y) ec) = (guarid e c) # (guarid(x;y)ec) = (x,y:c).
Law 3.37 (guarantee-frame) For any set of variables x, relation g and command c,
x:(guargec) = guarge (x:c).
Proof. The proof follows from Definition @] (frame) and Law @] (nested-guarantees).
x:(guargec) = (guarid(X) Agec) = guarge (x:c¢)

O
An assignment is defined in terms of a test [[e = v]] representing the expression evaluation, followed
by an atomic update of x (I3).

xi=e = [[{veValele=1];{ =vAidx)}

If the expression e is undefined (e.g. via a division by zero) the test [[e = v]] aborts and hence so does the
assignment. No variables other than x may be modified and the only modification allowed to x is to set it to
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v; this rules out an implementation that sets x to some intermediate value before assigning x its final value
v. This interpretation is required in the context of concurrency because if x can be set to an intermediate
value, a parallel process may observe the intermediate value and alter its behaviour. The update made by
the assignment x := e satisfies the relation x¥' = e A id(x) and hence this relation must imply g V id in
order for the assignment to implement the guarantee g.

Law 3.38 (guarantee-assignment) For any precondition p, relation g, variable x and expression e, such
that p = def () and such thatp A X' = e AN id(X) = g A (g V id),

guarge [p,q] C x:=e.
Proof.

guarge [p, q
C by Lemmal2.8|(consequence) asp A x' = e A id(X) = ¢
guarg e [p, X' = e Aid(x)]
C by Law[2.T1](nondeterministic-choice) and Lemma [2.9] (sequential)
guarge[]{veVale [p,pAv=enid];[pAv=e X =vAidx)]}
C by Law[3.27](distribute-guarantee) into choice (60) and sequential (6I))
[1{ve Vale (guarge [p, pAv=ecAid]);(guarge [pAv=rc, X =vAid(x)])}
C by Lemma(introduce-test) as p = def(e); Lemma (make-atomic)
[1{v € Val e (guarg e [[e =v]]); (guarge (p ANv=rc,x' =v Aid(X)))}
C by Law[3.33|(test-guarantee); Law [3.28| (guarantee-atomic) as p A x' = e A id(x) = (g V id)
[T{veVale[le=v]]; ¥ =vAidXx))}
= by the definition of an assignment
x:=e

a
In the sequential refinement calculus [def(e), x' = e A id(x)] is equivalent to x := e but here it is a
strict refinement. The standard refinement calculus gives the following equivalences.

x:=x+2 = x:[x’:erQ]
= x:[¥=x+1];x: ¥ =x+1]
= x:=x+1;x:=x+1

However, if x is initially even, a process running in parallel with x := x+1;x := x+ 1 may observe an odd
value of x, whereas a process running in parallel with x := x 4 2 will not, and hence they are not equivalent
in a concurrent programming context.

3.8 Local variables

A local variable declaration introduces a new local variable for its scope and adds the variable to the frame.

Lemma 3.39 (introduce-variable) For any variable x, set of variables Y, and command c, such that x is
not in Y and does not occur free in c,

Y:¢c C (varxex,Y:c).

Commands within the scope of a local variable declaration guarantee not to change any non-local variable
with the same name[]

Law 3.40 (guarantee-variable) For any command c and variable x,

(guarid(x) e (varxec)) = (varxec).

4 Additional care would be needed with a language that allowed variable aliasing because the non-local variable may be accessible
via an alias. Aliasing is excluded throughout this paper.
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Proof. Because (id(x) V id) = id(x), from Definition [3.1] (guarantee),
(guarid(x) e (varxec)) = (id(x))” m (varx e c)

and the proof follows by Lemma[3.11] (no-change-local). O

3.9 Guarantee invariants

A special case of a guarantee relation is that a single-state predicate is an invariant of every atomic step.
The following notation is used as an abbreviation in this case.

Definition 3.41 (guarantee-invariant) For a single-state predicate p and command c,
guar-invpec = (guar(p=p’)ec).

where by convention p' stands for the predicate p with all program variables replaced by their primed
counterparts, i.e. p in the after state.

An interesting aspect of an invariant predicate is that the relation (p = p’) is both reflexive and transitive
and hence

p=p)=@p=r) (65)

that is, for any number of steps (zero or more) if each step maintains the invariant, then the whole does.
This fact can be combined with Law [3.31] (trading-post-guarantee) to give the following law.

Law 3.42 (trade-guarantee-invariant) For any predicate p and relation g,

[P, P’ Ng] T (guar-invp e [p, q])

The effect of this law is to take a property p that is required to be invariant overall and require it to be
invariant for every atomic step of the computation — a stronger requirement.
Proof.

[P, P A d]

C by Lemma[2.8](consequence) using (635); Law [3.24] (introduce-guarantee)
guar(p = p') o [p, (p = p')* A q]

= by Law [3.31] (trading-post-guarantee); Definition [3.41] (guarantee-invariant)

guar-invp e [p7 q}

a

3.10 Extended example (sequential version)

Sect. [1 1| presents, in a new style, the development of a well-known concurrent algorithm. To cement the
material so far, this section offers an unconventional development of a sequential program from the same
specification. The objective is, given an array v with indices starting from one, to find the least index ¢ for
which a predicate p holdsE] or if p does not hold for any element of v, to set ¢ to len(v) + 1. As shown
in Sect. [IT] the unconventional approach using guarantee invariants is useful when deriving a concurrent
implementation from the same specification. To avoid repetition, a refinement with no explicit left side
applies to the most recent command marked by “<1” and hence the specification of the findp program is
marked with “<1” as the starting point of the refinement.

findp = t:[(f' = len(v) + 1V satp(v,1')) A notp(v,dom(v), )] <

SFor brevity, it is assumed here that p(x) is always defined (undefinedness is considered by [CIO7] but it has little bearing on the
actual design).
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where

satp(v,t) = te€dom(v) A p(v(r))
notp(v,s,t) = (Vieseoi<t= —pv(i)))

No explicit laws have been given above to handle frames on a specification but any construct involving a
frame can be converted to an equivalent guarantee command and the corresponding refinement law used.
In the development below such steps are elided. The first refinement step introduces an invariant (r =
len(v)+1 V satp(v,t)) and an initialisation of 7 that establishes the invariant, using Lemma[2.9| (sequential)
and Law [3.38] (guarantee-assignment) to handle the frame.

t:=len(v) + 1;
t:[t = len(v) + 1V satp(v,t), (t' = len(v) + 1V saip(v,t')) A notp(v,dom(v), )] <

The second specification can be refined using Law [3.42] (trade-guarantee-invariant).

C guar-invs = len(v) + 1 V satp(v, 1) e
t: [notp(v,dom(v), 7] <

The body of this involves a quantification within notp which can be refined using a loop with fresh control
variable ¢ and loop invariant notp(v, dom(v), ¢). The invariant is also strengthened by bounds on ¢, where

bnd(c,v) = 1<c<len(v)+1.

The invariant is trivially established if c is set to one. We use Lemma [3.39] (introduce-variable) for ¢ and
initialise it using Lemma [2.9] (sequential), and Law [3.38] (guarantee-assignment).

Cvarcec:=1;
¢, t: [notp(v,dom(v), c) A bnd(c,v), notp(v,dom(v),c’) A bnd(c’,v) At = '] <

This can be refined using Law (trade-guarantee-invariant).

C guar-inv notp(v,dom(v), c) A bnd(c,v) e
C,t: [t' = c’] <

This would appear to say that all that is required is that the final values of ¢ and c are equal, however, this is
in the context of an accumulated guarantee invariant (r = len(v) + 1 V satp(v, 1)) A notp(v,dom(v),c) A
bnd(c,v), which must be preserved by every atomic step. The body can be refined to a loop with a well
founded relation that reduces t —c. We use the sequential refinement calculus rule for introducing a “while”

loopE]

C whilec < tdo
ct:le<t, 0<7 —c <1— <

Note that this is in the context of the accumulated guarantee invariant, which also acts as an invariant of the
loop. The well-founded relation can be achieved either by increasing c or by decreasing ¢. If ¢ is increased
the invariant notp(v, dom(v), ¢) must be maintained. To increase ¢ by one this requires = p(v(c)). If ¢ is
decreased the invariant ¢ = len(v) + 1 V satp(v,t') must be maintained. To decrease ¢ to ¢ this requires
p(v(c)). We use the sequential refinement calculus rule for introducing a conditional & Hence the body of
the loop is refined by

Cifp(v(c)) thent: [p(v(c)), t' = c] else c: [~p(v(c)), ¢ =c+1]

6 The rules for introducing “while” loops and conditionals are not given here; they are special cases of Law (rely-loop) and
Law [F_TZ] (rely-conditional) given later.
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If the guarantee invariants are distributed into the program this becomes.

ifp(v(c)) then
guar-inv(r = len(v) + 1 V satp(v,t)) A notp(v,dom(v),c) A bnd(c,v) ®
t:[p(v(c)), ' =]
else

guar-inv(r = len(v) + 1 V satp(v,t)) A notp(v,dom(v), c) A bnd(c,v) e
c: [=p(v(c)), ¢ =c+1]

The branches of the conditional can be refined using Law [3.38|(guarantee-assignment) to give the following
final program.

t:=len(v) + 1;
varce c:=1;
whilec < rdo
ifp(v(c)) thenr:=celse c:=c+1)

4 The rely command

Given a parallel composition (c || d), it is not possible to use the sequential refinement laws to refine one
branch, say c, because d may interfere with execution of ¢ by modifying variables shared between ¢ and
d. [Jon81l Jon83|] addressed this issue by introducing the notion of a rely condition, which is a relation r
that bounds the tolerable interference acceptable from the environment (either d or the wider environment
of both ¢ and d). Every atomic step of the environment is assumed to satisfy the relation r or stutter.

In this paper a new command (rely r e ¢) is introduced; it is the most general command that when it is
put in an environment in which every atomic interference step satisfies the relation r or stutters, the com-
posite behaviour implements ¢ from states in which ¢ terminates with no interference. Finite interference
can be represented by the process (r \ id)*, that is, the process that can do any finite number, zero or more,
of atomic steps, each of which satisfies the relation r or stutters. Hence, for a command c that terminates
from states satisfying p (i.e. p = stops(c,id)) the rely command satisfies the following property.

{p}c Cig (relyre{pjc) || (rVvid)*
A rely command should be thought of as giving a designer permission to assume that the environment in
which an implementation will run is at least as benign as r records. The motivation for the rely command
is similar to that for weakest environment of [CH&1] and [[Cha82], and the weakest pre-specification of
[HHS6], although the latter deals with sequential composition rather than parallel composition.

4.1 Examples

To understand better the rely command and whether it is feasible, a few examples are examined.

1. (relyx < x’ o [x+1 < x']) guarantees that, when it is put in an environment that may increase
x, the value of x is increased by at least one. A possible implementation of this rely command is
to increment x by one. The environment may further increase x but together they ensure that it is
increased by at least one.

2. (relyx < x' o [x’ = x]) guarantees that, when it is put in an environment that may increase x,
the value of x is unchanged. There is no possible implementation of this. Even the “obvious”
implementation, skip, which does nothing is not a valid implementation because when put in an
environment that may increase x, the overall effect may be to increase x.

3. (relyx =x" o [x' = x + 1]) guarantees that, when put in an environment in which each interference
step does not modify x, x is incremented by exactly one. It may be implemented by the assignment
x := x + 1. This assignment does not have to be performed atomically, i.e. it may be interleaved
with interference that satisfies x = x’, which guarantees not to modify x but may arbitrarily modify
any variables other than x. Because none of the interference steps modify x, the evaluation of x 4 1
and its assignment to x are not affected.
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4. (relyx =x' Ay =) o [x' =x+1]) guarantees that, when put in an environment in which each
interference step does not modify either x or y (although it may modify variables other than x and
¥), x is incremented by one. It puts no constraints on the final value of y. It may be implemented
by the (non-atomic) assignments (y := x + 1; x := y), but note that this sequence of assignments
does not implement example [3| above because the environment in example [3| may arbitrarily modify
y between the two assignments.

4.2 Properties of interference
Before delving into the rely command in detail, we look at some basic properties of interference as repre-
sented by iteration of atomic steps. Two sets of interference in parallel corresponds to the disjunction of
the interferences.
Lemma 4.1 (parallel-interference) For any relations ro and r1, (ro)* || (r1)* = (ro Vry)*.
Repeated interference is equivalent to interference.
Lemma 4.2 (repeated-interference) For any relationr, (r)*;(r)* = (r)*.
Interference on an atomic command can only precede or follow it.
Lemma 4.3 (interference-atomic) For any predicate p and relations q and r,
el 0™ = 05PN

During design, the inherited interference must be passed on to sub-components. Thus, parallel must

satisfy the following distribution properties. Note that except for nondeterministic choice, one can only

distribute interference (rather than an arbitrary command).

Lemma 4.4 (distribute-parallel) For any commands cy, c1 and d, set of commands C, and relation r,

f1eyllda = [HeeCeol(clad)} (66)
(cose) [[{n™ = (eoll (N (e | (%) 67)
(colle) I = (el (7)1l (ex [ {n7) (68)

Law 4.5 (term-in-context) For any relations rq and ry, and command c,
stops(c,rg V' r1) = stops(c || {(r1 Vid)*,ro VvV r1).

Proof. The implication from right to left holds by Law (term-monotonic) because (r V id)* C skip.
For the implication from left to right, by Definition 2.18] (stops) part (42) it is sufficient to show

{stops(c,ro V ri)}(true)* C, v, c | (r1 Vid)*
which holds as follows.

{stops(c,ro V r1)}(true)*

C by Lemmal.T|(parallel-interference) and Lemma [2.3] (parallel-precondition)
{stops(c,ro V ry)}(true)* || (ry v id)*

Crovr, by Law3.30] (refine-in-context) as by {stops(c,ro V r1)}{true)* C, v, ¢

c | {r vid)*
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4.3 Fundamental properties of rely

Our theory makes use of a generalisation of the rely command discussed above. The more general com-
mand (rely 7 e ¢;) adds an extra parameter relation z which represents the rely context within c. When
run in parallel with finite interference that is bounded by the relation r, (relyr e c;) is the most general
command that implements ¢ in an environment bounded by z if started in a state from which ¢ terminates
in environment z, i.e.

{stops(c,z)}c C. (relyrec,) | (rVvidy*. (69)

The additional parameter z to the rely command is necessary to determine the environment in which the
refinement is valid and the states from which the rely command is required to terminate, i.e. stops(c, z).
The default value for the relation z is id, i.e.

(relyrec) = (relyrecyq) (70)

Condition does not cover the case of (relyr e c;) failing to terminate in the presence of infinite
interference from its environment. For example, the left loop in

(while0 < idoi:=i—1) || (whilei < 10doi :=i+ 1)

is guaranteed to terminate in the presence of finite interference satisfying (i’ = i + 1 V id) but not in the
presence of potentially infinite interference as represented by the right loop. Hence condition (69) is not
sufficient to characterise the rely command and we need a further termination condition, which we now
investigate.

The specification command [ , q} is guaranteed to terminate from states satisfying p in an environment
that satisfies id, i.e. only stuttering interference. Hence (rely r o [ , q]) must be guaranteed to terminate
from states satisfying p in an environment that satisfies ». Hence the termination condition that the rely
command should satisfy is captured by the following.

stops((rely r o [ , q]),r) = stops([p7 q] ,id)=p (71)
More generally, if the specification is included in nested relies, the following should hold.
stops([p, 4] ,id)

stops((relyry o [p, q]),r1)
= stops((relyro e (relyry o [p, q]),,),r0 V 1)

p

The definition of the rely command below is designed so that these termination conditions hold (they follow
from Law (rely-stops) below).

The rely command (rely r e c;) is the weakest command such that (rely r  c,) in parallel with inter-
ference (r Vv id)* refines c in an environment z from initial states from which ¢ terminates in environment
Z.

Definition 4.6 (rely) For any command c and relations r and z,
relyrec, = [{d| ({stops(c,z)}c T, d | (rVid)*) A (stops(c,z) = stops(d,zV r))}

For particular r, z and ¢, the command (rely r  ¢;) may not be feasible because all d satisfying the condi-
tions in the nondeterministic choice in Definition [4.6] (rely) are infeasible, as in example [2]in Section {.1]
In fact, any “code” consisting of control structures and assignments becomes infeasible within any rely
context. The first basic law for the rely command determines when it terminates.

Law 4.7 (rely-stops) For any relations z and r and command c,

stops((relyrec,),zVr) = stops(c,z).
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Proof.

stops((relyr e c;),zV r)
= by Definition 4.6 (rely)

stops(([ {d | ({stops(c,z)}c C. d || {(r v id)*) A (stops(c,z) = stops(d,zV r))}),zV r)
= termination of non-deterministic choice

Vd e ({stops(c,2)}c C,d || {rVid)*) A (stops(c,z) = stops(d,z V r)) = stops(d,z V r)
= stops(c,z)

For the last step the reverse direction is straightforward. In the forward direction, take d to be the command
“{stops(c, z) }magic” and hence stops(d,z V r) = stops(c, z) and d satisfies the conditions on the left of
the implication in the quantification and hence stops(d, z V r) and hence stops(c, z). O

The following law provides the fundamental property of a rely command. It is used as the basis for the
remaining laws involving rely commands. It transforms refinement of a rely command into a refinement
to a parallel composition with the interference corresponding to the rely condition. Finite interference, as
represented by (r V id)*, only handles terminating constructs and hence the rely command in the context
of the interference only needs to refine ¢ from initial states for which c terminates in environment z.

Law 4.8 (rely-refinement) For any relations z and r, and commands ¢ and d,
((relyrec,)Cd) <  ({stops(c,2)}c T, d| (rVvid)*) A (stops(c,z) = stops(d,zV r)) .
Proof. The reverse implication holds as follows.

(relyrec,)Cd
& by Definition {.6| (rely)
[1{do | ({stops(c,z)}c E. do || {r vV id)}*) A (stops(c,z) = stops(dyg,zV r))} Ed
< by Law[2.T1] (nondeterministic-choice) part (33))
Idy e ({stops(c,z)}c T, dy || {r Vv id)*) A (stops(c,z) = stops(dy,z V 1)) A (do C d)
< a witness for the existential quantifier is d
({stops(c,2)}c T, d || {r Vid)*) A (stops(c,z) = stops(d,z V r))
For the forward implication by Law [2.3] (refinement-monotonic)
((relyrec,) Cd) = ((relyrec;) C,, d) (72)
and hence it is sufficient to show the following.
((relyr e c;) .\, d) = ({stops(c,z)}c =, d || {r vVid)*) A (stops(c,z) = stops(d,zV 1)) (73)
We show each of the conjuncts on the right holds separately. To make the steps more readable we abbreviate
stops(c, z) by p.
{plcE.d| {rvid)”
< byLaw (refine-in-context) as (relyr o ¢;) C.,,, d
{p}cC. (relyrec,) | (rvid)*
& by Definition {.6] (rely)
{ptc . [ Hdi | ({p}e Codi || (r Vid)*) A (p = stops(dy,z V 1))} || (r v id)*
< by Lemma[d.4] (distribute-parallel) part (66)
{pre E.MHdi | (pYe Ecdu || (rVid)*) A (p = stops(di,z V r)) e (dy || (r v id)*) )]
< by Law[2.TT] (nondeterministic-choice)
Vdye ({p}c C. dy || {rvidy*) A (p = stops(di,zV 1)) = ({p}c T, dy || {r Vid)*)

The last condition trivially holds. The termination condition is shown as follows.

stops(d,z V r)

& by Law[2.19)(term-monotonic) as (rely r o ¢;) C.y, d
stops((relyrec,),zV r)

= by Law[4.7](rely-stops)
stops(c, z)

7Recall that the notation {d | p e e} stands for the set of values of the expression e for d ranging over values that satisfy the
predicate p.



28 L J. Hayes et al. - July 14, 2014

d

Law 4.9 (rely-environment) For any relations z and r, and commands c and d,
(relyrec,)Cd & (relyrec,) C,y, d.

Proof. The forward implication holds by Law [2.3] (refinement-monotonic). For the reverse implication by
Law [4.8] (rely-refinement) it is sufficient to show

((relyrec,) C,y,d) = ({stops(c,2)}c T . d || {(r vVid)*) A (stops(c,z) = stops(d,z V r))

which was shown as property (73)) above. O
Law (rely-environment) allows one to use the stronger “C” instead of “C,,,,”” when dealing with
rely commands.

Law 4.10 (rely-refinement-precondition) For any predicate p, relations z and r, and commands c and d,
such that p = stops(c,z) A stops(d,z V r),

(relyre {p}c,)Cd < {prcC.d | (rvid)".

Proof. Because stops({p}c,z) = p A stops(c,z) = p = stops(d,z V r), the law follows by Law 4.8
(rely-refinement) . O

Law 4.11 (rely-specification) For any predicate p, relations q and r, and command d, such that p =
stops(d, ),

(relyro[p, q])gd & [ ,q]EdH (rvid)*

Proof. The law follows from Law (rely-refinement-precondition) and Lemma (refine-specification)

because stops({p} [q] ,id) = p A stops( [q] ,id) = pby Lemma (precondition-term) and Lemma
(specification-term). O

Law 4.12 (rely) For any predicate p, relations z and r, and command c, such that p = stops(c, z),

{p}c . (relyre{pjc) | (rvid)".

Proof. Because by Law (rely-stops), stops((relyr o {p}c.),z V r) = stops({p}c,z) = p, the law
follows from Law (rely-refinement-precondition) by taking d to be (relyr e {p}c;). O

Law 4.13 (strengthen-rely-in-context) For any relations r, rx and z, and command c,
(relyrec,) C,, (relyrx Arec;).
Proof. By Definition[4.6](rely) the law holds provided

[ H{dy | ({stops(c,z)}c T, dy || {r Vid)*) A (stops(c,z) = stops(di,zV 1))} Cp.
Mdo | ({stops(e,2)be T do | {(rx A7) V id)*) A (stops(e,2) = stops(do,z v (rx A 1))}
& by Law[2.11] (nondeterministic-choice)
Vdy e ({stops(c,z)}c E. dy || {(rx A r) Vid)*) A (stops(c,z) = stops(dy,z V (rx A 1)) =
Idy e ({stops(c,z)}c T, dy || {(r vV id)*) A (stops(c,z) = stops(di,zV r)) ANdy T, doy

As the witness for the existential quantifier choose d; to be the same as dy except that d; only allows
environment steps satisfying rx V id, that is, [d1] = [do],.. By Definition (refinement-in-context)
one can deduce dy C di T, dy. Because the environment steps of d; only allow interference satisfying
rx V id, it follows that

{stops(c,z)}c T, do || (A r)Vid)" T dy || ((xAr)Vid)" = dy | (rVvid)™.

In addition, [di].v, = [do]nvr) € [dolov(mnr). Hence stops(c,z) = stops(do,z V (rx A 1)) =
stops(dy,z V r). O
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There may be any finite number, zero or more, of interference steps (each of which satisfies r or stutters)
between any two program steps. Hence the interference between any two program steps satisfies r*. For
this reason most formulations of the rely-guarantee approach (including [[CJO7]) require r to be reflexive
and transitive, so that 7* = r. Here we do not require r to be either reflexive or transitive but use its reflexive
transitive closure where necessary.

Note that care needs to be taken with the order of guarantee and rely clauses. The form usually required
is a rely nested within a guarantee. The problem with using a guarantee command nested within a rely is
that to show (rely r e (guarg e [ , q} )) Cd, Law (rely-refinement) requires one to show (guarg e
[P, q]) T d || (r Vv id)*, which requires the interference r to guarantee g as well as d guaranteeing g.
However, for a rely nested within a guarantee, only d is required to satisfy the guarantee. A guarantee
within a rely should therefore be avoided, although there are situations in which it is allowed: a trivial case
is if the rely is id but the more general case is if the rely condition happens to imply the guarantee; this
sometimes happens with a set of operations handling a shared data structure [[CJOO].

Law 4.14 (guarantee-plus-rely) For any relations g, z and r, and commands ¢ and d,
(guarg e (relyrec,)) C d, (74)
if both the following hold

(relyrec,) C d (75)
(guarged) C d. (76)

Proof. Applying Law (guarantee-monotonic) to gives the following.
(guarg e (relyrec;)) C (guarg e d)
When combined with this implies (74). O

4.4 Laws for refining rely commands

Law 4.15 (weaken-rely) For any command c, and any relations z, ro and ry, such that ro = r, V id,
(relyrpec,) = (relyr; ec,).

Proof. By Law [4.8| (rely-refinement) the theorem holds provided
({stops(c,2)}c C, (relyry o c;) || {(ro Vid)*) A (stops(c,z) = stops((relyr o ¢;),z V ro))

&= Law(strengthen-iterated-atomic) and Law (term-monotonic) as rg = r; V id
({stops(c,z)}c C, (relyry e ¢;) || {(r1 Vid)Y*) A (stops(c,z) = stops((relyr o ¢;),zV r1)

which follow by Law (rely) and Law [.7] (rely-stops). O
Note that for relations g and r we have the following relationships.

l[q] = (relyid e [g]) T (relyre [g]) T (relytrue e [¢])

In particular, [false] is infeasible in an environment of just stuttering (id) but aborts in any non-id environ-
ment, whereas (rely true o [false]) is infeasible in any environment.

Law 4.16 (rely-monotonic) For relations z and r, and commands ¢ and d, such that {stops(c,z)}c C, d,
(relyrec,) C (relyred,).
Proof. The theorem holds by Law [.8] (rely-refinement) provided the following holds.

({stops(c,z)}c C, (relyr e d,) || (r vVid)*) A (stops(c,z) = stops((relyr e d,),z V r))
& by Law[d.12)(rely), {stops(d,z)}d C, (relyr e d.) || (r V id)* and Law [4.7] (rely-stops)
({stops(c,2) e C. {stops(d,2)}d) A (stops(c, ) = stops(d, 2))
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By assumption {stops(c,z) }¢ C, d and hence by Law (term-monotonic) stops(c,z) = stops(d, z). O
Note that refining the body of a rely command does not necessarily preserve feasibility. For example,
[x=0, x<x] C [¥ =1] is a valid refinement but while (relyx < x’ o [x =0, x <x’]) is feasible,

(relyx < x’ o [x' = 1]) is not feasible because the interference may increase x beyond one.

Law 4.17 (rely-precondition) For any predicate p, relations z and r, and command c, if p = stops(c, ),
(relyr o {p}c:) = {p}(relyr e {p}c;).

Proof. Refinement from right to left is simply removing the precondition. Refinement from left to right
holds by Law [£.10] (rely-refinement-precondition) provided both the following hold.

{ptc . ({p}(relyre {p}c;)) || (r vid)" (77
p =  stops({p}(relyre{p}c;),zVr) (78)
Because by Lemma[2.4] (precondition) part 27), {p} = {p}{p}. can be shown as follows.
{pHpr}e

C. byLaw (rely) using assumption p = stops(c, z)
{p}((relyr e {p}c;) || {r vid)")
C by Lemma 2.5](parallel-precondition)

({p}(relyr e {p}c.)) || (r Vv id)*

One can use Law [4.7] (rely-stops) to show (78) as follows.

stops({p}(relyr e {p}c,),zV r) =p A stops((relyr e {p}c;),zV r) = p A stops({p}c,z) =p

a

Law 4.18 (nested-rely) For any command c and relations z, ro and ry,
(relyrp o (relyr; o c;),y,,) = (relyroVri ec;).

Proof. The proof uses the fact that stops(d,z V ro V r1) = stops(d || (ro V id)*,z V r1) by Law 4.5
(term-in-context).

(relyro e (relyry ® ;). )
= by Definition 4.6 (rely)
[Hd| ({stops((relyr ec;),zV ri)}(relyry ec,) Ty, d| (ro Vid)*) A
(stops((relyry @ ¢;),zV r1) = stops(d,zV ro V r1))}
= by Law[.7] (rely-stops)
M4 | ({stops(e, )} (rely ry o ¢2) ouny d | (o V id)*) A (stops(c, ) = stops(d, <V ro v 1))}
= by Law 17| (rely-precondition) and Law [4.8] (rely-refinement)
[Hd | ({stops(c,2)}e E.d || (ro Vid)* || (r1 Vid)*) A
(stops(c,z) = stops(d || (ro VidY*,zV r1)) A (stops(c,z) = stops(d,zV ro V r1))}
= by Lemma4.1| (parallel-interference) and Law [4.5] (term-in-context) — see above
[Hd| ({stops(c,z)}c T d || (ro V r1 Vid)*) A (stops(c,z) = stops(d,zV ro V r1))}
= by Definition 4.6 (rely)
(relyro V ry e ¢;)
a

In a development process, the permission to make assumptions must be passed on to sub-components,
so a rely on a composite command may be distributed to its component commands.
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Law 4.19 (distribute-rely-choice) For any relations z and r, and set of commands C,
relyre ([1C), T []{ceCe(relyrec,)} .
Proof. By Law [4.8] (rely-refinement) we must show both the following.
{stops([ 1C,2)}[1C) E. ([l{ceCe(relyrec,)})| (rvid)* (79)
stops([1C,z) =  stops([[{c€ C e (relyrec,)},zVr) (80)
The proof of follows starting from the right side.

([M{ceCe(relyrec)}) | (rvid)
= by Lemma[4.4] (distribute-parallel) over nondeterministic choice (66)

M{ceCorelyrec) | (rvid)

3. byLaw (nondeterministic-choice) part and Law (rely)
[1{c € C e {stops(c,z)}c}

— {stops(T1C, )} C)

The proof of (80) follows.

stops([[{c e C e (relyrec,)},zVr)

= termination of a nondeterministic choice
(Vc e Cestops((relyrec,),zVr))

= by Law[4.7)(rely-stops)
(Ve € C o stops(c,z))

= termination of nondeterministic choice
stops([1C, z)

O
Law 4.20 (rely-post-assertion)

(relyr e (c{p}).) T (relyrec;){p}

Proof. By Law [4.8| (rely-refinement) one must show both the following.

{stops(c{p}, 2)}e{p} T (relyrec){p}| (rvid)* (81)
stops(c{p),2) = stops((relyr e c2){p},z v 1) 82)
For

{stops(c{p}.2)}elp} C. ((relyre c){p}) | (r v id)*
< moving assertion out of parallel

{stops(c{p},2)}e{p} E. ((relyrec;) || {rVvid)"){p}
< asstops(c{p},z) = stops(c, z) by Law 2.19| (term-monotonic) as c{p} C ¢
{stops(c,9)}e . (relyrec.) || {rV id):
which holds by Law [@.12](rely). O

Law 4.21 (distribute-rely-sequential) For any predicate p, relations z and r, commands cq and c1, such
that (p = stops((co ; ¢1),2)

relyre ({p}co;c1): E  (relyre ({p}co):); (relyre (c1).).
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Proof. By Law [£.10] (rely-refinement-precondition) we must show both the following.

{pteoser o ((relyre ({p}co).); (relyre (c1).)) || (rVvid)® 83)
p =  stops(((relyre ({p}co).); (relyr e (c1):)), 2V r) @4
Note that p = stops((cq ; ¢1),2) = stops(co, z). The proof of follows starting from its right side.

((relyr e ({p}co):) ; (rely r @ (c1):)) || (r v id)*
= by Lemmaf.4](distribute-parallel) over sequential (67)

((relyr e ({p}co):) || (rVid)*); ((relyre (c1):) || {rVid)")
3. by Law[&.12)(rely) twice as p = stops(c, z)
{p}eo ; {stops(c1,2)}er
=, asp= stops((co;c1),2)
{ptcos
The proof of (84) follows.

stops((rely r o (co):) ; (rely r o (c1):),z V 1)
= by Lemma[2.22](sequential-term)
stops((rely r e (co);){stops((relyr e (c1);),zV r)},zV r)
= by Law[.7] (rely-stops)
stops((rely r o (co):){stops(c1,2)},2V r)
= by Law[4.20] (rely-post-assertion) and Law [2.19] (term-monotonic)
stops((rely r  (co{stops(c1,2)});),zV r)
= by Law[.7] (rely-stops)
stops(co{stops(c1,2)},2)
= by Lemma[2.22](sequential-term)
stops(co ; €1,2)
& by assumption
p

O

Law 4.22 (distribute-rely-conjunction) For any predicate p, relations z and r, and commands cqy and c1,
such that p = stops(co,z) N stops(c1,2),

relyre {p}(coMci): E  (relyre ({p}co):) M (relyre ({p}c1):).
Proof. By Law (rely-refinement-precondition) we must show both the following.
{pHcomer) C.  ((relyre ({p}co):) @ (relyre ({p}c1).)) || (rVid)* (85)
p =  stops(((relyre ({p}co);) M (relyr e ({p}c1):)),z2V r)) (86)
The proof of (83) follows starting from the right side using the fact that conjunction is idempotent.
((rely r @ ({p}co):) M (relyr e ({p}c1):)) [| ((r v id)"m (r Vv id)*)
J by Lemma[3.7) (interchange-conjunction) with parallel (49)
(relyr o ({p}eo).) || r v id)*) @ ((rely r o ({pYer).) | {r v id)*
J, bylLaw .12 (rely) twice using termination assumptions
({ptco) M ({p}e1)
= by Lemma [3.5](conjunction-strict)
{p}(co M)

For the proof of termination property (86), using Law [4.7] (rely-stops) one can deduce the property p =

stops((rely r o ({p}co).),z V r) A stops((rely r o ({p}c1).),z V r) and hence that (86) holds by Law
(conjunction-term). O
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Law 4.23 (distribute-rely-iteration) For any predicate p, relations z and r, and command c, such that
p = stops(({p}e)“*,2),

relyr o ({p}c)“t). T (relyre {p}c,)*"

Proof. Because p = stops(({p}c)“*,z), we have p = stops({p}c; ({p}c)¥,z) = stops(c,z). Using Law
[4.10] (rely-refinement-precondition) one must show both the following.

({pro** T, (relyre {p}c)*" || (rvid)* 87

p = stops((relyre {p}c.)*",zVr) (88)

For ¢“* iteration we use Lemma (iteration-induction) for w-iteration (40). In general,
cMc;d)C, d = tC, d (89)
and hence (87) holds if

{prem ({pte;: ((relyr o {p}c)*" || (rvid))) E. (relyre {phc)“" | (rvid)*

which we show as follows.

{pyem ({p}c; ((relyr o {p}co)=™ || (r v id)"))
C, by Law[.12|(rely) twice as p = stops(c, z)
((rely r o {p}c.) || (r v id)*) T
(relyr o {p}es) || (v id)*); ((rely r o {phe) || (v id)))
= by Lemma[4.4] (distribute-parallel) over choice (66) and sequential
((rely r o {p}c;) M1 ((rely r o {p}c.) ; (rely r o {p}c:)")) || (r v id)*
= by Lemma (fold/unfold-iteration)
(rely r o {p}c)<* || {r v id)*

For termination condition (88)) by Law [{.12] (rely)

{p}c E, (relyre {p}c;) || (r vid)*
= by Lemma (iteration-monotonic)
({p}e)* C. ((rely r o {p}c:) || (r v id)")=*
= by Law[2.19|(term-monotonic) and assumption
p = stops(({p}e)*,z) = stops(((rely r o {p}c.) || {r v id)")*, 2)
= by Lemma (term-iteration) as p = stops((rely r ® {p}c.),z V r) by Law 4. 7] (rely-stops)
p = stops((relyr o {p}c,)“T,zV r)

a

Lemma 4.24 (term-iteration) For any predicate p, relations r and z, and command c, such that p =
stops(c,z V r),

stops(({p}e || (r v id)")*",2) = stops(({p}c)* ",z V r) .

Law (distribute-rely-iteration) applies to ¢ but not ¢* because (rely r e skip) is not refined by
skip (because by Law [4.8] (rely-refinement) this would require skip C skip || (r v id)*).

5 Parallel refinement

This section develops laws for refining to a parallel composition making use of rely and guarantee com-
mands to handle interference between the parallel processes. For command conjunction one has the identity

K=1m[y=2 = [=1Ay=2].



34 L J. Hayes et al. - July 14, 2014

However, the parallel composition [x' = 1] || [y' = 2] aborts because each of the specifications implicitly
has a rely condition of id but each also must modify either x or y, thus breaking the rely of the other.
Hence in refining from a conjunction of commands to a parallel composition one must introduce rely and
guarantee conditions to control the interference, which after all is their raison d’étre.

A conjunction of commands may be implemented by a parallel combination of commands provided
each respects the rely of the other; Law captures the core of the rely-guarantee approach to developing
a parallel program. This law generalises the Jones-quintuple rule because it applies to a conjunction of
commands, rather than a conjunction of postconditions. Law [5.2] extends that to handle a conjunction of
commands within a rely context, and Law [5.3]specialises that to refining a specification (with a conjunction
of post conditions) by a parallel composition.

Law 5.1 (introduce-parallel) For any predicate p, relations z, go and g1, and commands cq and c1, such
that p = stops(co,z) N stops(ci,z),

{pHcomer) C.  (guargo e (relyg, o ({p}co):)) || (guarg, e (relygo o ({p}c1):)) -
Proof. By Law [4.12](rely) both the following hold.

{ptco  C.  (relygi e ({p}co):) || (g1 Vid)* (90)
{pter B, (relygo e ({p}c1):) || (g0 Vid)" oD

Hence the law holds as follows.

{p}HcoMecr)
= by Lemma [3.5](conjunction-strict)
({peo) m ({p}er)
C, by Lemma3.4](conjunction-monotonic) using and

((rely g1 @ ({p}co):) || (g1 Vid)™) M ((go V id)" || (rely go ® ({p}c1):))
C by Lemma[3.7](interchange-conjunction) with parallel

((rely g1 @ ({p}co):) M (go Vid)") | ((g1 V id)" m (rely go @ ({p}c1):))
= by Law[3.15|(terminating-iteration)

((g0 v id)~ m (true)™ m (rely g1 o ({p}co):)) | ((g1 Vid)~ m (true)” m (rely go ® ({p}c1):))
= by Definition [3.1] (guarantee)

(guar go o ((true)” m (rely g1 o ({p}co).))) || (guar g, e ({true)” m (rely go @ ({p}c1):)))
C, byLemma (refine-in-guarantee-context) — see below

(guar g o (rely g1 ® ({p}co).)) || (guar g, o (rely go e ({p}c1):))
For the proof of the last step above, the body of left branch of the parallel is refined as follows.
(true)” m (rely g1 @ ({p}co):)

= byLaw (rely-precondition) and Lemma [3.5](conjunction-strict)

{p}(true)” m (rely g1  ({p}co):)
C.ve, by Law [3.9](simplify-conjunction) using (92) below

(rely g1 ® ({p}co).)

The right branch is refined similarly. By Law [4.7 (rely-stops), p = stops((rely g1 ® ({p}co):),z V g1) and
hence by Definition (stops) part (42),

{p}(true)” C..,  (relygi e ({p}co):) . 92)

which is used in the proof of the last step above. O
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Law 5.2 (introduce-parallel-with-rely) For any predicates p, pg and p., relations z, r, go and g1, such
that p = po A p1, and commands co and ¢ such that py = stops(co,z) and p1 = stops(ci1,2),

(relyr b ({p}(co m Cl))z) (93)
C  (guargo e (relyg: vV re ({po}co):)) || (guarg; e (relygo V re ({p1}c1):)) .

Proof. From the assumptions one can deduce both py = stops((relyr o ({po}co);),z V r) and p; =
stops((rely r @ ({p1}c1).),z V r). These are used in the application of Law [5.1](introduce-parallel) below.
By Law (rely-environment) it is sufficient to show in context z V r.

(relyr e {p}(coMci);)
C by Lemma[3.5](conjunction-strict) and as p = po and p = p;
(relyr e ({po}co M {p1}c1);)
C Law[.22](distribute-rely-conjunction) using termination conditions
(rely r e ({po}co):) M (rely r o ({p1}c1):)
C byLaw (rely-precondition) twice using termination conditions
({po}(relyr e ({po}co):)) M ({p1}(relyr e ({p1}c1):))
= by Lemma [3.5](conjunction-strict)
{po A p1}((relyre ({po}co):) M (relyr e ({pi}c1):)
C,y, by Law[5.]](introduce-parallel) using termination conditions
(guar go o (rely gl o (relyr e ({po}co):)zv,)) || (guargy e (relygo o (relyr e ({p1}c1):).vr))
= by Law[.18](nested-rely) twice
(guargo o (rely gl vV r e ({po}co):)) || (guarg: e (relygo V r e ({p1}c1).))
O

The following law applies Law [5.2]to specifications. This corresponds to the parallel introduction law
of [Jon&3|.

Law 5.3 (introduce-parallel-spec-with-rely) For predicates p, po and p1, and relations r, q, qo, q1, &o
and g1, such thatp = po Aprandp N qo N\ g1 = ¢,
(relyre [p, q]) C (guargoe (relygi Vre [po, qo])) || (guarg; e (relygo V re [p1, q1])) .

Proof. The termination assumptions for the application of Law [5.2] (introduce-parallel-with-rely) below are
p = stops([qo] ,id) and p = stops([q1] ,id), which are trivial.

(rely r o [p, q])
C by Lemma2.8|(consequence) as p A go A g1 = g and Law [4.16] (rely-monotonic)
(relyr o {p} [q0 A q1])
= by Lemma[3.18](conjoined-specifications)
(relyr » {p}([q0] @ [1]))
C by Law/[5.2] (introduce-parallel-with-rely)
(guar g o (relyg, V r e [po, qo])) || (guarg; e (relygo V r e [p1, g1]))

6 Trading post conditions with rely and guarantee

Any command in a guarantee context of g and a rely context of r only executes atomic program steps
satisfying (g V id) and assumes the environment only executes atomic steps satisfying (r V id) and hence
any single step (whether program or environment) satisfies (g V r V id) and hence any sequence of steps
satisfies (g V r)*. We first apply this property to a specification and then to augment the law for introducing
a parallel composition.
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Law 6.1 (trade-rely-guarantee) For any predicate p and relations g, r and g,

guarg e (relyre [p, g A (gVr)*]) = guarge (relyre[p, q]).

Proof. Refinement from right to left is just a strengthening of the post condition. The refinement from
left to right can be shown using Law [4.14] (guarantee-plus-rely). The guarantee proviso (76) of Law [£.14]
is trivial; to prove the other proviso (73) one can use Law [.TT] (rely-specification) which requires one to
show both the following.

[p.an(gvr)] E  (guarge(relyre[p, q])) | (rvid)" S8
p = stops((guarge (relyre [p, q|)),r) (95)
The proof for (93) follows by Lemma [2.20] (precondition-term), Lemma [2.21] (specification-term), Law [4.7]
(rely-stops) and Law [3.25] (guarantee-term).
p = stops([p, 4] id) = stops((relyr o [p, g]),r) = stops((guarg o (relyr o [p, q])),7)
The proof of the refinement (94) follows.

P, a A (gV )]
C byLaw (introduce-guarantee) of g V r and Law (trading-post-guarantee)
guarg VvV re [p, q]
C by Law[12|(rely)
guarg V r e ((relyr e [p, g]) | (7 v id)")
= by Law[3.27] (distribute-guarantee) over parallel (62)
(guarg V re (relyr e [p, q])) || (guarg v r e (rvid)*)
C by Law [3.22|(strengthen-guarantee) twice

(guarg e (relyre [p, q])) || (guarr e (rvid)*)
= by Law[3.16] (conjunction-atomic-iterated) part (58) and Law [3.15] (terminating-iteration)

(guarg e (relyr e [p, g])) || (rVid)*
Because conjunction is idempotent the last step holds as follows.
(guarre (rVvid)*) = (rvid)*m(rvid)* = (rVvid)* m {true)* m (r vid)* = (rVvid)*
O

Law 6.2 (introduce-parallel-spec-with-trading) For any predicates p, py and p1, and relations r, g, qo,
q1, 8o and g1, such thatp = pg Ap1andp N qo N\ g1 = q,

(relyr e [p, g A (g0 V g1V r)*])
C (guargo e (relygi V re [po, qo])) || (guarg, e (relygo V re [p1, ¢1]))

Proof. We use Law [6.1] (trade-rely-guarantee) and then introduce a parallel composition.

(relyre [p, g A (g0V g1V 1r)*])
C by Law(introduce-guarantee) of go V g1 and Law(trade-rely—guarantee)
(guargg V g1 e (relyre [p, q]))
C by Law(introduce-parallel—spec-with-rely) asp=poApirandp A gy AN q1 = ¢q
(guargo \V g1 o ((guargg e (relygi V r e [po, qo])) || (guarg, e (relygo V r e [p1, ¢1]))))
= by Law (distribute-guarantee) and Law@ (nested-guarantees)
(guar gy o (relygi V r e [po, qo])) || (guarg; e (relygo V r e [p1, ¢1]))
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Law 6.3 (introduce-parallel-spec-weaken-rely) For any predicates p, py and p1 and relations r, rg, 11,
q, 90, q1, 8o and g1, such thatp = po N prandp N go N q1 = qand go V r = r. V id and
g1 Vr=ryVvid

(relyre [p, g A(goV g1 Vr))
C  (guargg e (relyro e [po, qo])) || (guarg, e (relyri o [p1, q1]))

Proof. The law follows from Law [6.2] (introduce-parallel-spec-with-trading) and two applications of Law

[.15] (weaken-rely). O
Trading can also be applied to a guarantee invariant.

Law 6.4 (trade-rely-guarantee-invariant) For predicate p and relations r and q, such that r = (p = p’),
relyre [p, p' Aq] C guar-invp e (relyre [p, q])

Proof.

relyr e [p, P A q]
C by Lemma[2.8(consequence) as r = (p = p')
relyre [p, (p=p') Vr)* Aq]
C by Law[3.24] (introduce-guarantee)
guar(p = p') erelyre ([p, (p=p') Vr)* Ag])
= by Law/[6.1](trade-rely-guarantee) and Definition [3.41] (guarantee-invariant)
guar-invp e (relyr e [p, q])

7 Specifications and rely commands

A specification placed in an environment that can generate interference steps that satisfy r or stutter must at
least be able to tolerate any finite number of r steps (zero or more) both before and after its execution. If the
precondition p holds initially, it must hold after any interference steps satisfying » — this leads to condition
below. If the specification with post condition g is preceded by an interference step satisfying r, then a
step satisfying r followed by the step satisfying ¢ should also satisfy g — this leads to condition (97), which
also assumes p holds initially. Condition (98)) is similarly required to handle an interference step following
the specification.

Definition 7.1 (tolerate-interference) A specification [p, q} tolerates interference r provided

r = (p=p) (96)

pA(rsq) = ¢ 7)

pA(gsr) = ¢q (98)
Properties (96), and imply both the following.

= (p=p) (99)

pA(r§qsrt) = gq (100)

Law 7.2 (tolerate-interference) If a specification [ , q] tolerates interference r then

p,q] £ (rvid)*;|p, q];(rvid)*
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Proof.

[p, 4]

C by Lemma]2.8(consequence) asp A (r* §q§r*) = g

P, rsqsr

C by Lemma[2.9|(sequential) twice as r* = (p = p’)
("] [p, al: |7 _

C by Law|3.3|(refine-iterated-relation) twice as (r V id)* = r*
(rvid)*; [p, ¢ ; (rvid)*

a

Conditions (96), and are slight generalisations of conditions PR-ident, RQ-ident, and QR-
ident used by Coleman and Jones [[CJO7, Sect. 3.3] in which r is assumed to be reflexive and transitive.
They are also closely related to the the concept of stability of p and g in the sense of [WDP10J], although
that paper limits post conditions to single state predicates rather than relations.

It [p7 q] can be implemented by a single atomic step, tolerating interference is sufficient to show over-
all feasibility but, in general, tolerating interference does not guarantee that [ , q} can be implemented
because the conditions do not address interference while [ , q] is executing, only before and after. Inter-
ference during [p, g| is handled by distributing the rely. We may have that [p, g| tolerates interference r
and

P, gl T [p, a0l |p1. a1

but, when these are placed in a rely context and the rely is distributed, one gets

(relyre [p, q]) T (relyre [p, qo]); (relyre [p1, q1])

but there is no guarantee that either [p, qo] or [pl, ql] tolerate interference r. Hence, as expected, a
feasible refinement in the sequential refinement calculus may no longer be feasible in the context of a rely
condition.

The following law corresponds to Jones-style sequential introduction [Jon83]|; note that by Law [3.21]
(guarantee-monotonic) both sides of the law may be enclosed in the same guarantee, which may then be
distributed to the two components on the right using Law (distribute-guarantee) over sequential (61)).

Law 7.3 (rely-sequential) For any preconditions po and p1, and any relations r, qy and q1, such that
po A ((qo Ap)Sar) = g

(relyr e [po, q|) C (relyr e [po, go Apl]); (relyre [p1, q1])

Proof.

(rely r e [po, q])
C by Lemma[2.9(sequential) and Law (rely-monotonic)

(relyr o [po, qo AP4]; [p1s a1])
C byLaw (distribute-rely-sequential)

(relyr o [po, go Api]); (relyre [p1, q1])

O
A specification command within a rely may be refined to an atomic step satisfying the specification
provided it can tolerate interference satisfying the rely before and after the atomic step.

Law 7.4 (rely-to-atomic) For predicate p, and relations r and q, such that [ , q] tolerates interference r,

(relyre [p, q]) C (p,q) .
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Note that the precondition p in the specification [ , q} must hold in the initial state before any steps,
including environment steps, whereas the precondition p in (p,q) must hold in the state in which the
atomic step is executed, which may be after a number of environment steps.

Proof.

(relyr e [p, q]) C (p,q)
= byLaw (rely-specification) as p = stops({(p, q), r) by Lemma (atomic-term)
[P, 4] E (p,q) || (rVid)*
= by Lemmal.3|(interference-atomic)
[P, q] E(rVid) s (p.q); (rvid)*
& by Lemma[2.7) (make-atomic)
[P, a] T (rvid)*; [p, q] ; (rvid)*

The last refinement holds by LaW(tolerate-interference) as [ , q] tolerates r. O

If [p, q| tolerates interference id(X), where X contains the free variables of p and g, it is tempting to
use a non-atomic specification on the right in Law However, recall that a specification without a rely
condition is treated as if the rely is the identity relation, i.e. only stuttering interference is allowed. In this
case a refinement of [ , q] is free to make use of variables outside X and these variables are not guaranteed
to be stable according to the rely condition id(X). However, if any refinement of [ , q] is restricted to use
only variables in X, it will be an implementation of the left side. To address this issue we introduce a new
language construct (uses X e ¢) that can be refined by a command d only if ¢ C d and d exclusively uses
(reads or writes) variables in X.

The set of traces of (uses X e ¢) contains just those traces of ¢ such that each atomic step is dependent on
only the variables in X. When c has been refined to code this requirement can be discharged syntactically.
The uses construct distributes through all language constructs in a straightforward manner, although the
usual care is required with local variable declarations. The rules are straightforward and hence they are not
spelled out hereﬂ

Lemma 7.5 (uses-atomic-effective) For any predicate p, relation q, command c, and set of variables X,
p.q] C (usesX o) [ (X)) & [p. g] C (id(X))" ; (usesX o) : (id(X))" .

Proof. The implication from left to right is straightforward. For the reverse implication, any trace of the
(uses X e ¢) must be a trace of ¢ in which every atomic step does not modify or depend on variables outside
X. Hence in a trace of (usesX e ¢) || (id(X))*, all steps of (id(X))* may be moved to the left or right to
give an equivalent trace (in terms of the overall relation) consisting of a trace of ¢ surrounded by traces of
(id(X))* on either side. O

Law 7.6 (rely-uses) For any predicate p, relation g, and set of variables X, such that [ , q] tolerates
interference id(X),

(relyid(X) e [p, q]) C (usesX e [p, q]).

Proof. Noting that id(X) V id = id(X) and p = stops((usesX o [p, ¢]),id(X)), by Law (rely-
specification) the theorem holds if,

[P, q] C (usesX o [p, g]) || (id(X))*

& by Lemma (uses-atomic-effective)
[P, g] C (id(X))* ; (usesX @ [p, ¢]); (id(X))*

£ by Law(tolerate-interference) as [p, q] tolerates id(X)
[P, q] C (usesX o [p, q])

8Care would be needed for a language which allowed aliasing of variable names because a uses clause involving a variable x
would implicitly include any aliases of x.
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which holds as ¢ C (uses X e ¢) for any command ¢. O

Because the “uses” construct is monotonic with respect to refinement, if [p, q} C ¢, then the refinement
(usesX o [p, q]) C (usesX e c) is also valid; that allows sequential refinement rules to be used to refine
(uses X o [ , q}) provided the final code respects the “uses” clause restriction.

Law 7.7 (assignment-rely-guarantee) For any variable x, expression e, set of variables X, predicate p
and relations g and q, such that [ , q] tolerates interference id(X), p = def(e) andp AN X' = e N id(x) =
g A (gVvid)andvars(e) U {x} CX

x:(guarg e (relyid(X) e [p, q])) C x:=e.

Proof. Many of the steps in the proof implicitly use Law (guarantee-monotonic).

x:guarg e (relyid(X) e [p, q])
C by Law(rely-uses) as [p, q| tolerates id(X)
x:guarge (usesX o [p, q)
= as uses distributes through guarantees and Law (guarantee-frame)
uses X o (guarg e x: [p, q|)
C by Law[3.38|(guarantee-assignment) as p = def(e) andp A ¥’ = e A id(x) = g A (g V id)
usesX e x :=¢
C asvars(e) U{x} C X

X:i=e

The restriction on the variables of e and x ensures that every atomic step of x := e does not modify or
access variables outside X. O

The VDM rules for rely-guarantee handle this issue via disjoint sets of read and write variables. The
union of the variables in VDM read and write sets corresponds to the set of “used” variables, and the
variables in the VDM write set correspond to the set of variables in the frame here.

8 Expressions and tests

Evaluation of an expression becomes nondeterministic if, during its evaluation, a concurrent process can
modify variables used within the expression. Properties of nondeterministic expression evaluation have
been investigated elsewhere [CJ07, (Col08, WDP10, [HBDJ13]]; here we use the results of those investiga-
tions. Our treatment of nondeterministic expressions considers a common special case where there is at
most a single reference within an expression e to a single variable y that may be modified by the environ-
ment and all variables in e other than y are stable (unchanged by the environment) during the evaluation
of e. For example, the test x < y satisfies the single reference property provided x is a local variable (and
hence may not be modified by the environment) and y is a global variable (which may be modified by the
environment). For expressions that do not satisfy this property, such as x <y when both x and y are global
variables, the development typically requires the use of rely conditions that are specific to the application
and the refinement needs to use more primitive rules such as Lemma [3.32] (tests).

If an expression e satisfies the single reference property, the value of e is its value in the state in which
y is sampled. If the environment respects a rely condition r (which preserves all variables in e other than
y), the evaluation state is related to the initial state by r*. This property is encapsulated by the following
law, which is similar in structure to Lemma [7.5] (uses-atomic-effective).

Lemma 8.1 (test-single-reference) Given any predicate p, relations q and r, and a boolean expression b,
if there is at most one variable y such that r = id(vars(b) — {y}), and if there is at most a single reference
to y within b,

[, gl IR (rvid)® = [pog] E(rvid)™;[[B]]; (rvid)” .
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Proof. The implication from left to right is straightforward. For the reverse implication, any trace of
[[b]] consists of a single atomic step that references y together with other steps that are either stuttering
(calculation) steps or reference variables that are stable under r. For any trace of [[p]] || (r V id)*, the
stable steps of [[b]] occurring before (or after) the reference to y may all be shifted right or left over the
interference steps so that all the steps of [[b]] are together and the overall end-to-end relation between
the initial and final states is unchanged. Hence the whole trace of [[b]] is preceded and followed by the
interference steps and hence is a trace of (r \VV id)* ; [[b]] ; (r V id)*. O

For Law (assignment-rely-guarantee) there is an assumption of no interference on e and x. Below
we develop a law that handles interference in the form of the single reference property.

Law 8.2 (assignment-single-reference) For any variable x, expression e, predicate p, and relations r and
q, such that [ , q] tolerates interference r, p = def(e), e satisfies the single-reference property and is
preserved by r, i.e. r = (e=¢),andp ANxX' = e Nid(X) = ¢,

(relyre[p,q]) C x:=e.

Proof. From the definition of assignment (I5)) one must show the following refinement in which the bound
variable v does not occur free in either e or x.

(relyre [p, q]) T [{veVale[le=1]; (¥ =vAid(x))}
& by Law [2.11] (nondeterministic-choice) part if for all v € Val
(relyr e [p, q]) C [le=v]]; (x' =vAid(x))
= by Law[4.§](rely-refinement)
[P, a] T ([le=v]]; & =vAidx)) [l (rvid)* A
(stops([p, 4] ,id) = stops([le = V]| ; (' = v Aid(x)), 7))

The termination condition holds because stops([ , q] ,id) = p holds by Lemma (precondition-term)
and Lemma (specification-term), and p = def (e) and p is preserved by r and hence the test terminates;
an atomic step with no (i.e. true) precondition terminates. The refinement holds by Lemma [4.4] (distribute-
parallel) over sequential if,

poa] T (lfe =] Il (v idy); (¢ = v ATd() || (v id)*)
= by Lemma 8. (test-single-reference) and Lemma[4.3] (interference-atomic)
p.al E (rvid)*;fle=v]]; (rvid)*; (rvid)*; (& =v Aid(x)) ; (rVid)*
& by Law (tolerate-interference) and Lemma [.2] (repeated-interference)
v q) C lle=v]];(rvid)*; (& =vAid))
& by Law [3.3|(refine-iterated-relation) and Lemma [2.7] (make-atomic)
cq] T lle=v];[r]:[¥ =vAid®)]
& by Lemmal2.12] (introduce-test)
. q] T [def(e), e=v A iﬂ; (] [ =v Aid(x)]
& asp = def(e) and Lemma (sequential) twice
pA(e=vAid)grig(xX =vAidX) =gq
& asrpreserves p and e
PAT*S(pAXY =eNid(X)) = ¢
E aspAX=enidx)=¢q
PAT 59=q

"™

=

which holds as [p, ¢| tolerates interference r. O

9 Local variables

A local variable is immune from interference from its environment. Hence when refining the body of a
local variable block, the environment can not change the local variable. Furthermore the values of x in
environment steps of a local variable block have no effect on its behaviour.
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Lemma 9.1 (refine-var) For any variable x, and commands c and d,
cCigoyd =  (varxec) L (varxed).

Law 9.2 (variable-rely) For any command c, relations z and r, variable x, and set of variables Y, where x
isnotin?,

(varxex,Y : (relyrec;)) = (varxex,Y: (relyid(x)Arec,)).

Proof. The refinement from right to left follows by Law [4.15| (weaken-rely). The refinement from left to
right holds as follows.

(varxex,Y : (relyrec;)) C (varx e x,Y : (relyid(x) A rec;))
& by Lemmal.T] (refine-var)
x, Y : (relyrec;) Cigy x, Y : (relyid(x) A rec)
& by Law (guarantee-monotonic) applied to the frames
(relyr @ ¢;) Cig(y) (relyid(x) A rec;)

The latter follows by Law [£.13| (strengthen-rely-in-context). O

In the following law the guarantee on the left applies to any global occurrence of x, which cannot be
modified by any implementation of ¢ on the right because all its references to x are to the new local xﬂ
while the rely on the right refers to the local variable x, which because it is local to the process cannot be
subject to external interference.

Law 9.3 (variable-rely-guarantee) For a command c, relations z, g and r, a set of variables Y, and a
variable x that is not in Y and that does not occur free in any of g, r, z and c,

(guarg Aid(x) e Y : (relyrec,)) LC (varxex, Y :(guarge (relyid(x) Arec;))).
Proof.

guarg A id(x) e Y : (relyr e c,)
C by Lemma[3.39|(introduce-variable) as x not in ¥ and not used by c or r
guar g A id(x) e (varx e x,Y : (relyrec;))
= by Law [3.26] (nested-guarantees) and Law [3.40] (guarantee-variable)
guarge (varxe x,Y : (relyrec,))
= by LaW (variable-rely) as variable declaration ensures rely id(x) locally
guarg e (varx e x, Y : (relyid(x) A rec,))
= by Law (distribute-guarantee) over variable declaration (63)) as g is independent of x
varx e x,Y : (guarg e (relyid(x) A rec,))

The last step also uses Law (guarantee-frame). O

10 Control structures and rely commands

For control structures it is not enough to simply evaluate a test, but rather one would like to be able to
use its successful evaluation as an assumption within the body of a conditional or loop. In the presence of
interference this requires some care. For instance, if x is a shared variable that may be modified arbitrarily
by the environment and the test [[x < 0]] succeeds, that does not allow one to assume that x < 0 continues to
hold after its evaluation because the environment may increase x. However, the property is preserved if the
environment respects the rely condition x” < x. More generally, if [[5]] is a test then one may subsequently
assume a weaker condition b, provided by is preserved by r, i.e., r = (bg = b{). This weakening of a
test may be useful for various purposes; in Section[IT]it is used to allow an early exit from a loop. We now
consider this special case for introducing a test that satisfies the single reference property, before using it
to prove the laws for introducing conditionals and loops.

This can be violated in a language that allows another variable to be an alias for the global variable x.
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Law 10.1 (rely-test) For any relation r, predicate p that is preserved by r, boolean expression b that has
the single reference property and predicate by such that p N b = bg andp N r = (bg = b{) and
p = def(b),

(relyre [p, r* Aby]) T [[b]].
Proof. Note that due to the assumption that p is preserved by r and the assumption on by,
pATT = (byg=by).

Hence [p, r* A bj] tolerates interference r. The termination condition, p = stops([[b]], r), holds because
p = def (b) and p is preserved by r. Hence by Law (rely-specification) the theorem holds if,

p. A B) CIIB) I (r v ity
= by Lemma[8.T| (test-single-reference)
[p, r* Abp] T (rvid)*;[[p]]; (rvid)*
& by Law[7.2)(tolerate-interference)
[P, A by) C (1]
& by Lemma[2.8|(consequence) as p = def (b) and p A b = by and id = r*
[def (b), b Aid] T [[b]]

which holds by Lemma [2.12] (introduce-test). O

A boolean expression b satisfying the single reference property may not be invariant under r but it may
imply a weaker predicate by, that is invariant under r. Similarly, — b may imply a weaker predicate b; that
is invariant under r. Hence in a conditional command, if b evaluates to true, b may no longer hold at the
start of the “then” part, but by will hold. Similarly, if b evaluates to false, — b may no longer hold at the
start of the “else” part, but b1 will. Note that p A (b V —b) = by V by thatis, p = by V by, and that sets
of states satisfying by and b; may overlap.

Law 10.2 (rely-conditional) For any predicate p, relations r and g, such that [ , q] tolerates interference
r, and boolean expressions b, by and by such that b satisfies the single-reference property and p N\ b = by
andp N r= (bg = bj),andp N =b = byandp N r = (by = b)) and p = def (b),

(relyre [p, q]) T ifbthen (relyre [p A by, q| else (relyre [p A by, q]) .

Proof.

relyr e [ , q]
= as nondeterministic choice is idempotent
(relyre [p, q]) M (relyre [p, q])
C by Law(rely-sequential) twice as [ , q} tolerates interference r; hencep A r* $qg = ¢
((relyr e [p, r* A b{)});(relyr . [p A by, q])) M ((relyr e [p, r* A b’l]);(relyr ° [p A by, q}))
C by Law[I0.I](rely-test) twice using the assumptions on by and b,
([[]] ; (velyr o [p A bo, q])) M ([~ B]); (relyr o [p A b, g]))
= Dby the definition of a conditional (T3)
if b then (relyr o [p A by, g])) else (relyr e [p A by, q))

a

If the rely condition implies that all the variables used in the boolean expression b are stable, then by
and by can be chosen to be b and — b, respectively. Note that this law may be combined with Law [3.34]
(guarantee-conditional) to handle refinement of a specification to a conditional in both guarantee and rely
contexts.

The proof of Law [10.6] (rely-loop) below depends on properties of an iteration of a specification with a
post condition satisfying a well-founded relation.
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Definition 10.3 (well-founded) For a predicate p, a relation w is well-founded on p if for any state o
satisfying p there does not exist an infinite sequence of states starting with og in which every adjacent pair
of states in the sequence is related by w.

Iteration of a specification that establishes a well-founded relation terminates.

Law 10.4 (well-founded-termination) For any predicate p and relation w, such that w is well founded on

b
. o AWT = b p Aw] T
Proof.
[p. ' Aw]“T
= by Lemma[2.16|(isolation)
[, P Aw] T [, P A W]
= as wis well founded on p, [p, P A w]oo = [p, false]
[p. ' Aw]"
O

A relation wt may be established by finitely iterating a specification that establishes w.

Law 10.5 (refine-to-iteration) For any precondition p and relation w,

. Awt] C o Awt]T
Proof. By Lemma [2.14] (iteration-induction) for finite iteration (38)

dCcn(c;d) = dCct. (101)
Applying this to the theorem requires one to show,

. P Awt] T p, AW p, p AW [P P AW

which holds as w™ gw™ = wT. O

The law for a “while” loop treats the test in a similar manner to the test in a conditional. To guarantee
termination of a loop a well-founded relation w is required. The body of the loop must satisfy w and in
addition any interference step satisfying r must either satisfy the transitive closure w* or not change any
variables in some set X, where w depends only on the variables in X and hence satisfies (id(X) §w) =w =
(wgid(X)). The reflexive transitive closure w* would be too strong here because it would require that r
implies no variables at all are changed if r did not satisfy w*. We define wy = w* V id(X) and note that
if w is well founded then so is wt.

Law 10.6 (rely-loop) For predicate p, relations r, w and q, and set of variables X, such that r = (p = p’)
and w is well-founded on p and depends_only(w,X) and p A r = w} and boolean expressions b, by and
by such that b satisfies the single-reference property and p N b = bgandp N r = (by = b)), and
pA—b=byandp A r= (by = by)and p = def (b),

(relyre [p, p' AWy Awk]) £ whilebdo(relyre [pAbg, p' Aw]).
Proof. Note that wt §wy = wy because w §id(X) = w.

relyr e [p, pADY A w}]

C as nondeterministic choice is idempotent and Lemma(sequential) aswt gwy = wy
relyr e ([p, P /\wﬂ : [p, pAD, /\w;‘(] M [p, P ADy /\w}])

C by Law[.19| (distribute-rely-choice) and Law [4.21] (distribute-rely-sequential)
((relyr e [p7 P A w*]) i (relyr e [p, p'ADy A w}])) M(relyr e [p, pADY A w}])

= distribute sequential over nondeterministic choice
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((relyr e [p, p" Awt]) Mskip) ; (relyr e [p, p’ A Dy Awy])
C by Lemma(consequence) asp Ar*=p Awg
((relyr e [p, p" Awt])Mskip) ; (relyr e [p, r* A bi])
C by Law/|l0.1|(rely-test)asp A =b = by and p A r = (by = b)) and p = def (b)
((relyr o [p, p" A w*]) Mskip) ; [~ 5]]
C by Law[10.5| (refine-to-iteration)
((relyr o [p, p' Aw*] ") Mskip) : [~ 2]
= asw™ is well founded using Law (well-founded-termination) but with w™ rather than w
((relyr o [p, p' A wt]“") Mskip) s -]
C by Law[.23|(distribute-rely-iteration)
((relyre [p, p’ Awt])<* Mskip) ; [[- 5]
C by Lemma2.13|(fold/unfold-iteration) and ¢** = ¢* ; ¢
(relyr e [p, p' AwF])~; [[-0]
C by Law/(7.3|(rely-sequential) as w} $w = w™ because id(X) gw = w
((relyr e [p, p' AbG Awg]) s (relyre [p Abo, p' Aw]))” s [[-b]]
C by Lemma(consequence) asp Ar*=p' Awg
((rely r ohr* Aby]); (relyre [p Abg, p' Awl])) ; [[5]]

C byLaw (rely-test)as p A b = bpandp A r = (by = bj)
([(B)] ; (vely r @ [p A bo, p' Aw]))* ;5 [[2B]]

= Dby the definition of a loop (14)
while b do(rely r e [p A bo, p' A w])

O

If the rely condition implies that all the variables used in the boolean expression b are stable, then bg
and by can be chosen to be b and — b, respectively. Also note that if » = id(X) then r = w}. This law
may be combined with Law [3.35] (guarantee-loop) to handle refinement of a specification to a loop in both
guarantee and rely contexts.

11 Extended example (concurrent version)

The task here is as described in Section@]; here, however, the focus is on refining to a concurrent algo-
rithm. This choice of example facilitates comparison with other publications: it is taken from Susan Ow-
icki’s thesis [Owi75]] (and is also used by [Jon81] and [dRO1]] to contrast the compositional rely/guarantee
approach with the “Owicki/Gries” method).

11.1 Specification

The specification requires that findp sets the final value of variable 7 to the lowest index of array v such that
p(v(z)) for some predicate p; it assumes that neither v nor # is changed by the environment; the frame prefix
guarantees no changes to variables other than ¢ are made.

findp = t : velyid({v,1}) o [(t' = len(v) + 1V satp(v, 1)) A notp(v,dom(v),1)] <

For a parallel implementation the essential change from Sect.[3.10]is the addition of a rely condition which
records the assumption that the key variables v and ¢ experience no interference. The majority of the laws
developed above do not explicitly handle frames, however, a frame of x corresponds to a guarantee of id(x),
and hence the laws using guarantees can be used wherever needed.

11.2 Representing the result using two variables

The implementation developed in Section [3.10] uses one process with an index ¢ and loops from one up-
wards until either p(v(c)) is satisfied or the index goes beyond len(v). Utilising concurrency, one can split
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the task into twﬂ processes and have each process consider a subset of the domain of v.

One danger here is to end up with a design that needs to “lock” the result variable # during updates and
there is a better approach followed here. One can avoid the difficulties of sharing ¢ by having a separate
index for each of the concurrent processes and representing 7 by min(ot, et)E] A poor solution would then
use disjoint parallelism where the two processes ignore each other’s progress — our aim is an algorithm
where the processes “interfere” to achieve better performance. Two local variables ot and et are introduced
with the intention that on termination the minimum of ot and et will be the least index satisfying p.

C by Law[9.3](variable-rely-guarantee) for of and et and Lemma [2.8](consequence)
varot, et e

. . (min(ot',et’) = len(v) + 1 V satp(v, min(ot’ ,et'))) A
ottt relyid({v, 1, or,er}) o { notp(v, dom(v), min(ot’,et')) A t' = min(ot’, et’) <

Note that reducing a frame corresponds to strengthening the corresponding guarantee.

C by Law[7.3|(rely-sequential), Law [3.27] (distribute-guarantee) and Law [4.15] (weaken-rely)
. . (min(ot’,et’) = len(v) + 1 V satp(v, min(ot’,et'))) A|
or,et : relyid({v, of, er}) o [ notp(v,dom(v), min(ot’, et')) ’

t:relyid({t, 01, et}) o [ = min(ot, er)]

The specification 7 : rely id({t, 01, er}) o [/ = min(ot, e)| can be refined to 1 := min(ot, et) using Law
(assignment-rely-guarantee) because all the variables involved are stable in the rely condition. A guarantee
invariant can be employed in a manner similar to the use in Sect.[3.10} the invariant is established by setting
both ot and et to len(v) + 1 using Law [7.7] (assignment-rely-guarantee).

C by Law[6.4](trade-rely-guarantee-invariant); Law (rely-sequential)
ot :=len(v) + 1;et :=len(v) + 1;
guar-inv min(ot, et) = len(v) + 1 V satp(v, min(ot, et)) o
ot et : relyid({v,ot, et}) @ [notp(v,dom(v), min(ot’,et’))] <

11.3 Concurrency

The motivation for the parallel algorithm comes from the observation that the set of indices to be searched,
dom(v), can be partitioned into the odd and even indices of v, namely evens(v) and odds(v), respectively,
which can be searched in parallel.

notp(v, odds(v), min(ot’, et')) A notp(v, evens(v), min(ot’, et')) = notp(v, dom(v), min(ot’, et'))
The next step is the epitome of rely-guarantee refinement: splitting the specification command.

C by Law[6.3](introduce-parallel-spec-weaken-rely)
ot et : guarot’ < ot N et =eterelyer’ < et Aid({ot,v}) e
[notp(v, odds(v), min(ot', et"))] <
|

ot,et : guaret’ < et Aot = ot erelyot’ < ot Aid({et,v}) o
[notp(v, evens(v), min(ot’ ,et’))]

The above is all in the context of the guarantee invariant given above. As with Sect. [3.10} the guarantee
invariant will eventually need to be discharged for each atomic step but it is only possible to do that when the
final code has been developed. However, during the development one needs to be aware of this requirement
to avoid making design decisions that result in code that is inconsistent with the guarantee invariant.

10Generalising to an arbitrary number of threads presents no conceptual difficulties; in common with the earlier papers using this
example, a two way split of the index values into even and odd is considered because this keeps formulae short.

' [Ton07] observes that achieving rely and/or guarantee conditions is often linked with data reification, for instance, viewing
min(ot, et) as a representation of the abstract variable ; this point is not pursued here.
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11.4 Refining the branches to code

For the first branch of the parallel, the guarantee e’ = et is by Definition (frame) equivalent to
removing et from the frame of the branch.

=guarot’ <ot e
ot : rely e’ < et Aid({ot,v}) e [notp(v, odds(v), min(of ,et’))] <

The body of this can be refined to sequential code in a manner similar to that used in Sect. [3.10| however,
because the specification refers to e’ it is subject to interference from the parallel (evens) process which
may update er. That interference is however bounded by the rely condition which assumes the parallel
process only ever decreases et.

C by Law[9.3](variable-rely-guarantee) for oc
varoc e
oc,ot : rely e’ < et A id({oc,ot,v}) e [notp(v, odds(v), min(of’, et'))] <

As in Sect. a loop invariant is introduced as a (stronger) guarantee invariant
notp(v, odds(v), oc) A bnd(oc,v)

where the bounding conditions on oc are not quite the same as earlier because oc only takes on odd values.
bnd(oc,v) =1 < oc < len(v) + 2

This invariant is established by setting oc to one. The guarantee invariant combined with the postcon-
dition oc’ > min(ot’,et') implies the postcondition of the above specification. The postcondition oc’ >
min(ot’,et’) uses “>" rather than “=" because the parallel process may decrease et. The above can be
refined using Law [7.3] (rely-sequential), Law [6.4] (trade-rely-guarantee-invariant) and Law [7.7] (assignment-
rely-guarantee) as follows.

Coc:=1;
guar-inv notp(v, odds(v), oc) A bnd(oc,v) e
oc,ot : rely e’ < et A id({oc,ot,v}) e [oc’ > min(of,et’)] <

A while loop is introduced using Law (rely-loop). Only the first conjunct of the loop guard oc < ot A
oc < et is preserved by the rely condition because ef may be decreased. Hence the boolean expression by
for this application of the law is oc < ot. However, the loop termination condition oc > ot V oc > et is
preserved by the rely condition as decreasing et will not falsify it. Hence b; is oc > ot V oc > et, which
ensures oc > min(ot, et) as required. For loop termination a well founded relation reducing o — oc is used.

C by Law[I0.6|(rely-loop)
while oc < of A oc < etdo
oc,ot : relyer’ < et Aid({oc,ot,v}) ® [oc < o1, =1 < of — oc’ < ot — oc| <

The specification of the loop body only involves variables which are stable under interference.

C by Law[.15|(weaken-rely)
oc, ot : relyid({oc,o1,v}) e [oc < ot, =1 < of' — oc’ < ot — oc] <

At this stage one could use Law (rely-uses) to introduce a “uses” clause and allow a sequential refine-
ment to be used; we follow an alternative path in order to illustrate other laws. The refinement is now
similar to that used in Sect. but uses Law (rely-conditional).

C if p(v(oc)) then oc, ot : relyid({oc, ot,v}) & [p(v(oc)) A oc < ot, =1 < of' — oc’ < ot — oc]
else oc, ot : relyid({oc, ot,v}) ® [ p(v(oc)) A oc < ot, =1 < of' — oc’ < ot — oc]

Finally, Law (assignment-rely-guarantee) can be applied to each of the branches. Each assignment
ensures the guarantee invariant (min(ot, et) = len(v) + 1 V satp(v,min(ot, et)) A notp(v,odds(v),oc) A
bnd(oc,v) is maintained.

C if p(v(oc)) then ot := oc else oc := oc + 2
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11.5 Collected code

The development of the “evens” branch of the parallel composition follows the same pattern as that of the
“odds” branch given above. The collected code follows.

var ot, el ®
ot:=len(v) +1;
et:=len(v) +1;

var oc e var ec e
oc:=1; ec:=2;
while oc < of A oc < etdo while ec < ot A\ ec < etdo ;
if p(v(oc)) then ot := oc ifp(v(ec)) then et :=ec
else oc:=o0c + 2 else ec:=ec + 2

t:=min(ot, et)

The two branches (odds/evens) step through their respective subsets of the indices of v looking for the
first element that satisfies p. The efficiency gain over a sequential implementation comes from allowing
one of the processes to exit its loop early if the other has found an index i such that p(v(i)) that is lower
than the remaining indexes that the first process has yet to consider. The extra complications for reasoning
about this interprocess communication manifests itself particularly in the steps that introduce concurrency
and the while loop because the interference affects variables mentioned in the test of the loop.

This implementation is guaranteed to satisfy the original specification due to its use at every step of
the refinement laws. In many ways, this mirrors the development in [CJO7]. In particular, the use of
Law [6.3] (introduce-parallel-spec-weaken-rely) in Section [TT.3] mirrors the main thrust of “traditional”
rely/guarantee thinking. What is novel in the new development is both the use of a guarantee invariant
and the fact that there are rules for every construct used. Moreover, because all of the results are derived
from a small number of basic lemmas, it is possible to add new styles of development without needing to
go back to the semantics.

12 Conclusions

12.1 Summary

The current paper shows how the sort of explicit reasoning about interference that underlies rely-guarantee
thinking can be recast into a refinement calculus mould. It transpires that there is a very good fit of ba-
sic objectives. This includes the simple observation that the refinement calculus also embraced relations
(rather than single state predicates) as the cornerstone of specifications; more important is the shared ac-
knowledgement that compositional reasoning is a necessity if a method is to scale up to large problems.

Rather than treat a specification of a program as a four-tuple of pre, rely, guarantee and post condition,
the approach taken here has been to consider initially guarantees and relies separately and, rather than just
apply them to a pre-post specification, allow them to be applied more generally to commands. The guaran-
tee command (guar g e ¢) constrains the behaviour of ¢ so that only atomic program steps that respect g are
permitted. It generalises nicely to being applied to an arbitrary command. Refining a guarantee command
can be decomposed into refining the body of the command, distributing the guarantee into the components
of the refinement and then checking that each atomic step maintains the guarantee. Alternatively, in order
to ensure that the guarantee is not broken, one can interleave refinement steps with checking that the guar-
antee is preserved. The choice of strategies is up to the developer. The guarantee command also provides
a neat way to define a frame for a command in a manner suitable to handle concurrency. Motivation for
the guarantee construct was drawn from the invariant construct of [MV94b]| and its behaviour in restricting
the possible atomic steps mirrors the restrictions introduced by the invariant command on possible states.
The guarantee construct is also related to a form of enforced property used in action system refinement in
which every action of a system is constrained to satisfy a relation [DH10]]. The guarantee construct can be
thought of as providing a context in which its body is refined. [NH97]] have investigated tool support for
contexts such as preconditions and the Morgan-Vickers invariant, and it is clear that the guarantee context
could be treated similarly in tool support.
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Invariants play an important role in reasoning about “while” loops because if a single iteration of a
loop maintains an invariant, any finite number of iterations of the loop will also maintain the invariant. In a
similar vein, if every atomic step of a computation maintains an invariant, the whole computation will also
maintain the invariant. This motivates the introduction of the guarantee invariant construct (Sect.[3.9). As
illustrated in the developments of findp as both sequential (Sect. and concurrent (Sect. programs,
one can make use of guarantee invariants to ensure that every atomic step of a computation maintains the
invariant, and hence the whole computation (including any loops within it) also maintains the invariant.
The negative is that one must ensure every atomic step maintains the invariant, although in many cases this
is trivial if no variables within the invariant are modified by the step. Guarantee invariants also play a role
in the context of concurrency because if every atomic step of a process ¢ maintains an invariant, then a
concurrent process d can rely on the invariant being maintained by any interference generated by c.

The rely command (rely r o [ , q}) guarantees to implement [ , q] under interference bounded by the
relation r. The generalisation of a rely command to allow a body containing any arbitrary command c is
complicated by the need to make the rely context z of ¢ explicit. The explicit context is required because
the termination set of (rely r e ¢;) in context z VV r is stops(c, z), which depends on the context z.

In order for (rely r o ¢) to be feasible, ¢ must allow inference bounded by r and this usually requires ¢
to be in the form of a pre-post specification (or a composition of such specifications) rather than more basic
commands like assignments because the latter are too restrictive to be feasible when included in a rely.

The advantage of treating the guarantee and rely constructs separately is that we have been able to
develop sets of laws specific to each. This has the advantage of providing a better understanding of the role
of guarantees and relies. In particular the main defining property of the rely construct

{stops(c,2)}c E; (relyr e ;) || (r Vv id)*

given in Section.3]brings out the essence of the role of the rely condition.

Of course, the main point of introducing rely and guarantee constructs is to allow them to be used to
express the bounds on interference in parallel compositions. To this end, in Section [5} we have devel-
oped refinement laws for parallel composition that have been proved using the more fundamental laws for
guarantee and rely constructs along with basic laws about conjoined specifications/commands.

Our theory of rely and guarantee commands is built on a more basic theory of atomic steps. The
guarantee command is defined in terms of a strict conjunction with an iteration of atomic steps, each of
which satisfies the guarantee. The rely command again makes use of atomic steps but this time to represent
that the interference is bounded by the rely condition. This shows the basic relationship required for the
parallel composition law in which the atomic steps of one process must guarantee the assumed interference
of all other processes. All the refinement laws have been proven in terms of these more basic theories, and
from our experience it is clear that it is much easier to develop new refinement laws using the theory than
proving new laws directly from the semantics.

12.2 Related work

The idea of adding state assertions to imperative programs is crucial to the ability to decompose proofs
about such program texts. The most influential source of this idea is due to [Flo67] although it is interesting
to note that pioneers such as Turing and von Neumann recognised that something of the sort would aid
reasoning [Jon0O3a]. The key contribution of [Hoa69|] was to change the viewpoint away from program
annotations to a system of judgements about “Hoare triples”. One crucial advantage of this viewpoint was
that it offered a notion of compositional development. This is not the place to attempt a complete history
but it is important to note that the refinement calculus [Bac81, Mor87, Mor88| Mor94, BvWIS]| brings
together the strands of development for sequential programs into an elegant calculus in which algebraic
properties are clear. Other key developments include the idea of data refinement (or reification) and the
importance of data type invariants.

The refinement calculus presented in this paper provides a method for deriving correct implementa-
tions from specifications via a sequence of intermediate steps, as opposed to verifying an implementation
against a specification. The latter style is exemplified by Jones’ quintuples [Jon81, Jon83], as discussed in
Sect.[2.2] The derivational style provides a formal way of structuring large proofs into intuitive chunks and
incrementally introducing the implementation control structure. The inference-rule style is more suited to
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monolithic verifications, although it is often the case that applications of the method to non-trivial examples
are presented in an incremental style (e.g., [CJO7]).

The thesis by [Din00] and the more accessible [Din02]] offer an approach towards a refinement calculus
view of rely/guarantee reasoning. The main difference is that Dingel does not treat rely and guarantees as
separate commands, and instead each refinement step includes a four-tuple of pre, rely, guarantee and post
conditions. Our command-based approach is more flexible in both writing specifications and structuring
proofs. Furthermore, Dingel’s writings do not follow Jones’ original relational view because, for example,
he uses post conditions that are sets of predicates of single states — on this point he follows [Sti86]. To
the current authors, the key reason for a refinement calculus view is to get away from any fixed packaging
of the assertions that comprise a specification and to view guarantee/rely commands in a way that opens
up a relational view of the constructs. Given a basic set of commands and their basic laws, it is possible
to derive more specific laws that often show nice algebraic properties. Dingel’s semantics, like that of
[BroO7], defines semantic equivalence modulo finite stuttering (program steps that don’t change the state)
and mumbling (two program steps may be merged into a single step with the same overall effect). Because
the set of traces of a specification command [q} is closed under finite stuttering and mumblin and we
are concerned with refinement from a specification to program code, rather than program equivalence, our
refinement relation does not need to be complicated by issues of stuttering and mumbling equivalence.

Rely-guarantee thinking is suited to dealing with concurrency where interference (or co-operation, as
in the example in Sect. between processes is unavoidable. Separation Logic [Rey02, [IO01} IOYRQ9] is
especially suited to cases where for the most part interference is avoided, for instance where two programs
(sequential or concurrent) operate on separate parts of a shared heap. The combination of the two areas of
research is a current topic; for instance, [VPO7|] provide inference rules for rely-guarantee style quintuples
where assertions from Separation Logic may be used inside the relations. SAGL [FESQ7] makes a similar
attempt to bring together separation logic with rely/guarantee methods. [TW11]] also make use of separation
logic combined with ideas from the rely-guarantee approach to reason about concurrent objects. Operations
on local state are not affected by interference and can be considered atomic; that has similarities with the
uses construct here, which allows sequential refinement laws to be used. Current attempts to find a deeper
way of combining the approaches include ideas by Matt Parkinson (private communication) and [Jon12|
JHC14]. It is not appropriate to explore further this distinct avenue of research in the current paper.

A large body of work has been developed for verifying concurrent programs based on using linearizabil-
ity [HWO0] as the correctness criteria: in inference rule-style, see for instance [DSW11]], and in derivation
(refinement calculus) style see [GC09]. Specifications of operations in the context of linearizability are
typically a single atomic operation, which is successively decomposed into an implementation which is not
atomic but appears so to an observer. For instance, a linearisable “push” of an element onto a stack must
take place at some point between the invocation of the operation and its completion, although by the time of
completion that element may already have been “popped” by some other process. This type of specification
is in contrast to our own, in which a relation between the pre (invocation-time) and post (completion-time)
states must hold, regardless of interference from other processes. As such our specifications consist of the
set of all possible traces, formed from single atomic steps or otherwise, that satisfy the relation when taken
as a whole. Hence we do not “split” [JPOS|] atomicity during refinement, but rather successively direct the
development towards an implementation that generates correct traces.

12.3 Further work

In the sequential refinement calculus because one is only concerned with the end-to-end behaviour from
the initial state to the final state, any program can be reduced to an equivalent specification statement.
However for concurrent programs the intermediate reactive behaviour of a process can be as important as
its overall effect. The rely-guarantee approach augments pre-post specifications with rely and guarantee
relations which allow a pre-rely-guarantee-post specification to express both the assumption it makes of
steps by its environment and the guarantee about the steps its takes. As rely (guarantee) conditions abstract

12 A finite trace tq of [q] satisfies ¢ (end-to-end) and hence any trace #; that is equivalent to 7o modulo finite stuttering also satisfies
q and is therefore a trace of [q] If a trace 7o satisfying ¢ contains two consecutive program steps (o1, 02) and w(o2, 03) then the
trace 7o with those two steps replaced with a single step 7 (o1, 03) also satisfies ¢, and hence is a trace of [q]
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all interference (program) steps, pre-rely-guarantee-post specifications are not rich enough to be able to
express precisely the behaviour of all processes One challenge is to increase the expressive power of
rely and guarantee conditions to allow a more precise specification of a greater range of processes, while
retaining the elegance of the rely-guarantee approach.

As should be clear from the preceding material, the reformulation of rely/guarantee thinking in a re-
finement calculus mould has suggested new notation and laws. Nice examples are the representation of the
frame of a command by a guarantee, and the novel test command used both for guards in control structures
and to define the assignment command.

There is also a clear case for reconsidering data reification in the new framework. The concept of
“possible values” was introduced by [JP11] and linked to non-deterministic states by [HBDJ13]] — re-
examining the idea in the new framework might also be enlightening.

Acknowledgements. The authors would like to thank our colleagues Joey Coleman, Larissa Meinicke,
Jeff Sanders, Gerhard Schellhorn and (anonymous) referees for feedback on our earlier work.

APPENDIX

A A rely-able semantics

A.1 Basic definitions

Memory is represented by a state that is either undefined (L) or maps variables to their values, which is
represented formally by the type X = | | (Var — Val). We use o, ¢’, o; for elements of 3. A sequence ¢
of type T, t € T, may be either finite ( € T*) or infinite (t € 7°°). The domain of a finite sequence of
length 7 is the set of natural numbers 0..n — 1, and the domain of an infinite sequence ¢ is the entire set of
natural numbers (dom(z) = N).

A.2 Interpretation of programs

A semantics for sequential programs is classically given in terms of a binary relation between the pre-state
and post-state (perhaps augmented by a termination set as in VDM [Jon87]]). However to handle con-
currency and the possibility of interference, we need to divide a program’s behaviour — its trace— into its
atomic steps. Moreover, to conveniently represent the behaviour of a program c in the presence of interfer-
ence from the environment, we include the steps of the environment within the traces of ¢, distinguishing
program steps, (o, o’), from environment steps, €(c, o), where each step has an associated pair of states,
(o,0"), representing the pre- and post-states of the step [dBHdR99] In addition, we distinguish termi-
nation of a command in state o by the label “v/(0)”. A step @ € £ may adorn a transition arrow, and its
syntax follows.

az=m(o,0") | e(o,0") | V(o) (A.102)

Recall a trace is a consistent (20) sequence of steps. For the semantics the additional command nil is used
to indicate a terminated process; nil has no transitions. An example execution of a command c is of the
form

€(00,01) m(o1,02) €(02,03) €(03,04) m(04,05) €(05,06) v(os) .
C1 (&) C3 Cyq Cs Ce nil

where ¢, c1, . . . is the successive evolution of ¢ as it is executed, and each transition represents an atomic
step from state o; to state 0;4;. The trace generated by the above execution is the sequence

6(00701),7T(01702),€(02, 03)7 6(037 04)77T(U47 05)7 6(05706)7 \/(UG) .

3Technically this can be overcome by adding some form of program counter to each process and labels to each step of the program
but such an approach destroys the elegance of the rely/guarantee abstractions.

14 The use of explicit environment steps goes back to Peter Aczel’s use of direct (program) and interference (environment) steps in
traces to give a semantics for rely-guarantee inference rules [Acz83].
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A trace representing a terminated behaviour always ends with a label of the form v/(c), where o matches
the final state of the preceding trace (if it is non-empty). Infinite traces do not contain a v'(o) step.

An operational semantics defining the above transition relation via a set of inference rules is used
below to define the behaviour of the basic commands in the language; the transition relation is the smallest
relation induced by those rules. The style of placing pairs of states on the transition arrows follows that of
Modular Structural Operational Semantics (MSOS) [Mos04al [IMos04bl], which has some advantages over
the seminal Plotkin-style operational semantics [Plo0O4]] in which the states form part of the configuration
rather than the label: {cq, 09) — (c1,01). Of particular importance for the semantics presented here is that
by collecting the steps in a trace we are able to more succinctly describe properties of the traces, including
interference.

The single-step transition relation induces a (multi-step) trace relation in the obvious way. For a finite

trace of steps, ¢, the relation is written ¢ L. ¢ and if 7 is infinite, it is written ¢ = co. The meaning of
a command c, [c], is the collection of all (finite and infinite) complete traces it may generate that either
terminate or are non-terminating.

[c] = {t€ Trace|c = nil vV c=00}

We start with the semantics of expressions (Appendix and commands that can be described by a
small-step semantics (Appendix [A.4). We then move on to commands that require a big-step semantics
(A.3). We prefer the operational semantics style to direct denotational semantics as the former is generally
held to be more readable [Jon03bl, although the latter is certainly possible (as demonstrated by [BroO7]).

A.3 Operational semantics of expression evaluation

The evaluation of a variable x to a value v generates a single program step (label) which is allowed only
when x has the value v in state o; the step does not change the value of any variables.

ox)=v veVu

7(o,0)

To evaluate a binary expression e; & e, the operands may be evaluated to values in any order The
final value is found by applying the underlying mathematical operator to the values, which we write
eval(®, (v1,v2)). The function eval may return the undefined value L if the operator is not defined for
those values (e.g., division by zero). Unary operators are evaluated similarly.

e ey 25 €l vi,ve € Val
(6% (6%
e1Pes —r e Dey e1Dey —e1 De Vi @ Vo o2, eval(®, (vi,v2))
@ /
e—e v e Val
«
Se — Se' oy M eval(©,v)

In addition, the evaluation of an expression may be interrupted by an environment step at any time, as
given by the following rule.

e(o,0")

¢ (A.103)

The interference step does not change the expression e, but may change the state, possibly affecting sub-
sequent evaluations of variables. Note that this rule allows any finite or infinite interference in the trace
generated by the evaluation.

5Qperators like “conditional and” (which only evaluates its second operand if its first operand evaluates to true) are not covered
by these rules and would need separate specific rules.
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A.4 Operational semantics of primitive code commands

Termination of a command in state o is indicated by the transition ¢ ﬂ> nil, where nil represents the
terminated command that can perform no steps whatsoever. That a command c aborts in state o is indicated
by the predicate ¢, . A precondition {p} may terminate immediately in any state o in which p holds, and
abort in any state in which it does not.

gEp ogp

A.104
I (A109)

{p} ﬂ> nil

The “worst” command is abort, defined as {false}, and the command that terminates immediately, skip, is
defined as {true}. A command that has aborted in state o may take any further finite or infinite behaviour,
or terminate immediately.

Cox Cox Cox

w(o,0") e(o,0”) (o)

abort ¢ ——= abort ¢ /_”> nil

(A.105)

For a single state predicate p and relation g, the atomic step (p, ¢) can do a g program step if p holds
or can abort if p does not hold. The execution of the step may be preceded by any number of environment
steps.

o.a) S gy —IEE (A.106)

(p.q) ~“ skip #4)o

cep (o,0')€q

Note that (true, false) has no program transitions: all its traces are infinite in length and contain only
environment steps.

Nondeterministic choice between a set of commands C, (|_| C), can behave as any command within C.
If any ¢ € C can terminate, i.e. ¢’ is mil, the choice can terminate and if any ¢ € C can abort, the choice
can abort.

ceC ¢

(ne) -=«¢

(A.107)

A sequential composition, (¢ ; c¢2), is defined to execute ¢ until it terminates, after which ¢, may begin,
provided c; begins execution in the state in which ¢; terminated.

a5 (Voea# (o) (é%x (A.108)
cricr — e (c15¢2)ox
o Xnil ey el pre(a) =0
a (A.109)

. X,
C1;Cy — Cy

Note that sequential composition implicitly fails to terminate if ¢; fails to terminate, i.e., c3 is never exe-
cuted.

A strict conjunction of two commands ¢ M d behaves in a manner consistent with both ¢ and d, termi-
nating when both may terminate. If either can abort, so can their conjunction.

o o V(o . V(o .

a5 oS, (Voea# V(o) er “% mil_c; X% il (A.110)
ClmC2i>C3@Cé lemCQi(z)—)nil
(c1),« (c2)gx (A.111)

(Cl @CQ)UX (C1 @CQ)UX
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A parallel composition ¢ || d matches a program step of ¢ with an environment step of d (or vice versa)
to give a program step of the composition. It can also match environment steps of both commands to give
an environment step of their composition. If either command can abort on a step matched by the other, the
parallel composition can abort. To define parallel composition we define a relation match between a pair
of steps (representing the transitions of the two components) and a single step (representing the transition
of the parallel composition) as follows.

(n(0,0"),€(0,0")) match 7(o,0") (A.112)
(e(o,0"),m(0,0")) match = (o,0") (A.113)
(e(o,0"),€(0,0')) match ¢€(o,0") (A.114)

The rule for the normal case allows any combinations that match while if either of the commands can
abort on matching transitions, the whole can. When either command terminates, it is removed from the
composition (note that Rule (A.TT6) also allows synchronised termination).

o 2 c} oy 22y ci (a1, a2) match « (A115)
(c1 |l e2) — (i [ ¢3)
V(o) . a. .y o V(o) . Qo _
c1 —=mil ¢ — s pre(a)=0c co —=mil ¢ — ¢} pre(a) =0 (A.116)
(c1 |l e2) = b (c1 ]l e2) == ¢4
(c1)x (c2) (A.117)
(1]l €2) gy (1]l €2) gy

A local state command (state y — v o ¢) limits the scope of y. Modifications to y are kept locally
(and have no effect on any (global) declarations of y) and the environment is explicitly prevented from
modifying the local variable y (but may modify other non-local variables called y). The state o[y — V] is
the state o with the value at y updated to v.

w(oy=v],o' =],
c—m—mm

¢ dy) =)

- (A.118)
(state y — v e ) o), (state y — V' o (')
o oo
, (A.119)
(state y — v e ¢) o), (statey — v e ')
oly—]) .
¢ ———> nil Coly—sv]x (A.120)

(state y — v e c) ), il (state y = v e c)y
Rule states that if ¢ transitions with a program step in which the global pre-post values for y
are overwritten by the local values, then the new post-state local value for y becomes V', but to an external
observer the global value of y is unchanged. The latter is enforced by the premise of the rule. Rule (A.TT9)
states that environment steps within the scope of the declaration of y may not modify y, however environ-
ment steps outside the scope of the local y may modify some global y. Thus, the local declaration of y
protects it from interference. Rule (A.120)) states that a local state may terminate in any state that is consis-
tent with the local value. For instance, (state y — 4 o [y’ = 4} ): this can terminate immediately, but this
must not be allowed if the specification is y’ = 5, for instance.
A program step (o, c’) of (usesX e c¢) is permitted if and only if ¢ may take essentially the same

program step for every pair of states that is equal to (o,0’) in X. Let o X o' abbreviate (0,0") €id(X),
and similarly lifted to pairs of states.

w(o1,07)

m(0,07) N X / / /
—C = o] = ¢c——¢C

o' Voi,01 e (01,07) X (o,0") A o1

(usesX o ¢) o), (usesX o ¢')

X
o =

(A.121)
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L (A.122)
(uses X o c) o), (uses X o ¢')
c Lg)> nil c
(o (A.123)
(uses X o ¢) 27 il (usesX o c)_

Environment steps for the body of a uses command are simply promoted, and if the body of a “uses”
command can terminate or abort, the “uses” command terminates or aborts, respectively.

A.5 Semantics of tests and specifications

We now turn our attention to commands that cannot be adequately described using a small-step semantics.
The test command [[b]] evaluates its boolean expression b. Only terminating traces that evaluate to true will
survive; evaluations to false are eliminated. If the evaluation of b results in undefined, the test aborts, and a
non-terminating expression evaluation results in non-terminated test. Variations in the evaluation strategy
used in an implementation may lead to evaluation traces that differ only in stuttering steps. For example,
stuttering steps allow equivalences like [[a A b]] = [[@]] || [[0]] and refinements like [[b A b]] T [[D]].
The semantics of the test command allows traces that are equivalent to the trace defined by the expression
evaluation modulo finite stuttering. The notation £ 2 1, states that to and t; are identical modulo finite
stuttering of program steps.

b= true 1p2n b= 1 tnZn b=00 1y 2 h (A.124)
[[b]] < skip [[6]] = abort []] 00

If b = false, that trace is not promoted to a trace of [[b]]. The exclusion of evaluations to false is required
for the definition of the conditional command, in which there is a nondeterministic choice between a branch
with test [[b]] and another with [[—=b]]. Whichever branch evaluates to false must “lose”, which is modelled
by a lack of a trace.

A specification command [q] can perform any finite sequence of program steps that end-to-end satisfies
g, provided all environment steps are stuttering steps. However, if the environment changes the state, then
[q] aborts. Recall from that env(7) C id holds if every environment step in ¢ satisfies id and that pre(t)
abbreviates pre(#(0)) and post(t) abbreviates post(t(#t — 1)).

env(t) Cid  (pre(t),post(t)) € ¢ t € L* N Complete

)€ (A.125)
[q} = nil
env(t) Z id ltE L* — Complete (A.126)
[q] = abort
C . . oo
env(t) Cid  interrupted(r) t€ L N Trace (A.127)

[q] Z00

The premises of the first rule require the first and final states in ¢ to satisfy g. Any behaviour may occur in
between as long as g is established on termination. This includes the possibility of immediate termination —
the trace v/(0), if (o, 0) € g. The final two rules state that a specification may fail to meet its postcondition
if the environment changes any variable or if the environment unfairly interrupts execution. The latter case
uses the predicate interrupted(t), which holds if 7 ends with a sequence of environment steps.

interrupted(t) = (i € dom(r) e (Vj € dom(t) @i <j= (Fo,0" e 1(j) =€(0,0"))))

Because the rule for a specification command only gives the full traces for the command we introduce
the command (c after ¢) to stand for the remaining execution of command c after it has executed trace t. A
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trace with a single step « is equivalent to a transition on .

(o]

~
11 12
C1 — Co Cc1 —— Co

(A.128)
c1 == (cy after 1,) (cy after 1) =2 ¢, €1 — C2

A rule similar to the first is required for infinite traces but with c5 replaced by oco.

B Proofs of lemmas

In this section we prove soundness of some of the lemmas in the body of the paper.

Proof technique

Refinement is defined as reverse trace inclusion (Definition[2.2)). It has elements of both sequential program
refinement and notions such as (bi)simulation from the process algebra literature [Mil89]. For the majority

of the proofs of laws of the form ¢ C d we enumerate all possible transitions d -2, @', check that there

. . .. « .. .
exists a corresponding transition ¢ — ¢’, requiring furthermore that ¢’ is a refinement of ¢’.

Theorem B.1 The refinement ¢ T, d holds if, for all o and d' such that d — d' and if o is of the form
€(o,0") then (0,0") € r V id, there exists a ¢’ such that both

c = (B.129)
d c, d (B.130)

Proof. By induction, under the above conditions, any complete trace of d generated by the small-step
operational semantics must be a trace of c. This is similar to the definition of simulation given by [Mil89].
O

Proofs using Theorem [B.T| proceed by first discharging [B.129] by case-analysis on the possible transi-
tions of d. Condition is usually trivial because the basic laws are defined so that ¢ and d (and hence
¢’ and d") are structurally similar. Theorem is applied when ¢ and d are commands defined using the
small-step operational semantics rules; for the remaining commands, defined using big-step operational se-
mantics rules, in particular the specification command [q} , we instead justify refinements against complete
traces. For convenience, when proving a refinement of the form ¢ C d, we refer to ¢ as the source and d as
the target, and use the same terms when proving an equality ¢ = d.

Lemma B.2 (precondition-traces) For any predicate p and command c,

{p}c] = {z € Trace|pre(t) ep =1t € |c]} (B.131)
{p}cC,d < (Vte[d],epre(t) ep=te]c]) (B.132)

Proof. By Rules (A.104) and (A.105)), if pre(r) & p then {p} may take any behaviour in state pre(t), hence
t € [{p}c]. Otherwise, if pre(r) € p, then t € [{p}c] if and only if 7 € [¢]. Hence (B.131)) holds. Property
follows directly from (B.131)) and Definition [2.1] (refinement-in-context). O

Lemma 2.5](parallel-precondition) {p}(c || d) = ({p}c) || ({p}d) .
Proof. The proof is based on Lemma (precondition-traces). Consider a trace ¢ of {p}(c || d). If

pre(t) € pthen ¢ is a trace of ¢ || d, and hence there exist traces 7, and 7, of ¢ and d respectively, which
match in a parallel combination to give ¢ and furthermore both pre(z.) € p and pre(z;) € p. Hence ¢, is a
trace of {p}c that matches #;, which is a trace of {p}d and it follows that 7 is a trace of ({p}c) || ({p}d). If
pre(t) & p, tis a trace of both {p}(c || d) and {p}c. Let #; be the trace 7 with all program steps replaced
with the equivalent environment steps. Because pre(t1) & p, t1 is a trace of {p}d and hence ¢ is a trace of
the right side. O

Lemma(reﬁne-speciﬁcation) (P-4l Ec) & ([p, 9] Cia c) -
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Proof. By Lemma(precondition-traces) {p} [4] E cif and only if
Vie [c] opre(t) e p=te[lq]]

If t € [c] and env(r) Z id then by Rule (A.125), r € [[g]]. The remaining case is when env(r) C id and
requires

Vi€ [c]iq @ pre(t) €p =t € [[q]]
which by Lemma(precondition—traces) is equivalent to {p} [¢] Tig c. O

Lemma(make-atomic) [P, 4] C (p.q) .
Proof. By Lemma(reﬁne-speciﬁcation) it is sufficient to show {p} [q] Cig (p,q) and hence by Lemma
(precondition-traces) that

Vi e [(p,qg)]iqg @ pre(t) ep=t € [[[qﬂ]

By Rule any complete trace ¢ € [{(p, q)]iq has one of the following forms: a) a finite number of
id environment steps containing a single program step (satisfying p and g), followed by termination; b) a
finite number of id environment steps, followed by a single program step that does not satisfy p, followed
by any trace; or ¢) an infinite number of id environment steps.

In case a), because all environment steps of # satisfy id, (pre(t), post(t)) € g holds (due to the single
program step) and hence ¢ is a finite trace of [q] .

In case b), because every initial environment step satisfies id, if pre(¢) € p holds then p must also hold
for the atomic step, and hence no traces 7 in case b) satisfy pre(z) € p.

Case c) covers interrupted traces which are in [[[q]]] a

Lemma 2.8|(consequence) Assuming po = p1, and po A g1 = qo,

(po,q0) £ (p1.q1)
[Po, 0] T [p1, q1]

Proof. Consider a trace t € [(p1,41)]. By Rule , ¢ may start with any sequence of environment steps
followed by either a program step satisfying ¢; if p; holds or it may abort if p; does not hold. Similarly,
a trace of (pg, go) may do any sequence of environment steps. If after the environment steps po holds, by
assumption so so p; and as pg A g1 = qo any step satisfying ¢; also satisfies go and hence the step can be
taken by (po, o). If po does not hold, (pg, o) aborts allowing any behaviour for {p1,q1).

For specifications we need to show [po, qo] cC [pl, ql} . By Lemma (refine-specification) and

Lemma (precondition) part as po = pi it is sufficient to show {pg} qo] Cig [ql] and hence by
Lemma [B.2|(precondition-traces) to show that

Vi€ [[q1]lia @ pre(t) € po = 1 € [[q0]] - (B.133)

By Rule (A.125), ¢ € [[q1]]ia if and only if interrupted(t) or t is finite and (pre(t), post(1)) € q1. If
interrupted(r) then by Rule (A.125) we also have 1 € [[g0]], otherwise if pre(r) € po then t € [[qo]]
because pg A q1 = qo. O

Lemma 2.9| (sequential) Assume py A (g0 A p}) sq1) = q.

Po, q = Po, 90 pi| s |P1, 91 -
[Po, a]  © [po, g0 Api]; [P1s 1]

Proof. By Lemma[2.4](precondition) part (29) and Lemma [2.6] (refine-specification) it is sufficient to show
{po} [9] Cia [g0 A PL] ; [P1, q1] and hence by Lemma [B.2|(precondition-traces),

Vte [[[610 /\Pll] ; [Pl, 41]]]id e pre(t) Epg =1t € [[[‘1]]] -

Atrace tof [go A pi];[p1, q1] in environment id is either an interrupted trace of [go A p/ | or a finite trace
fo of [go A p}] followed by a trace 11 of [p1, q1]. If interrupted(r) then ¢ is also a trace of [g], otherwise
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t =ty " 1. Because fq is a finite trace of [go A p}], it follows that (pre(ty), post(to)) € (go A p’) and
hence post(tg) € p1. Because ¢ is consistent li pre(t1) € py and hence as 7, is a trace of [ql], either
interrupted(t1) or 1y is finite and (pre(ty), post(t1)) € q1. If interrupted(ty), then interrupted(t) and hence
 is a trace of [g], otherwise as 1 = 1o ™ 11, both pre(r) € pg and (pre(t), post(1)) € ((q0 A P}) $41) and
because po A ((q0 A PY) $q1) = q. (pre(t), post(t)) € g and hence ¢ is a trace of [¢]. O

Lemma(nondeterminism-traces) [T1C] = U.eclel -

Proof. By Rule any trace of [ | C is a trace of a command ¢ € C and hence the set of traces of [ | C
is the union of the traces of all ¢ € C. If the set C is empty no behaviour is possible, i.e., as expected, the
empty set of choices is equivalent to magic. O

Lemma 2.12| (introduce-test) [def(b), b Aid] T [[b]] .
Proof. By Lemma [2.6| (refine-specification) and Lemma [B.Z] (precondition-traces) it is sufficient to show

Vi€ [[[b]]]ig @ pre(t) € def(b) = 1 € [[b Aid]]

By Rule a trace of the target ([[b]]) is any evaluation of b to true using the expression evaluation
rules (Appendix[A.3), or an evaluation ending in abort if b is not defined. Because the evaluation of b does
not change the state and neither do the environment steps, if def (b) holds initially then it holds for all states
in the trace, and hence the evaluation to L is not possible. Moreover, because the state does not change in
any finite trace of [[b]], b must be true for all states in the trace, including in the final state. Therefore, all
finite traces of [[b]] are traces of [b A id]. Finally, any interrupted trace of [[b]] is also a possible behaviour

of the [b A id] (by Rule ). |

Lemma [2.14] (iteration-induction) For any relation r and commands c, d and x,

xC,.dMc;x = xC,c*;d (B.134)
c;xC,x = ¢ C,x (B.135)
dfce;xC, x = ?dC,x (B.136)

To aid in the proof of this lemma we introduce the command (envr e c) that behaves as c if all the
environment steps satisfy r but otherwise aborts; it is used to simplify some proofs in the theory. Its traces
are given by [envr e ¢c| = {t € Trace | env(t) C r Vid =1 € [c]}.

Proof. Standard fixed point theory gives

yEdnNc;y = yEc*;d. (B.137)
To show (B.134), note that using
(xCrc"sd) = (Fye (xC,y) A(YEC";d) = (Fye (xS, y) A(yEdNesy))

As a witness for y choose (env r e x). This gives x C, (env r e x) by Deﬁnition(reﬁnement—in—context).
The refinement y C d M ¢ ; y also holds as follows.

([dnc;(envrex)] Clenvrex]) < ([dMc;x)], C[x],) = (xC,dMc;x)

Hence holds. The proofs of (B.133) and (B.136) are similar, except the witness for y is a process
with traces [x],. O

Lemma 2.21] (specification-term)

stops([q] ,r) = true, ifr=id (B.138)
stops([q] ,r)= false, ifr#id (B.139)

Proof. By Rule (A.125), every trace ¢ of [q} in an environment satisfying id is finite (or interrupted) and
hence stops([q] ,id) = true. If r % id, then in an environment satisfying r, by Rule (A.126)), [g] can abort
and hence has a nonterminating trace and hence stops([q] , r) = false. O

Lemma 3.5](conjunction-strict) We focus on {p}(c M d) = ({p}c) M d, the other cases follow similarly.
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Proof. By Rule there are two cases of ¢ M d to consider: 1) when both ¢ and d may take the
same step «, and 2) when both may terminate. The precondition p requires a further two sub-cases by
Rule (A.T04): a) when p is satisfied by c, and b) when it is not. It is clear from Rule (A.ITT) that both
sides may abort in any state o in which p does not hold, hence we need consider the case where pre(a) € p
only.

e Case 1. In this case « is trivially a step of each side of the equality.

e Case 2. Since all three commands are terminating (recalling pre(«) € p), both sides trivially termi-
nate.

d

Lemma [3.13] (distribute-conjunction) For any relations g and g1, commands ¢, d, dy and d;, nonempty
set of commands D, and variable x, such that g; does not depend on x, i.e. depends_only(g1,%),

ch(domd)) = (cMdo)M(cmdy) (B.140)
cm([1D) = [l{deDe(cmd)} (B.141)
@“m(c;d) = ((g)*Mmc); ((¢)* Md) (B.142)
(@“mnicld) = ((g“mc)| ((g)*md) (B.143)
(g1)“m(varxec) = varxe ({g;)“Mc) (B.144)
(&) m (c*) ((g)* mc)” (B.145)

Proof. Property (B.140) holds since strict conjunction is associative, commutative and idempotent.

For (B.141), a nonaborting trace of the left side is both a trace of ¢ and a trace of []D, and hence for
some d € D a trace of d. Hence it is a trace of ¢ M d and hence a trace of the right side. Note that if D is
empty and hence [ | D = magic, the left side becomes ¢ M magic and the right magic and hence one only
gets a refinement (e.g. when c is abort). The reverse inclusion of traces is similar, as is the argument for
aborting traces.

For anonaborting trace of the left side is a trace t of (c¢;d) in which every program step satisfies

g. Either ¢ is an infinite trace of c or t = t, ~ 14, where t, is a finite trace of ¢ and 7, is a trace of d. If ¢ is
an infinite trace of ¢, as every program step of 7 satisfies g, it is an infinite trace of ((g)* M ¢), and hence a
trace of the right side. Otherwise, , is a finite trace of ¢ for which every program step satisfies g and hence
f. is a trace of ({g)¥ M c); similarly #, is a trace of ({g)* M d). Hence ¢ is a trace of the right side.

For a nonaborting trace of the left side is a trace # of (¢ || d) for which every program step
satisfies g. Hence there must exist traces #, of ¢ and #; of d such that 7 is an “interleaving” of ¢, and z#,.
As every program step of ¢ satisfies g, so does every program step of ¢, and z; and hence ¢, is a trace of
((g)“ mc) and 1, is a trace of ({g)* M d). Hence ¢ is a trace of the right side.

For ({g1)¥Mc) can do a program step 7(c, o) if and only if ¢ can do 7 (o, 0”’) and (0, 0") € g;.
In which case (varx e ({(g1)“ Mc¢)) can do a step w(c[x — v],0’[x — Vv]) for any v. If ¢ can do a step
m(o,0’) then (varx e ¢) can do a step w(o[x — v],o’[x — V]) for any v and as g; is independent of x,
(o[x = v],0'[x = V]) € g1 < (0,0") € g1. Hence the traces of the left and right sides are the same.

Lemma (fusion) is applied to prove by choosing F = (\x e skip ¢ ; x) and hence
wF = ¢¥, choosing G = (Ax e skip M ({g)* M c¢) ; x), and hence p G = ({g)* M ¢)*, and choosing
H = (Ax e (g)* Mx),and hence H(uF) = (g)* M ¢*. By Lemma[2.17] (fusion), holds if,

() m(skipMc;x) = skipM((g)*mc); ((g)* Mx)

which holds by a combination of parts and (B.142), Lemma [2.13] (fold/unfold-iteration) and
Lemma [3.6] (conjunction-atomic). The function H is continuous because strict conjunction is continuous.
O

Lemma [319] (refine-in-guarantee-context) For any relations g and r and commands ¢, ¢ and d, such
that co C Levr C1,

co || (guarged) T, c1 || (guarged).
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Proof. We use Theorem recalling that (guarg e d) = dm (g V id)~. We first show (B.129).
Assume d — d'. In the case where d’ is abort then both source and target may abort (Rule d
Rule ). In the case where d’ is not abort, then we may further assume that a program step « satsifies
g Vvid.

Because the context is 7, by Deﬁnition (refinement-in-context) we need only consider traces of the
target where the environment steps satsify r. Consider the case where the target takes an environment step,

c1 || (guarg o d) <270 ¢ || (guarg e d')
assuming (o, ¢’) € r V id. By Rule (A.115)) both subprocesses must have also taken this step, and hence

e(o,0’)

¢1 —— ¢}. By assumption (o,0’) € r V id, which implies (¢,0’) € g V r V id. Hence from the
assumption cg C,y, €1, we have that €(o, 0”) is a step of cg, and therefore by extension is also a step of the
source.

Now consider a program step of the target.

m(a,0')

c1 ]| (guarg e d) ——= ¢} || (guarg e d’)

This is a program step of either operand. If 7(o, o) is a program step of ¢; (matched by an environment
step of (guarg e d)), then it is also a step of the source, by assumption. The interesting case of the
proof is when 7 (o, ¢’) is a program step of (guarg e d). Such a program step must be matched by a
corresponding environment step of ¢;. By the reasoning above, any program step of (guar g e d) satisfies
g V id, and hence also satisfies g V r V id. The corresponding environment step of ¢; therefore also
satisfies g V r V id, and by assumption this is a valid step of ¢ in the context g V r V id. This completes
the proof of (B.129). To prove (B.130) is straightforward as both source and target evolve similarly. O

Lemma [3.39] (introduce-variable) Assuming x does not occur free in c and x ¢ Y,

Y:¢c C (varxex,Y:c)

Proof. From the definition of a local variable block (I6)), the statement in the law is equivalent to showing
that for all v € Val,

Y:c LC (statex—vexY:c).

Expanding using the the definition of the frame and hence guarantee gives:
cm(id(Y))Y LC (statex— vecm (id(x,Y))“)

The proof uses Theorem [B.1] For property (B.129) for program steps

(state x — v e cm (id(x, Y)“) m(@.7")
< by Rule (A.118)

(e (id(, 7)o T D g G4 7)Aol (x) = o(x)
= by Rule (A.106) the program step must satisfy id(x, ¥)

(¢ Zbbo WD oy A (o, 07) € id(T)
< as x does not occur free in ¢

(c o), ) A (o,0') €id(Y)
& as the step (o, o) satisfies id(Y)

n(o,0")

cm (id(Y)) =275 ¢ m (id(Y))

(state x — v o ¢ @ (id(x, Y)*)
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and for environment steps

(state x = v o ¢ @ (id(x, 7)) <27 (state x s v o ¢ @ (id(x, V)*)

< by Rule (ATTT9)

cm (id(x, v)w T g 6 i (x Y
< by Rule (AT06) an atomic step allows any environment step
e(ofo—v],o’ o))
SRR
= as x does not occur free in ¢
e(o,0’) ¢
< by Rule (A06) as an atomic step allows any environment step
em (d(@y* <27 o @ (id(7)>
O

Lemma[4.1] (parallel-interference) For any relations ro and ri, (ro)* || (r)* = (ro V r1)*.
Proof. Follows straightforwardly from Rule (A-T06) and Rule (AT13). O

Lemma [4.3] (interference-atomic) For any predicate p and relations ¢ and r,

) 1™ = "5 ("

Proof. Follows straightforwardly from Rule (A.106), Rule (A-TT3)), and Rule (A-109). O

Lemma 9.1 (refine-var) ¢ Cigy d = (varxec)C (varxed).
Proof. Using the definition of a local variable block (I6) and Law [2.T1](nondeterministic-choice) part (32)),
it is sufficient to show

cCigsyd =  Vve(statex—vec)L (statexrved).

We assume the property on the left of the implication and show the property on the right holds for all v
using Theorem[B:1] For property for program steps

(state x — v e d) iGN (state x — V' o d’)

= by Rule (ATTS)
(d 7(o[x—v],0’ x—v'])
= asc Eid(x) d
7 (ox—v],0’ [x—v'])
(¢

= by Rule (ATI3)

(state x — v e ¢) o), (state x — v e ')

d) Ao'(x)=0(x)

YNd'(x) =0(x)

and for environment steps

e(o,0")

(state x — v e d) —— (state x — v e d’)

= by Rule (AT19)

d e(o[x—v],o’ [x—v]) d
= asc Gy dand (ofx = v],0'[x — v]) € id(x)

e(afo—v],o’ o))
—— €

= by Rule (AT19)

(state x — v e ¢) o), (state x — v e ')

Property (B.130) is straightforward as both source and target evolve similarly. O
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