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Abstract. We present a notion of refinement between agent-oriented
systems defined using alternating-time temporal logic (ATL). The re-
finement relation provides a framework for defining roles in a society of
interacting agents, and formalising a relation of conformance between
agents and roles. The refinement relation also allows us to construct
abstractions in order to make verification more tractable.

1 Introduction

A distributed system may be seen as a collection of agents interacting together.
This horizonal decomposition of a system should be integrated with a verti-
cal decomposition, in which we refine abstract descriptions of agents into more
concrete ones during the course of the system development. The abstract de-
scriptions can be thought of as roles, which are fulfilled by the concrete agents.

Verifying that a set of agents fulfills its role must be done in the context of the
other agents. This idea has lead to the assume/guarantee paradigm: the speci-
fication of an agent guarantees its behaviour will be correct, assuming that its
environment (formed in part by other agents) is correct. Our goal is to integrate
this idea with a framework for agent refinement.

To formalise these intuitions, we propose to use Alternating-time Temporal
Logic [3] (ATL), which allows us to describe precisely the properties of the
different agents involved in a system, and the strategies they have for achieving
their goals. ATL is a branching temporal logic based on game theory. It contains
the usual temporal operators (next, always, until) plus cooperation modalities
{(A), where A is a set of players (also called agents). This modality quantifies
over the set of behaviours. The formula {A)¢ means that the agents in A have
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a collective strategy to enforce ¢, whatever the choices of the other agents. ATL
generalises CTL, and similarly ATL* generalises CTL*, and u-ATL generalises
the p-calculus. These logics can be model-checked by generalising the techniques
of CTL, often with the same complexity as their CTL counterpart.

We motivate refinement between agent-oriented systems. Our aim is to present
a framework which provides

— A method for constructing systems by assembling components. The system
is specified as a collection of roles, and the component agents are shown to
conform to the roles.

— A method for verifying agents efficiently, by abstracting their environment
(similar to [6], but generalising from LTL to ATL). An agent is verified
under the guarantees made by the roles of its environment. This addresses
the state explosion problem, since it is simpler to verify against the roles of
the environment than against the agents implementing the roles.

We define a very general notion of refinement between alternating-time tran-
sition systems (ATS, the models of ATL), which allows splitting or coalescing
sets of agents so that a role may be fulfilled by several agents, or more gen-
erally several roles fulfilled by several agents. As such, our refinement relation
generalises that of [2]. As well as providing a framework for describing agents
and the roles they conform to, the refinement relation can be used to construct
abstractions that allow us to verify systems efficiently in the manner of Cadence
SMV [6].

Our work could be extended to other logics which have been developed for
modelling cooperation among agents, such as Wooldridge’s [11, 12], which builds
upon that of Werner [10] and Singh [9]. We chose ATL because of its closeness
to CTL, the existence of a linear-time model checking algorithm for it, and its
associated model checker Mocha [1].

Outline. In section 2 we present a motivating example. Next, in section 3 we
recall the basic concepts of ATL and ATL* and their semantics on ATSs. Sec-
tion 4 defines refinement and shows some of its properties, and continues the
development of the example. Finally in section 5 we discuss some directions for
future work.

2 Refinement between agents: example

The sliding-window protocol (SWP) is a communications protocol designed to
guarantee communication over an unreliable channel. The channel may loose,
duplicate, and re-order messages. We assume, however, that the channel is not
completely unreasonable; thus,

— Although it might loose some messages, it does not loose all of them. More
precisely, if a given message is sent often enough, it will eventually get
through.
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— Although it might re-order messages, the degree to which it re-orders is
bounded. The channel will not swap a given message with other messages
more than N times.

The agents involved in the abstract specification of the SWP are depicted in
Figure 1. Here is a very abstract account of the SWP. The message to be sent is

channel

sender receiver

channel

Fig. 1. Roles for the sliding-window protocol

split into packets, and the packets are passed in order to the sender. The sender’s
job is to send the packets to the receiver, over the unreliable channels. In order
to cope with the deficiencies of the channels, the sender may send individual
packets multiple times, until an acknowledgment is received from the receiver.
Since the acknowledgments are also sent along an unreliable channel, they might
need to be sent several times too. In order to cope with re-ordering, the sender
labels messages with numbers consecutively chosen from the set {0,...,M},
where M > N. When all the numbers are used up, the sender starts again
from 0. The sender maintains an interval [i,7 4+ w], known as its window, of size
w < N. Initially ¢ = 0. The sender non-deterministically picks a packet whose
sequence number is in the window, and sends it. It records any acknowledgments
it receives; when it has received an acknowledgment for the ith message, it may
advance its window by incrementing ¢. The receiver, whose job is to assemble the
incoming message and send out acknowledgments, may be described in similar
abstract terms.

This account is highly non-deterministic; it does not specify what order the
sender should send the packets in its window, or what order the receiver should
send the acknowledgments; this is inefficient. It allows the sender to resend mes-
sages which have already been acknowledged, which is wasteful. A more concrete
specification of the SWP is given in [5], where the sender is split into three pro-
cesses: the trans, which sends the packets initially and in order; the ack-recv,
which records which messages have been acknowledged, and the re-trans, which
re-transmits packets for which an acknowledgment has not been received before
a given timeout. The reciever is also split into several components, as shown in
Figure 2. The agents trans, ack-rcvr, and re-trans jointly play the role of sender,
and accept and ack-send jointly play the role of receiver.

When proving properties of the concrete agents, we assume only the guar-
antees made by the roles of the other agents. This is a weaker assumption than
the guarantees actually provided by the other agents, but it is leads to more
efficient verification. Indeed, in a multi-layered example, while proving the prop-
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trans ack-rcvr re-trans ack-send accept

Fig. 2. Agents and Roles for the sliding-window protocol

erties of one agent we would assume the guarantees of the other agents in the
most abstract layer possible.

3 Alternating-time temporal logic

To make these intuitions precise, we formulate them in terms of Alternating-time
Temporal Logic (ATL) [3]. ATL is based on CTL. Let us first recall a few facts
about CTL. CTL [4] is a branching-time temporal logic in which we can ex-
press properties of reactive systems. For example, properties of cache-coherence
protocols [7], telephone systems [8], and communication protocols have been ex-
pressed in CTL. One problem with CTL is that it does not distinguish between
different sources of non-determinism. In a telephone system, for example, the
different sources include individual users, the environment, and internal non-
determinism in the telephone exchange. CTL provides the A quantifier to talk
about all paths, and the E quantifier to assert the existence of a path. Ay means
that, no matter how the non-determinism is resolved, ¥ will be true of the result-
ing path. E¢ asserts that, for at least one way of resolving the non-determinism,
¥ will hold. But because CTL does not distinguish between different types of
non-determinism, the A quantifier is often too strong, and the E quantifier too
weak. For example, if we want to say about a telephone system that user ¢ can
converse with user j, CTL allows us to write the formulas A<$talking (i, 7) and
E<talking(i, j). The first one says that in all paths, somewhere along the path
there is a state in which ¢ is talking to j, and is clearly much stronger than the
intention. The second formula says that there is a path along which ¢ is even-
tually talking j. This formula is weaker than the intention, because to obtain
that path we may have to make choices on behalf of all the components of the
system that behave non-deterministically. What we wanted to say is that users
1 and j can make their non-deterministic choices in such a way that, no matter
how the other users or the system or the environment behaves, all the resulting
paths will eventually have a state in which ¢ is talking j. These subtle differences
in expressing the properties we want to check can be captured accurately with
ATL.

Alternating-time temporal logic (ATL) [3] generalises CTL by introducing
agents, which represent different sources of non-determinism. In ATL the A and
E path quantifiers are replaced by a path quantifier ({(A)), indexed by a subset A
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of the set of agents. The formula ((A)v¢ means that the agents in A can resolve
their non-deterministic choices such that, no matter how the other agents resolve
their choices, the resulting paths satisfy ¢). We can express the property that
user i has the power, or capability, of talking to j by the ATL formula!

{(ip<Otalking(i,j) .

We read ((A)¢) as saying that the agents in A can, by cooperating together, force
the system to execute a path satisfying . If A is the empty set of agents, (AN
says that the system will execute a path satisfying ¢ without the cooperation
of any agents at all; in other words, (#))1 is equivalent to At in CTL. Dually,
(XN (where X' is the entire set of agents) is a weak assertion, saying that if
all the agents conspire together they may enforce 1, which is equivalent to E
in CTL.

3.1 ATL and ATL*

Let P be a set of atomic propositions and X' a set of agents. The syntax of ATL
is given by

¢u=p| T =g [ ¢V o | (AN[o1 U o] | (A)DO61 | (AYO

where p € P and A C X. We use the usual abbreviations for —, A in terms of
=, V. The operator { ) is a path quantifier, and O (next), O (always) and U
(until) are temporal operators. The logic ATL is similar to the branching-time
logic CTL, except that path quantifiers are parameterised by sets of agents.
As in CTL, we write (A)<Oo for (AN[T U ¢], and we define the weak-until:
(AN[6 W 6] = ~[[AJl[ U (=6 A ~25).

While the formula ((A))t) means that the agents in A can cooperate to make
¢ true (they can “enforce” ), the dual formula [[A]]y) means that the agents
in A cannot cooperate to make ¢ false (they cannot “avoid” ). The formulas
[4])06, [A]|06, and [A]]O¢ stand for ~((A) D, ~(4) S, and ~(A)O-o.

The CTL path quantifiers A (all paths) and E (some path) can be recovered
in ATL as (0) and ((X). The logic ATL* generalises ATL in the same way
that CTL* generalises CTL, namely by allowing path quantifiers and temporal
operators to be nested arbitrarily.

For a subset A C X of agents, the fragment (A)-ATL of ATL consists of
ATL formulas whose only modality is ((4), and that does not occur within the
scope of a negation. The ((A)-ATL* fragment of ATL* is defined similarly.

3.2 Alternating transitions systems

Whereas the semantics of CTL is given in terms of transition systems, the se-
mantics of ATL is given in terms of alternating transition systems (ATSs). An
ATS S over a set of atomic propositions P and a set of agents X' is composed of

L We write ((i))¢ instead of {{i})v.
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(Q,,6,1,0), where  is a set of states and 7 : @ — 27 maps each state to the
set of propositions that are true in it, and

§:Qx ¥ -2

is a transition function which maps a state and an agent to a non-empty set of
choices, where each choice is a non-empty set of possible next states. If the system
is in a state ¢, each agent a chooses a set @, € d(q, a); the system will move to a
state which is in ﬂaez Q.. We require that the system is non-blocking and that
the agents together choose a unique next state; that is, for every g and every
tuple (Qa)acx of choices Q. € d(g,a), we require that [,y Q4 is a singleton.

Similarly, the initial state is specified by I : ¥ — 229 1 maps each agent to a
set of choices. The agents together choose a single initial state: for each tuple
(Qa)aex of choices @, € I(a), we require that [, y, Q4 is a singleton.

In the sequel, we will consider ATS of a particular form: the choices of the
agents are expressed by choosing the value of their variables. This is also the
choice made in the language Mocha [1]. We therefore stipulate a function o :
P — X that, for each propositional variable, gives its owner. We define P, =
{p € P | o(p) = a} to designate the propositional variables belonging to agent
a, and P4 = {p € P | o(p) € A} to a group A. The choices of an agent thus
determine the value of its variables, and let the other vary freely:

VGEE,QEQ,Qa Eé(qaa))VXg-P;émaqua:W(Q)mpqéa =X

where Pz, = {p € Plo(p) # a}. A signature is defined as this function o, together
with its domain P and codomain Y.

For two states g and ¢', we say that ¢' is a successor of q if, for each a € X,
there exists Q' € §(q,a) such that ¢' € Q'. We write d(q) for the set of successors
of ¢; thus,

sp= U @

a€X Qed(q,a)

A computation of S is an infinite sequence A\ = ¢o,q1,q2 ... of states such
that (for each i) g;+1 is a successor of ¢;. We write A[0,4] for the finite pre-
fix 90,q1,92, - -, -

Often, we are interested in the cooperation of a subset A C X of agents.
Given A, we define §(q, A) = {(N,c4 Qa | Qu € d(g,a)}. Intuitively, when the
system is in state ¢, the agents in A can choose a set T' € §(g, A) such that, no
matter what the other agents do, the next state of the system is in T'. Note that
0(q, {a}) is just 6(g,a), and (g, X') is the set of singleton successors of g.

Ezample 1 ([3]). Consider a system with two agents “user” w and “telephone
exchange” e. The user may lift the handset, represented as assigning value true to
the boolean variable “offhook”. The exchange may then send a tone, represented
by assigning value true to the boolean variable “tone”. Initially, both variables
are false. Clearly, obtaining a tone requires collaboration of both agents.
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We model this as an ATS S = (Q,n,d,I) over the agents ¥ = {u,e} and
propositions P = {ofthook,tone}. Let @ = {00,01,10,11}. 00 is the state in
which both are false, 01 the state in which “offhook” is false and “tone” is true,
etc. (thus, 7(00) = 0, 7(01) = {tone}, etc.). The transition function ¢ and initial
states I are as indicated in the figure.

d(q,a) u e
00[{{00, 01}, {10, 111} {{00, 10}}
10[{{10,11}} {00, 10}, {01, 11}}
01|{{00, 01}, {10,11}} {{o01,11}}
11/{{10,11}} {{01,11}}

I1{{00,01}} {{00,10}}

Fig. 3. The transition function of the ATS.

3.3 Semantics

The semantics of ATL uses the notion of strategy. A strategy for an agent a € X
is a mapping f, : QT — 29 such that f,(\-q) € 6(¢,a) with A € Q*. In other
words, the strategy is a recipe for a to make its choices. Given a state ¢, a set
A of agents, and a family F4 = {f, | a € A} of strategies, the outcomes of Fx
from q are the set out(q, Fa) of all computations from ¢ where agents in A follow
their strategies, that is,

out(qo, Fa) = {\ = qo,q1, 02, -~ | Vi, qip1 € 6(qi) N () £a(A[0,i]))}.
a€A

If A =0, then out(q,F4) is the set of all computations, while if A = X' then it
consists of precisely one computation.
The semantics of ATL* is as CTL*, with the addition of:

— q F ((A) if there exists a set F4 of strategies, one for each agent in A, such
that for all computations A € out(q, Fia) we have X\ F 1.

Remark 1. To help understand the ideas of ATL, we state below some validities,
and surprising non-validities.

1. If A C B, then {(A)Y — {B)¢, and [[B]Jv — [[A]]¢. Intuitively, anything
that A can enforce can also be enforced by a superset B; and if anything
that B is powerless to prevent cannot be prevented by a subset of B.

2. In CTL*, A distributes over A. But in general in ATL*, {(A))(¢)1 A 12) only
implies ({A)¢1) A ({ANt2). The first formula asserts that agents A can
enforce ¥; A 12, while the second is weaker, asserting that A has a way to
enforce ¥, and another, possibly incompatible, way to enforce 5. Similarly,
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(AN (1 V o) and (AW V (AN are different (for A # X). The first
one asserts that agents A can enforce a set of paths each of which satisfies
11 Vb2, but which of the two is true along a particular path might be chosen
by other agents. This is weaker than the second formula, which asserts that
A can guarantee that all paths satisfy 11, or A can guarantee that all paths
satisfy 5.

4 Refinement of agents

In this section, we define refinement between ATSs. As illustrated by the example
of section 2, a refinement chooses a particular set of agents to refine, and may
abstract the complement set. The formal definition of refinement is split into
two parts. Signature refinement deals with the symbols in the vocabulary. Next,
ATS refinement extends a signature refinement, and deals with behaviours.

Definition 1. Let X and X' be disjoint sets of agents with variables P and
P' respectively. A signature refinement from A C X to A" C X' is: a relation
f C X x X' between agents in both societies, and a relation g C P x P', such
that:

— f links agents in A to agents in A', and agents outside A to agents outside
A'. To define this formally, we extend f to sets of agents in the usual way:
f(B) ={d' | 3a € Bf(a,a")} and f~Y(B') = {a | 3a' € B'f(a,a')}. A set
of agents B € X corresponds to B' € X' iff B' = f(B) and f'(B') = B.
Note that some sets of agents will not have a correspondent. We require that
A corresponds to A" and A to A' (where A= X\ A and A’ = X'\ A').

— g respects ownership: g(p,p') implies f(o(p),o(p')). Additionally, the more
detailed description of the component should at least include the variables
required in its role, thus g is a function from Py = {p | o(p) € A}, and
conversely, g~' is a function on Py .

Ezample [continued from section 2]. A = {sender} C X' = {sender, receiver}.
A" = {trans, ack-rcvr, re-trans} C X' = {trans, ack-rcvr, re-trans, receiver}.
This refines the sender. In this case, f is shown as the left three arrows of figure
2, together with the pair (receiver, receiver).

Signature refinements have the following properties:

Theorem 1. 1. The identity is a signature refinement;

2. Signature refinements compose: if (fi,91) is a signature refinement from
Ay C Xy to Ay C Xy, and (f2,g2) is a signature refinement from Ay C Xy
to Az C X3, then (fi o fa,g1 0 g2) is a signature refinement from Ay C Xy
to A3 g 23.

Given such a signature refinement, we can now consider how to translate
formulae. Not all formulae can be translated: they may involve agents or variables
that have no correspondent. The translation 7' along f, g of a formula is thus:
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T(p) = g(p) assuming g is functional on p; T({(AN¢) = (f(A)NT(¢p) assuming
f(A) corresponds to A; and the other logical operators translate unchanged. If
the assumptions above are not fulfilled, the formula cannot be translated.

A refinement between signatures can sometimes be extended to a refinement
between ATS S = (X,Q,n,6,I) and S' = (X',Q',7n',0',I"). We then say that
the agents A’ are conformant to the role A.

Definition 2. Let S = (¥,Q,m,0,I) and S' = (X',Q",x',0',I') be ATSs. An
ATS refinement 7 extending a signature refinement s = (f,g) from A C X to
A" C X' s a triple (H,C, D), where:

1. H C Q x Q' is a relation between states such that corresponding variables
have the same value, formally: if H(q,q'),g(v,v'), then v € w(q) iff v' €
m(q');

2.C: H — d(,A") = §(q,A): C gives for any pair (q,q") in the relation
H and for any choice possible for the component A’ in q', a corresponding
choice for the role A in q;

3. conversely D : H — 6(q, A) — §'(¢', A');

such that ¥(q,q') € H,NT € 6(q,A),YR' € d'(¢",A") : (T NnC(qg,q")(R")) X
(D(g,¢')(T)NR') C H.

H relates states in the abstract system with those of the refined system. The
intuition for C and D is this: any choices A’ makes in the refined system must
correspond to choices A makes in the original system. C' maps A'’s choices to A’s
choices. The environment goes the other way; in S’ it is more abstract, so D maps
A’s choices to A'’s choices. The ‘such that’ part of the definition guarantees that,
after these choices have been resolved, the two systems are again in H-related
states. Note that since T' and C(q, ¢')(R) together define the choices of all agents,
their intersection is a singleton, and similarly for D(q,¢')(T) N R.

If the agents A of the abstract system S are viewed as a role, then this
definition ensures that the agents A’ of S’ conform to that role. Note that again
the notion of conformance goes in opposite directions for the system and for its
environment,.

4.1 Some properties of the refinement relation

Our definition is similar to the definition of alternating refinement in [2]. How-
ever, our definition is more general than theirs, since it allows the agents and the
variables to be different in the two systems. Moreover, our definition is stricter
than theirs, in the sense that in the case that the agents and variables are the
same in the two systems, our definition implies their one. This is formalised as
follows:

Remark 2. It r = (f,9,H,C, D) is an ATS refinement from S = (X, Q,n,4,I)
over P to ' = (X',Q",«',6",I') over P and ¥ = X', P = P’ and f,g are
identity, then S <z S’ in the sense of [2]. The converse does not hold.
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Proof. The definition of S <j; S’ is that there exists H C @ x Q' such that
H(q,q') implies 7(q) = 7'(¢') and VT € 6(¢q, A)IT" € §'(¢', A)VR' € §'(¢',A) IR €
0(q, A) (TNR)x (T'NR'") C H. Suppose (f,g,H,C, D is an ATS refinement from
StoS'. To prove S <37 S, weset: T' = D(q,q')(T) and R =C(q,q¢')(R'). As R
may depend on T' as well as R’ in the definition of S <; S’ , while C(q,¢')(R')
depends on R’ but not on T in ours, the converse does not hold.

This difference between our definition and that of [2] has important conse-
quences. Our definition has properties which their one does not have (such as
Theorem 4 below), and the converse is also true. We discuss this further at the
end of this section.

Now ATS refinements have the properties:

Theorem 2. 1. The identity is an ATS refinement;

2. ATS refinements compose vertically: if v = (f1,q1,H1,C1,D1) is a ATS
S1 = S refinement from Ay C Xy to Ay C Xy, and ro = (f2, g2, Ha, Co, D3)
is a Sy — S3 refinement from As C X5 to A3 C X3, then there is a S — S
refinement r3 from Ay to As, which may also be written ri;rs, given by
(fiof2,91092, HioHs,Cy0Cy, Dy oD5), where o is the relation composition:
HyoH; ={(q1,q3) | 32(q1,q2) € H1 A (q2,q3) € Ha}.

3. Ifr = (f,9,H,C,D) is an ATS S1 — Sy refinement from Ay C Xy to
Ay C Yo, thenr t = (ft,g,H 1,C" D) is an Sy — S; refinement from
Ay to Ay, where C', D' are defined by: C'(q2,q1) = D(q1,2) and D'(q2,q1) =
C(q1,q2). Note that S <57 S’ does not imply S" <4 S.

Theorem 3. If there is an ATS refinement from A C X to A" C X', then any
translatable (A")), [[A']]-ATL formula valid on the ATS S' is also valid on S

when translated; conversely, any translatable (A)),[[A]]-ATL formula valid on S
is also valid on S’ when translated.

Proof. Use remark 2 and theorem 6 of [2].

4.2 Horizontal composition of refinements

We use the refinement from A C ¥ to A’ C X’ when we want to prove that the
agents in A’ satisfy the role A. The agents in A’ are more concrete than those
in A. As already noted, the definition of refinement means that the agents in A’
may be more abstract than those in A.

Now suppose we have two refinements, 1 = (f1,91,H1,C1,D;1) and ry =
(f2,92, H2,C5, D2), such that r1 is an S — S; refinement from A C ¥ to A; C
X1, and a S — S5 refinement from B C X to By C X5. Refinement r; refines
the agents in A, and 7o refines those in B. We would like to be able to put
these refinements together, to form a refinement on AU B. This would allow us
to implement the roles A and B independently, and verify the implementations
independently. Putting the refinements together means that we obtain a correct
refinement of A U B with no additional verification. Recall that r; refines A,
but may abstract B; and ry, which refines B, may abstract A. Therefore, the



Agents and Roles 11

composition of r; and o, noted 71 ||r2 in Figure 4, has to combine the refinement
of A by r1 and the refinement of B by ry. We stipulate that AN B is empty, in
order to avoid the possibility that these refinements are incompatible on their
common part.

S
A A AUB, ANB B, B
1 T2
S1 A, A riflra B, B, S2
El 22
1 r
AUB,, ANB
Ay, BoU(ANB) By, AjU(ANB)
Sl

X' = A UB,U(ANB)

Fig. 4. Horizontal composition of refinements.

Ezample [continued]. Let S be the abstract description of the sliding-window
protocol (SWP), having agents X' = {sender, receiver, channell, channel2}. We
decide to implement the sender and the receiver separately (Figure 5). The
set A = {sender} is implemented as A; = {trans, ack-rcvr, re-trans}. In this

example, A; = A = {channell, channel2, receiver}. We check that this imple-
mentation, Sy, is a refinement of S from A to A;.

The receiver is also implemented. By = {receiver} is refined into B} =
{accept, ack-send}.
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channel
sender receiver
channel
channel channel
trans
ack-revr receiver sender
re-trans
channel channel

Fig. 5. Independently implementing the sender and the receiver.

In the general framework of Figure 4 and Theorem 4 below, Ay is allowed
to be an abstraction of A. This is useful for model checing, because S; will be
more abstract and so checking the refinement will be computationally cheaper.

Theorem 4. ATS refinements compose horizontally: if r1 = (f1,¢91, H1,C1,D1)
is an S — S; refinement from A C X to Ay C Xy, and ro = (fa2, g2, Ha,Co,D5)
is an S — Ss refinement from B C X to By C Yo such that AN B = 0, then
we can build r, also noted ri||r2, an S — S’ refinement from AU B C X to
A1 U By C X', such that there are refinements:

1. ri, an S = S' refinement from 14:11 C X toByU (401?) C X', and
2. rh, an So — S' refinement from By C Yo to Ay U(ANB) C Y,

and any other such S — S’ refinement r' from AU B to C can be decomposed
through r: there is r'" such that v’ = r;r"". The situation is shown in figure 4.

Ezample [continued]. This shows that the two implementations can be put to-
gether, and that the result refines the original specification. Moreover, we do
not have to check this (which would be computationally expensive, because of
the size of S'); we simply check the refinements r; and 72, and the theorem
guarantees the refinement ry||rs.

Proof. We construct S’ = (X',Q',«',0',I') and the S — S’ refinement r =
(f7g7H7C7D):

accept
ack-send
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X'=AUByU(ANB)
Q" ={(¢,q1,92) | Hi(q1,9) A Ha(g2,9)}
v € 7'(q,q1,q2) if o(v) € Ay and v € m(q1); or o(v) € By and v € m2(ga); or
o(v) € AN B and v € 7(q).
6’(@, (CIafI1,Q2)) =
{Ci(g, 1) (T1) x T1 x D2(q,42)(C1(q, q1)(T1)) N Q" | T1 € d1(a,q1)}
if a S A1
{C2(q, ¢2)(T2) x D1(q,q1)(Ca(q,q2)(T2) x To N Q" | T» € d2(a, g2) }

if a S B2
{T x Di(g,q1)(T) x D2(q,¢2)(T)N Q" | T € §(g,a)} o
ifaec ANB

f(a,a') if a € A and fi(a,a’); or a € B and fo(a,a’); or a € AN B and
a=a.
g(v,v') if o(v) € A and g;(v,v'); or o(v) € B and g2(v,v'); or o(v) € ANB
and v = v’
H(d, (¢, m,%) ©a=4
Clg,(0,01,0))(T xTy xT3) =T
D(q,(q,91,92))(T) =T x D1(q,q:1)(T) x D2(gq,q2)(T)

It is straightforward to prove that S’ is an ATS (the main part of which is to
show that ¢'(X’, ¢) is a singleton). We prove that r : S — S’ is a refinement:

1.
2.

flinks AUBC X to(C'=A;UBy; C X',

g respects ownership: if g(v,v’) then, for instance, o(v) € A and g, (v,v");
the second conjunct implies f;(o(v),0(v")), which together with o(v) € A
implies f(o(v), o(v"))

. g is functional on P4_p, since g; is functional on P4 and g, functional on

Pg.

. We show H(q',(¢,q1,¢2)) and g(v,v") imply v € n(q") iff v' € 7'(q, q1, q2).

Since H(q',(q,q1,92)), ¢ = q'- Now we distinguish between the usual three
cases: o(v) may be in A, B, or ANB. For example, if o(v) € A then g(v,v') im-
plies g1 (v,v"), therefore o'(v') € A;. Since (q,q1,92) € Q', H1(q,q1). There-
fore, v € w(q") iff v' € m1(¢q1). The other cases are similar.

. Finally, we need to show that if H(q,(q,q1,92)), T € 6(q, AU B), R €

6/(((1, q1, q2)7 AHB), then (Tﬂc(qa (q> (II)Q2))(R)) X(D(q7 (q> QIan))(T)mR) g
H. Note that T = [],c4up @a for some choices Q, € 0(q,a), a € AU B,

and R = (,c1n5(Qa X D1(g, ¢1)(Qa) X D2(q,¢2)(Qa)) N Q', for again some
choices @, € 0(q,a), a € AN B. Let us fix these choices of Q,, a € X'.

Suppose (s, (s', s1,52) € (T'NC(g, (9,01, 42))(R)) x (D(q, (¢, 71,42))(T) N R).

Then {s} = Nyex Qo and {(s',51,52)} = MNyex (Qa X Di(q, @1)(Qa) ¥
D5(q,q2)(Qa)) N Q'. Therefore, s = s'.

The refinement rj : S; — S’ is given by

fi € X' x Xy given by: fi(a',a1) iff a1 = a' € Aj;or a1 ¢ Ay and @’ € By
and (a1,a’) € fao fi;ora; € Ay and a’ € AN B and (a1,d’) € fi.
Hi(q}, (g, q1,42)) & @1 =}
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= C1(q1,(q,q1,92))(T1) = C1(q1,q)(T1) x T1 x D2(q,q2)(C1(q1,q)(T1))
= Di(q1,(q,q1, @2))(T x Ty x Ty) = Ty.

The refinement 7}, : S" — S5 is defined similarly, and we must again check that
r1 and ry are a refinement (omitted).

Finally, we show that any other such S — S’ refinement r' from AU B to C
can be decomposed through r: there is 7" such that r' =r;r'": . ..

This property is not enjoyed by the refinement relation of [2], as the follow-
ing example shows. Let S = (X, Q, 7, d,I) over P be given by: ¥ = {a,b}, Q =
{00,01,10,11}, P = {z,y}, (01) = {y}, etc, and é(a,q) = {{00,01},{10,11}}
and 0(b,q) = {{00,10},{01,11}} (note: they are independent of ¢). Let S; be
given by: ¥y = X, Q1 = @, and 61 (a, q) = {{00,11}}, 6, (b, q) = {{00, 10}, {01, 11}}.
Let Sy be given by: Yo = X, Q2 = @, and d2(a,q) = {{00,01},{10,11}},
(b, @) = {{01,10}}.

Note that S; <, S and Ss <, S. However it is not possible to construct an
S’ incorporating the choices of both S; and S, because S; insists that z = y
while S» insists that = # y.

There is no refinement from S to Sy, or from S to S, and therefore this
counter-example does not apply to our definition.

5 Conclusions

Our refinement framework allows the system developer to implement different
agents of a system independently. The results can be put together automatically
to form an implementation of the whole. This guaranteed interoperability: in the
example, any implementation of the sender is compatible with any implementa-
tion of the receiver.

Showing that the roles A and B may be refined independently is an important
step in building a refinement calculus suitable for making abstractions to address
the state explosion problem in ATL model checking. We intend to continue this
work by efficiently computing refinements and developing examples.

A counterexample shows that our result about compositional refinements
does not work for the refinement relation of [2], suggesting that our definition is
more natural. However, their definition precisely characterises ATL formulas, as
they show.

Acknowledgments. We are grateful to an anonymous referee for pointing out
relevant literature.
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