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Abstract

In this paper, we examine the composition of first-
class protocols for multi-agent systems. First-class
protocols are protocols that exist as executable spec-
ifications that agents use at runtime to acquire the
rules of the protocol. This is in contrast to the stan-
dard approach of hard-coding interaction protocols
directly into agents — an approach that seems too re-
strictive for many intelligent and adaptive agents. In
previous work, we have proposed a framework called
RASA, which regards protocols as first-class entities.
RASA includes a formal, executable language for
multi-agent protocol specification, which, in addition
to specifying the order of messages using a process
algebra, also allows designers to specify the rules and
consequences of protocols using constraints. Rather
than having hard-coded decision making mechanisms
for choosing their next move, agents can inspect the
protocol specification at runtime to do so. Such an
approach would allow the agents to compose proto-
cols at runtime, instead of relying on statically de-
signed protocols. In this paper, we investigate the
implications of protocol composition by examining the
conditions under which composing existing legal pro-
tocols would lead to illegal protocols — that is, pro-
tocols that can fail during execution through no fault
of the participants. We precisely define what consti-
tutes an illegal protocol, and present proof obligations
about compositions that, when discharged, demon-
strate that a composition is legal.

Keywords: interaction protocols, multi-agent sys-
tems.

1 Introduction

Research into multi-agent systems aims to promote
autonomy and intelligence into software agents. Intel-
ligent agents should be able to interact socially with
other agents, and adapt their behaviour to changing
conditions. Despite this, research into interaction in
multi-agent systems is focused mainly on the docu-
mentation of interaction protocols, which specify the
set of possible interactions for a protocol in which
agents engage. Agent developers use these specifi-
cations to hard-code the interactions of agents. We
identify three significant disadvantages with this ap-
proach: 1) it strongly couples agents with the pro-
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tocols they use — something which is unanimously
discouraged in software engineering — therefore re-
quiring agent code to changed with every change in
a protocol; 2) agents can only interact using proto-
cols that are known at design time, a restriction that
seems too restrictive for many intelligent and adap-
tive agents; and 3) agents cannot compose protocols
at runtime to bring about more complex interactions,
therefore restricting them to protocols that have been
specified by human designers — again, this seems too
restrictive for many intelligent and adaptive agents.

In previous work [9, 10], we have proposed a frame-
work called RASA, which regards protocols as first-
class entities. These first-class protocols are docu-
ments that exist within a multi-agent system, in con-
trast to hard-coded protocols, which exist merely as
abstractions that emerge from the messages sent by
the participants. To promote decoupling of agents
from the protocols they use, we propose a formal,
executable language for protocol specification. This
language consists of a process algebra, used to specify
the sequencing of messages. The messages are rep-
resented as atomic actions, and each atomic action
contains the rules governing under which conditions
the message can be sent, and the effects that send-
ing the message has on a system. Rather than a
protocol specification being just a sequence of arbi-
trary tokens, these rules and effects give the protocol
meaning, and the rules and effects of the overall proto-
col can be derived compositionally from the meaning
of the atomic protocols that comprise it. Instead of
hard-coding the decision process of when to send mes-
sages, agent designers can implement goal-directed
agents that reason about the effect of the messages
they send and receive, and can choose the course of
action that best achieves their goals, allowing agents
to learn new protocols at runtime, and maintain li-
braries of protocols through which they can search to
find the protocols that best achieve their goals. In
addition, agents would be able to compose new pro-
tocols from existing protocols at runtime if they know
of protocols that achieve their goals.

Composing protocols, whether statically at design
time, or dynamically at runtime, is not an arbitrary
task. Clearly, the composer must consider whether
the composite protocol will go some way to achieving
its goals. Determining this is a domain-specific (and
most likely, agent-specific) problem, in which differ-
ent agents will have different ideas within different
environments or at different times as to whether a
composite protocol is suitable.

However, there are certain conditions in which a
protocol composition results in a protocol that can
lead to a runtime error, which we categorise as illegal
protocols. In this paper, we define what it means for
a protocol to be illegal, and then identify the prop-
erties that must hold for protocols to be legal. We
provide proof obligations for each type of composi-



tion that, when discharged, imply that a protocol is
legal, and then identify how to verify a composition
from existing legal protocols using these proof obliga-
tions. These proof obligations should be discharged
every time a composition is performed, whether stati-
cally or dynamically. Emphasis is placed on protocols
specified in the RASA protocol language, but such
ideas would be applicable to protocols specified in any
language with features similar to RASA’s.

The outline of this paper is as follows. Section 2
presents a brief overview of the RASA framework,
and an example protocol specified using the RASA
language. Section 3 formally defines our notion of an
illegal protocol composition, and Section 4 presents
the proofs the must be discharged to verify that a
composition is illegal, and a method for discharging
these. Section 5 presents related work and Section 6
concludes the paper.

2 RASA Overview

In this section, we present a brief overview of the
RASA framework.

2.1 Modelling Information

Communication in multi-agent systems is performed
across a universe of discourse. Agents send messages
expressing particular properties about the universe.
We assume that these messages refer to wvariables,
which represent the parts of the universe that have
changing values, and use other tokens to represent re-
lations, functions, and constants to specify the prop-
erties of these variables and how they relate to each
other.

Rather than devise a new language for express-
ing information, or using an existing language, we
take the approach that any constraint language can
be used to model the universe of discourse, provided
that it has a few basic constants, operators and prop-
erties.

We use the definition of a cylindric constraint sys-
tem proposed by De Boer et al. [2]. They define a
cylindric constraint system as a complete algebraic
lattice, (C, 3, A, true, false, Viar,3). In this structure,
C' is the set of atomic propositions in the language,
for example X <Y, Jis an entailment operator, true
and false are the least and greatest elements of C' re-
spectively, A is the least upper bound operator, Var
is a countable set of variables, and 3 is an operator
for hiding variables. The entailment operator defines
a partial order over the elements in the lattice, such
that ¢ J d means that the information in d can be
derived from c¢. The shorthand ¢ = d is equivalent
toc Jdand d 3 c. We will use £ to refer to the
language, as well as the set of all constraints in the
language; for example, ¢ € L.

A constraint is one of the following: an atomic
proposition, ¢, for example, X = 1, where X is a
variable; a conjunction, ¢ A v, where ¢ and 1 are
constraints; or J,¢, where ¢ is a constraint and = €
Var. We extend this notation by allowing negation on
the right of an entailment operator, for example, ¢ 3
—d, which is equivalent to ¢ 4 d. Other propositional
operators are then defined from these: ¢Vip = —=(=dA
),  — 1 = —p\V 1, and ¢ < 1 = ¢ — Y A — 0.
We will continue to use the symbols ¢ and v to refer
to constraints throughout this paper.

We introduce a renaming operator, which we will
write as [z/y], such that ¢[x/y] means ‘replace all
references of y in ¢ with x’. The reader may have
already noted that ¢[z/y] is shorthand for 3,(y =

x A Q).

2.2 Modelling Protocols

The RASA protocol specification language is based
on process algebras, and resembles languages such as
CSP [7]. However, we add the notion of state to the
language. State is useful, because it allows us to build
up the meaning of protocols compositionally, for ex-
ample, the effect of sending two messages is the effect
of sending the second in the state that results after
sending the first. The final outcome of the protocol
is the end state. A detailed presentation of the speci-
fication language, including operational semantics, is
available in [10].

A protocol specification is a collection of protocol
definitions of the format N(z,...,y) = =, in which
N,z,...,y € Var, and 7 represents a protocol.

Protocols are defined using the two types of atomic
protocol, and algebraic operators for building up com-
pound protocols from these. The first atomic protocol
is message sending, contains three parts, and is spec-

ified like so: £lind) fm ', This is read as follows:
if the precondition, ¥, is provable from the current
state, then the agent ¢ is permitted to send the mes-
sage ¢, or any message ¢, , such that ¢/, I ¢,
to agent j. The effect of this message on the state is
specified by the postcondition, ’. We allow agents
to send the message ¢, ., such that ¢/, J ¢,,, so that
agents can further constrain the values of the mes-
sages; thus, ¢,, is only a template of the message.
Omitting the prefix c(z,7) from a message template
implies that ¢,, is an action that must be performed.
In this paper, we omit (¢,7) when we do not care
who the sender and receiver of the message is. We
use the notion of inertia in calculating the new state
from the postcondition; that is, any variables in v’
are constrained by v in the new state, and any other
variables in the state are left unchanged. The second
atomic action/protocol is the empty action, the syn-
tax of which is ©» — €. This specifies that if the pre-
condition 1 is provable from the current state, then
no message sending is required.

Compound protocols can be built up from these
atomic protocols. If m; and w5 are two protocols, then
the following are also protocols: the protocol 7y;ma,
which represents sequential concatenation, such that
my is executed, followed by ms; the protocol 7 U ma,
which represents a choice between m; and 7o; and the

protocol var%-m, which is a protocol the same as
1, except that a local variable x is available over the
scope of 71, but with the constraints 1) on z remain-
ing unchanged throughout that scope. Any variable
x already in the state is out of scope until 71 finishes
executing. In addition, RASA supports the referenc-
ing of protocols via their names. That is, for a proto-
col definition N(z) = 71, one can reference this from
within another protocol using N(y), where y € Var.

A key feature of this language is that it has the
same syntax and semantics at all dialogue levels. Sin-
gle messages are themselves protocols, and the syn-
tax and semantics for composing two atomic proto-
cols is the same for composing two other composite
protocols. Thus, individual utterances, sequences of
utterances, protocols, and combinations of protocols
can all be reasoned-over, modified, composed and in-
voked by agents participating in an interaction using
the same reasoning mechanism.

Example 2.1. We present a small example of a sim-
ple interaction in which an agent, A, proposes that
another agent, B, commits to P, and B can accept
or refuse this proposal.

The semantics of RASA is compositional, so it
makes sense to present the protocol in a bottom-
up manner. First, we define the Prop protocol, an



atomic protocol which models A sending the proposal
to B:

Prop(A, B, P) = true 2(4,5) propose(P),

prop(P)

The postcondition prop(P) simply indicates that
the current proposal is P. The Acc and Rej protocols
model B accepting or rejecting the proposal respec-
tively:

Acc(A, B) = prop(P) B, 4) accept(P), cmi(B, A, P)
Rej(A, B) = prop(P) o(B,A4)-reject(P), true

The notation emt(B, A, P) is a constraint repre-
senting B’s commitment to perform P for the creditor
A.

Finally, we compose these three atomic protocols
together into a composite protocol, which defines the
order that the messages must occur:

Prot(A, B, P) = Prop; (AccU Ref)

This definition enforces the condition that the pro-
posal must be sent by A before B can accept or reject
it, and that B can only send either an accept or re-
ject, but not both. In addition, if the path Prop; Acc
is taken, then B is committed to P.

One can see that, provided an agent understands
the meaning of c¢mt(B, A, P), such a protocol can
be reasoned about at runtime. Firstly, agent A de-
cides to use this protocol because it calculate that
emt(B, A, P) is an outcome. If B agrees to using the
protocol, then, after it receives the proposal, it can
reason that accepting the proposal will lead to the
state in which it is committed to performing B. If
it does not accept, then there is no change, so it can
decide its reply by analysing its goals and assessing
their compatibility with the outcomes.

3 Illegal Protocols and Compositions

We define composition of a protocol as the process
of either deriving a new atomic protocol, or taking
one or more existing protocol definitions, and form-
ing a larger compound protocol using the algebraic
operators of the RASA specification language. For
example, taking protocols m; and mo, the composite
protocol ;7 can be defined. The vision of first-
class protocols includes agents composing their own
protocols in this way, at runtime, if they do not have
a protocol in their library that achieves their goals.

Clearly, there are verification issues regarding pro-
tocol composition. Some of these issues relate to the
messages that are sent, the order that are sent in,
and when they can be sent. Others are related to the
rules and outcomes, such as whether they are correct
with respect to an informal definition. Such issues
are domain specific, and in fact, they may even be
agent specific. In contrast, the purpose of this paper
is to study generic properties of protocols. That is,
issues regarding the relationship between protocols,
and most specifically, the conditions under which they
can be composed. Such properties would apply to ev-
ery protocol, regardless of the domain.

In this section, we define and discuss one such
generic property, which relates to protocol composi-
tion. We call this property stuckness. Stuckness is a
property that should not be exhibited for any agent
interaction protocol, and we assert that any protocol
to be used should first be proved to be stuckness free.

Definition 3.1. Protocol Stuckness
The execution of a protocol becomes stuck if:

1. it is not terminated; and

2. it is either in a state from which no transition
can be made, or the state is equivalent to false.

That is, at the current state, the rules of the proto-
col are such that no move can be made by any partic-
ipant, or the current state contains an unsatisfiable
constraint. We say that any protocol that can be-
come stuck suffers from stuckness. Stuckness refers
to some form of runtime error, in which agents can
execute part of a protocol, but then come to a point
at which they are unable to continue executing. Such
a property is an undesirable property, and one which
we want to prove is not possible for any protocol®.

This is similar to the notion of deadlock in process
algebras such as CSP [7]. However, stuckness does not
occur as a result of processes waiting for each other,
which is the definition of gridlock. Instead, the con-
dition permitting an event to occur is a precondition,
not another event, as it is in CSP.

Example 3.1. As an example of stuckness, consider
the following protocol definition:

N(x)gleﬂx:Q;x:SMmzll

After a(x) is sent across the channel, the state is z =
2. However, x = 2 does not entail the precondition
x = 3, so the protocol execution becomes stuck.

To help us formally define stuckness for RASA
protocol specifications, we first introduce some auxil-
iary definitions.

Definition 3.2. Local Constraints

Local constraints are the constraints on locally de-
clared variables — that is, variables declared using

the form V&I‘%'ﬂ'. Consider the following example

protocol, which increments the values of x and y, pro-
vided that x is less than 10:

vary ;0
If this is executed in the state = 0 Ay = 5, then the
local constraints over the scope of the atomic protocol
would be g =0 Ayg = 5.

Throughout this section, when we discuss proto-
cols, we will assume that they are evaluated under lo-
cal constraints. If a protocol is not contained within
the scope of a variable declaration, the local con-
straints are equivalent to the constraint ‘true’. Fur-
ther discussion of this is presented later in Section 4.1
at a point when their purpose should be clearer.

x <10 calz), r=xo+1Ay=yo+1)

Definition 3.3. Weakest Explicit Precondition

The weakest explicit precondition of a protocol is
the weakest (or most general) constraint that satis-
fies the precondition of the protocol. The weakest
explicit precondition is in contrast to the weakest cal-
culated precondition, which is the weakest constraint
from which a protocol cannot become stuck. The ter-
minology is used because the weakest calculated pre-
condition must be computed taking into account the
entire protocol, whereas the explicit precondition is
taken as the disjunction of the preconditions of all
of the atomic protocols that can be executed as the
first step in the protocol. For example, consider the
following protocol:

Q(x)éxzo c.a(z) z=1y=0 c.b(z) y=1

1However, we note that there may be situations in which an
agent desires an interaction to become stuck, e.g. to distract a
competitor, as described in [6].



The weakest explicit precondition of this protocol is
x = 0, because x = 0 is the most general constraint
under which the protocol can begin to execute. How-
ever, the calculated precondition is x = 0 Ay = 0,
because y = 0 must hold for the protocol to execute
fully due to the fact that it is the precondition of the
second sub-protocol, and that the first sub-protocol
does not ensure this.

We define a function, pre € ©# x £L — L, which,
for a protocol, m and local constraints, £, returns the
weakest explicit precondition of w. pre is defined for-
mally as follows:

pre(w e x) = PYAYX
pre =Px) = YAx
pre(m; ma, x) = pre(m,x)

pre(my, x) V pre(ma, X)
Jepre(m, Jux A1)

pre(rlz/yl, x)
where N(y) =m € D

We discuss these definitions briefly. The explicit
preconditions of an empty or atomic protocol is the
explicit precondition, 1, conjoined with the local con-
straints, x. The explicit precondition of a sequential
composition, my; o, is the precondition of 7;. For a
choice, m U g, it is the disjunction of the precon-
ditions of m; and . The explicit precondition of a

(¥

(

pre(m U7r2, X) =

pre(varm T X) =
(N

(), x) =

pre

variable declaration, varf-ﬁ, is the precondition of
7, but including the local constraints, 1, and with x
hidden from x so the local declaration is not confused
with any already-declared x. References to x in the
precondition of 7 are then hidden, because x is local.
Finally, the explicit precondition of a reference name
protocol is the precondition of the corresponding def-
inition with the parameters appropriately renamed.
We omit the local constraints parameter if it is un-
necessary.

Definition 3.4. Maximal Calculated Postcondition

The mazimal calculated postcondition (or simply
maximal postcondition) of a protocol is the most gen-
eral constraint such that every end state satisfies that
constraint, and and that it is satisfied only by those
end states. We use the term calculated because, un-
like the precondition, the calculated postcondition re-
quires one to calculate the end state over entire traces
of protocols.

The maximal calculated postcondition is defined
as a function, post € (7 x L x L) — L, which, for a
protocol, initial state, and local constraints, returns
the constraint that satisfies all postconditions, and
only those postconditions. This can be computed on
a syntactic level using the following definitions:

post(y — 6 ¢, X) = ¢
POSt(#) — Tﬁ" b, X) = Elfree(¢’)¢ A ¢/

where ¢’ = V' A A X
pOSt(W27p08t(7r17 ¢a X))
pOSt(?T]_, ¢7 X)\/

post(ma, ¢, X

3, post(m, pd, Jux A Y)

post(m(z/y, ¢, x)
where N(y) =m € D

pOSt(Trl; 2, ¢7 X)
pOSt(ﬂ-l U g, ¢a X) =

post(varl -, $, )
post(N(z), ¢, x)

We comment on this definition briefly. The max-
imal postcondition of an empty protocol executed
from a pre-state is the pre-state, because it does not

change. For an atomic protocol, ¢ — c-om —=5 ¢’ the max-
imal postcondition is the weakest constraint, ¢’, that
satisfies the explicit postcondition, ', the message
®m, and the local constraints y. This is clear from the

definition in [9], in which the postcondition is equiv-
alent to this, except it is constrained by ¢/, instead
of ¢y, such that ¢/ 3 ¢, allowing agents to con-
strain messages. However, if we are calculating the
most general constraint, then ¢, is the most general
message constraint, so we use this rather than any
further constrained message. In addition, we conjoin
this constraint with the pre-state, ¢, but with all free
variables in ¢’ hidden from ¢.

The maximal postcondition of the sequential com-
position 7r1; 2 under the state ¢ is the maximal post-
condition of m under the initial state post(m, ¢, x).
That is, the maximal postcondition from executing mo
under the maximal postcondition of 771 under ¢. The
maximal postcondition of the choice protocol 7wy U o
is the disjunction of the two protocol’s maximal post-
conditions, because one of these postconditions will
hold after executing the choice. The maximal post-

¥

condition of a variable declaration vary - 7 is the max-
imal precondition of 7 under the state 3,¢ and with
local constraints 3,y A ¢’. References to x in ¢ and
x are hidden because any references already declared
are out of scope. The maximal precondition of the
referenced name N(z) is the maximal precondition
of the corresponding protocol 7, with the parameters
renamed. We omit the local constraints parameter if
it is unnecessary.

Example 3.2. Refer to the definition of the protocol
Q(z) from above. The weakest precondition of the
protocol is determined as follows:

pre(Q(z))
= pre(zr=0—> c.a(@) — S z=1y=0 £e), y=1)
= pre(z =022 9D, g = 1)
= =0

The maximal postcondition is determined using
the definition of post. The overall maximal postcon-
dition of a protocol is the maximal postcondition with
the weakest precondition as the initial state:

post(Q(x),pre(Q(x)))
post(Q(x),x = 0)

c. a(z)

= postle=0—>x=1;
y=0 ()y_ll‘—O)
= post(y—O&y_l
post(r =0 ——= cal@), x=1),2=0)
= post(y:O#yzl,le)
= y=1Az=1

Definition 3.5. Formal Definition of Stuckness

Definition 3.1 presented an informal definition of
stuckness for a protocol. The notion of stuckness,
and its related proof obligations, is similar to the way
in which preconditions are verified in model-oriented
specification languages such as Z [14] and B [13].
However, in these methods, the proof is generally of
the form: pre — dpost. That is, the proof is that if
the precondition holds, there exists at least one post-
state that satisfies the postcondition.

This definition is not enough to prove that a proto-
col is stuckness free. Take for example, the following
protocol:

-a(x) c.b(z)

r=1Uz=0—5>z=2);
r=122 0 10

R(z) = (x =0 =22,

This defines a choice followed by an atomic protocol.
The precondition for both options in the choice is



x = 0, therefore, the overall precondition is z = 0. If
the protocol is in a state in which the precondition
holds, then the left option can be chosen, resulting in
the state z = 1. The precondition of the next protocol
is x = 1, so execution can complete. However, if the
right option is chosen, resulting in the state z = 2,
then the protocol becomes stuck. So, even though
the precondition of this protocol implies that there is
a postcondition (take the first option of the choice),
the protocol can still become stuck. Therefore, an
alternate definition to the pre — Jpost definition is
needed.

We formally define stuckness as a relation called
stuck, in which, for a protocol 7, an initial state ¢,
and local constraints x, stuck(w, ¢, x) is true if and
only if m can become stuck from the starting state ¢
under the local constraints y. Devising a neat, formal
definition of stuckness for any arbitrary protocol, like
the pre — dpost from above, does not seem possible,
so instead, we define it such that each protocol oper-
ator has its own definition, each shown in Table 1.

This definition is not immediately obvious, so we
spend some time discussing it. The empty protocol,
1) — €, can only become stuck if its precondition is not
enabled. [9] specifies the denotational semantics of

. C.Om .
an atomic protocol, ) — ', as follows?, assuming

that ¢ is the pre-state and x the local constraints:

31, @' @ (P A X DY) A (¢y, D ) A
¢ = (' Ay AxATu9)
where v is the free variables in ¢’ A ¢/, A x

Here, ¢! represents the message, and ¢’ the post-
state. So, this definition says that ¢ A x must satisfy
the precondition, the message ¢/, must be a refine-
ment of the message template ¢,,, and the post-state
is the postcondition, v’, conjoined with the informa-
tion from the message, ¢ , conjoined with the local
constraints, y (which must hold after the execution),
and finally, conjoined with 3,¢, in which v is the set
of variables that this protocol changed, therefore 3, ¢
is the information from the pre-state ¢ that is not
overridden by the postcondition.

An atomic protocol is stuck under an initial state ¢
if it defines no behaviour. So, for the pre-state ¢, this
is equivalent to negating the definition from above:

—3¢y,, 0" e (P AXx DY) A
(O D Im) AP = (P Al AXAT9)
= Vo, ¢ e (OAX DY)V b DIV
¢ E (W Ny AxNTug)

If for every ¢, ¢!, 2 ¢m, that must mean that
¢m 18 equivalent to false, and therefore ¢, is unsatis-
fiable. Otherwise, if there is a ¢/, such that ¢!, 3 ¢y,
but for every ¢, ¢ £ (V' A @), A x A y¢), this must
mean that ¥’ A¢! AxAT, ¢ is unsatisfiable. Therefore,
the above predicate becomes:

Vo, @ (dAX L Y)YV ¢ D false Vv

(& 2 dm — (V' Al Ax A TFp9) T false)

If for every ¢, such that ¢!, 3 ¢, (including

Om itself), (V' A @l A x A Ty¢) D false, then we can

substitute ¢, for ¢/, in this predicate (removing the
quantification), because ¢, is the most general case

of ¢,
(pAXZ2Y)V
Om D false V (V' A ¢ A x A Tpd) 3 false

Clearly, if ¢,,, 3 false then also (¢’ A¢p AXAT,y ) I

2The definition from [9] is in fact defined as a set of pre- and
post-states, however, the definition presented here will suffice for
discussion.

false, so this first case is not necessary. Using the def-
inition of implication, we are left with the following:

(GAX DY) = (P AN m A x A Typ) D false

However, 3,¢ contains no information about the
other variables in the post-state, because these vari-
ables are hidden by 3,, so conjoining it to the post-
condition cannot result in an unsatisfiable constraint.
We assume that ¢ is satisfiable (because it is the post-
state of another protocol), we can remove it from the
proof obligation. This leaves us with the following:

(pAXx DY) — (' A dm A x) D false

Therefore, an atomic protocol becomes stuck if the
precondition is not enabled by the current state, or if
the postcondition (including any constraints specified
by local variable declarations) and message are incon-
sistent with each other, which is an intuitive definition
of stuckness.

The case for the sequentially composed protocol
my; wo i straightforward; it is stuck under a pre-state
¢ if either m; is stuck under ¢, or if, once m; has
executed, 7y is stuck under the end-state of 7.

This case for a choice is less straightforward than it
may first appear. An initial attempt to model stuck-
ness for a choice protocol may be to specify that the
protocol 7, U me is stuck under a state ¢ if and only
if m; and mo are both stuck under ¢. This is cer-
tainly true for the ‘if’; but not for the ‘only if’ — we
are aiming to verify that protocol can never become
stuck, so we have to consider the case in which one
of the protocols is not stuck, so can execute to its
end, but the other may be, so the composite protocol
can still get stuck. An initial attempt to model this
may be to specify that m U my is stuck in a state ¢
if and only if m; or 7o is stuck in ¢. However, this
does not consider the case in which the precondition
of only one protocol is enabled, which does not in-
dicate a stuck protocol, because the other protocol
may still be executed in another state that satisfies
its precondition.

Considering all these cases, we have the following
three cases in which the protocol 71 Ums is stuck under

¢:
e the precondition of the protocol is not enabled:
¢ 2 pre(m Ums);

e the precondition of the protocol 7 is enabled,
but m; is stuck under ¢: ¢ T pre(m) A
stuck(my, ¢); and

e the precondition of the protocol 7y is enabled,
but 7o is stuck under phi: ¢ I pre(m) A
stuck(mwa, @).

Therefore, stuck(m; U ma, ¢) is true if and only if
any of the above three conditions holds.

A variable declaration protocol, var%-w, is stuck
under ¢ if and only if the sub-protocol 7 is stuck
under ¢ once the locals constraints on x are taken into
consideration. This is straightforward to derive from

the semantics from [9] — var?- is stuck in state 0]
and local constraints x if and only if 7 is stuck under
the state 4,¢ and local constraints 3,y A .

Finally, the referenced name N(z) is stuck in ¢ if
either IV is not a name in the protocol specification,
or if the protocol, 7, corresponding to the definition of
N(y), becomes stuck in ¢ when variable y is renamed
to x.

4 Verification of Protocols

In this section, we discuss how to prove that a proto-
col is stuckness free. Proofs are performed inductively



(¢m AN A x O false)
stuck(my, ¢, x) V 3¢" € L o ¢' J post(m, ¢, x) — stuck(mz, ¢, x)

stuck:(w — €,¢0,X) iff ¢AxZ2Y

stuck(y —= ', ¢,x) it (pAx I Y) —
StUCk(ﬂ_lv 2, ¢7 ) iff

stuck(m U ma, ¢, X) iff @ A pre(m Umse, x)V

(rb g pT'E(T(l, ) A stuck 1, (bv X) \

stuck(varf- T, &, X) iff
stuck(D, N(z), ¢, X) iff

stuck(m, Ipd, Jux AN

(
¢ d pre(ma, x) A stuck(ma, ¢, X
)
N(y) =7 ¢ DV stuck(w[z/y], d, X)

Table 1: Formal Definition of Stuckness

over the structure of the protocols, and are divided
into two cases: the first proving that there exists at
least one state that satisfies the precondition of the
protocol; and the second proving that for every state
that does satisfy the precondition, executing the pro-
tocol from this state does not result in it becoming
stuck.

4.1 Proof Obligations

The first proof obligation is showing that an initial
state, other than false, exists. This is formally defined
as follows:

dp € L\ {false} o ¢ 1 pre(m, x)

Clearly, if there is no ¢ that satisfies the precondi-
tion of 7, then the precondition is equivalent to false.
Therefore, this proof obligation can be reduced to the
following:

pre(m, x) 2 false

This proof obligation is called the initialisation
proof. The second case, proving that any states satis-
fying the precondition do not lead to the protocol to
becoming stuck, is formally defined as follows:

Vo € Lo € pre(m,x) — —stuck(m, d, x)

Therefore, we are proving that any constraint that
satisfies the precondition of a protocol cannot lead
it to become stuck. However, this is equivalent to
proving that 7 is not stuck for the most general case;
that is, the weakest explicit precondition. Therefore,
the following proof obligation will suffice:

—stuck(m, pre(m, x), x)

This proof obligation is called the stuckness proof.

In this section, we investigate methods for prov-
ing these properties for the different protocol oper-
ators. In addition, we make the assumption that
structural induction is used to prove the legality of
a protocol. Structural induction is a proof method
in which one proves a property for the elements that
make up a structure before proving the property for
the structure itself. In the case of RASA protocols,
the induction is performed over the protocol oper-
ators, with atomic protocols and the empty proto-
col as base cases. Our assumption seems reasonable
given that the RASA framework is designed to en-
courage agents to compose protocols at runtime, and
the protocols from which the new composite protocols
are composed should already be verified as stuckness-
free, so the inductive step will have already been per-
formed.

However, proving that the sub-protocols are stuck-
ness free does not necessarily prove it for the com-
pound protocol. For example, consider the protocol
m1;me — we have already established that all post-
states of 711 must satisfy the precondition of 75, there-
fore, proving the legality of m; and 7y is not enough
to establish the legality of the composite protocol. In

this section, we identify the additional proof obliga-
tions that must be discharged on top of the structural
induction to prove that protocols are stuckness free.

Remark 1. Regarding Local Constraints

So far in this section, we have defined the weakest
precondition and postcondition with respect to local
constraints. It must be noted that we make some
assumptions about the local constraints. Firstly, the
reader may have noted that we define the weakest

precondition of an atomic protocol, ¢y — ofm, Y, as
1 A X, in which x represents the constraints on local
variables. However, we do not define from where Y is
derived.

We assume that a protocol is proved correct only
for the local constraints under which is used. There-
fore, one must collect the local constraints as they
inductively move down the structure of the protocol.
For example, consider the following protocol, which
increments the value of the variables x and y, pro-
vided = < 10 holds before hand:

=z Yo=Y
- vary,

var;)= T < 1Oﬁ>x:$0+1/\y:y0+1
To evaluate the precondition of this protocol, one
would assume that there are no local constraints.
Then, the inner variable declaration, varz0 S
evaluate under the local constraints x¢o = z, and the
inner atomic protocol is evaluated under the local
constraints xg = z A yo = y. Therefore, the weak-
est explicit precondition of the inner atomic protocol
is the precondition, < 10, conjoined with the local
constraints, to get z < 10 A zg = = A yg = y, which
simplifies to x < 10 Axg < 10 A yg = y.

4.1.1 Empty Protocol

From the definitions in Section 3, we know that the
empty protocol can only become stuck if its precon-
dition does not hold. For the initialisation proof, we
substitute in an empty protocol for 7 from the generic
proof obligation and simplify:

pre(y — €,x) 2 false
= YAy Dfalse

Therefore, to discharge the initialisation proof for
an empty protocol, one must simply prove that its
weakest precondition, ¥ A x in this instance, is satis-
fiable.

To prove the absence of stuckness in a protocol, we
substitute in an empty protocol for 7 from the generic
proof obligation and simplify:

stuck(y — €, pre(v — €,x), X)
= —(WAxADY) from defn. of stuck
YAx Y double negation
This final line is trivially true, so we conclude

that no proof obligation is necessary for the stuck-
ness proof.

from defn. of pre



4.1.2 Atomic Protocols

Atomic protocols, along with the empty protocol, are
the base cases of the inductive proof — that is, there
are no sub-protocols that we must verify before prov-
ing this protocol is legal.

For the initialisation proof of atomic protocols, we
substitute in an atomic protocol for 7 from the generic
proof obligation and simplify:

pre(y Lfm, ¥, x) 2 false

= P Ax D talse

Therefore, to discharge the initialisation proof for
an atomic protocol, one must simply prove that its
weakest precondition, ¥ A x in this instance, is satis-
fiable.

To prove the absence of stuckness in a protocol,
we substitute in an atomic protocol for 7w from the
generic proof obligation and simplify:
stuck(v <0 o pre( S2 4, x),X)
—stuck (1 Lo, YA X, X)
from defn. of pre

(Y Ax DY — (Y A dm A x 2 false))
from defn. of stuck

YAX DYV (' Apm AX) D false

from de Morgan’s laws

(V' N pm A x) 2 false
because ) A x O 1 for any 1, x

from defn. of pre

Therefore, to discharge the stuckness proof obli-
gation, one must prove that there exists a postcondi-
tion from the weakest precondition, by proving that
Y A ¢ A X is satisfiable.

4.1.3 Sequential Composition

For the initialisation proof of sequential composition
protocols, we substitute in a sequential composition
for m from the generic proof obligation and simplify:

pre(my; ma) A false

= pre(m) A false from defn. of pre

Therefore, to discharge the initialisation proof
obligation for a sequential composition, 71;7ms, one
must discharge the proof obligation for 7;. Assuming
an inductive proof over the structure of my;ms, this
will have already been discharged, therefore, such a
proof is not necessary.

To prove the absence of stuckness in a protocol,
we substitute in a sequential composition for 7 from
the generic proof obligation and simplify:

—stuck(my;wa, pre(my;ma, X), X)
—stuck(my; o, pre(m, X), X)
from defn. of pre

—(stuck(my, pre(m, x), X) V

stuck(ma, post(my, pre(my, X), X)s X)
from defn. of stuck

—stuck(my, pre(m, X), x) A

—stuck(ma, post(mi, pre(mi, X), X), X)
from de Morgan’s laws

Assuming an inductive proof over the structure
of my;ms, the stuckness proof obligations for m; and
mo would have already been discharged. Therefore,
—stuck (w1, pre(m, x), x) need not be proved again.
However, protocol my would have been proved to be
stuckness free only for its precondition, so we need
to prove that every postcondition of m; satisfies the
precondition of m3. We can do this by proving that

the maximal postcondition of w1, post(my, pre(mi, x),
is a stronger constraint than the precondition of 7s:

post(my, pre(m, x), x) 2 pre(rz, x)

Therefore, to prove that sequentially composed
protocol, 7y; 73, is stuckness free, one must prove that
the postcondition of 71, under its weakest precondi-
tion, implies weakest precondition of ms.

We also include an additional proof obligation for
special case for sequential composition: protocols of
the form mq; (maUms). In such protocols, it is possible
that the protocol is not stuck, however, that one of
o or 73 is never enabled. For example:

N(x)éx:1—>c'a(w) T =2;
(szMx:?)Ux;éme:ll)

In this example, the postcondition = = 2 enables
the left side of the choice every time, but never the
right hand side. While this does not imply stuckness,
because the left case is always enabled, it does mean
that the right hand side is unnecessary. Therefore,
in this case, we prove that my; ™ and ;w3 are both
stuckness free. This seems reasonable, because

m;(maUmg) = mymeUm;ms

for any my, mo, and mg, therefore, it would be in-
consistent for the protocol on the right side of the
equality to be declared stuck, while the protocol on
the left side is not. Similarly protocols of the format
(m Umg); w3 can be broken into the two cases m1;m3
and 7o; 3. This is strictly not necessary, but it may
make a proof of such a property more straightforward.

4.1.4 Choice

For the initialisation proof of a choice protocol, we
substitute in a choice for 7 from the generic proof
obligation and simplify:

pre(m; Umy) 2 false
= pre(m) Vpre(me) 2 false

Therefore, to discharge the initialisation proof
obligation for a choice, m; U 72, one must prove that
one of 7 or 7o has an initialisation state. Assuming
an inductive proof over the structure of 7wy U s, this
will have already been discharged for both 7 and 7o,
therefore, it trivially holds for either, and this proof
is not necessary.

To prove the absence of stuckness in a choice pro-
tocol, we substitute in a choice for 7w from the generic
proof obligation and simplify:

—stuck(my U ma, pre(m Ums), X)
stuck(my U mg, pre(my) V pre(ms), x)
from defn. of pre
=((pre(m) v pre(ms) 2 pre(m) V pre(ma)) V
pre(my) V pre(ms) 3 pre(my) A
stuck(my, pre(m) V pre(ma), x) V
pre(me) V pre(ms) 3 pre(me) A
stuck(ma, pre(mi) V pre(rs), x))
from defn. of stuck

The first line of the above predicate is trivially
false, because pre(m) V pre(me) enables one of the
preconditions of 71 and my respectively. In addition, if
we are proving that 7 is not stuck in pre(m;)Vpre(ms)
in which pre(m) V pre(ms) 3 pre(m ), then we can
prove this for the more general case of pre(m), and
similarly for 3. So, we are left with the following:

“= ﬂ(stuck(ﬂ'l,pre(m), X) V stuck(ma, pre(ms), X))
= —stuck(m, pre(m), x) A nstuck(ma, pre(m), x)



So, we are left to prove that protocols 71 and 75 are
not stuck from their weakest precondition. Assuming
an inductive proof over the structure of m; U mo, m
and o would have already been proven to not become
stuck from their weakest precondition. This implies
that the composing two stuckness-free protocols with
the choice operator will produce a new protocol that
is stuckness free, and therefore, no proof obligation is
necessary.

4.1.5 Variable Declaration

For the initialisation proof of variable declarations,
we substitute in a variable declaration for 7 from the
generic proof obligation and simplify:

pre(var%- ) 2 false

depre(m, Jpx A ) 2 false  from defn. of pre
pre(m, Ix A ) 2 false from defn. of 3

Assuming an inductive proof over the structure

of varf- 7, this will have already been proved for ,
therefore, no additional proof obligation is necessary.
However, if we assume an agent is composing an exist-
ing protocol 7 that has been verified, but not under
the local constraints 3,x A ¢, then this additional
proof obligation must be discharged. This can be
done by either proving the above, or by proving that
J2x A ¢ entails the local constraints under which it
was previously proved. The latter case is possible be-
cause, if this is proved for a specific case, then it will
also hold for a more general case.

To prove the absence of stuckness in a variable
declaration, we substitute in a variable declaration
for m from the proof obligation and simplify:

ﬂstuck(varf-ﬂ, pre(var;p'ﬂ, X)v X)

ﬁstuck(var}f- 7, Jepre(m, Jux A1), X)
from defn. of pre

—stuck(m, Appre(m, ux A1), Jux A1)
from defn. of stuck

Assuming an inductive proof over the structure

of varf-ﬂ, the following would already have been
proved:

astuck(m, pre(m, Izx A1), Jax A )

This looks close to the predicate we wish to
prove, except that the weakest precondition of 7 is
pre(m, 3 x A1), rather than I pre(m, I, x A1), which
is even weaker because x is hidden, and therefore un-
constrained. However, these predicates are in fact
the same, because the constraints on z specified by
¥ in Jgpre(m, I, x A ¥) may be hidden, but they still
influence the behaviour of 7 via the 1 in the local con-
straints. Therefore, if any value of x from % is causing
7 to become stuck, the same value will also cause this
to become stuck from 1. This means that a stuckness
proof obligation is not necessary for variable declara-
tions. This is not difficult to see considering that x is
already proved to be never become stuck when its pre-

P

condition is enabled, and the precondition of varg -
is exactly those states that, when taking into consid-
eration the additional variable x and its constraints,
satisfy the precondition of 7.

However, as with the initialisation proof, if we as-
sume that 7 has been proved in the context of a dif-
ferent set of local constraints, then the above proof
obligation must be discharged for the local constraints

X A Y.

4.1.6 Reference Name

For the initialisation proof of reference names, we sub-

stitute in a reference name for 7 from the generic

proof obligation and simplify:
pre(N(z),x) 2 false
pre(n[z/y], x) 2 false

pre(m, x) 2 false
because ¢ € L implies ¢ly/x] € L

where N(y) =m € D

Therefore, to discharge the initialisation proof
obligation for a reference name, N(z), in which
N(y) = = is in the protocol specification D, one must
prove that there exists a pre-state that satisfies the
precondition of 7. Assuming an inductive proof over
the structure of the protocol, = will have already been
proven to have an initial state, therefore, this proof
obligation is not necessary in the case that N(y) = .

However, we have a different case, in which N(y)
is not a name in the protocol specification:

pre(N(z)) 2 false

= nothing where N(y) =n ¢ D

Therefore, to discharge the initialisation proof
obligation for a reference name, N(x), one has to
prove that N(y) = 7 is a named protocol in the pro-
tocol specification. That is, one must prove:

N(y)=me D for some y

To prove the absence of stuckness in a reference
name protocol, we substitute in a reference name for
7 from the proof obligation and simplify:

—stuck(N (x), pre(N(z), x), X)
= N(y) =7 € D A -stuck(wlz/yl, pre(n[z/y]), X))

Clearly, the right side of the conjunction is equiv-
alent to the proof obligation of 7, so assuming an in-
ductive proof over the structure of the protocol, this
part of the proof obligation is not necessary. The left
side of the conjunction has already been proved for
the initialisation proof of this protocol, therefore, no
additional proof obligation is necessary.

4.2 Proving the Absence of Stuckness

When composing a protocol, we want to prove that
our compositions are legal. To do this, we can dis-
charge the proof obligations outlined in this section.
However, many of these proof obligations refer to the
local constraints, so one must relate these to the com-
position we are verifying. In this section, we outline
an algorithm for verifying an arbitrary protocol.

The algorithm, which we call prove, takes a pro-
tocol and local constraints, and returns true or false,
indicating whether the composition is legal or not.
The sketch is shown in Figure 1, and should be clear
to understand from the discussions in this section.

To prove a protocol w, is legal, one simply uses
prove(w, true), in which true is the local constraint;
that is, there are no local variables, so there are no
local constraints.

The reader may have already noted a problem with
the algorithm in Figure 1 regarding termination. If
there are mutually recursive references to names in
a protocol, this algorithm will not terminate. For
example, take the following protocol specification:

A BUe
B AUce

This protocol can run infinitely, as well as termi-
nate (if an agent chooses €). The prove algorithm,
as it is above, will attempt to prove the legality of
A by looking up its respective definition, B U € and

1 1b



prove(m, x) : {true, false}
if m =1 — € then
return ¥ A x 2 false

else if 7 = ¢ <27, o/ then

return ¥ A x A false and ¢ A ¢,,, A x A false
else if m = my; (mp Ums) then

return prove(my; e, x) and prove(my; w3, X)
else if m = my;mo then

return prove(wy, x) and prove(ms, x) and

post(my,pre(m), x) 2 pre(ma; X)

else if m = m U my then

return prove(mwy, x) and prove(ms, x)
else if m = var%- 71 then

return prove(my, 3, X A )
else if m = N(z) then

return N(y) =7 € D and prove(w[z/y], x)

Figure 1: Algorithm for Proving Protocols are Legal

verifying that. B will in turn be verified by looking
up its definition, A U €, and verifying that, and the
problem starts again with A, therefore running in-
finitely. A minor adjustment to the above algorithm
that keeps track of the named protocols and parame-
ters that have been verified will resolve this problem.

4.3 Proving Compositions

If we are to compose two existing protocols, then the
proof system is somewhat different to that outlined in
the prove algorithm. This is because we assume that,
if an agent is to construct a new protocol from exist-
ing protocols that reside in some form of library, then
the protocols in the library are already legal. This
means we only have to discharge the proof obligations
outlined in Section 4.1. Therefore, a composition al-
gorithm only has to prove the following:

e For every empty protocol:
— prove the existence of an initial state.
e For every atomic protocol:

— prove the existence of an initial state; and
— prove the existence of a post-state.

e For every sequential composition:

— prove that every post-state of the protocol
on the left enables a precondition on the
right.

e For every variable declaration:

— prove that adding the constraints on the
new local variable do not lead the sub-
protocol becoming stuck.

For every referenced name:

— prove that the name is in the protocol spec-
ification.

Proving the legality of compositions can be done
with less effort than proving the legality of entire pro-
tocols. In addition, if the protocols are taken from
the library, then they will have been proved under
the assumption that there are no local constraints.
A composition is not under any local constraints ei-
ther, so we know that the sub-protocols used in the
composition are proved under the same local con-
straints. The exception to this is variable declara-
tions. If we compose protocol m with a declaration of

compose(r) : {true, false}
if m =1 — € then
return ¢ 2 false

else if T =4 N ' then

return ¢ A false and ¢ A ¢,,, 2 false
else if m = my; (my Ums) then
return compose(my;ma, X) and
compose(mi; 73, X)
else if m = mq; mo then
return post(ry, pre(m ), true) 3 pre(me, true)

else if m = varg - m; then
return prove(mwy, )
else if m = N(z) then
return N(y) =7 € D
else return true

Figure 2: Algorithm for Proving Compositions are
Legal

a variable, such as var%-w, then we must prove, us-
ing the prove algorithm from Figure 1 that 7 is valid
under the local constraints 1. The reason for this
is easily demonstrated with an example. The atomic

protocol, z < 10 <™, 2z = 4 + 1, which is a legal pro-

tocol, can be composed with the variable declaration

vari@y-a: <10 &%, 4 — y + 1. This new composi-
tion 1s not legal, because the local constraint z = y
must hold over the scope of x and y, but this makes
the postcondition unsatisfiable: there does not exist
values for z and y such that x = y and x = y + 1.
Therefore, in the case of creating a variable declara-
tion composed from a legal protocol, one must prove
that this protocol is satisfied under the specified local
constraints.

The procedure for verifying composite protocols
that have been derived from other legal protocols is
specified in the algorithm called compose, shown in
Figure 2.

Note that compose does not take any local con-
straints as a parameter. As well as not recursively
proving the legality of the sub-protocols, compose is
also different to prove in that atomic protocols are
verified without the local constraints x, because the
local constraints are assume to be just ‘true’. The
variable declaration case uses the prove algorithm
from Figure 1, for the reasons discussed above. Fi-
nally, any instances of choice protocols need not be
verified, because they are legal by default, therefore,
these default to the final ‘else’, which returns ‘true’.

5 Related Work

There are a handful of languages that have been used
for first-class protocol specification. Various authors
have had success with approaches based on Petri
Nets [3] and on declarative specification languages
[4, 5, 15], as well as an algebraic language similar
to RASA called the Lightweight Coordination Cal-
culus [12]. [8] presents a detailed comparison of these
languages, including RASA, so we do not cover this
here. The authors of the cited work have discussed
and demonstrated proof methods for these languages,
but these involved proving domain-specific properties,
not generic properties such as stuckness.

As noted in Section 3, verification of model-
oriented specifications often prove generic properties
that resemble our work. For example, the Cogito [1]
and B method [13] development architectures both
recommend an initialisation proof, which is similar
our notion of an initialisation proof, and that a pre-
condition of an operation should satisfy its postcon-



dition, which is similar to the second proof obligation
for atomic protocols in RASA. However, these meth-
ods differ significantly because operations in these
languages as modelled as relations between precon-
dition and postconditions using predicates, whereas
RAS A specifies no relationship between precondition
and postconditions, just some information that holds
after a protocol executes.

Our notion of stuckness is similar to that of
Pierce’s definition of stuckness for programs [11], and
in fact, this is from where we take the term. However,
Pierce’s motivation for identifying stuckness is to de-
fine programming languages such that it is not possi-
ble to write a program that becomes stuck, whereas
we are aiming to prove the absence of stuckness, while
defining the RASA language such that stuckness is
possible. Pierce uses runtime exceptions to handle
programs that would otherwise become stuck. Ex-
ceptions could be added to RASA, but we feel that
raising runtime exceptions when a protocol cannot
continue executing is no more desirable than becom-
ing stuck, so we prefer to eliminate stuckness for pro-
tocols before their use.

6 Conclusions and Future Work

By treating agent interaction protocols as first-class
entities, RASA permits protocols to be dynamically
inspected, referenced, invoked, composed, and shared
by ever-changing collections of agents engaged in in-
teraction. The task of protocol composition, se-
lection, and invocation may thus be undertaken by
agents rather than agent designers, acting at run-time
rather than at design-time. Frameworks such as this
will be necessary to achieve the full vision of collec-
tions of intelligent autonomous agents interacting in
dynamic environments.

This paper takes us one step towards such visions,
by identifying generic cases in which first-class pro-
tocols are deemed to be illegal. We define a notion
of stuckness for agent interaction protocols, and for-
mally defined stuckness for the RASA framework.
We have presented a method for proving that a pro-
tocol composition is legal, and noted the specific proof
obligations that must be discharged when composing
legal protocols into larger protocols. Proof obliga-
tions are specific to the composition operator that is
being used in the composition, and can be discharged
by the agents at runtime. Emphasis is placed on pro-
tocols specified in the RASA protocol language, but
such ideas would be applicable to protocols specified
in any language with features similar to RASA’s.

Before our full visions are realised, significant fur-
ther work is required. In other work [9], we are in-
vestigating methods for documenting the outcomes
of protocols, which will allow agents to search for the
protocols that best achieve their goals. In addition,
meta-protocols are needed that allow agents to pro-
pose and negotiate which protocols are to be used,
and suitable protocols for doing so will be investi-
gated. To develop and test these ideas, we plan a
prototype implementation in which agents negotiate
the exchange of information using protocols specified
using the RASA framework.

Acknowledgements

We are grateful for financial support from the EC-
funded PIPS project (EC-FP6-IST-507019), website:
http://www.pips.eu.org, the EC-funded ASPIC
project (IST-FPC-002307), website: http://www.
argumentation.org/, and the EPSRC Market-Based
Control project (GR/T10657/01), website: http:
//www.marketbasedcontrol.com/.

References

[1] A. Bloesch and O. Traynor. The Cogito tool ar-
chitecture. Technical Report 95-7, Software Ver-
ification Research Centre, 1995.

[2] F. S. De Boer, M. Gabbrielli, E. Marchiori, and
C. Palamidessi. Proving concurrent constraint
programs correct. ACM Transactions on Pro-
gramming Languages and Systems, 19(5):685—
725, September 1997.

[3] L. P. de Silva, M. Winikoff, and W. Liu. Extend-
ing agents by transmitting protocols in open sys-
tems. In Proceedings of the Challenges in Open
Agent Systems Workshop, Melbourne, Australia,
2003.

[4] N. Desai, A. U. Mallya, A. K. Chopra, and M. P.
Singh. OWL-P: A methodology for business pro-
cess modeling and enactment. In Workshop on
Agent Oriented Information Systems, pages 50—
57, July 2005.

[5] N. Desai and M. P. Singh. A modular action
description language for protocol composition.
In Proceedings of the 22nd Conference on Artifi-
cial Intelligence (AAAI), pages 962-967. AAAI
Press, 2007.

[6] P. E. Dunne. Prevarication in dispute protocols.
In G. Sartor, editor, Proceedings of the Ninth In-
ternational Conference on AI and Law, pages 12—
21, New York, NY, USA, 2003. ACM Press.

[7] C. A. R. Hoare. Communicating Sequential Pro-
cesses. Prentice-Hall International, 1985.

[8] J. McGinnis and T. Miller. Amongst first-class
protocols. In Engineering Societies in the Agents
World VIII, LNAI, 2007. (To Appear).

[9] T. Miller and P. McBurney. Executable logic for
reasoning and annotation of first-class interac-
tion protocols. Technical Report ULCS-07-015,
University of Liverpool, Department of Com-
puter Science, 2007.

[10] T. Miller and P. McBurney. Using constraints
and process algebra for specification of first-
class agent interaction protocols. In G. O’Hare,
A. Ricci, M. O’Grady, and O. Dikenelli, editors,
Engineering Societies in the Agents World VII,
volume 4457 of LNAI, pages 245-264, 2007.

[11] B. C. Pierce. Types and programming languages.
MIT Press, Cambridge, MA, USA, 2002.

[12] D. Robertson. Multi-agent coordination as dis-
tributed logic programming. In Proceedings of
the International Conference on Logic Program-
ming, volume 3132 of LNCS, pages 416-430.
Springer, 2004.

[13] S. Schneider.
Palgrave, 2001.

[14] J. Spivey. The Z Notation: A Reference Manual.
Prentice Hall, 2nd edition, 1992.

[15] P. Yolum and M. P. Singh. Reasoning about
commitments in the event calculus: An approach
for specifying and executing protocols. Annals of
Mathematics and Al 42(1-3):227-253, 2004.

The B-Method: An Introduction.



