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Abstract

We introduce Agent Algebra as a general framework that can be used to include a wide variety of models
for concurrent systems. We introduce an ordering in the algebra to represent refinement in the model, and
study its relationships with respect to the operators of the algebra. In particular, we study the problem
of compositionality and provide an extension of the notion of monotonic function to the case of partial
functions. We then characterize the order in terms of a substitutability relation that we call conformance.
We relate the conformance order for each agent to its maximally compatible agent, called the mirror.

Given models for a plant, a controller and a specification, we often want to determine whether the
specification is satisfied by the composition of the plant and the controller. It is also common, given a plant
and a specification, to try to characterize all of the controllers that meet the above requirement. We give
sufficient conditions for constructing such characterizations in the framework of Agent Algebra, including
conditions to be met by the definitions of system composition and system refinement in the models.
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1 Introduction

This technical report describes some very general methods for constructing different models of concurrent
systems, and presents general results on compositional methods and refinement verification. We introduce
the notion of an agent algebra to formalize the model of a concurrent system. Agent algebra is a broad class
of models of computation. They developed out of our work on concurrency algebra, trace algebra and trace
structure algebra (2, 4, 5, 6], which builds on Dill’s work on circuit algebra and trace theory [8]. Through
trace structure algebra we have studied concepts, such as conservative approximations, that help clarify the
relationships between different models of computation. Agent algebra provides a simpler formalism for
describing and studying these concepts. The tradeoff is that agent algebra is more abstract and provides less
support for constructing models of computation.

An agent algebra (section 3) is a simple abstract algebra with three operations: parallel composition,
projection, and renaming. The three operations must satisfy certain axioms that formalize their intuitive
interpretation. The domain (or carrier) of an agent algebra is intended to represent a set of processes, or
agents. Any set can be the domain of an agent algebra if interpretations for parallel composition, projection
and renaming that satisfy the axioms can be defined over the set. In this document, whenever we define
an interpretation for these three operations, we always show that the interpretation forms an agent algebra,
which gives evidence that the interpretation makes intuitive sense.

Agent algebras can be constructed from other agent algebras by the usual devices of direct product,
disjoint sum and subalgebra (section 4). We introduce these constructions, and show that they effectively
yield new agent algebras. Direct products are useful for example to construct hybrid models and to provide
a sort of “signature specification” to a set of agents. The examples are not, however, included in these notes.

In verification and design-by-refinement methodologies a specification is a model of the design that em-
bodies all the possible implementation options. Each implementation of a specification is said to refine the
specification. In our framework, agent algebras may include a preorder on the agents that represents refine-
ment relationships (section 5). Proving that an implementation refines a specification is often a difficult task.
Most techniques decompose the problem into smaller ones that are simpler to handle and that produce the
desired result when combined. To make this approach feasible, the operations on the agents must be mono-
tonic with respect to the refinement order. In this document we extend the notion of monotonic function to
the case of partial functions, and show under what circumstances compositional verification techniques can
be applied.

Expressions can be defined in terms of the operators and the agents of an agent algebra (section 6). We
show that under certain conditions every expression can be transformed into an equivalent expression in a
particular normal form. The normal form is useful to deal with systems specified as complex interaction of
hierarchies, as it allows one to flatten the system to a single parallel composition. The normal form is also
important in obtaining closed form solutions to equations involving expressions on agents.

The order of an agent algebra can often be characterized in terms of substitutability as a conformance
relation (section 7). We introduce the definition of a conformance order by considering the effect of substi-
tuting an agent for another agent in every possible context. We parameterize the notion of substitutability
using a set of agents, called a conformance set. Conformance can be used to verify the order relationship
between agents. In these notes we introduce the notien of the mirror of an agent (section 8), which, together
with a conformance order, reduces the task of refinement verification to computing a parallel composition
and checking membership with the conformance set.

Substitutability in every context is often not required. The conformance order and the mirror function is
used with an agent algebra to formulate and to solve the problem of synthesizing a local specification subject



to a context (section 9). This construction, which is independent of the particular agent algebra considered, is
useful in developing synthesis techniques, and can be applied to solve problems such as supervisory control
synthesis, engineering changes, rectification and protocol conversion.

These notes include simple examples of agent algebras that deal essentially with the definition of the
interface of an agent in terms of its input and output signals. The examples are carried through the document
and provide a simple and more practical explanation of the theory developed in these notes. More complex
examples that include behavior models are also possible, based for instance on trace structure algebras
[2, 4, 5]. The full version of these notes will present these examples and will include a thorough treatment
of their conformance order and mirror function.

2 Preliminaries

The algebras we develop in this document have many characteristics in common. This section discusses
several of those characteristics.

Each of the algebras has a domain D which contains all of the objects under study for the algebra.
We borrow the term “domain” from the progamming language semantics literature; algebraists call D a
“carrier”.

Associated with each element of D is a set A of signals, called an alphabet. Signals are used to model
communication between elements of D. Typically signals serve as actions and/or state variables that are
shared between elements of D, but this need not be the case. Associated with each algebra is a master
alphabet. The alphabet of each agent must be a subset of the master alphabet. A master alphabet typically
plays the role of A in the following definition.

Definition 2.1. If A is a set, then A is an alphabet over A iff A cC A
We often make use of functions that are over some domain or master alphabet.

Definition 2.2. Let S be an arbitrary set. A function f of arity n is over S iff dom(f) C S™ and
codom(f) C S.

Definition 2.3. Let A and D be sets. A renaming operator over master alphabet A and over domain D
(written rename) is a total function such that

1. the domain of rename is the set of bijections over 4, and
2. the codomain of rename is the set of partial functions from D to D.

Definition 2.4. Let A and D be sets. A projection operator over master alphabet A and over domain D
(written proj) is a total function such that

1. the domain of proj is the set of alphabets over .4, and
2. the codomain of proj is the set of partial functions from D to D.

Definition 2.5. Let D be a set. A parallel composition operator over domain D (written a binary infix
operator ||) is a partial function over D such that

1. the domain of || is D x D, and



2. the codomain of || is D.

The codomain of the operators above are partial functions, and can therefore be undefined for certain
arguments. In the rest of this work, we often say that the operator itself is undefined, with the understanding
that it is the resulting partial function that really is undefined at a certain argument. In formulas, we use the
notation | to indicate that a function is defined at a particular argument, and 1 to indicate that it is undefined.

3 Agent Algebras

Informally, an agent algebra Q is composed of a domain D which contains the agents under study for the
algebra, and of the following operations on agents: parallel composition, projection and renaming. The
algebra also includes a master alphabet .4, and each agent is characterized by an alphabet A over A. All of
this is formalized in the following definitions. Throughout the document, equations are interpreted to imply
that the left hand side of the equation is defined iff the right hand side is defined, unless stated otherwise.

Definition 3.1. An agent algebra Q has a domain Q.D of agents, a master alphabet Q.A, and three oper-
ators: renaming (definition 2.3), projection (definition 2.4) and parallel composition (definition 2.5),
denoted by rename, proj and ||. The function Q.« associates with each element of D an alphabet A
over A. For any p in Q.D, we say that Q.a(p) is the alphabet of p.

The operators of projection, rename and parallel composition must satisfy the axioms given below,
where p and p' are elements of D, A = a(p), A’ = a(p’), B is an alphabet and r is a renaming
function.

Al. If proj(B)(p) is defined, then its alphabet is B N A.

A2. proj(A)(p) = p.

A3. If rename(r)(p) is defined, then A C dom(r) and a(rename(r)(p)) = r(A), where  is natu-
rally extended to sets.

Ad. rename(id 4)(p) = p.

AS. If p|| ¢/ is defined, then its alphabet is A U A'.
AG6. Parallel composition is associative.

A7. Parallel composition is commutative.

The operators have an intuitive correspondence with those of most models of concurrent systems. The
operation of renaming corresponds to the instantiation of an agent in a system. Note that since the renaming
function is required to be a bijection, renaming is prevented from altering the structure of the agent interface,
by for example “connecting” two signals together. Projection corresponds to hiding a set of signals. In
fact, the projection operator is here used to retain the set of signals that comes as an argument, and hide
the remaining signals in the agent. In that sense it corresponds to an operation of scoping. Finally, parallel
composition corresponds to the concurrent “execution” of two agents. It is possible to define other operators.
We prefer to work with a limited set and add operators only when they can’t be derived from existing ones.
The three operators presented here are sufficient for the scope of this work.



Al through A7 formalize the intuitive behavior of the operators and provide some general properties that
we want to be true regardless of the model of computation. These properties, together with the ones required
for normalization later in section 6, are at the basis of the results of this work.

As described in the above definition, an agent in an agent algebra contains information about what its
alphabet is. A simple example of an agent algebra Q can be constructed by having each agent be nothing
more than its alphabet, as follows.

Example 3.2 (Alphabet Algebra). For this example, the master alphabet Q. A is an arbitrary set of signal
names. The domain Q.D of the algebra is the set of all subsets of Q..4. The alphabet of any p in Q.D
is simply p itself. Thus, Q.« is the identity function. If = is a bijection over .4, then rename (")(p) is
defined whenever p C dom(r), in which case rename(r)(p) is r(A) (where r is naturally extended to
sets). If B is a subset of the master alphabet A, then proj(B)(p) is B N p. Finally, p || p’ is pU . It is
easy to show that A1 through A7 are satisfied.

On the opposite extreme from the previous example is an agent algebra where all the agents have an
empty alphabet. Later, we will show how such an agent algebra can be useful constructing more complex
agent algebras in terms of simpler ones.

Example 3.3. This agent algebra can be used to model some quantitative property of an agent, such as
maximum power dissipation. The master alphabet Q..A is an arbitrary set of signal names. The domain
Q.D of the algebra is the set of non-negative real numbers. For any pin Q.D, the alphabet of p is the
empty set. If r is a bijection over .A, then rename(r)(p) is p. Similarly, if B is a subset of .4, then
proj(B)(p) is p. Finally, p || p’ is p + p/. Again it is easy to show that the axioms are satisfied.

The agent algebra in example 3.3 illustrates a class of agent algebras which we call nonalphabetic, since
the agents in the algebra have empty alphabets and rename and proj are identity functions. This class is
formally defined as follows.

Definition 3.4. A nonalphabetic agent algebra Q is an agent algebra with the following properties for any
pin Q.D:

1. the alphabet of p is the empty set,
2. if r is a bijection over Q.A, then rename(r)(p) = p, and
3. if B is a subset of Q..A, then proj(B)(p) = p.

We can use agent algebras to describe the interface that agents expose to their environment, in terms of
the input and output signals. The following definitions provide some examples. For all of the examples, it
is straightforward to show that the axioms of agent algebras are satisfied. Also, for all algebras, the master
alphabet Q.A is an arbitrary set of signal names.

Example 3.5 (IO Agent Algebra). Consider the IO agent algebra Q defined as follows:

* Agents are of the form p = (I,0) where ] C Q. 4,0 C Q. Aand IN O = 0. The alphabet of p
isa(p) =TuoO.

* rename(r)(p) is defined whenever a(p) C dom(r). In that case rename(r)(p) = (r(I),r(0)),
where 7 is naturally extended to sets.



* proj(B)(p) is defined whenever I C B. In that case proj(B)(p) = (I,0 N B).
* p1 || p2 is defined whenever O; NO, = 0. In that case p; || p2 = (I3 U I3) — (01 UO03), 0, UOs).

For each agent in this algebra we distinguish between the set of the input signals and the set of the
output signals. Notice that parallel composition is defined only when the intersection of the output
signals of the agents being composed is empty. In other words, for this algebra we require that each
signal in the system be controlled by at most one agent. Notice also that it is impossible to hide input
signals. This is required to avoid the case where a signal is not part of the interface of an agent, but it
is also not controlled by any other agent (similarly to a floating wire).

In [8], Dill defines a slightly different notion of input and output algebra.
Example 3.6 (Dill’s I0 Agent Algebra). Consider the Dill’s IO agent algebra Q defined as follows:

* Agents are of the form p = (I,0) where I C Q.A4, O C Q.Aand I N O = . The alphabet of p
isa(p)=TUO.

* rename(r)(p) is defined whenever a(p) = dom(r). In that case rename(r)(p) = (r(I), r(0)).
* proj(B)(p) is defined whenever B C a(p) and I C B. In that case proj(B)(p) = (I,0 N B).
* 1| p2 is defined whenever O; N Oy = §. In that case p; || p2 = ((I; UIz) — (01U 03), 0, UOy).

The definitions are similar to those in example 3.5, except that the operators of renaming and projection
are less often defined. When defined, however, the operators coincide with those in example 3.5.

The above two examples are only concerned with the number and the names of the input and output
signals. This is appropriate for models that use signals as pure events. Sometimes signals are associated to
a set of values. Most models also include the ability to define a type for each signal, that restricts the set
of possible values that the signal can take. The following example is a formalization of a valued and typed
interface that builds upon example 3.5.

Example 3.7 (Typed 10 Agent Algebra). In this example we extend the IO agent algebra described in
example 3.5 to contain typing information. Let V' be a set of values and 2V be its powerset. The Typed
IO agent algebra Q is defined as follows:

¢ Agents are of the formp = f: Q.A — S where
S ={cy}u{(cr,v) : v €2V} U{(co,v): v C 2"}

where cy, ¢ and co are constants that denote unused, input and output signals, respectively. The
set v that is associated to an input or an output represents the range of values (i.e. the type) that the
signal can assume. The alphabet of pis a(p) = {a € Q.A: f(a) # cy}. Itis also conveniente to
defined the set of inputs, outputs and unused signals as follows:

inputs(p) = {a€ Q.A: f(a) € {c1} x 2"}
outputs(p) = {a€ Q.A: f(a) € {co} x 2"}
unused(p) = {a€ Q.A: f(a) =cy}

To simplify the notation we denote by f(a).c and f(a).v the components of f.
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* rename(r)(p) is defined whenever o(p) C dom(r). When defined, rename(r)(p) = g such that
foralla € Q.4

_ [ f(r~Ya)) ifr~1(a) is defined
9(a) = { cy otherw?se

* proj(B)(p) is defined whenever inputs(p) C B. When defined proj(B)(p) = g such that for all
ac€ QA

g(a):{ f(a) ifaeB

cu otherwise

* p|| 9’ is defined if

- outputs(p) N outputs(p') = 0;
- f(a).v C f'(a).v whenever f(a).c = co and f'(a).c = c;.
- f'(@).v C f(a).v whenever f'(a).c = co and f(a).c = c;.

When defined, p || p’ = g such that foralla € Q.A

fla) if f(a).c = co and f'(a).c # co

f'(a) if f'(a).c = co and f(a).c # co
g(a) =4 f(a) if f'(a).c=cy

f'(a) if f(a).c=cy

(c1, f(a).vn f'(a).v) if f(a).c=crand f'(a).c = ct

The definitions are again similar to those in example 3.5. However, the parallel composition operator
is restricted to be defined only if the range of values of an output signal is contained in the range of
values of the corresponding input signal. In addition, if a signal appears as an input in both agents, the
range of values for that input in the composition corresponds to the intersection of the original ranges,
so that only values consistent with both components can be used when composing with other agents.

4 Construction of Algebras

Several agent algebras can be combined to form a more complex algebra. A simple example of this is the
product of two algebras.

Definition 4.1 (Product). Let Q; and Q be agent algebras with the same master alphabet (i.e., ©;.4 =
Q3.A). The product of Q; and Q; (written Q; x Qy) is the agent algebra Q such that

1. QA= Q.4
2. Q.D=Q,.D x Q.D,
3. a{p1,p2)) = a(p1) U a(p2),

4. rename(r)({(p1,p2)) =  (rename(r)(p1),rename(r)(p2)) if both rename(r)(p;) and
rename(r)(pz2) are defined, otherwise it is undefined,
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5. proj(B)((p1,p2)) = (proj(B)(p1), proj(B)(p2)) if both proj(B)(p1) and proj(B)(pz) are de-
fined, otherwise it is undefined,

6. (p1,p2) || (P1,P2) = (p1 || P}, p2 || P3) if both py || P} and p; || p, are defined, otherwise it is
undefined.

In the product, each agent is a pair of agents, each from one of the original algebras. The operators are
defined component-wise. It is easy to prove that the product of two agent algebras is again an agent algebra.

Theorem 4.2. Let Q; and Q; be agent algebras, and let Q = Q; x Qs be their product. Then Q is an agent
algebra.

Proof: To prove the validity of the axioms simply apply the definitions and the basic commutative, distribu-
tive and associative properties of the operations involved. O

Products of algebras are useful to combine in one single model the information contained in two different
models.

Example 4.3. Recall the agent algebra examples in example 3.2 and example 3.3, which have domains of
24 and the non-negative real numbers, respectively. The cross product of these two agent algebras
combines the information of the two individual algebras.

A second example of construction is the disjoint sum of two algebras.

Definition 4.4 (Disjoint Sum). Let Q; and Q, be agent algebras with master alphabet A; = Q;.A4 and
Az = Qa.A, respectively. The disjoint sum of Q; and Qy (written Q; |} Qo) is the agent algebra Q
such that

1. QA= 01.Al Qs.A,
2. Q.D = Q,.Dly Q..D,

_J Qia(p) ifpe Q1.D
3. alp) = { Q.a(p) ifpe€ Qo.D

_ [ Qi.rename(r)(p) ifpe Q.D
4. rename(r)(p) = { Qy.rename(r)(p) ifp€ Qu.D

. _ | @i.proj(B)(p) ifpe Q1.D
. B0 = { PR hE oD

pQ:.|[p ifbothpe @;.Dandp’ € Q,.D
pllp =4 pQ.|lp’ ifbothpe Qo.Dandp’ € Qy.D
undefined otherwise

In a disjoint sum, two algebras are placed side by side in the same algebra. The agents of each algebra,
however, have no interaction with the agents of the other algebra. For this reason the rest of this work will
concentrate on products of algebras. Nonetheless, it is easy to show that the disjoint sum of agent algebras
is again an agent algebra.



Theorem 4.5. Let Q; and Q5 be agent algebras, and let Q = Q, |+ Q2 be their disjoint sum. Then Q is an
agent algebra.

If Q' is an agent algebra and D C D' is a subset of the agents that is closed in D' under the application
of the operators, then D can be used as the domain of a subalgebra Q of Q.

Definition 4.6 (Subalgebra). Let Q and Q' be agent algebras over the same master alphabet .A. Then Q is
called a subalgebra of Q', written Q C &', if and only if

1. QDC@.D

2. The operators of projection, renaming and parallel composition in Q are the restrictions to Q.D
of the operators of Q'.

Clearly, the above definition implies that Q.D is closed in Q’.D under the application of the operations of
agent algebra. Conversely, every subset of Q'.D that is closed under the application of the operations is the
domain of a subalgebra Q when the operators are the restriction to the subset of the corresponding operators
in Q'. The reason why Q is an agent algebra in that case follows from the fact that the axioms are valid in
the substructure, since Al to A7 are true of all agents in the superalgebra, and therefore must be true of all
agents in the subalgebra. The following is an interesting example of this fact.

Theorem 4.7. Let Q; and Q be agent algebras, and let Q' = Q; x Qs be their cross product. Consider
the subset S C Q'.D such that for all agents (p1,p2) € S, a(p1) = a(pz). Then S is closed in @'.D
under the operations of projection, renaming and paraliel composition.

Proof: Let p = (p1,p2) and ¢ = (g1, g2) be elements of S. The proof is composed of the following cases.
* If proj(B)(p) is defined then

peES
& ap1) = a(ps)
by Al
= a(proj(B)(p1)) = a(proj(B)(p2))
= proj(B)(p) = (proj(B)(p1), proj (B)(p2)) € S

* If rename(r)(p) is defined then

peES
& o(p1) = a(p2)
by A3
= o(rename(r)(p1)) = a(rename(r)(p2))
= rename(r)(p) = (rename(r)(p1), rename(r)(ps)) € S
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* If p|| g is defined then

PESAQES

< a(p1) = a(p2) A a(g1) = ags)
by AS

= a(p1 || @) = a(p2 || g2)
= plla=@mllq,r2llg2) €S

O

Since S is closed, the algebra Q that has the set S (the agent pairs that have the same alphabet) as the
domain, and the restriction to S of the operators of &', is a subalgebra of Q; x Q.

5 Ordered Agent Algebras

To study the concepts of refinement and conservative approximations, we can add a preorder or a partial
order to an agent algebra. The result is called a preordered agent algebra or a partially ordered agent
algebra, respectively.

We require that the functions in an ordered agent algebra be monotonic relative to the ordering. However,
since these are partial functions, this requires generalizing monotonicity to partial functions. The following
definition gives two different generalizations. Later we discuss which of these best suits our needs.

Definition 5.1. Let D; and D, be preordered sets. Let f be a partial function from D, to Ds. Let

D] = Dyu{T}
DQL = DyuU{l},

where T and L are not elements of Dp. The preorders over D] and Di are the extensions of the
preorder over D5 such that

PXTATZAp2
and
P22 LALXpy,

respectively, for every pp in Dp. Let fr and f) be the total functions from D; to D] and Dy,
respectively, such that for all p; in D,

_Jf(p1), if f(p1) is defined;
frip) = {T, otherwise;

_ ) f(p1), if f(p1) is defined;
falp) = {J., otherwise.

We say the function f is T-monotonic iff fT is monotonic. Analogously, the function f is .L-monotonic
iff f) is monotonic.

11



Recall that the formula p < p’ intuitively means that p can be substituted for p’ in any context. If p is
an undefined expression (such as might result from wpplying a partial function), intuitively it cannot not be
substituted for any other agent (except another undefined expression). Thus, an undefined expression should
be treated as a maximal element relative to the ordering. Therefore, we require that functions in ordered
agent algebras be T-monotonic.

Definition 5.2. A preordered (partially ordered) agent algebra is an agent algebra Q with a preorder
(partial order) Q. < such that for all alphabets B over Q.4 and all bijections  over Q.D, the partial
functions Q.rename(r), Q.proj(B) and Q.|| are T-monotonic. The preorder (partial order) Q. < is
called the agent order of Q.

Definition 5.3. Let Q be a preordered agent algebra. We define the relation “~” to be the equivalence
relation induced by the preorder “<”. That is

pRgepIqgAg2p.
Corollary 5.4. If Q be a partially ordered agent algebra, then
prqgep=q.

The parallel composition operator is the basis of compositional methods for both design and verification.
Monotonicity is required for these methods to work correctly. Henzinger et al. [7) propose to distinguish
between interface and component algebras. Corollary 5.6 below shows that because parallel composition
is T-monotonic in an ordered agent algebra, it supports an inference rule identical to the “compositional
design” rule for interface algebras. Similarly, component algebras have a “compositional verification” rule
that corresponds to L-monotonic functions. This suggests that the ordering of a component algebra cannot
be interpreted as indicating substitutability.

Theorem 5.5. Let f be a T-monotonic partial function. If p < p’ and f(p’) is defined, then f(p) is defined
and f(p) = f(p).

Proof: Let fr be as described in definition 5.1. Assume p < p’ and f (p') is defined. To show by contra-
diction that f(p) is defined, start by assuming otherwise. Then, f(p) is equal to T and fr(p') is not.
This leads to a contradiction since p < p’ and fr is monotonic. Also, since f(p) and f(p’ ) are defined,
it follows easily from the monotonicity of fr that f(p) < f(p'). O

Corollary 5.6. Let || be the composition function of a preordered agent algebra. If p; < pi, p2 < p) and
p1 || P is defined, then p, || p; is defined and p; || p2 < 7 || ph-

Proof: Since || is T-monotonic by the definition of a preordered agent algebra (definition 5.2), this is simply
specializing theorem 5.5 to a binary function. O

The rest of this section is devoted to examples. For each example we derive necessary conditions that
the order must satisfy in order for the operators to be T-monotonic. We then choose a particular order, and
show that the operators are in fact T-monotonic relative to the order.

Example 5.7 (Alphabet Algebra). Consi.er the alphabet agent algebra described in example 3.2. The
condition of T-monotonicity impose: restrictions on the kind of orders that can be employed in the
algebra. In this particular case, the order must be such that p < p only if p C p'.
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Theorem 5.8. Let < be an order for Q such that rename, proj and || are T-monotonic. Then p < p’
onlyifp C p'.

Proof: Let p < p’ and let r be a renaming function such that p’ = dom(r). Then rename(r)(p’) is
defined. Since rename is T-monotonic, also rename(r)(p) is defined. Therefore p C dom(r) =
p. O

The above result only provides a necessary condition on the order so that the operators are T-
monotonic. Any particular choice of order must still be shown to make the operators T-monotonic.
Consider, for instance, the order < that corresponds exactly to C, that is p < p' if and only if p C p'.
Then

Theorem 5.9. The operators rename, proj and || are T-monotonic with respect to C.
Proof: Letp C p'.

* Assume rename(r)(p’) is defined. Then p’ C dom(r). Thus, since p C p/, also p C dom(r),
so that rename(r)(p) is defined. In addition since 7 is a bijection and p C p’

rename(r)(p) = r(p) C r(p') = rename(r)(p")

* Let B be a subset of A. Then proj(B)(p’) and proj(B)(p) are both defined. In addition,
since p C p/,

proj(B)(p) = pN B C p' N B = proj(B)(p').
* Let g be an agent. Then p’ || g and p || ¢ are both defined. In addition since p C p’
rlla=pugcpug=yp|q

O

Example 5.10 (IO Agent Algebra). Consider the IO agent algebra Q defined in example 3.5. The require-
ment that the functions be T-monotonic places a corresponding requirement on the order that can be
defined in the algebra.

Theorem 5.11. Let < be an order for Q such that rename, proj and || are T-monotonic. Then p < p'
onlyifICI'and O = O'.

Proof: Letp < p'.

* We first prove that I C I’. Since I’ C I, then proj(I’)(p’) is defined. Since proj is T-
monotonic, then also proj(I’)(p) must be defined. Therefore it must be I C I'.

* We now prove that O C O’. Assume, by contradiction, that there exists o € O such that
o & O'. Consider ¢ = (O',I' U {0}). Then p' || q is defined because O’ N (I’ U {o}) = 0
since by hypothesis O’ N I' = @ and o ¢ O’. Since || is T-monotonic then also p || ¢ must
be defined. But then it must be O N (I’ U {0}) = O, which implies o0 € O, a contradiction.
Hence O C O'.
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* Finally we prove that O’ C O. Consider the agent ¢ = (O, I). Since by definition O'NI' =
@, then p’ || q is defined and
Pllg=(I'v0) - (0'ur),0'url')=(®,0ur).
Since || is T-monotonic, then also p || ¢ is defined and
pllg=(TU0) - (OuI)0UT).

Since || is T-monotonic it must be p || ¢ < p' || g. Since proj is T-monotonic, it must be

fuvo)y-(our)coe

Juo)y-(our)y=o

(Juo)c(our)
SinceICTI

o'coour)
SinceO'NI' =0

o co.

a

The converse is not true. That is, it is not the case that if < is an order for Q such that p < p' only
if I C I' and O =0’ then the operators rename, proj and || are T-monotonic. For example, assume
rename(r)(p') is defined. Then we can show that rename(r)(p) is defined. However, since we don’t
have sufficient conditions for the ordering, the hypothesis are insufficient to show that rename (r)(p) =%
rename(r)(p'). Similarly for the other functions in the algebra.

For the purpose of this example we choose the order < so that p < p’ if and only if I C I’ and
0=0'

Theorem 5.12. The functions rename, proj and || are T-monotonic with respect to <.
Proof: Letp <p'.

* Assume rename(r)(p’) is defined. Then A’ C dom(r). By hypothesis, A C A’, so that
A C dom(r). Therefore rename(r)(p) is defined. Since r is a bijection

ICT = r(I)crI')
0=0 = r(0)=r0)

Hence rename(r)(p) =< rename(r)(p’).

* Assume proj(B)(p') is defined. Then I’ C B. By hypothesis, I C I’, so that I C B.
Therefore proj(B)(p) is defined. In addition

ICr = ICTr
0=0 = ONB=0nNB.

Hence proj(B)(p) = proj(B)(p').
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* Assume p' || ¢ is defined, where ¢ = (I, O,). Then O’ N O, = 0. By hypothesis, O = O’ so
that O N O, = 0. Therefore p || q is defined. In addition

Plla = (I'Vlp)—(0'uU0,),0'u0,)
rllg = (Ul -(0UVO0,),0U0,)

Clearly since O = O’
OuUO0,=0'U0,.
Therefore, since I C I’
Hencep| g <7’ g.
O

Example 5.13 (Dill’s IO Agent Algebra). Consider now the Dill style IO agents described in example 3.6.

Because the rename operator has a further restriction that the domain of the renaming function r be
equal to the alphabet of the agent being renamed, the order that results in T-monotonic function is
completely determined. In particular

Theorem 5.14. Let < be an order for Q. Then rename, proj and || are T-monotonic with respect to <
if and only if for all agents p and p’, p < p' if and only if p = p'.

Proof: For the forward direction, assume = is an order such that the functions are T-monotonic. Let
p= (1.0) and p’ = (I’,0’) be two agents. Clearly, if p = p’, then p < p/, since < is reflexive.
Conversely, assume p < p’.

We first show that A = A’. Since dom(id o/) = A’ = a(p’), then rename(id 4/ )(¥’) is de-
fined. Since rename is T-monotonic, then also rename(id 4/)(p) is defined. Thus A = a(p) =
dom(id 4) = A'.

We then show that I C I'. Since I’ C A’ and I’ C I, then proj(I')(p) is defined. Since proj
is T-monotonic, then also proj(I’)(p) is defined. Thus I' C Aand I C I'.

Finally we show that I = I’ and O = O'. Since O' NI’ = §, then p’ || (O’, I) is defined. Since
|| is T-monotonic, then also p || (O’, I') is defined. Thus O N I’ = §. But since, by the above
arguments, OU T = O’ U I’ then I’ C I, and thus I = I’. Therefore it must also be O = O'.

For the reverse direction, we note than any function is T-monotonic on the discrete order. O

Thus for this example we must choose the order such that p < p’ if and only if I = I’ and O = O'.

Example 5.15 (Typed 10 Agent Algebra). Consider the Typed IO agent algebra Q defined in example 3.7.

As for 10 agents. T-monotonicity restricts the set of orders that can be applied to the algebra.

Theorem 5.16. Let < be an order for Q such that rename, proj and || are T-monotonic. Then p < p’
only if inputs(p) C inputs(p’) and outputs(p) = outputs(p'), and for all a € Q.A, if f(a).c = ¢;
then f(a).v 2 f'(a).v, and if f(a).c = co then f(a).v C f'(a).v.
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Proof: It is easy to adapt the proof of theorem 5.11 to show that p < p’ only if

inputs(p) C inputs(p’)
outputs(p) = outputs(p’)
To prove the rest of the theorem, let p < p’ and let g = f, be the agent such that forall a € Q.4

(co,v) if f'(a) = (c1,v)
fo@) =1 (e1,v) if f'(a) = (co,v)
cU otherwise

so that inputs(q) = outputs(p’) and outputs(q) = inputs(p'). Then clearly ' || ¢ is defined. Since
|| is T-monotonic, p || ¢ must also be defined. In fact, since outputs(p) = outputs(p’) we already
know that outputs(p) N outputs(q) = @. Assume now that a € Q.A and f(a).c = c;. Then
also f'(a).c = ¢y, and fy(a).c = co. Hence, since p || g is defined, f,(a).v C f(a).v. But
fq(a).v = f'(a).v, thus f(a).v 2 f'(a).v.

Similarly, assume that € Q.A and f(a).c = co. Then also f'(a).c = co, and f,(a).c =
cy. Hence, since p || g is defined, f(a).v C fy(a).v. But fy(a).v = f'(a).v, thus f(a).v C
f'(a).v. O

Given this result, we choose to order the Typed IO agents so that p < p’ if and only if inputs(p) C
inputs(p') and outputs(p) = outputs(p'), and forall « € Q. A, if a € inputs(p) then f(a).v 2 f'(a).v,
and if a € outputs(p) then f(a).v C f'(a).v.

Theorem 5.17. The operations of rename, proj and || are T-monotonic with respect to <.

Proof: The proof of this theorem is similar to the proof of theorem 5.12 and is left as an exercise. [

5.1 Construction of Algebras

In section 4 we have introduced several constructions used to create new algebras from existing ones. In this
section we extend those constructions to include the agent order.
The order in the product is the usual point-wise extension.

Definition 5.18 (Product - Order). Let Q; and Q, be ordered agent algebras with the same master alpha-
bet. The product of @ = Q; x Qs is defined as in definition 4.1 with the order such that

(p1,p2) = (P, P2) © p1 2 P} Ap2 < Ph.

Theorem 5.19. Let Q; and Qo be ordered agent algebras, and let Q = Q; x Q, be their product. Then Q
is an ordered agent algebra.

Proof: We must show that the operators are T-monotonic. Here we only show the case for projection, since
the other cases are similar.
Let (p1,p2) = (p},p3), and assume proj(B)((p},ph)) is defined. Then both proj(B)(p}) and
proj(B)(p5) are defined. By definition 5.18, since (p1,p2) < (p},ph), also p1 < P} and p; < p).
Thus, since proj is T-monotonic in Q; and Q», proj(B)(p;) and proj(B)(p2) are defined, and

proj(B)(p1) =X proj(B)(»1) A proj(B)(p2) = proj(B)(p5).
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Therefore, by definition 5.18, also proj(B)((p1, p2)) is defined and

proj(B)((p1,p2)) = proj(B)((p}, P2))-
Hence proj is T-monotonic in Q. (]
The order in the disjoint sum corresponds to the orders in the components.

Definition 5.20 (Disjoint Sum - Order). Let Q; and Q, be ordered agent algebras. The disjoint sum of
Q = Q; |4 Q5 is defined as in definition 4.4 with the order such that p < p’ if and only if either

p€Q1.DAP € Q1.DAp =g, P,
or
pE DAY e Q. DAp=g, 7.

Theorem 5.21. Let Q; and Qo be ordered agent algebras, and let Q = Q; |4 Q2 be their product. Then Q
is an ordered agent algebra.

The order in the subalgebra must correspond exactly to the order in the superalgebra.

Definition 5.22 (Subalgebra - Order). Let Q' be an ordered agent algebra. The agent algebra Q is a
subalgebra of Q' if and only if

* Qis a subalgebra of Q' (definition 4.6), and
« forall p,p’ € Q.D,p <o p'ifand only if p <o P'.
Theorem 5.23. Let Q' be an ordered agent algebra and let @ C Q'. Then Q is an ordered agent algebra.

6 Normalizable Agent Algebra

As is customary in the study of algebraic systems, we can define expressions in terms of the operators that
are defined in an agent algebra. In this section we define what it means for two agent expressions to be
equivalent and prove that every expression can be transformed into an equivalent expression in a specific
(normal) form.

Definition 6.1 (Agent Expressions). Let V' be a set of variables, and let Q be an agent algebra. The set of
agent expressions over Q is the least set & satisfying the following conditions:

Constant If p€ Q.D,thenp € €.

Variable If v € V, thenv € £.

Projection If E € £ and B is an alphabet, then. proj(B)(E) € €.
Renaming If E € £ and 7 is a renaming function, then rename(r)(E) € £.

Parallel Composition If £y € £ and E; € €, then E || E; € £.
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We denote by sub(E) the set of all subexpressions of E, including E.

Agent expressions have no binding constructs (e.g. quantifiers). Therefore every variable in an agent
expression is free. The set of free variables of an agent expressions can be defined by induction on the
structure of expressions as follows.

Definition 6.2 (Free variables). Let E be an agent expression over Q. The set FV (E) of free variables of

FEis

If E = p for some p € Q.D, then FV(E) = 0.

If E = v for some v € V then FV(E) = {v}.

* If E = proj(B)(E,) for some agent expression E; then FV(E) = FV(E;).

If E = rename(r)(E, ) for some agent expression E; then FV(E) = FV(E;).
If E = E, || E; for some agent expressions E; and E;, then FV(E) = FV(E;) UFV(Ey).

We call an expression that has no free variables a closed expression.

Intuitively, an agent expression represents a particular agent in the underlying agent algebra once the
variables have been given a value. Hence, to define the semantics of agent expressions we must first describe
an assignment to the variables.

Definition 6.3 (Assignment). Let Q be an agent algebra and let V be a set of variables. An assignment of
VonQisafunctiono:V — Q.D.

The denotation [ E'] of an expression E is a function that takes an assignment o and produces a particular
agent in the agent algebra. Note however that since the operators in the agent algebra are partial functions,
the denotation of an expression is also a partial function. The semantic function, the one that to each
expression E associates the denotation [ E ] is, of course, a total function.

Definition 6.4 (Expression Evaluation). Let T be the set of all assignments. The denotation of agent
expressions is given by the function [ — ]: £ +— X — Q.D defined for each assignment o € ¥ by the
following semantic equations:

IfE=pforsomep € Q.D,then [EJo =p.
If E =1 forsomev € Vthen [ EJo = o(v).

If E = proj(B)(E}) for some expression E; then [ E o = proj(B)([ E; Jo) if [ E1 1o is defined
and proj(B)(I E) )o) is defined. Otherwise [ E ]o is undefined.

If E = rename(r)(E;) for some expression E; then [ E lo = rename(r)([ E1 1o) if [ E1 Yo is
defined and rename(7)([ E; )o) is defined. Otherwise [ E Jo is undefined.

If E = E, || E: for some expressions E and E; then [ EJo = [ E; Jo || [ E2 Jo if both [ E; Jo
and [ E o are defined and [ E; Jo || [ E; Yo is defined. Otherwise [ E Jo is undefined.
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The following equivalent definition of expression evaluation highlights the fact that the semantic equa-
tions are syntax directed.

[plo = p
[vle = o()
[ proj(B)(E) 1o { IT’roj(B)(lEla) :f t[I|: eErJ::i and proj(B)(L E Jo))
[rename(r)(E)}o = {?Hme(r)([E]") fﬂfﬂ;imdrename(r)([E]a)l
[E || Exlo {%EllalllEzla i1y lol, (B lol and By o | LE2 oL

Since the semantic equations are syntax directed, the solution exists and is unique [12]). We extend the
semantic function to sets of expressions and sets of assignments as follows.

Definition 6.5. Let £ be a set of expressions and X’ a set of assignments. We denote the possible evaluations
of an expression in £ under an assignment in ¥’ as

[EXY' ={[E)g:E€fando €X'}

Clearly, the value of an agent expression depends only on the value assigned by the assignment o to the
free variables.

Lemma 6.6 (Coincidence Lemma). Let E be an expression, and let o and o3 be two assignments such
that for all v € FV(E), 01(v) = o2(v). Then

[Elo; =[E]os.

Since an agent expression involves only a finite number of free variables, we use the notation
Elvy, ..., vn] to denote that E has free variables v, . .., v,. In that case, we use the notation E[py, ... ,pp)
for [ E Jo where o(v;) = p; for 1 < ¢ < n. Note also that if an agent expression has no free variables its
value does not depend on the assignment o.

When an expression contains variables it is possible to substitute another expression for the variable. !

Definition 6.7 (Expression Substitution). Let Q be an agent algebra and let E and E’ be a agent ex-
pressions. The agent expression E” = E[v/E’] obtained by substituting E’ for v in E is defined by
induction on the structure of expressions as follows:

» If E = pfor some p € Q.D, then E” = p.

* If E=wforsomew € V,w # vthen E” = w.

* IfE=vthen E" = F'.

* If E = proj(B)(E) for some expression E then E” = proj(B)(E, [v/E']).

* If E = rename(r)(E; ) for some expression Ej then E” = rename(r)(E [v/E']).

'While it is possible to define the simultaneous substitution of several expression for several variables, we limit the exposition
to the single variable case to keep the notation simpler.

19



* If E = E, || E; for some expressions E; and E; then E” = E;[v/E'] || E3[v/E").

Expression substitution differs f-:m expression evaluation in that substitution is a syntactic operation that
returns a new expression, while evaluation is a semantic operation that returns a value. The two are related
by the following result.

Lemma 6.8 (Substitution Lemma). Let E;[v] and E5[v] be two expressions in the variable v. Then for all
agents p

E;[v/ Bz [vl]lp] = Er[Ex[p]]
We say that two expressions are equivalent if they have the same value for all possible assignments.

Definition 6.9 (Expression equivalence). Two expressions E; and E; are equivalent, written E; = Ej, if
and only if for all assignments o, [ E; Jo = [ E; ]o.

In particular the above definition implies that if two expressions are equivalent then they are defined or
undefined for exactly the same assignments. Notice also that because equivalence depends on the evalua-
tion of the expression, two expressions may be equivalent relative to one agent algebra and not equivalent
relative to another agent algebra. In other words, expression equivalence depends on the particular choice
of underlying agent algebra.

Sometimes it is convenient to consider only a subset of the possible assignments. In that case we talk
about equivalence modulo a set of assignments ¥’

Definition 6.10 (Expression equivalence modulo ='). Let X’ be a set of assignments. Two expressions
E; and E; are equivalent modulo ¥/, written F;, =5v Ej, if and only if for all assignments o € ¥/,
[Eilo=[E;])o.

We state the following results for expression equivalence only, but they extend to expression equivalence
modulo ¥’ in a straightforward way.
Lemma 6.11. Expression equivalence is an equivalence relation. -

Because the semantics of expressions is syntax directed, the value of an expression depends only on the
value of its subexpressions. Hence

Theorem 6.12. Expression equivalence is a congruence with respect to the operators of the agent algebra.

Proof: We show that if ) and E; are two agent expressions such that E; = Es, then for all alphabets
B, proj(B)(E1) = proj(B)(E3). The cases for rename and || are similar. The proof consists of the
following series of implications:

E1 = E2

by definition 6.9

<> forall assignments o, [Ey1 Jo = [ Ex o

= for all assignments o, proj(B)([ £1 1o) = proj(B)([ Ez )o)
by definition 6.4 3

< for all assignments o. [ proj(B)(E1) Yo = [ proj(B)(E>) 1o
by definition 6.9

< proj(B)(E1) = proj(B)(E2)
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Lemma 6.13. Let E be an agent expression and let £ be a subexpression of E. If E = E for some E/,
then E = E’, where E’ is obtained from E by replacing E with E'.

Proof: The proof is by induction on the structure of E. O

Equivalence is useful when we need to transform an expression into a form that is convenient for certain
applications. In that case, we want to make sure that the transformations do not change the meaning (the
semantics) of the expression. In this work we are particularly interested in a form where rename operator is
applied first, then followed by the parallel composition operator, and finally by the projection operator. We
call this the RCP normal form.

Definition 6.14 (RCP normal form). Let Q be an agent algebra and let £ be the set of expressions:
Eo={p:pecQD}U{v:veV}.

An agent expression E is said to be in RCP (i.e., rename, compose, project) normal form if it is of the
form

E = proj(A)(rename(r1)(E1) || - - - || rename(r,)(E»))
where A is an alphabet, 71, ..., 7, are renaming functions and E, ..., E, are expressions in &.

The RCP normal form is similar to the normal form Dill defined for circuit algebra expressions [8]. In
our case, however, we have extended the definition to expressions involving variables. This normal form
corresponds to flattening the hierarchy: all agents are first instantiated using the rename operator, and are
subsequently composed in parallel to form the entire system. The final projection is used to hide the internal
signals.

A variation on the above example includes an additional projection operation before the agents are com-
posed together. We restrict this normal form to expressions that do not involve variables, since we need to
account for the alphabet of each of the agents.

Definition 6.15 (PRCP normal form). Let py, ..., p,, with alphabets A, ..., An, respectively, be agents
in some agent algebra. An expression involving the operations of the agent algebra is said to be in
PRCP (i.e., project, rename, compose, project) normal form if it is of the form

proj(B)(rename (r1)(proj (B1)(p1)) || - - - || rename(rn)(proj(Bn)(ps))),
where for all 7,
B;=A;Nn(BUA U“-UA]'_IUAJ'.H U---UA,).

In PRCP normal form, any local signal is projected away before an agent is composed with the rest of
the system, where a local signal is one that is not in the alphabet of the expression (i.e., B) and is not in the
alphabet of any of the other agents in the system.

In the rest of this section we will concentrate on the RCP normal form, since we will need to solve
inequalities for variables in the application shown in section 9. In particular, we are interested in sufficient
conditions that an algebra must satisfy in order for all expressions to have an equivalent RCP normal form.
We will approach this problem in steps of increasing complexity. First we will consider expressions that
do not involve variables, i.e. closed expressions. In that case, the expression is either defined or undefined,
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a condition that greatly simplifies the search for the normal form. As a second step, we will consider
expressions where variables can only be assigned agents with a specific alphabet and that always make the
expression defined or not defined. This is a case that is interesting in practice, and that does not require
the stronger conditions of the general result. Finally we will explore a set of restrictions that are needed to
obtain an equivalent normal form in the general case. We will see that alphabets again play a major role,
and that they must be restricted in order for the appropriate renaming functions and projection operators to
exist. All of this is formalized in the following definitions and resuits.

Definition 6.16 (Closed-Normalizable Agent Algebra). Let Q be an agent algebra. We say that Q is a
closed-normalizable agent algebra if the renaming, projection parallel composition operators satisfy
the axioms given below, where p and p’ are elements of D and A = a(p) and A’ = a(p').

A8. If rename(r)(p) is defined, then it is equal to rename(r | A—r(a))(P)- 4
A9. rename(r’)(rename(r)(p)) = rename(r’ or)(p), if the left hand side of the equation is defined.
A10. If proj(B)(p) is defined, then it is equal to proj(B N A)(p).
A1l. proj(B)(proj(B')(p)) = proj(B N B')(p), if the left hand side of the equation is defined.
A12. If rename(r)(proj (B).(p)) is defined, then there exists a function ' such that

rename(r)(proj(B)(p)) = proj(r'(B))(rename (') (p)).
A13. If proj(B)(p) is defined, then there exists a function r such that r(4) N A’ C B and

proj(B)(p) = proj(B)(rename(r)(p))-

Ald. rename(r)(p || p') = rename(r | A—r(4))(P) || rename(r | A—r(an)) (), if the left hand side of
the equation is defined.

AlS. proj(B)(p || #) = proj(B N A)(p) || proj(B N A')(p'),if (AN A’) C B.

The axioms can be used to algebraically transform an expression into an equivalent RCP normal form, as
the next result shows. Technically, since we are considering only sufficient and not necessary conditions,
the term normalizable should apply to all agent algebras whose expression can be put in RCP normal form,
whether or not they satisfy the axioms. In practice, we restrict our attention to only algebras that do satisfy
the axioms for the purpose of normalization, and we therefore use the term to distinguish them from those
that do not. We will continue to use this convention for the rest of this document, including the more general
cases of normalizable agent algebras. '

Theorem 6.17 (Normal Form - Closed Expressions). Let Q be a closed-normalizable agent algebra, and
let E be a closed expression over Q. Then E is equivalent to an expression in RCP normal form.

Proof: Let E be a closed expression. If E is undefined, then E is equivalent to any undefined closed
expression in RCP normal form. If E is defined, then we construct an equivalent closed expression in
RCP normal form by induction on the structure of expressions.

* Assume E = p for some agent p € Q.D. Then E = proj(A)(rename(id 4)(p)) by A4 and A2.
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* Assume E = proj(B)(E;). Then, by induction, E; is equivalent to an expression Ef =
proj(B')(rename(ry)(p1) || - - - || rename(r,,)(p,)) in RCP normal form. Then

E = proj(B)(proj(B')(rename(r1)(p1) || - - - || rename(rn)(p)))
By All

= proj(B N B')(rename(r1)(p1) || - - - || rename(rs)(pn))

which is in RCP normal form.

* Assume E = rename(r)(E;). Then, by induction, E; is equivalent to E| =
proj(B)(rename(r1)(p1) || - - - || rename(ry,)(pyn)) in RCP normal form. Then
E = rename(r)(proj(B)(rename(r1)(p1) || - - - || rename(rn)(pr)))
By A12 there exists a renaming function 7’ such that
= proj(r'(B))(rename(r")(rename(r1)(p1) || - - - || rename (rn)(pn)))
By A6, Al4 and A3

= proj(r'(B))(rename(r' |r,(.41)_.r'(r, (Al)))(feﬂame r)@E) |-

| rename(r’ |, (4,)—r(rn(an))) (ren2ME (rn) (Pn)))
By A9

= proj(r'(B))(rename(r’ lr,(A,)-.r'(r, (A1) ° r)(p) |l ---
" rename(r' Irn(A,.)—br’(rn(A,,)) ° rﬂ)(pﬂ))
which is in RCP normal form.

* Assume E = E, || E;. Then, by induction, E; is equivalent to an RCP normal form E| =
proj(B1)(rename(ry1)(p11) || -« - || rename(rp1)(pn1)) and Ej is equivalent to an RCP normal
form Ej = proj(B;)(rename(r12)(p12) || - -- || rename (rq2)(pn2)). Let A, be the alphabet of
expression EY such that E] = proj(B;)(E}). We can assume, without loss of generality, that
By C A; and B, C Aj. By Al3 there exists a function ry such that 71 (4;) N A C B; and

proj(B1)(EY) = proj (B, )(rename(r1)(EY)).

Similarly, there exists a function r such that ro(Az2) N (A; Ur1(4;)) € By and
proj(Bz)(E3) = proj(B;)(rename(r3)(E3)).

By Al10

proj(B1)(EY) = proj(B) Nr1(A1))(rename(r1)(EY))
proj(B2)(Ey) = proj(Bs Nro(Az))(rename(r2)(E3))

Note that since r1(A;) N A2 C By, and since By C Ay, also 71(A4;) N By C Bj. Thus also
T1(A1) N B2 C By N71(Ay). Hence

(B1 U B») Nri(4;) = (B nrl(Al)) U (BQ nrl(Al)) = B; n’l"l(Al).
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Likewise, since ro(A2)N(A1Ur1(A1)) C Ba, also r5(A2)NA; C B and therefore ro(A2)NB; C
Bs. Thus ro(A2)NB; C ByN r2(A2). Hence

(Bl U Bg) N 1‘2(A2) = (Bl n 1'2(A2)) U(BaN 7‘2(A2)) =BsnN TQ(Ag).

Thus we have

proj(B1)(Ey) = proj((By U Bp) Nr1(A1))(rename(r1)(EY))
proj(Bz)(Ez) = proj((By U Bp) Nra(Az))(rename (r2)(EY))

Moreover, since r2(A2) N (A1 Ur1(A1)) © Ba, we also have r9(A2) N r1(A;) C B, so that
To(A2) N1y (A1) € By U Bs. Hence by A15

proj(B1)(EY) || proj(Bz)(E3) =
= proj((B1 U Bz) Nr1(A;))(rename(ry)(EY)) ||
proj((B1 U By) Nr2(Az))(rename(r2)(E3))
= proj(B1 U By)(rename(r1)(EY) || rename(r2)(E3))

By A9 and A6
rename(ry)(EY) = rename(r; o r1)(p11) || - - || rename(ry 0 Tp1(Pn1)
rename(r2)(E3) = rename(rg o r13)(p12) || - - - || rename(ry o rpa(pna)
which proves the result.

O

If we consider an expression that involves variables, the axioms of agent algebras and the axioms of
definition 6.16 may not be sufficient to ensure the existence of an equivalent normal form. Consider, for
example, the expression

E=nw.
We must find a renaming function r and an alphabet B such that
E = proj(B)(rename(r)(v)).

The axioms are insufficient for two reasons. In the first place, A4 and A2 ensure the existence of an appro-
priate renaming function r and alphabet B for each agent. However, the algebra must be such that the same
renaming function r and alphabet B can be used to construct an equivalent expression for all agents (or, at
least, for the subset of agents that are assigned to v). The same is true of all the axioms that for all agents
dictate the existence of a certain renaming function or alphabet. To make the algebra normalizable, the order
of the quantifiers of these axioms must be exchanged, thus strengthening the requirements.

Secondly, we have dealt with the problem of definedness in theorem 6.17 by deriving a different normal
form, according to whether the original closed expression is defined or not. However, unlike a closed
expression, an expression may be defined or not defined depending on the assignment to its variables. To
ensure equivalence, we must find an expression in normal form that is defined and not defined for exactly
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the same assignments. In the particular case above, since the expression £ = v is defined for all possible
assignments to v, we must find a renaming function r and an alphabet B such that proj(B)(rename(r)(v))
is also always defined. Consequently, we must strengthen the axioms in two ways: by first requiring that the
equalities that occur in the axioms are valid whether or not the left hand side is defined; and by introducing
additional assumptions on the definedness of the operators to ensure the existence of the normal form.

However, one case that requires minimal strengthening of the axioms, and that is of great practical interest,
is when variables are always assigned agents with the same alphabet, and such that the expression is always
defined or always not defined. This is, for instance, the case in [8).

Definition 6.18 (Alpha-Normalizable Agent Algebra). Let Q be a normalizable agent algebra. We say
that Q is alpha-normalizable if the renaming, projection and parallel composition operators satisfy the
following axioms:

A16. For all alphabets A there exists a renaming function 7’ such that for all agents p such that
a(p) = A, if rename(r)(proj(B)(p)) is defined, then

rename (r)(proj (B)(p)) = proj(r'(B))(rename(r')(p))-

A17. For all alphabets A there exists a renaming function r such that for all agents p such that a(p) =
A, if proj(B)(p) is defined, then 7(A) N A’ C B and

proj(B)(p) = proj(B)(rename(r)(p)).

Note that, as in definition 6.16, the axioms are stated directly in terms of the operators and the agents
of the algebra. However, by theorem 6.12, they can be used with expressions whenever every evaluation
(possibly restricted to a set of assignments ') of the expressions involved satisfies the requirements of the
axiom. In that case, the equality must be replaced by equivalence (possibly modulo X’). This remark applies
especially to the proofs of theorem 6.19 and theorem 6.25 below.

Theorem 6.19 (Normal Form - Same Alphabet). Let Q be an alpha-normalizable agent algebra. Let E
be an expression over Q and let &/ be a set of assignments such that for all 03,09 € ¥/, [ E )0, | if and
only if [ E'Jo2] and for all variables v, a(01(v)) = -@(o2(v)). Then E is equivalent modulo ¥’ to an
expression E’ in RCP normal form.

Proof: The proof is similar to the proof of theorem 6.17. In fact, the transformations in the induction are
the same and equally valid for every assignment (subject to the restrictions set forth in the statement of
the theorem) and therefore preserve the evaluation of the expression no matter what agents replaces the
variables. O

In general, an equivalent RCP normal form for an expression that involves unrestricted variables and
quantities does not exist. To see why, consider the following expression E:

E = proj(B)(p) || v-

To normalize this expression we must rename p so that the signals that are in its alphabet and that are not in
B do not conflict with the signals in v. The alphabet of v however depends on its assigned value. Thus, if we
assume that for each signal in the master alphabet Q.A there is an agent that has that signal in its alphabet,
then there exists no renaming function with the above property. One could avoid conflicts by renaming v by
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folding the master alphabet into a subset of itself (this can be done only if the master alphabet is infinite),
thus making the extra signals available for p. However, in general this changes the meaning of the expression
(since v now appears renamed without being guarded by a projection), thus making it difficult to obtain an
equivalent expression.

One could of course require that projection and parallel composition always commute. That, however,
would not only unduly restrict the kinds of models of computation that can be studied as agent algebras,
but, more importantly, would be contrary to the intuitive interpretation of the operations. Therefore, in the
absence of conditions specific to particular agent algebras, we must restrict the extent of the alphabets that
are used in the expression and in the assignments to the variables.

In the rest of this section we present sufficient conditions for the existence of an equivalent RCP normal
form for expressions involving variables. In particular, we are looking for restrictions on the alphabet of
agents while still maintaining full generality. This can be achieved by restricting the use of the master
alphabet to only a subset of the available signals, as long as the subset has the same cardinality as the whole
and still leaves enough signals available for the operations of renaming. As a consequence, the equivalence
will be modulo some set of assignments ¥/ that satisfies the restrictions.

In what follows we will make use of the following lemmas and definitions.

Lemma 6.20. Let Q be an agent algebra. Let E; and Es be two expression over Q and X' a set of assign-
ments such that Ey =5 E,. Then o[ 1 1¥') = o([ B2 1T).

Proof: Let a € o([ E11X’). Then there exists an assignment o € %' such that [Eido =panda € a(p).
But since By =y Ep, then also [ F2]o = p. Therefore a € a([ E21Y’). The reverse direction is
similar. O

Definition 6.21 (Small subset). Let W be a set and let B be a subset of W. We say that B is a small subset
of W, written B € W, if:

* W is infinite.
* The cardinality of the complement W — B is greater than or equal to the cardinality of B.
Lemma 6.22. Let X and Z be sets such that X € Z. Then there exists a set Y such that X €Y € Z.

Proof: Let Y] and Y2 be two subsets of Z — X of the same size such that Z — X = Y1 U Y5, and let
Y = X UY). Since Z — X is infinite, |Y;| = |Y2| = |Z — X|. Since |Z — X| > | X], also Y] 2 |1X|.
Therefore X € Y.

Since X € Y, |X| < |Y3]. Therefore, since Y = X UYj, |Y| = |Yi|. Therefore also Y2 = [Y].
HenceY eYUYs = Z. O

We now have the vocabulary to state and prove the main result of this section.

Definition 6.23 (Normalizable Agent Algebra). Let Q be an agent algebra. We say that Q is a normaliz-
able agent algebra if the renaming, projection and parallel composition operators satisfy the following
axioms:

A18. For all alphabets A there exists an alphabet B such that A C B and for all agents p such that
a(p) S A

p = rename(id g )(p).
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Al9.

A20.

A21.

A22,

A23.

A24.

A25.

For all alphabets B and agents p and for all alphabets A’ such that a(p) N A’ = 0
proj(B)(p) = proj(B U 4')(p).

For all alphabets B and B’, and for all agents p
proj(B)(proj (B')(p)) = proj(B N B')(p).

For all renaming functions r; and r and for all agents p
rename (71 )(rename(r2)(p)) = rename(r; o 2)(p)

where for all signals a,
(r1072)(a) = { ';1 (r2(a)) if ri(ra(a))l

otherwise.

For all renaming functions r and for all alphabets B there exist renaming functions =’ and
such that for all agents p

rename(r)(proj (B)(p)) = proj(r'(B))(rename(r")(p)).

For all alphabets B, for all alphabets A and for all alphabets A’ such that |(Q.A — A’) — B| >
|A — Bj there exists a renaming function r such that 7(A) N A’ C B and for all agents p such
that a(p) C A

proj(B)(p) = proj(B)(rename(r)(p)).
For all renaming functions r and for all agents p; and py
rename(r)(p || pz) = rename(r)(p1) || rename (r)(pz).
For all alphabets B and for all agents p; and p, such that a(p;) N a(p2) C B

proj(B)(p1 || p2) = proj(B)(p1) || proj(B)(pe).

Lemma 6.24. Let Q be a normalizable agent algebra. Then the following two statements are equivalent.

1. Qsatisfies A19, i.e. for all alphabets B and agents p and for all alphabets A’ such that a(p)N A’ =

0

proj(B)(p) = proj(B U A')(p).

2. for all alphabets B and agents p and for all alphabets A’ such that a(p) C A’

proj(B)(p) = proj(B N A')(p).
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Proof: For the forward implication, assume item 1 is true. Let B be an alphabet, p an agent and A’ an
alphabet such that a(p) C A’. Let K = BN A’ and J' = B — A’. Then’

a(p) C A
since JJNA' =9
& ap)NnJ' =0
by item 1

= proj(K)(p) = proj(K U J')(p)
© proj(BN A')(p) = proj((BN A') U (B - 4"))(p)
+  proj(B N A)(p) = proj(B)(p)
For the reverse implication, assume item 2 is true. Let B be an alphabet, p an agent and A’ an alphabet
such that a(p) N A’ = 0. Let K = BU A’ and J' = a(p) U B. Then
a(p) € J'
by item 2
= proj(K)(p) = proj(K N J')(p)
& proj(B U 4')(p) = proj((B U A') N (a(p) U B))(p)
& proj(B U A')(p) = proj((B N a(p)) U (BN B) U (A’ Na(p)) U (4’ N B))(p)
since BNa(p) C B,A'Na(p) =0and ANBCB
< proj(BU A')(p) = proj(B)(p)
O

The following theorem shows that in a normalizable agent algebra any expression can be turned into an
equivalent expression in RCP normal form when enough signals are available. The notation is simpler if we
assume that the expression does not contain constants. This assumption is without loss of generality, since
the case when an expression contains constants can be obtained by representing the constants with unique
variables and by considering only assignments that assign the corresponding constant to the variables.

Theorem 6.25 (Normal Form). Let Q be an agent algebra such that Q. A is infinite, and let E be an
expression over Q that does not involve constants. Let ¥’ be a set of assignments and W C Q.4 be
an alphabet such that ([ sub(E)JX') € W. Then E is equivalent modulo ¥’ to an expression E’ in
RCP normal form such that ([ sub(E’) J=’) C W. In addition, if a variable v appears k times in F,
then it appears & times in E’.

Proof: The proof uses the following result.

Lemma 6.26. Let E' = rename(r)(v1)||- - -||rename(r,,)(v,) be an expression such that o([ E]X') =
A. Then
rename(r)(E) =s rename(r o r1)(v1) || - - - || rename(r o r,) (vy)

and both o([ rename(r)(E) 1X') = r(A) and for all ¢, a([ rename(r o 7;)(v;) 1Z') C r(A).
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Proof: By A6 and A24

rename(r)(E) =5 rename(r)(rename(ry)(v1)) || - - - || rename(r)(rename(ry,)(vy)),
and by A21
rename(r)(E) =y rename(r o r1)(v1) || - - - || rename(r o 7, )(vn).

Since o([ E1Y') = A, and by AS, for all 4, o([ rename(r;)(v;) JZ') C A. Therefore by A3,
o[ rename(r)(E) 1X’) = r(A) and for all i, a([ rename(r o ;) (v;) 1Z') C r(A). O

The proof is by induction on the structure of expressions.

* Let E = v. Let A = o[ E1X'). By A18 there exists an alphabet B such that A C B and for all
p such that a(p) C A

p = rename(id g)(p).

Let now o € ¥’ be an assignment. Then by definition 6.4
[vle = o(v)
Since a(o(v)) C A
= rename(id g)(o(v))
by A2, since a(o(v)) = a(rename(id g)(c(v)))
= proj(e(o(v)))(rename (id g)(o(v)))
by A19, since a(c(v)) N A C a(o(v))
= proj(A)(rename(id g)(c(v)))
by definition 6.4
= [ proj(A)(rename(id )(v)) lo.

Thus by definition 6.10
r =y proj(A)(rename(idg)(v)) = E’

which is in RCP normal form.

By inspection

sub(E") = {v, rename(id g)(v), proj (A)(rename(id g)(v))}.
By hypothesis,

ol r1S) = ACW.
Since v =y rename(id g)(v), by lemma 6.20

a(l rename(idg)(v) 1T ) = AC W.
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Since v =5 proj(A)(rename(id g)(v)), by lemma 6.20
a([ proj(A)(rename(idg)(v)) 1) = AC W.

Therefore, o[ sub(E') JZ') C W.
By inspection, if a variable v appears k times in E, it appears k times in the normal form.

Let E = proj(B)(E)).

By hypothesis, a([ sub(E) 1Z') € W. Then, since sub(E;) C sub(E), also ([ sub(E;)1%') €
W. Then, by induction, E) is equivalent to an expression E{ in RCP normal form

E} = proj(B')(rename(r1)(v1) || - - - || rename (ry)(vn))
and o[ sub(E7)1X') C W. Then by theorem 6.12
E =y proj(B)(proj(B')(rename (r1)(v1) || - - - || rename(ry,)(vs))).

By A20, E is equivalent modulo ¥’ to an expression E’

E =y E' = proj(B N B')(rename(r1)(vy) || - - - || rename(ry,)(v))
which is in RCP normal form.
Let

EY = rename(r1)(v1) || - - - | rename (rs)(vn).
Then

sub(E") = {E'} U sub(EY).

Since by hypothesis o([ E1Z’) C W, and since E =5/ E’, by lemma 6.20
a([E')Z)CcW.

Since sub(EY) C sub(E}), and since o([ E} 1Z') C W,
a([ sub(E}) 1) C W.

Therefore, a([ sub(E')]Z') C W.

In addition, if a variable v appears k times in E, it appears k times in E;, and therefore, by
induction, it appears k times in £ and in the final normal form.

Let E = rename(r)(E1).

By hypothesis, a(I sub(E) 1X') € W. Then, since sub(E;) C sub(E), also o([ sub(E;)I1Z') €
W. Then by induction E) is equivalent to an expression E} in RCP normal form

Ey = proj(B')(rename(r1)(v1) || - - || rename(r»)(vn))
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and o([ sub(E}) 1) C W.
Let EY = rename(r;)(v1) || - - - || rename(r,,)(vy,). Then, by theorem 6.12

E =3 rename(r)(proj(B')(EY)).
By A22 there exist renaming function 7’ and 7" such that
E =y proj(r'(B’))(rename(r")(EY)).

Let now A = o[ rename(r")(E7{) 1X’) and B = »/(B’) N A. Since a([ EJX’) € W, by Al and
lemma 6.20 also B € W. By lemma 6.24

E =y proj(B)(rename(r")(EY))-

Letnow A’ = Q. A—W. Then (Q.A— A’) — B = W — B. Note that 7" is a bijection, and for any
assignment o € X', if [ rename(r”)(EY) Jo is defined then also [ EY Jo is defined. Thus, since
o([ETIZ') € W, |A| = |o(l rename(r")(E})1Z')| < |a(I EY1Z')| < |W|. Hence, since
B C Wand B C A, |W — B| > |A — B|. Therefore, by A23 there exists a renaming function
" such that "/ (A) N A’ C B and

E =g proj(B)(rename(r"')(rename (r")(EY))).
By A2l

E =y proj(B)(rename(r" o r")(EY)).
By lemma 6.26

E =y E' = proj(r'(B))(rename(r"” o " o 71 )(v1) || - - - || rename(r™ o 7" 0 7,)(vn))

which is in RCP normal form.

By inspection

sub(E') = {v1,...,v,}U

= U {rename(r" or” ory)(v1),...,rename(r"” o r" o r,,)(vp)} U
= U {rename(r" or" or1)(v1) || - - - || rename(r" o 1" 0 ) (vn) } U
U{E}

Since for all ¢, v; € sub(E1), and since a([ sub(E})1Z) C W,

a(l {vi,..., v} 1Z) C W.

Note that "/(A) N A’ C B implies 7'"(A) C W. Therefore by lemma 6.26

o(l {rename(r" o " o 71)(v1), . .., rename(r" o 7" 0 7,) (vn) } IZ') C +"(A) C W
o(l rename (" o " o r1)(vy) || - - - || rename (r" o 7 0 7,) (v,) IZ') C " (A) C W.
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Since by hypothesis a([ E1X') C W, and since E =5 E', by lemma 6.20
c(lE'IZ)CcW.

Therefore, o[ sub(E')1Z') C W.

In addition, if a variable v appears k times in E, it appears k times in E;, and therefore, by
induction, it appears k times in E] and in the final normal form.

Let E = E; “ Es.
Let A = o([EIZ).

Since by hypothesis A € W, by lemma 6.22, there exists an alphabet X such that A € X and
XeWw.

Then, since sub(E;) C sub(E) and sub(E;) C sub(E), also o([E11X') € X and
([ E21¥') € X. Then, by induction, E) and E; are equivalent to expressions Ej{ and Ej; in
RCP normal form

Ey = proj(B})(rename(ry,1)(v1,1) || - - - || rename(ry ) (v1,0))
E; = proj(B3)(rename(rs,1)(v2,1) || - - - || rename (ro m)(va,m))

and o([ sub(E})1X') C X and o[ sub(E})1T') C X.

Let
EY = rename(ry,1)(v1,) || - || rename(ry,5)(v1,n)
Al = a(lEVIZ)
By = B;nA’ll
E; = rename(ra,)(va,1) || --- || rename (ram)(va,m)
Ay = o(lEJIY)
B, = BynA;

Then by theorem 6.12 and lemma 6.24

E} =y proj(B)(EY)
E, =y proj(By)(Ey

Since .\ € 11", by lemma 6.22 there exists an alphabet Y suchthat X € Y and Y € W.

Let A} = QA-(IW-Y)and 4 = QA— (Y — X). Clearly since X € Y € W and A} C X,
W =Y] > Y| > |X| > |Af|. Therefore, since B C Y, |(Q.A-A})~By| = |[(W-Y)-B;| =
W= Y| 2 4] - Bil.

Similarly |} — X| > |X]| > |A}|. Therefore, since By C X, |[(Q.A — A}) — By| = |(Y — X) -
Byl =Y - X| > |4} — By
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Therefore, by A23 there exist renaming functions rj and rj such that v (A7)N A} C By, rj(A%)N
A’2 Cc Bg and

E{ =g proj(B:)(rename(r})(EY))

E; =y proj(B)(rename(r})(E3))
By definition, B, C X C A} and o[ rename(r))(E{)1Z') = r|(AY), therefore
since 71(A]) N A} C By, also r}(c(l rename(r})(EY)1Z')) N By C B;. Similarly,
r9(a(l rename(r})(EY) 1Z')) N By C B,. Therefore by A19, denoting B = B; U B,

Ey =5 proj(B)(rename(r})(EY))

E; =s proj(B)(rename(r})(E3))
By the previous definitions of([rename(r)(EY)1X') €€ B; U (W - Y), and
ol rename(r5)(E3)1X') € By U (Y — X). In addition, since (W —Y)N (Y — X) = 0,

(B1U(W =Y))n (B U (Y — X)) = BiNn By C B. Hence o[ rename(r})(E})1Z') N
af[ rename(r5)(E4) 1X’) C B. Therefore, by A25

E =z proj(B)(rename(r1)(EY) || rename(ry)(E3)).

By lemma 6.26
rename(r1)(EY) =5 rename(ry ory1)(vi,1) || - - || rename(r] o 71 5)(v1,)
rename(r5)(E3) =y rename(ry oro1)(va,1) | - - - || rename(rh 0 72,1) (v2,1m)-
Therefore by theorem 6.12
E =5 E' = proj(B)(rename(r] ory1)(v1,1) || -+ || rename(r} o r1.5)(v1,0) ||

|| rename(ry 0 79,1)(va,1) | - - - || rename(ry o r9,m) (va,m))
whieh is in RCP normal form.

By inspection

SUb(E’) = {vl,h . ,vl_n} U
= U{'vz,l,...,‘vgym}U
= U {rename(r] o ry11)(v1,1), ..., rename(ry o ro m)(va,m)} U
= U {rename(rj ory)(v1,1) |- - || rename(r} o r9.m)(v2,m)} U
= U{E'}
Since for all 4, vy ; € sub(E}), and since ([ sub(E})1Z') C W,
([ {v1,1,...,v1,2} 1) CW.

Similarly

a([ {'02‘1, oo 9v2,m} ]2,) cw.
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Note that ] (A7) N A} € B implies r{(A]) C W, since Q.A— W C A} and B, C A/ C W.

Therefore by lemma 6.26
o(l {rename(r} or1,1)(v1,1), .. ., rename(r} 0 71,,) (v1,2)} 1) C (A7) S W
o([ rename(r} or1,1)(v1,1) || - - - || remame(r] 0 71,2)(v1,0) 1T') € r}(A]) W
Similarly

a([ {rename(ry o r91)(v2,1), - - - , rename(rh o Tom)(V2,m)}1Z) Cro(A3) C W
o[ rename(ry 0 r2,1)(v2,1) || - - || rename(r5 o 72,m) (va,m) 1Z') C 75(A%) C W

Since by hypothesis ([ E1Z’) C W, and since E =5 E’, by lemma 6.20
o([E']Z) CW.

Therefore, a([ sub(E')1Z') C W.

In addition, assume a variable appears m times in E. Then it appears j times in E; and k times in
Ej5 such that m = j + k. By induction, it appears j times in Ej} and k times in EY, and therefore
it appears j + k times in the final normal form.

a
The rest of this section is devoted to proving the validity of some of the axioms for a few examples.

Example 6.27 (Alphabet Algebra). The alphabet agent algebra Q described in example 5.7 is a normaliz-
able agent algebra. Here we show that A23 is satisfied.

Lemma 6.28. Q satisfies A23.

Proof: Let B, A and A’ be alphabets over Q such that |(Q.A— A’)— B| > |A— B|. Let ":(A-B)—
(@.A — A’) — B be any injection from A — Bto Q.A — A’ — B. The injection exists because of
the assumption on the cardinality of the sets. Then define an injection 7 : A — Q.A as follows:

r(a) = '(a) ifa€ A-B
“ | ida(a) otherwise

Then if p is an agent such that a(p) C A, and restricting the codomain of r to (A),

proj(B)(p) = BnNa(p)
= Bnr(a(p))
= proj(B)(rename(r)(p)).
Therefore A23 is satisfied. - O

Example 6.29 (IO Agent Algebra). The IO agent algebra Q described in example 5.10 is normalizable.
Here we show that A25 is satisfied.

Lemma 6.30. Q satisfies A25.
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Proof: Let B be an alphabet and let p; and p, be two agents such that a(p1) Na(py) C B. Assume

proj(B)(p1 || p2) is defined. Then by definition (I; U I) — (O; U Og) C B. We now show that
I, C B. Leti € I be a signal. Then by definition i ¢ O;. Assume i & O,. Then i € (hul) -
(01 U Os) and therefore i € B. On the other hand, assume i € O,. Then i € a(p;) N a(p2).
Therefore ¢ € B. Hence I} C B. Similarly, I, C B. Therefore proj(B)(p1) || proj(B)(p2) is
defined. In addition

proj(B)(p1 || p2) = ((I1 U I2) — (01 U 03), (01 U O3) N B)

proj(B)(p1) || proj(B)(p2) = (I U I3) — ((01 U O03) N B), (01 UO2) N B)
Clearly

(VL) = (01U 0;) C (VD) - ((O1UO2) N B).

Letnow i € (I UI3) — ((O1 U O2) N B). Then eitheri € I; ori € I (or both). If i € I
theni ¢ Oy and i € O N B. If i € Oy, then ¢ € a(p1) N a(p2) and therefore i € B. But then
i € Oz N B, a contradiction. Hence ¢ € Oy. Then i € (I) U I3) — (O} U Os). Similarly if ¢ € I.
Therefore

(I1 UI2) - ((01 U02) ﬂB) = (I1 UIg) - (01 U02)
and

proj (B)(p1 || p2) = proj(B)(p1) || proj(B)(pz)-

Assume now proj(B)(p; || p2) is not defined. Then there exists i € (I; U I2) — (01 U O5) such
that ¢ ¢ B. But then either ¢ € I; or i € I, and therefore either I; € B or Iy € B. Hence
either proj(B)(p1) or proj(B)(p2) (or both) is undefined. Therefore proj(B)(p1) || proj(B)(p2)
is undefined. O

Example 6.31 (Dill’s IO Agent Algebra). The Dill’s style IO agent algebra Q described in example 5.13

7

is not normalizable. In fact, it does not satisfy A18. The IO agent algebra described in example 6.29 is
a generalization of Q that is normalizable.

However, Dill’s style IO agent algebra is closed-normalizable, as described in [8]. It is also alpha-
normalizable when the variable is restricted to assuming always the same value. If the algebra is used
in isolation, this is obviously too restrictive for alpha-normalization to be of interest. However this is a
useful property when used together with an appropriate behavior model for which alpha-normalization
is non-trivial.

Conformance

Let p and p’ be two agents in an ordered agent algebra. Intuitively, if we interpret the order as refinement,
if p < p’ then p can be substituted for p’ in every context in which p’ occurs. If this is the case we say
that p conforms to p'. In this section we make this notion of substitutability precise. In our formalization,
conformance is parameterized by a set of agents G, called a conformance set, and we only require that for p
to conform to p/, p can be substituted for p’ for all contexts that evaluate in G. Intuitively, the set G identifies
the set of contexts that “make sense” for a certain agent. The remaining contexts, which are of no interest
for substitutability, are therefore ignored.
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Conformance can be made more general by explicitly considering only a subset of the possible contexts.
We call this notion relative conformance. In this section we will study these generalizations, and show the
conditions under which relative conformance corresponds to conformance. We are particularly interested in
composition contexts, also called environments, which are limited to the parallel composition with a single
agent. Composition contexts will be the basis for studying mirror functions in the next section.

The concept of the context of an agent in a system plays a central role in the definition of conformance.
It can be formalized using agent expressions.

Definition 7.1 (Expression Context). An expression context E[3] is an expression with one free variable.

An expression context may or may not be defined depending on the agent that replaces the free variable.
However, the property of T-monotonicity of the operators of an ordered agent algebra transfers to expression
contexts, as well.

Theorem 7.2. Let Q be an ordered agent algebra and p € Q.D and ¢’ € Q.D be two agents such that
p = p'. For all expression contexts E[8], if E[p'] is defined then E[p) is also defined and E[p] < E[p’ )-

Proof: The proof is by induction on the structure of the expression context.
* If E[B] = q or E[§] = §3 then the result follows directly from the hypothesis.

* Let E[8] = rename(r)(E'[f]) and assume E[p'] is defined. Then also E'[p'] is defined. By
induction hypothesis E’[p] is defined and E'[p] < E'[p']. Since rename(r)(E'[p]) is de-
fined and rename is T-monotonic, then rename(r)(E'[p]) is defined and rename(r)(E’ [p]) =
rename(r)(E'[p']).

* Let E[B] = proj(B)(E'[A]) and assume E[p'] is defined. Then also E’ [¢'] is defined. By induction
hypothesis E’[p] is defined and E'[p] < E'[p']. Since proj(B)(E'[p]) is defined and proj is T-
monotonic, then proj (B)(E’[p]) is defined and proj(B)(E’[p]) < proj(B)(E' [P')-

* Let E[] = E[f)] || E»[B) and assume E[p'] is defined. Then also E, [¢'] and E;[p] are defined.
By induction hypothesis E, [p] is defined and Ej[p] < E[p]. Similarly, E[p] is defined and
Exslp] X E,[p). Since E1[p'] || E,p] is defined and || is T-monotonic, then E1[p] || Ex[p] is also
defined and E; [p] || E2[p'] < E1[p']|| E2[p'). Similarly we conclude E; [p] || E» [r] = Ex[p) || E2[p')
and therefore since < is transitive E; [p] || Ez[p] < E1[p'] || Ez[p).

a

An ordered agent algebra Q has a conformance order parameterized by a set of agents G when the order
corresponds to substitutability in the following sense.

Definition 7.3 (Conformance Order). Let Q be an ordered agent algebra and let G be a set of agents of
Q. We say Q has a G-conformance order if and only if for all agents p and p/, p < p! if and only if for
all expression contexts E, if E[p’] € G then E[p] € G.

The implication in this definition is strong in the sense that if E[p'] € G, then E[p] must be defined (and
be a member of G).
Each set of agents G induces a particular order, whether or not the algebra has a G-conformance order.

Definition 7.4. Let Q be an agent algebra and let G be a set of agents of Q. We define Q.conf (G) to be the
agent algebra that is identical to Q except that it has a G-conformance order.
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We denote the order of Q.conf(G) with the symbol < and we say that G induces the order <¢. In the
rest of this section we will study some of the properties of Q.conf(G). In particular we are interested in
characterizing when Q.conf(G) is an ordered agent algebra (i.e. the operators of projection, renaming and
parallel composition are T-monotonic) and when Q has a G-conformance order,

Lemma 7.5. Let Q be an ordered agent algebra and let G be a subset of Q.D. Consider the agent algebras
Q.conf(G) and Q.conf(D). Then Q.conf(G) is an ordered agent algebra if and only if for all agents
pandp/,

p=2c?P=>p=pp.

Proof: To show that Q.conf(G) is an ordered agent algebra, we need only show that its renaming, projec-
tion and parallel composition operators are T-monotonic relative to its agent ordering. We prove the
projection case (the others are similar).

Let p and p’ be two agents such that p <¢ p’. We must show that if proj(B)(p’) is defined, then

proj(B)(p) is defined, and proj(B)(p) = proj(B)(#').

Since p <¢ ', by hypothesis, p <p p’. Therefore, by definition 7.3, for all expression contexts E, if
E[p'] € D then E[p] € D. That s, if E[p'] is defined, then Elp] is defined. Hence, if E = proj(B)(8),
if proj (B)(p') is defined then proj(B)(p) is defined.

Let now E[f] be an expression context. We want to show that if Efproj(B)(p')] € G, then
E[proj(B)(p)] € G. By lemma 6.8

Elproj(B)(p")] = Elproj (B)(8")[p']] = E[B/proj (B)(B)][r']-
Let now E' = E[f/proj(B)(8)]. Then

Elproj(B)(p)) € G
= E'pleG
= E'[pleG
= Elproj(B)(p)] € G
Therefore, by definition 7.3

proj(B)(p) =¢ proj(B)(p’).

Hence, the projection operator is T-monotonic relative to <g.

Conversely, assume the operators are T-monotonic relative to <¢ and let p and p’ be two agents
such that p <¢ p’. Then, by theorem 7.2, for all expression contexts E, if E[p'] is defined, then E[p] is
defined. Hence, if E[p] € D, then E[p] € D. Therefore, by definition 7.3, p <p p’. O

Corollary 7.6. Let Q be an ordered agent algebra. Then Q.conf(D) is an ordered agent algebra.

Although G can be any arbitrary set of agents, G must be downward closed relative to Q. < in order for
Q to have a G-conformance order.

Theorem 7.7. Let O be an agent algebra and let G be a set of agents. Then G is downward closed relative
to <g.
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Proof: Letp’ € G and let p <¢ p'. Consider the expression context E = (3. Then clearly E[p] € G. But
then, by definition 7.3, since p <¢ p/, also E[p] = p € G. Therefore G is downward closed. O

Corollary 7.8. Let Q be an ordered agent algebra. If Q has a G-conformance order, then G is downward
closed relative to Q. <.

In the following we will explore the relationships between the order of Q and the orders induced by
various conformance sets.

Theorem 7.9. Let Q be an ordered agent algebra and let G be a downward closed set of agents. Then
P=g=>p=cq

Proof: Since p < q and the operators are T-monotonic, then by theorem 7.2 for all expression contexts E,
if E(q] is defined then E[p] is defined. In addition, E[p] < E[g]. Assume now that Elg] € G. Then,
since G is downward closed, also E[p] € G. Therefore p <¢ g. O

Notice that if G is downward closed, then the forward implication in definition 7.3 follows from theo-
rem 7.9. If Q has a G-conformance order then the order is weak enough to ensure that the reverse implication
also holds.

Corollary 7.10. If Q has a G-conformance order, then Q and Q.conf| (G) are identical agent algebras.

The set of all agents D plays a special role, since it is always downward closed, no matter what order the
agent algebra may have, and the order it induces always makes the operators T-monotonic. The following
theorem shows that given an agent algebra Q, the ordered agent algebra Q.conf(D) has the weakest order
that makes the operators T-monotonic.

Corollary 7.11. Let Q be an ordered agent algebra. Then
P2qg=>p=pgq.
Proof: The result follows from theorem 7.9, since D is always downward closed. a

Since the discrete order (i.e. the order such that p < p’ if and only if p = p’) also makes the operator
T-monotonic, any order of an ordered agent algebra is bounded by the discrete order and by <p.

The following results show that if Q has the weakest conformance order (i.e. @ = Q.conf(D)), then any
downward closed set of agents characterizes the order.

Corollary 7.12. Let Q be an ordered agent algebra and let G be a downward closed set of agents such that
Q = Q.conf(G). Then

P=2¢9=>p=3Dg.

Proof: Since Q is an ordered agent algebra, and Q = Q.conf(G), also Q.conf(G) is an ordered agent
algebra. Then the result follows from corollary 7.11. O

Corollary 7.13. Let Q be an ordered agent algebra such that Q = Q.conf (D), and let G be a downward
closed set of agents such that Q.conf(G) is an ordered agent algebra. Then Q = Q.conf (G).
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Proof: Let p and p’ be two agents such that p < p’. The proof is composed of the following series of
implications.

p3p
by theorem 7.9
= pZcy
by corollary 7.12
= p=pp
since Q = Q.conf(D)
= pxp
0

These results show that, in general, an ordered agent algebra Q can be characterized by several confor-
mance sets. The particular choice of G influences the complexity of verifying the conformance relation, as
we will see in the next few sections when we introduce relative conformance and mirror functions.

Note also that Q.conf(G) is not necessarily an agent algebra, in the sense that the operators may not be
T-monotonic relative to the agent ordering, even if they are T-monotonic relative to the original ordering
(see lemma 7.5). This is in practice not a problem, since we typically start from an ordered agent algebra,
and then characterize its order in terms of a conformance set. In that case, since @ = Q.conf(G), also
Q.conf(G) is an ordered agent algebra.

7.1 Relative Conformance

In definition 7.3, conformance is defined in terms of all expression contexts. More in general, we can define
conformance relative to a set of contexts.

Definition 7.14 (Relative Conformance). Let Q be an agent algebra and let G be a set of agents of Q. We
say Q has a G-conformance order relative to a set of contexts £' if and only if for all agents p and p’,
p = p' if and only if for all expression contexts E € £, if E[p’] € G then E[p] € G.

A particularly interesting subset of contexts is the set of environments that consist of a parallel composi-
tion with an arbitrary agent.

Definition 7.15 (Composition Conformance). Let Q be an agent algebra and let G be a set of agents of
Q. We say Q has a G-conformance order relative to composition if and only if for all agents p and p’,
p = p' if and only if for all agents ¢, if p’ || € Gthenp | g € G.

As with conformance, we define Q.conf(G,£’) to be the agent algebra that is identical to Q except that
it has a G-conformance order relative to £’. We denote the order of Q.conf(G, £') with the symbol <% . In

particular, Q.conf(G, ||) and jﬂ, denote G-conformance relative to composition.

Unlike conformance, Q.conf(G, £’) is not necessarily an ordered agent algebra even if p j‘g p=p j_%'
P/, since the operators of the algebra may not be T-monotonic (cfr. lemma 7.5). In addition, if Q has a
G-conformance order relative to £’, then G is not necessarily downward closed (cfr. corollary 7.8).

Conformance implies relative conformance in the following sense.
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Lemma 7.16. Let Q be an agent algebra and let £’ be a set of contexts. Then for all agents p and p’
picr=p=Ep.
Proof: Definition 7.14 is verified since the condition is by hypothesis true of all contexts. O

In particular, if p <¢ p/, then p 5@ ?.

Despite the above result, if Q is an ordered agent algebra and £’ is a set of contexts, @ = Q.conf(G)
does not necessarily imply @ = Q.conf(G,£’). This is because the reverse implication above does not
hold. However, if @ has a G-conformance order relative to some set of contexts £’ and G is downward
closed, then it also has a G-conformance order.

Theorem 7.17. Let Q be an ordered agent algebra, £’ be a set of contexts and let G be a downward closed
set of agents. Assume for all agents p and p/,

Pt =p=yp.
Then Q = Q.conf(G,£&’) = Q.conf(G).

Proof: We must show that for all agents p and p/, p < p’ if and only if p <¢ p’ if and only if p j'tl; ?'. The
result follows from the following circle of implications:

p=p

by theorem 7.9, since G is downward closed
= p=Zcyp

by lemma 7.16

= p=typ

by hypothesis

= pxp.

O

Corollary 7.18. Let Q be an ordered agent algebra, £ be a set of contexts and G a downward closed set of
agents such that Q = Q.conf(G,£’). Then Q = Q.conf(G).

Proof: The result follows from theorem 7.17, since by hypothesis p =5 =>p=cy. O

In particular, if Q has a G-conformance order relative to composition and G is downward closed, then
it has a G-conformance order. In the examples that follow we will try to show, when possible, that con-
formance relative to composition corresponds exactly to conformance. When that is the case, it may be
possible to find efficient ways to check the conformance relation, as we shall see in section 8.

Example 7.19 (Alphabet Algebra). Consider the agent algebra Q described in example 5.7, with the or-
der such that p < p’ if and only if p C p’. This order is the weakest order that makes the operators
T-monotonic, hence @ = Q.conf(D). However, D does not characterize the order in terms of con-
formance relative to composition. Instead, conformance relative to composition induces the order such
that every agent refines any other agent.

Theorem 7.20. For all agents p and p/, p jﬂ, 7.
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Proof: The result follows from the fact that the conformance set in this case is the set of all agents D,
and || is always defined. Therefore the condition in definition 7.15 is always satisfied. O

In order to characterize the order in terms of conformance relative to composition we must consider
the set G = 24 — A, i.e. the set of all subsets of A except A itself. Then

Theorem 7.21. Let p and p’ be two agents. Then the following statements are equivalent:
Lpcy.
2.p=cy.
3.p jlcl,. ?.

Proof: We already know that 1 = 2 (by theorem 7.9, since G is downward closed) and that 2 = 3 (by
lemma 7.16). The remaining implication is proved below.

Lemma 7.22. (3 = 1): Let p and p’ be agents such that for all agents g, if p’ || ¢ € G then
pllg€ G Thenp C p'.

Proof: Let p and p’ be agents such that for all agents g, if p’ || g € G thenp || ¢ € G. By the
definition of G, for all agents g, if p’ || ¢ # A (i.e. p’ || ¢ € G), then p || ¢ # A. Assume now,
by contradiction, that e € p and a & p’. Consider ¢ = A — p. Then

Pllg=pug=pu(A-p).

Since a ¢ p' and a ¢ A — p (because a € p), then a ¢ p' || g. Thus p’ || ¢ # A. Thus, by
hypothesis, also p || ¢ # A. However

pllg=pUg=pU(A-p)= A,
a contradiction. Thus p C p'. O

O

This is the only G that characterizes the order in terms of conformance relative to composition. In
fact it is easy to show that for all a € A4, the set 4 — {a} must be in G. Then, to characterize the order,
G must be downward closed. Thus G = 24 — A.

Example 7.23 (I0 Agent Algebra). Consider the IO agent algebra Q defined in example 3.5 with the
order defined in example 5.10. We now characterize the order in terms of conformance. Let G =
{(Z,0) : I = 0} be the conformance set that contains all agents that have no inputs. Then

Theorem 7.24. Let p and p’ be IO agents. Then the following three statements are equivalent:
. p<p'(i.e. ICI'and O = 0O’).
2.p=Zc/p.

3.p '_<"G P
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Proof: First we show that G is downward closed, then that p jﬂ, 7 implies p < p’. The result then
follows from theorem 7.17.

Lemma 7.25. G is downward closed with respect to <.

Proof: Let p' € G. Then p' is of the form (@, O’) for some alphabet O’. Let p = (I,0) be an
agent such that p < p’. Then, by the definition of the order, I C 0, and therefore I = .
Hence p € G. Therefore G is downward closed. 0O

Lemma 7.26. (3 = 1): Let p and p’ be 10 agents such that for all agents g, if p’ || g € G then
PlgeG. ThenICI'and O = O'.

Proof: We prove the result in steps.

(O € O') Assume, by contradiction, that there exists 0 € O such that o ¢ O'. Consider
q = (0',I' U {o}). Then p' | q is defined because O' N (I’ U {o}) = 0 since by
hypothesis O' NI’ = @ and o ¢ O'. In addition p' || g € G. But then by hypothesis p || g
is defined and p || ¢ € G. However {0} C O N (I’ U{o}), hence ON (I' U {0}) # 0, a
contradiction.

(O’ C 0) Assume, by contradiction, that there exists 0 € O’ such that o & O. Consider
g = (0',I). By hypothesis o ¢ I'. Clearly p' || q is defined and p' || g € G, so by
hypothesis also p || ¢ € G is defined and p || ¢ € G. However

pllg=(Iuv0)-(Our)our)
However, sinceo € (JUO')ando g (OUI'), p|| g € G, a contradiction.

(I € I') Assume, by contradiction, that there exists ¢ € I such that i ¢ I'. By hypothesis
we also have ¢ ¢ O. Consider ¢ = (O, I'). Clearly p’ || g is defined and p’ || g € G, so
by hypothesis also p || ¢ € G is defined and p || ¢ € G. However

pllg=(Iu0)-(Our)our)
However, since i € (JUO')andi € (OU I'), p|l q & G, a contradiction.
O
O

Let us now consider the set of agents G = Q.D that consists of all agents. Then an expression
evaluates in G if and only if the expression is defined. The following two theorems show that D still
characterizes the order in terms of conformance, but it does not characterize the order in terms of
conformance relative to composition.

Theorem 7.27. Let p and p’ be IO agents. Then p < p' if and only if p <p p'.

Proof: The forward implication follows from theorem 7.9 since D is downward closed.
For the reverse implication, let p = (I,0) and p’ = (I’,0') be 10 agents such that p <p p'.
Then for all expression contexts E, if E[p'] is defined, then E[p] is defined.
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(I C I') Consider the context E = proj(I')(8). Then E[p'] = proj(I')(¢) is defined since
I' C I'. Then also E[p] = proj(I')(p) must be defined. Therefore I C I'.

(O C O') Assume by contradiction that there exists o € O such that o ¢ O'. Consider the agent
g = (0, {o}) and the context E = 3 || g. Then, since O’ N {0} = @, E[p'] = p’ || q is defined.
Therefore also E[p] = p || ¢ must be defined. But then O N {0} = @, a contradiction. Hence
0co.

(O’ C O) Assume by contradiction that there exists 0 € O’ such that o ¢ O. Consider the agent
q = ({0},0) and the context E = proj(I’)(8 || g). Then, since ' N O’ = P and 0 € O,
P llg=((I"U{o}) - 0',0") = (I',0’). Therefore, since I' C I, E[p] = proj(I')(¥' || q)
is defined. Therefore also Efp] = proj(I’)(p|| ¢) must be defined. However, since INO = @
ando & O,p|l ¢ = ((IU{o}) — 0,0) = (IU{o},0). In addition, I U {0} € I, since
o € O'implies o & I, since I'NO’ = @. Hence proj(I')(p||g) is not defined, a contradiction.
Therefore O’ C O.

O
Theorem 7.28. Let p = (I, 0) and p’ = (I, 0’) be IO agents. Then p jﬁ, P’ ifand only if O C O'.

Proof: For the forward direction, assume p jl}_) p'. Then for all agents g, if p’ || g is defined, then also
P || g is defined. Assume by contradiction that there exists 0 € O such that o ¢ O’. Consider
the agent ¢ = (0, {0}). Then, since O’ N {0} = @, p’ || g is defined. Therefore, by definition of
conformance, also p || ¢ must be defined. But then O N {0} = 9, a contradiction. Hence O C O'.

For the reverse direction, assume O C O’, and let ¢ = (I, O,) be such that p’ || ¢ is defined.
Then O' N O, = §. Since O C O, also O N Oy = 0. Therefore p || q is defined. O

As expected, the order induced by D relative to composition does not make the operators T-
monotonic. The above results also confirm that < is the weakest order such that the operators are
T-monotonic.

Example 7.29 (Dill’s IO Agent Algebra). Consider Dill’s IO agent algebra Q defined in example 3.6 and
example 5.13. The algebra is an ordered agent algebra if and only if p < p’ corresponds to p = p'.
Hence the only possible order is also the weakest possible order. Therefore Q = Q.conf(D).

It is difficult however to characterize the order with conformance relative to composition. The
following theorems characterize the conformance orders relative to composition induced by several
conformance sets, and show that they do not correspond to the algebra’s order.

Theorem 7.30. Let G = {(I,0): I =0} and let p = (I,0) and p' = (I',O’) be agents. Then
p=tpifandonlyifIC7and O =O'.

Proof: The proof is the same as lemma 7.26. O

Theorem 7.31. Let G = D and let p = (I,0) and p’ = (I’, 0’) be agents. Then p jﬂ, p if and only
ifOCO.

Proof: The proof is the same as theorem 7.28. O
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Theorem 7.32. Let G = {(, Q.A)} and let p = (I,0) and p’ = (I, O') be agents. Then p <, p' if
and only if O = O'.

Proof: For the forward direction, assume p jg p’. Consider the agent ¢ = (0’, A — O'). Then
P llg = (8, A) € G. Hence also p || g must be defined, and therefore O N (A — O’) = §. But
then O C O'. In addition p || ¢ € G, and therefore O U (A — O') = A. But then O D O'. Hence
o=0'.

For the reverse direction, assume O = O'. Let ¢ = (I,,0,) be an agent. If p’ || g is defined,
then O’ N Oy = 0. But then also O N O, = @, and therefore also p || q is defined. In addition, if
P'llq € G then it must be O' N O, = P (for the composition to be defined) and O’ UO, = A, and

therefore Oy = A — O'. Hence also p || ¢ € G. Therefore p jlg; 7. O

Example 7.33 (Typed 10 Agent Algebra). Consider the Typed 10 agent algebra Q defined in example 3.7
with the order defined in example 5.15. We would now like to characterize the order in terms of a
conformance set. This can be done if we choose G to be the set of agents p such that inputs(p) = 0.

Theorem 7.34. Let p and p’ be Typed IO agents. Then the following three statements are equivalent:
L. p=<p.
2.p=cp.
p jI(I; ?.

Proof: We already know that 1 = 2 (by theorem 7.9, since G is downward closed) and that 2 = 3 (by
lemma 7.16). The remaining implication is proved below.

Lemma 7.35. (3 = 1): Let p and p’ be agents such that for all agents g, if P |l ¢ € G then
Pllg€ G.Thenp < p'.

Proof: It is easy to adapt the proof of lemma 7.26 to show that inputs (p) C inputs(p’) and that
outputs(p) = outputs(p’). To prove the rest of the theorem, let q = fq be the agent such that
foralla € Q.A

(co,v) if f'(a) = (c1,v)
fola) =4 (er,v)  if f'(a) = (co,v)
cy otherwise

so that inputs(g) = outputs(p’) and outputs(q) = inputs(p’). Then clearly p' || g is defined,
and by definition of ||, p’ || ¢ € G. Thus, by hypothesis, also p || g € G. Letnow a € Q. A. If
a € inputs(p), then a € inputs(p') and a € outputs(q). Since p||q is defined, then fe(a)w C
f(a).v, and thus f’(a).v C f(a).v. Similarly, if a € outputs(p), then a € outputs(p’) and
a € inputs(q). Since p || g is defined, then f(a).v C fq(@).v, and thus f(a).v C f'(a).v.
Thusp < p'. O
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8 Mirrors

In this section we address the problem of checking in an ordered agent algebra whether two agents are
related by the order. If the algebra has a G-conformance order, then the problem reduces to verifying the
condition for conformance. This problem however is rather expensive, since it requires considering all
possible contexts. When conformance corresponds to conformance relative to composition then we need
only check contexts that consist of parallel compositions with other agents. We define an environment of an
agent to be a composition context. In this section we show how, in certain cases, it is possible to construct
for each agent a single environment that determines the order. We call this environment the mirror of an
agent.

Definition 8.1 (Mirror Function). Let Q be an ordered agent algebra and let G be a downward closed set
of agents of Q. Then, Q has a mirror function relative to G if and only if

1. Q.mirror (which we may simply write as “mirror” when there is no ambiguity about what agent
algebra is being considered) is a partial function from D to D,

2. mirror(p) is defined if and only if there exists g such that p || g € G,
3. p 2 p' if and only if either mirror(p’) is undefined or p || mirror(p’) € G.

When an ordered agent algebra Q has a mirror function relative to some set of agents G, then we can
verify that p < p by simply looking at the composition p || mirror(p’). We assume that computing the
mirror, the composition and verifying the membership in G is computationally less expensive than checking
that p < p’ directly.

In the rest of this section we will explore the consequences of having a mirror function. Later, we will
explore necessary and sufficient conditions for an ordered agent algebra to have a mirror function.

Lemma 8.2. Let Q be an ordered agent algebra with a mirror function relative to G. For all agents p, if
mirror(p) is defined, then p || mirror(p) € G.

Proof: Since < is reflexive, p X p. By definition 8.1, this implies mirror(p) is undefined or p || mirror(p) €
G. O

Theorem 8.3. Let Q be an ordered agent algebra with a mirror function relative to G. For all agents p, if
mirror(p) is defined, then mirror?(p) is also defined.

Proof: Assume mirror(p) is defined. By lemma 8.2, p || mirror(p) € G. This implies that there exists a p’
(namely p) such that p' || mirror(p) € G. By definition 8.1, this implies that mirror?(p) is defined. O

Corollary 8.4. Let Q be an ordered agent algebra with a mirror function relative to G. For all agents p, if
mirror(p) is defined, then mirror™(p) is also defined, for any positive integer n.

Proof: By induction on n. O

Lemma 8.5. Let Q be an ordered agent algebra with a mirror function relative to G. Let Pl ¢ € G and let
P Xq. Thenp| p €G.

Proof: By hypothesis p || g is defined and p’ < g. Then, since parallel composition is T-monotonic, also
pll ' is defined and p || p’ < p || g. Therefore, since G is downward closed, p || p’ € G. 0
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Lemma 8.6. Let Q be an ordered agent algebra with a mirror function relative to G. Let p and q be agents
such that mirror(p) and mirror(q) are both defined. Then,

mirror(p) < q & mirror(q) < p.

Proof: The proof is composed of the following series of double implications:
mirror(p) X q

by definition 8.1, since mirror(g) is defined

< mirror(p) || mirror(q) € G
since || is commutative by A7

< mirror(q) || mirror(p) € G
by definition 8.1

< miror(q) X p

O

The term mirror is justified by the following result.

Theorem 8.7. Let Q be an ordered agent algebra with a mirror function relative to G. Let p be an agent and
assume mirror(p) is defined. Then mirror(p) is defined and

P = mirror®(p).
Proof: It follows from corollary 8.4 that mirror?(p) is defined and mirror® (p) is defined. By definition 5.3,

it is sufficient to show that mirror?(p) =< p and p < mirror®(p).

Lemma 8.8. mirror?(p) < p.
Proof: mirror(p) X mirror(p), since < is reflexive. Thus, by lemma 8.6, mirror?(p) < p. O
Lemma 8.9. p < mirror?(p).

Proof: p < p. since < is reflexive. We complete the proof with the following chain of implications.
r=p
by definition 8.1, since mirror(p) is defined
< p | mirror(p) € G
by lemma 8.8 and lemma 8.5
= p| mirror’(p) € G
by definition 8.1

< p = mimor?(p).
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Theorem 8.10. Let Q be an ordered agent algebra with a mirror function relative to G. Let p and g be
agents such that mirror(p) and mirror(q) are defined. Then,
P = ¢ © mirror(q) =< mirror(p).
Proof: By corollary 8.4 we know that mirror?(q) is defined. By applying lemma 8.6 to ¢ and mirror(p), we
get
mirror(q) < mirror(p) < mirror?(p) < q.
By theorem 8.7, we know that g ~ mirror?(q). Thus
mirror’(p) < g« ¢ < p,
which implies the desired result. O
Since mirrors reduce the problem of verifying conformance to a single composition environment, it is not
surprising that their existence is related to G-conformance relative to composition. In fact, the mirror of
an agent has an exact characterization in terms of the G-conformance order relative to composition and the
greatest element of a certain set of agents.
Let G be a conformance set and let p and g be agents. If p || ¢ € G then we say that g is compatible

(or G-compatible if we wart to emphasize the conformance set) with p. We call the set of agents that are
compatible with p the compatibility set of p.

Definition 8.11 (Compatibility Set). Let Q be an ordered agent algebra and G a downward closed set of
agents. The G-compatibility set of an agent p, written cmp(p), is defined as follows:

cmp(p) ={q:p| g€ G}

The compatibility set gets larger as the agents are more refined according to the order of the algebra, as
shown in the next theorem.

Lemma 8.12. Let Q be an ordered agent algebra and G a downward closed set of agents. Let p and p’ be
agents such that p < p’. Then

cmp(p’)  cmp(p).
Proof: We show that if ¢ € cmp(p’), then ¢ € cmp(p). The proof consists of the following series of
implications.
q € cmp(p')
by definition 8.11
< plleeG
since || is T-monotonic and p < p’
= plla=pllq
since G is downward closed
= pllgeG
by definition 8.11
& g€ cmp(p).
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When an agent algebra has a G-conformance order relative to composition, the order is determined by the
compatibility set of each agent.

Lemma 8.13. Let Q be an ordered agent algebra with a G-conformance order relative to composition. Then
for all agents p and 2/,

p2p & pllemp(p) CG,
where || has been naturally extended to sets.
Proof: The result follows directly from definition 7.15. O

Since the operators of an ordered agent algebra are T-monotonic, the maximal elements of the compati-
bility set are sufficient to completely determine the order.

Lemma 8.14. Let Q be an ordered agent algebra with a G-conformance order relative to composition. Then
for all agents p and p’,

p = p’ « forall g such that ¢ is maximal in cmp(p),p || ¢ € G.

Proof: The forward implication is simply a special case of lemma 8.13.
For the reverse implication, let ¢ € cmp(p’) be an agent. Then there exists ¢’ € cmp(p’) such that ¢’
is maximal and g < ¢'. By hypothesis, p || ¢’ € G. Note that G is downward closed, since Qhasa G-
conformance order relative to composition. Hence, since || is T-monotonic and G is downward closed,
also p || g € G. Therefore p || cmp(p') C G. The desired result then follows from lemma 8.13. 0O

We often denote the set of maximal elements of cmp(p) as maxcmp (p).
Lemma 8.14 suggests that the mirror of an agent should be found among the maximal elements of the
compatibility set. In fact, since the mirror alone is sufficient to determine the order, it suggests that the
mirror should be the greatest element of the compatibility set. In the following we will make the relationship
between the mirror and the compatibility set more precise.

Theorem 8.15. Let Q be an ordered agent algebra with a mirror function relative to G. If 7|l q € G, then
q =X mirror(p).

Proof: The proof is composed of the following implications:

pllge G
by definition 8.1

< mirror(p) is defined
by lemma 8.8
= mirror®(p) < p
by lemma 8.5
= mimor’(p) | g€ G
by definition 3.1 (commutativity)
& g mirror?(p) € G
by definition 8.1
< g = mirror(p)
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When an agent algebra has a mirror function relative to a set G, then it has a G-conformance order relative
to composition and a G-conformance order, as shown by the next results.

Theorem 8.16. Let Q be an ordered agent algebra and let G be a downward closed set of agents. If Q has
a mirror function relative to G, then Q has a G-conformance order relative to composition.

Proof: We must show that for all agents p and p’, p < p’ if and only p jﬂ; ?.
The forward implication follows from theorem 7.9 and lemma 7.16 since G is downward closed.
For the reverse implication we consider two cases. Assume mirror(p’) is not defined. Then, by
definition 8.1, p < p'.
Assume mirror(p') is defined. Then, by lemma 8.2, p' || mirror(p’) € G. Then, since p -_% 7, also
p || mirror(p') € G. Therefore, by definition 8.1, p < p'. |

Corollary 8.17. Let Q be an ordered agent algebra and let G be a downward closed set of agents. If Q has
a mirror function relative to G, Q has a G-conformance order.

Proof: The result follows from theorem 8.16 and theorem 7.17. O

In other words, when an algebra Q has a mirror function relative to G, both G-conformance and G-
conformance relative to composition characterize the order.

We can now completely characterize the mirror function in terms of conformance and the compatibility
sets.

Theorem 8.18 (Mirror Characterization). Let Q be an ordered agent algebra and let G be a downward
closed set of agents. Then the following two statement are equivalent:

1. @ has a mirror function relative to G.

2. Q has a G-conformance order relative to composition, and for all agents p/, cmp(p’) is either
empty or if it is not empty it has a greatest element.

Proof: Assume Q has a mirror function relative to G. Then, by theorem 8.16, @ has a G-conformance
order realtive to composition. In addition, let ' be an agent. If mirror(p’) is undefined, then, by
definition 8.1, cmp(p’) is empty. Otherwise, if mirror(p') is defined, then, by definition 8.1, cmp(p')
is not empty, and, by theorem 8.15, mirror(p’) is its greatest element.

Conversely, assume Q has a G-conformance order relative to composition, and for all agents p/,
cmp(p') is either empty or if it is not empty it has a greatest element. We show that the function

. N (cmp(p')) if cmp(p') # 0
mirror(p') = { ;nax e if cmp(i’ )=10

is a mirror function relative to G.

Clearly mirror is a partial function, and mirror(p’) is defined if and only if there exists an agent ¢
such that p’ | ¢ € G. It remains to be shown that for all agents p and p’, p < p' if and only if mirror(p')
is undefined or p || mirror(p’) € G.

Assume p < p'. If mirror(p’) is undefined we are done. Assume mirror(p’) is defined. Since
mirror(p’) € cmp(p’), p’ || mirror(p’) € G. But Q has a G-conformance order relative to composition,
hence p < p’ if and only if for all g, if p’ || g € G then p || ¢ € G. Therefore p || mirror(p’) € G, since
by hypothesis p < p'.
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Conversely assume mirror(p') is undefined or p || mirror(p’) € G. If mirror(p’) is undefined, then
cmp(p’) = 0, and therefore for all agents g, if p’ || ¢ € G then p || g € ¢ ~acuously. Hence p j"G 7,
and since © has a G-conformance order relative to composition, also p < .

On the other hand, assume mirror(p’) is defined and p || mirror(p') € G. Let g be an agent such
that p' || ¢ € G. Then, by our definition of mirror(p’), ¢ < mirror(p'), since mirror(p') is the greatest
compatible agent. Then p || ¢ € G, since p || mirror(p’) € G, ¢ < mirror(p'), || is T-monotonic and G
is downward closed. Hence p jﬁ; P/, and since Q has a G-conformance order relative to composition,
alsop < p'. O

These results show that the mirror of an agent corresponds to the greatest element of the compatibility
set. For general preordered agent algebra, the compatibility set may have several different greatest element.
In that case there is some flexibility in the choice of the mirror function. However, if the algebra is partia:.
ordered (i.e. the order is antisymmetric), the greatest element is unique. Hence, if a mirror function exists,
it is uniquely determined.

Theorem 8.19. Let Q be a partially ordered agent algebra. If Q has a mirror function relative to G, then
the mirror function is uniquely determined.

Proof: Assume Q has two mirrors functions Q.mirror; and Q.mirrors. Let p be an agent. By definition 8.1,
mirrory (p) and mirror(p) are either both defined or both undefined. If they are both defined, then
P || mirror;(p) € G A p || mirrory(p) € G
By theorem 8.15
= mirror)(p) <X mirrory(p) A mirrory(p) < mirror, (p)
by corollary 5.4 ’
= mirror;(p) = mirrory(p)
Since p was arbitrary, then Q. mirror; = Q.mirrors. 0

Perfectly reasonable agent algebras may fail to have a mirror function. The characterization of theo-
rem 8.18 tells us that this may occur for the following two reasons:

* the parallel composition operator is unable to characterize the order of the algebra, i.e. the algebra does
not have a conformance order relative to composition, or ’

* the compatibility set fails to have a greatest element.

In both cases the lack of a mirror function is due to insufficient information in the agent model. The
following examples show that by extending the model it is possible to recover a mirror function and a
conformance order. :

Example 8.20 (Alphabet Algebra). Consider the agent algebra Q described in example 7.19, and let G =
24 — A. Recall that Q has a G-conformance order relative to composition. We now show that Q has
no mirror function relative to G. To do so, we consider the compatibility set of each agent, and then
apply theorem 8.18.

Let p be an agent. It is easy to see that the set of agents compatible with p is

cmp(p) = {g: Jafa € g A a & p]}.
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The maximal elements of the compatibility set are therefore

maxemp(p) = {A - {a} : a & p}.

Observe that maxcmp(p) is a set of incomparable agents. Thus cmp(p) does not have a greatest el-
ement, and therefore, by theorem 8.18, Q does not have a mirror function relative to G. Because G
is the only set of agents that characterizes the order relative to composition, Q has no mirror function
relative to any G.

Example 8.21 (Locked Alphabet Algebra). In this example we present an extension of example 8.20 and
we show that by adding extra information to the model it is possible to characterize the order with a
mirror function.

The locked alphabet algebra Q is defined as follows:

* Agents are of the form p = (A, L) where A and L are disjoint subsets of Q..4. The alphabet of p
isa(p) =AUL.

* rename(r)(p) is defined whenever a(p) C dom(r). In that case rename(r)(p) = (r(A),r(L)),
where r is naturally extended to sets.

* proj(B)(p) = (AN B,LNB).
* p1 || po is defined whenever Ly N Lo =0, A; N Ly = @ and A3 N Ly = 0. In that case

71 || p2 = (A1 U Ag, L1 U Ly).

The additional set of signals L is used by an agent p to indicate that no agent g can compose with p if
q uses signals in L.

Theorem 8.22. Let < be an order for Q such that rename, proj and || are T-monotonic. Letp = (4, L)
and p’ = (A’, L') be two agents. Thenp < p'onlyif AC A’UL'and L C L'.

Proof: Consider the agent ¢ = (A’, A—(A’UL’)). Clearly, p'||q is defined, since L'NA—(A'UL') =0
and A’ N L' = 0. Therefore, since || is T-monotonic and p < p/, also p || g is defined. Hence:
LNA-(AULY=0ALNA=0AANA-(AUL)=0
= LCAULALNA=0ANACAUL
= ACAuL' ALCL.
The requirements of rename and proj are subsumed by those of ||. a

We will consider the order such that p < p’ if and only if A C A’ U L' and L C L’. The proof that
the operators are T-monotonic is left to the reader.

Note that the subset of agents P = {(A, L) : L = 0} is closed under the operations and thus con-
stitutes a subalgebra P of Q. It is easy to show that P is isomorphic to the Alphabet Algebra of
example 8.20. By extension, we consider the Locked Alphabet Algebra a superalgebra of the Alphabet
Algebra.

The order can be characterized as a G-conformance order relative to composition where G = D
includes all the agents of the algebra. Clearly G is downward closed relative to <.
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Let now p’ = (A’, L') be an agent, and consider the set of agents ¢ = (A, L) that are compatible
with p'. Since G is the set of all agents, an agent g is compatible with p’ if and only if q || p’ is defined,
that is

LNL=0ANANL =0ANANL=0
which translates to
cmp(p’) = {(A,L) : ANL=0ANACA-L'ALCA- (A UL))}.

Note that if A C A—L'and L C A— (A'UL'), then A C A'U(A—(A'UL’)) and L C A—(A'UL).
Therefore, the agent ¢ = (4’, A — (A’ U L') is the greatest element of cmp(p’).

Theorem 8.23. Letp = (A, L) and p’ = (A’, ') be two agents. Then p < p’ if and only if p|| (A’, A—
(A’ U L')) is defined.

Therefore mirror(p’) = (A’, A — (A’ U L)) is a mirror function relative to G, and Q has a G-
conformance order relative to composition.

Example 8.24 (IO Agent Algebra). Consider the IO agent algebra Q described in example 7.23 and let G
be the set of agents that have no inputs. Then Q has a G-conformance order relative to composition.
We now show that Q has no mirror function relative to G. Let p’ = (I, 0’) be an agent. The set of
agents compatible with p’ is

emp(p) = {g = (I, 05) : , CO' AI'C O, € A - O'}.
The maximal elements of the compatibility set are therefore
maxemp(p') = {g= (I5,0,) : I, =O'AI' CO, C A O'}.

Since the agents in maxcmp(p') are incomparable, cmp(p’) does not have a greatest element, and
therefore, by theorem 8.18, Q does not have a mirror function relative to G.

Notice how every maximal element imposes a particular constraint for an agent to refine another. Let
p=(1,0) and p’ = (I',0’) be two agents. Then the maximal element q; = (O, I) characterizes an
order (which is not T-monotonic) such that

pXpSICI'AODOAONT =0.

On the other hand, the maximal element g» = (O’, A — O’) charaterizes the different order (again not
T-monotonic) such that

pXp & ICA-0AODO0AOCO.

In other words, ¢; provides the constraint on the inputs, while g2 constrains the outputs. Note that
in this case these two maximal elements are sufficient to characterize the order, which is equal to the
intersection of the two orders described.

Example 8.25 (Locked IO Agent Algebra). In this example we present an extension of example 8.24 and
we show that by adding extra information to the model it is possible to characterize the order with a
mirror function.

The locked 10 Agent algebra Q is defined as follows:
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* Agents are of the form p = (I, 0, L) where I, O and L are disjoint subsets of Q..A. The alphabet
of pisa(p) =TUOUL.

e rename(r)(p) is defined whenever a(p) C dom(r). In that case remame(r)(p) =
(r(I),7(0),7(L)), where r is naturally extended to sets.

* proj(B)(p) is defined whenever I C B. In that case, proj(B)(p) = (I,ON B,LN B).
* p1 || p2 is defined whenever (Oy UL1)N(O2ULy) =0, 1N Ly = @ and I,N Ly = @. In that case
p1lp2=((1hUlp) = (01U0;),01U 0, L1 U Ly).

The additional set of signals L is used by an agent p to indicate that no agent ¢ can compose with p if
q uses signals in L.

Theorem 8.26. Let < be an order for Q such that rename, proj and || are T-monotonic. Then p < p’
onlyif ICI',0'COCO UL andLC L.

Proof: The proof is similar to the proof of theorem 5.11. Let p = (I,0,L) and p’ = (I’,0’,L’) be
two agents such that p < p'. Then consider the agent ¢ = (0’,I', A — (I' U0’ U L)) and deduce
the conditions for which rename(r)(p), proj(B)(p) and p || g are all defined. O

We will consider the order such that p < p’ exactly when I C I', O’ COCO'UL'and LC L.
Theorem 8.27. The functions rename, proj and || are T-monotonic with respect to <.

Proof: The proof is similar to the proof of theorem 5.12. O

Note that the subset of agents P = {(I,0,L) : L = 0} is closed under the operations and thus
constitutes a subalgebra P of Q. It is easy to show that P is isomorphic to the IO Agent Algebra of
example 8.24. By extension, we consider the Locked IO Agent Algebra a superalgebra of the IO Agent
Algebra. '

The order can be characterized as a G-conformance order relative to composition, where G =
{(9,0, L)} includes all the only the agents with no inputs. Clearly G is downward closed relative
to <. .

Let now p’ = (I’,0’, L') be an agent, and consider the set of agents ¢ = (I, O, L) compatible with
p’. We have

glly = ((Tul')- (0U0),0U0,LuL),
with the following conditions for membership in G and for definedness:

IuICOou0,
(OUL)N(O'UL)=10,
INL=0ALNI'=0ALNL =0.
These conditions imply (since also for each agent, I, O and L must be disjoint) that
pc I cO
I'c O CA-(Oul)
0Cc L CA-(OuO'ul)
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Notice that the two agents ¢ = (I,0U{a}, L), and g» = (1,0, LU{a}) are comparable and q; < go.
Therefore the set of compatible agents of p’ has a greatest element. It is easy to show that the greatest
element is also a mirror function, so that

mirror(p') = (O, I, A— (' UO' U L)).

Hence, the algebra also has a G-conformance order relative to composition.

In the particular case of the simple IO agents, p’ is of the form p’ = (I, 0’, §). Hence mirror(p’) =
(O',I', A — (I U 0)). Note how all the maximal elements found in example 8.24 are contained in
mirror(p’) in the superalgebra. In the superalgebra, however, the compatibility set is extended upwards
by agents that converge to a unique greatest element.

Example 8.28 (Dill’s IO Agent Algebra). We have seen in example 7.29 that the Dill’s IO Agent Algebra
does not have a characterization in terms of conformance relative to composition. It is therefore impos-
sible to find a mirror function in this case. We will however reconsider this example when we restrict
the order to agents that share the same alphabet, below.

In this section we have seen examples of agent algebras that don’t have a mirror function, despite having
a G-conformance order relative to composition (see example 8.20 and example 8.24). The solution adopted
in those cases consists of augmenting the model with enough information to let a single environment char-
acterize the order. In the next two sections we explore alternative solutions that consist of adding some extra
condition to the definition of the mirror function in order to restrict the size of the compatibility set.

8.1 Mirrors with Predicate

Let Q be an ordered agent algebra, and let P’ be an agent. If Q has a G-conformance order relative to
composition, then the compatibility set cmp(p’ ) of p’ completely characterizes the set of agents p such that
P =X P’ (see lemma 8.13). Each individual agent g in the compatibility set contributes to the characterization
of the order by discriminating among two sets: the set of agents p that are compatible with g do not conform
to p'; and the set of agents p that are compatible with q that potentially conform to p'. In other words, each
compatible agent has a particular view of the conformance order.

When a mirror function exists, one agent (the greatest element) has an exact view of the conformance
order. In that case, the compatibility set of p’ is equal to the set of agents that conform to mirror(p’), and,
viceversa, the compatibility set of mirror(p’) is equal to the set of agents that conform to p’. For an arbitrary
element of the compatibility set we can only establish a containment relatioship.

Definition 8.29 (Refinement Set). Let Q be an ordered agent algebra, and let p’ € Q.D. The refinement
set of p/, written ref(p'), is the set of agents p such that p < p':

ref(p) = {p:p 2 p'}.

Lemma 8.30. Let Q be an ordered agent algebra with a mirror function relative to G. Let P’ be an agent
such that mirror(p’) is defined. Then

ref(p') = cmp(mirror(p')).
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Proof: The proof consists of the following series of double implications:
p € ref(p)

by definition 8.29

& pxyp
by definition 8.1, since mirror(p') is defined

< p|| mirror(p’) € G
by definition 8.11

& p € cmp(mirror(p’)).

O

Lemma 8.31. Let Q be an ordered agent algebra with a G-conformance order relative to composition. Let
' be an agent and let ¢ € cmp(p’) be a compatible agent. Then

ref(p') C cmp(q).
Proof: The proof consists of the following series of implications:
p € ref(p')
by definition 8.29
& pxyp
since Q has a G-conformance order relative to composition
& Vg,p'llgeG=>plqeC
since ¢ € cmp(p’), ¢ || P’ € G, therefore
= pllgeC
by definition 8.11
& p € cmp(q)-
O

These two results are represented graphically in figure 1 and figure 2. Given an agent g in the compatibil-
ity set of p’, we call the discrimination set of q the set of agents that g discriminates exactly for the purpose
of conformance to p'.

Definition 8.32 (Discrimination Set). Let Q be an ordered agent algebra with a G-conformance order rel-
ative to composition. Let p’ be an agent and let ¢ € cmp(p’) be a compatible agent. The discrimination
set of g over p' is the set

disy(q)={p:p2p ©pllgeG}.

Lemma 8.33 (Discrimination). Let Q be an ordered agent algebra with a G-conformance order relative to
composition. Let p’ be an agent and let ¢ € cmp(p’) be a compatible agent. Then

dis(q) = (Q.D — cmp(q)) U ref(p’).
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Figure 1: Refinement sets and compatibility sets with mirrors

Proof: We must show that p € (Q.D — cmp(q)) U ref(p’) if and only if p < p’ < p|| ¢ € G. For the
forward direction we consider the following two cases:

*Ifp € Q.D - cmp(q), then p ¢ cmp(g) and p || ¢ € G. By lemma 8.31, ref(p’) C cmp(q),
therefore p ¢ ref(p'). Therefore p Z p’. Hencep <p' & p|| g€ G.

* If p € ref(p'), then p < p’. By lemma 8.31, ref(p’) C cmp(q), therefore p € cmp(q). Therefore
Pllg€ G. Hencep<p' & pllqgedq.

For the reverse direction, let p be an agent such that p < p’ < p|| ¢ € G. We then consider the
following two cases:

* If p X p/, then p € ref(p') and therefore p € (Q.D — cmp(q)) U ref(p').

* If p A p/, then, by hypothesis, p || ¢ ¢ G. Hence p & cmp(q). Therefore p € Q.D — cmp(q), and
consequently p € (Q.D — cmp(q)) U ref(p').
a

Corollary 8.34. Let Q be an ordered agent algebra with a mirror function relative to G. Let P be an agent
such that mirror(p’) is defined. Then

disy (mirror(p')) = Q.D.
Proof: The proof consists of the following equalities:
disy (mirror(p')) = {p : p X p' & p || mirror(p’) € G}
by lemma 8.33
= (Q.D — cmp(mirror(p'))) U ref(p')
by lemma 8.30
= (Q.D — ref(p')) U ref(p)
Q.D.
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Figure 2: Compatibility sets of compatible agents

2

The above results show that every compatible agent can be used as a “mirror” if the characterization is
restricted to its discrimination set. This suggests an extended notion of mirror function, whose validity is

W

subject to the validity of a predicate.

Definition 8.35 (Mirror Function with Predicate). Let Q be an ordered agent algebra and let G be a
downward closed set of agents of Q. For each agent p/, let pred(p’) C Q.D be a predicate over Q.D

such that ref(p') C pred(p’). Then, Q has a mirror function with predicate relative to G if and only if
1. Q.mirror (which we may simply write as “mirror” when there is no ambiguity about what agent
algebra is being considered) is a partial function from D to D,

. mirror(p) is defined if and only if there exists g such that p || ¢ € G,
3. If p € pred(p’), then p <X p’ if and only if either mirror(p’) is undefined or p || mirror(p’) € G.

Corollary 8.36. Let O be an ordered agent algebra with a mirror function with predicate relative to G.

Then. for all agents p and p’, the following two statements are equivalent

L. p=<p/
2. p € pred(p') and either mirror(p’) is undefined or p || mirror(p’) € G.
The regular mirror function can be interpreted as a mirror function with predicate by simply setting for

all agents p/

pred(p’) = Q.D.
Hence mirror functions with predicate are more general than the regular mirror functions. .
Unfortunately mirror functions with predicate do not enjoy the same characterization in terms of G-

conformance relative to composition and greatest elements of the compatibility set (see theorem 8.18). A

simple counterexample is obtained by considering the predicate

pred(p)) = {p:p 2 p'}.
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In this case, any agent of the compatibility set can function as the mirror. This extreme case is, of course,
useless, since the complexity of checking membership with the predicate is the same as the complexity
of checking conformance. Mirror functions with predicate are therefore most useful when the predicate is
relatively easy to check.

The choice of the predicate is guided by the following result.

Theorem 8.37. Let Q be an ordered agent algebra with a G-conformance order relative to composition. For
all agents p', let mirror(p’) € cmp(p') be a compatible agent (mirror(p’) is undefined if cmp(p') = 0),
and let pred(p') € Q.D be a predicate. Then the following two conditions are equivalent:

1. mirror is a mirror function with predicate pred relative to G.
2. Forall agents p/, ref(p') C pred(p') and if mirror(p') is defined, pred (p') C dis,y (mirror(p)).

Proof: For the forward direction, by definition 8.35, for all agents p/, ref(p') C pred(p'). Let now 7’ be an
agent such that mirror(p’) is defined and let p € pred(p’) be an agent. Then,
p € pred(p')
by definition 8.35, since Q has a mirror function with predicate relative to G
= p=p & p| mimor(p) € G
by definition 8.32
= p € disy(mirror(p’)).
Hence, pred(p’) C dis, (mirror(p')).
For the reverse direction, assume ref(p') C pred(p') C dis, (mirror(p')). Clearly mirror is a partial
function, and mirror(p) is defined if and only if there exists ¢ such that p || ¢ € G. Let now p be an

agent such that p € pred (p'). We must show that p < p' if and only if either mirror(p’) is undefined or
p || mirror(p') € G. We consider two cases.

Assume mirror(p') is undefined. Then, by hypothesis, cmp(p’) = 0, and therefore, since Q has a
G-conformance order relative to composition, for all agents p, p < p'. Therefore, p < P if and only if
mirror(p’) is undefined.

Conversely, assume mirror(p’) is defined. Then,
p € pred(p')
since by hypothesis pred (p’) C dis, (mirror(p'))
= p € disy(mirror(p’))
by definition 8.32
= p2p<e pl mimor(p’) € G.
Hence mirror is a mirror function with predicate pred relative to G. ' O

The greater the element in the compatibility set, the larger the discrimination set.

Lemma 8.38. Let Q be an ordered agent algebra with a G-conformance order relative to composition. Let
P be an agent and let g; and g; be compatible agents such that q1 = qo. Then

dispy(q1) C disy(ga).
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Since greater elements have larger discrimination sets, and since pred (p’) must be a subset of the discrim-
ination set of mirror(p'), it is convenient to choose a maximal element of the compatibility set for mirror(p’ )
In this way, we have the maximum flexibility in choosing a predicate that is computationally easy to check.
However, unlike regular mirror functions, the mirror of an agent with predicate is not necessarily a maximal
element of the compatibility set.

The following examples show the use of mirror functions with predicate in the cases where a regular
mirror function does not exist.

Example 8.39 (IO Agent Algebra). Example 8.24 shows that the IO agent algebra does not have a mirror
function relative to G, despite having a G-conformance order relative to composition. In this example
we show how to derive a mirror function with predicate.

Let p’ = (I’,0’) be an agent. As shown in example 8.24, the agent g, = (O’,I') is a maximal
element of the compatibility set of p’. We now wish to use g; as a mirror of p’ with the use of a
predicate. To do so, we compute the discrimination set of g;:

disy(q1) = (Q.D — cmp(q1)) U ref(p')
= (QD-{(1,0):ICI'NO'COCA-T}YU{(I,0):ICI'AO=0"}
{1,O): I'CIVOCOVA-I'CO}U{(1,0): ICI'AO=0"}
{I,0): I'cIvOCOVA-I'cOv(ICI'n0=0}
Recall that pred (p") must include ref(p’). A reasonable choice for pred (p’) in this case is the following:

pred(p') = {p : a(p) C a(p')}.

This predicate is easy to check for finite alphabets, and satisfies the condition ref(p') C pred(p’) C
dis,(q1). Therefore, by theorem 8.37, Q has a mirror function with predicate relative to G, where

mirror((I,0)) = (0,1I), pred(p) = {p: o(p) C a(p')}.

Note that g; is not the only compatible agent that can be used as a mirror with the above predicate. For
example, the maximally compatible agent go = (O’, A — O’) has the following discrimination set:

disy (g2) = (Q.D — cmp(ge)) U ref(p')
= (QD-{(I,0):ICA-0OANO=0}HU{I,0):ICI'AO=0"}
{I,O): A=O' cIVO#£O0}u{(I,0): ICI'AO=0"}
= {({,0):A-O0'CcIVO#0'vVICIAO=0")}
It is easy to check that the condition ref(p’) C pred(p’) C dis,(g2) is satisfied. Hence, Q has also the
following mirror function with predicate:

mirror((1,0)) = (0,A-0), pred(p’) = {p:a(p) C a(p,)}'

We have noted how mirror functions with predicate lose the characterization in terms of conformance
order that simple mirror functions have. For a restricted case, however, we can reduce a mirror function with
predicate to a regular mirror function by extending'the model as in example 8.21 and example 8.25. The
construction consists of augmenting the model by providing each agent with the information conveyed by the
predicate of their mirror. This construction is still somewhat preliminary, as it doesn’t guarantee a downward
closed conformance set. In addition, the conformance set does not necessarily enjoy the properties that are
necessary for applying theorem 9.4 below.
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Theorem 8.40. Let Q be an agent algebra with a mirror function with predicate relative to G, such that
pred(p) = pred(mirror(p)). If G is downward closed, then the agent algebra O has a mirror function
relative to G, where

* O.D = {(p,set) : p€ Q.D Aset C Q.D A pred(p) N set = 0}
* (p,set) X (¥, set’) if and only if either Q.mirror(p') is not defined, or, if defined,

set C set/,
pred(p) C set’ U pred(p’) and
p || @.mirror(p’) € G.
* proj(B)((p, sety)) = (proj(B)(p), proj(B)(set,)) if all quantities are defined.
* rename(r)((p, setp)) = (rename(r)(p), rename(r)(set,)) if all quantities are defined.

* (p, setp) || (g, sety) is defined if and only if

P || q is defined,
pred(p) N sety =0,
pred(q) N set, = 0 and
set, N sety = 0.

In that case
(p. setp) || (g, sety) = (p || ¢, setp U set,)

. g.mirror( (p.set)) is defined if and only if Q.mirror(p) is defined. In that case,
Q.mirror((p. set)) = (Q.mirror(p), Q.D — (set U pred(p)))
«G=Gx20D

Proof: We must show that Q.mirror is a mirror function relative to G.

Clearly Q.mirror is a partial function from 9.D to 9.D. Also, if Q.mirror((p, set)) is defined, then
Q.mirror((p. sct)) || (p,set) € G. Conversely, if (g, sety) || (p,set) € G, then g || p € G, hence
Q.mirror(p) is defined. and therefore Q.mirror((p, set)) is defined.

Assume now that (p,set) =< (p,set’), and assume that Q.mirror((p', set’)) =
(Q.mirror(p'). Q.D — (set’ U pred(p'))) is defined. Then

* By hypothesis p || Q.mirror(p') € G.
* pred(p) "1 (Q.D — (set’ U pred(p'))) = 0, since pred(p) C set’ U pred(p').

* pred(Q.mirror(p')) N set = @, since by hypothesis pred (Q.mirror(p')) = pred ('), pred(p') N
set’ = O and sct C set.

* set N(Q.D — (set’ Upred(p'))) = 0, since set C set’.

Therefore (p. sct) || (Q.mirror(p'), Q.D — (set’ U pred (p'))) € G.
Conversely. assume (p, set) || (Q.mirror(p'), Q.D — (set’ U pred(p'))) € G. Then
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* set C set'Upred(p), since setN (Q.D — (set' Upred(p'))) = 0. In addition, set N pred(p') = 0,
since set N pred (Q.mirror(p')) = @ and pred (Q.mirror(p')) = pred(p'). Therefore, set C set’.

* pred(p) C set' U pred(p'), since pred (p) N (Q.D — (set’ U pred (p'))) = 0.
* By hypothesis p || Q.mirror(p’) € G.

Therefore (p, set) <X (7', set’).
_ Similarly, if Q.mirror((p/, set’)) is not defined, then (p,set) =< (p,set’) if and only if
Q.mirror((p', set’)) is not defined.

Therefore, by definition 8.1, Q.mirror is a mirror function for © relative to G. O

Theorem 8.41. Let Q and O be as in theorem 8.40. Then the function e : Q.D + Q.D such that for all

agents p
e(p) = (p,0)
is an embedding.

Proof: It is easy to show that e commutes with the operators of the algebra, that is, for example, that

proj(B)(e(p)) = e(proj (B)(p))-

To complete the proof we must show that p < p’ if and only if (p,0) < (v/,9).

Let p and p’ be such that p < p'. If Q.mirror(p’) is not defined, then (p, 0) < (p, @). Altematively,
assume Q.mirror(p’) is defined. Then, since p X p/, p € pred(p’) and p || Q.mirror(p’) € G. Since
pred is monotonic relative to <, pred(p) C pred(p'). Therefore, by definition of @, (p, 8) < (7', 0).

Conversely, assume (p,0) =< (p/,0). If Q.mirror(p’) is not defined then p < p’. Alternatively,
assume Q.mirror(p') is defined. Then, by definition of O, pred(p) C pred(p’), and therefore, since
p € pred(p), p € pred(p’). In addition, p || Q.mirror(p’) € G. Therefore, by definition 8.35, also
p=3p.

Hence, p < p' if and only if (p,9) < (¢, 0). O

Corollary 8.42. Let Q and Q be as in theorem 8.40 such that G is downward closed, and let (p', ®) be an
agent of Q. If (p, set) < (p',0), then set = 0.

The above results show that if p’ is an agent in Q, then the mirror of (p’,) in Q characterizes exactly the
agents p such thatp < p'.

8.2 Mirrors in Subalgebras

In the previous section we have employed a predicate to focus the application ef the mirror function to
only those agents that the mirror can discriminate. Here we use an alternative approach, and consider
only a subset of the agents to reduce the size of the compatibility sets. We choose the subset so that it is
downward closed, and closed under parallel composition, thus effectively constructing a subalgebra when
the operators of projection and renaming are removed from the signature. Since the compatibility sets are
~ smaller, subalgebras have a greater chance to have a G-conformance order relative to composition and a
mirror function.
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An example that is particularly useful in pru-tice is the subset of agents that have the same alphabet. In
particular, we are interested in studying the c«:jormance order and the corresponding mirror function for
algebras whose order satisfies the constraint that p < p’ only if a(p) = a(p’). Note that if a(p) = a(q),
then a(p || g9) = a(p) = a(g). Therefore the subset of agents with a certain alphabet that satisfy the above
constraint consitute a subalgebra of the original agent algebra (restricted to parallel composition only).
Note also that the projection and renaming operators have no effect in determining conformance relative
to composition and mirror functions. Therefore, the results of the previous sections apply to this restricted
case, provided that the necessary restrictions on the alphabet are enforced throughout.

Let Q be an agent algebra and assume that for all alphabets A, the algebra P such that P.D =
{p: a(p) = A} is a subalgebra of Q. Assume also that each subalgebra has a G-conformance order rel-
ative to composition and a mirror function relative to G. Note that since P.D must be downward closed
for all alphabets, p < p’ only if a(p) = a(p’). The results obtained in the subalgebras can be rephrased in
terms of the original algebra by restricting the definitions of conformance order and mirror function to apply
only when the alphabets of the agents involved are the same. Note that we are not changing the definition of
conformance, but we are simply reflecting the restrictions of the subalgebra in the superalgebra. ‘

Definition 8.43. Let Q be an agent algebra and let G be a downward closed set of agents of Q. Q has
a same alphabet G-conformance order relative to composition if and only if for all agents p and p/,
p 2 p if and only if a(p) = o(p’) and for all agents g such that a(q) = a(p'), if p’ || ¢ € G then
rllgeG.

Definition 8.44. Let Q be an ordered agent algebra and let G be a downward closed set of agents of Q.
Then, Q has a same alphabet mirror function relative to G if and only if

1. Q.mirror is a partial function from D to D,
2. mirror(p) is defined if and only if there exists g such that a(q) = o(p) and p Ilg€G,
3. p X ¢/ if and only if a(p) = a(p’) and either mirror(p’) is undefined or p || mirror(p') € G.

The additional conditions in these definitions consistently restrict the alphabets of the agents involved to
the alphabet of the agent for which we are considering the mirror.

In particular we are interested in the characterization of the mirror in terms of the greatest element of the
compatibility set and of conformance relative to composition.

Definition 8.45 (Compatibility Set). Let Q be an ordered agent algebra and G a downward closed set of
agents. The alphabet invariant G-compatibility set of an agent p, written cmp(p), is defined as follows:

cmp(p) = {9:a(g) = a(p) Ap| q € G}

Theorem 8.46. Let Q be an ordered agent algebra and let G be a downward closed set of agents. Then the
following two statement are equivalent:

1. Q has an alphabet invariant mirror function relative to G.

2. Q has an alphabet invariant G-conformance order relative to composition, and for all agents p’,
cmp(p') is either empty or if it is not empty it has a greatest element.
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8.3 Construction of Algebras
In this section we explore conformance and mirrors for the direct product of algebras and for subalgebras.

Theorem 8.47. Let Q; and Q be agent algebras with a G; and G,-conformance order, respectively. Let
Q = Q1 x Qs be the direct product (definition 4.1) of Q; and Q5 and let G = Gy x Gs. Then for all
p, P € Q.D,if p Xg p’ then for all expression contexts E, if E[p'] € G then E[p] € G.

Proof: Let p = (p1,p2) and p’ = (p}, p5) be agents such that p < p’. The proof consists of the following
serier of implications:
p=p

by definition 4.1

& p1 =X, Pi Ap2 2@, P
by hypothesis

& (VE, Elp}] € G1 = E[p)] € G1) A (VE, E[ph)] € G2 = E[ps] € Go)
by definition 4.1

= VE,E}p) € G= EJp] € G.

O

Unfortunately the reverse of the last implication in the proof above does not hold, that is @ does not
necessarily have a G-conformance order. This is because a context E may be defined for an agent p;, while
it is not defined for the pair (p;, p2). However, the result holds in the presence of mirror functions, when the
mirror function is always defined. In that case, in fact, the expression contexts can be reduced to a single
environment, and the difficulty above disappears.

Theorem 8.48. Let Q; and Q, be agent algebras with a mirror function relative to G and Go, respectively,
such that for all agents p, mirror(p) is defined. Let Q = @; x Q5 be the direct product (definition 4.1)
of Q; and Q3 and let G = G; x Ga. Then for all agents (p1,p2) € Q.D, mimor((p1,p2)) =
(mirror(p; ), mirror(p2)) is a mirror function for Q relative to G.

Proof: Clearly Q.mirror is a partial (in fact, total) function. Since mirror is always defined, we must show
that for all p = (p1, p2) there exists g such that p || g € G.

mirror((p1,p2))!
by hypothesis
< mirror(p;)] A mirror(pz)|
by definition 8.1
© (391,71 | @1 € G1) A (3g2,p2 || g2 € G2)
by definition 4.1

< Iq1,q2), (P1,p2) || (g1, 92) € G
< 3dg,pllgeG
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It remains to show that for all p,p’ € Q.D, p < p' if and only if p || mirror(p’) € G. Let p = (p1,p2)
and p’ = (p}, py)-
p=xp
& (p1,p2) X (P, Ph)
by definition 4.1
© PP AP Xp)
by definition 8.1, since mirror(p) and mirror(p}) are both defined
& p1 || mirror(p}) € Gy A p; || mirror(p) € G,
by definition 4.1
& (p1,p2) || (mirror(p}), mirror(p3)) € G
by hypothesis
< @1,?2) " mirror((p’l,p’g)) €G
& p|| mirror(p’) € G
O

A subalgebra may fail to preserve a G-conformance order, but is well behaved when it is closed under a
mirror function, if it exists.

Theorem 8.49. Let Q' be an ordered agent algebra with a G’-conformance order and let Q be a subalgebra
of Q. Let G = G'NQ.D. Then for all agents pand 7’ in Q, if p =@ 7' then for all expression contexts
E over Q, if E[p'] € G, then E[p] € G.

Proof: Let £ be the set of expressions over Q’, and let £ be the set of expressions over Q. Note that since
Q is a subalgebra of Q', an expression over Q is also an expression over @', and therefore £ C £'.
Let now p and p’ be elements of Q.D. The proof consists of the following series of implications.

p=ep
by definition 5.22
& pZgp
since Q' has a G’-conformance order, by definition 7.3
& VEe& Ep|eG = Eped
since Q.D is closed in Q'.D under the operators, G = G'N Q.D, £ C £,
and since forallp € Q.D, E[p'] € G’ & E[p'] € G,
= VEe&,EpleG= E[pleC
- a
The reverse of the last implication does not hold. In fact, while it is true that if E[p] € G, then E[p] €
G', the subalgebra can only consider a subset of the contexts, and may therefore be unable completely
characterize the order.

If however Q is a subalgebra of Q' in the sense of definition 4.6 (i.e. without considering the order), and
the subalgebra does have a G-conformance order, then the orders are related by the following result.



Theorem 8.50. Let Q' be an ordered agent algebra with a G’-conformance order and let Q be a subalgebra

of @. Let G = G’ N Q.D and assume Q has a G-conformance order. Then for all agents p and p’ in
Q,

p3gp =p=op.
Proof: Let now p and p’ be elements of Q.D. The proof consists of the following series of implications.
P3¢y
since Q' has a G’-conformance order, by definition 7.3
< VEe& Elp|eG = E[ple G
since Q.D is closed in Q'.D under the operators, G = G'N Q.D, £ C &',
and since forallp € Q.D, E[p) € G’ & E[p'] € G,
= VE€&,EpleG=Ep|eG
since Q) has a G-conformance order, by definition 7.3
& pZeyp
O

Theorem 8.51. Let Q' be an ordered agent algebra with a mirror function mirror relative to G’ and let Q
be a subalgebra of Q’ closed under mirror. Let G = G’ N Q.D. Then Q has a mirror function relative
to G.

Proof: We show that that mirror is a mirror function for Q relative to G. Clearly mirror is a partial function.

Let now p € Q.D be an agent. If mirror(p) is defined, then, since Q is closed under mir-
ror, mirror(p) € Q.D. Since mirror is a mirror function relative to G’ for @', by lemma 8.2,
p || mirror(p) € G'. Since p € Q.D, mirror(p) € Q.D, and since Q is closed under parallel composi-
tion, p || mirror(p) € Q.D. Therefore, since G = G’ N Q.D, p || mirror(p) € G. Hence, if mirror(p)
is defined, then there exists g (i.e. mirror(p)) such thatp || ¢ € G.

Conversely, if there exists ¢ € Q.D such that p || ¢ € G, then, since Q@ C Q, alsop| g € G'.
Therefore, by definition 8.1, mirror(p) is defined.

Letnow p € Q.D and p’ € Q.D. It remains to show that p < p' if and only if either mirror(p’) is
undefined or p || mirror(p’) € G.

p=qr
since Q C Q'
& p=gp
since Q' has a mirror function relative to G’, by definition 8.1
< mirror(p’)1 V p || mirror(p’) € G’
since Q is closed under mirrorand G = G' N Q.D
< mirror(p')1 V p || mirror(p’) € G
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9 Local Specification Synthesis

With conformance we have addressed the problem of characterizing substitutability under all possible con-
texts. Relative conformance has been introduced to reduce (whenever possible) the complexity of the prob-
lem by considering only a limited set of contexts. Relative conformance, however, when applicable, does
not change the notion of substitutability, since, in that case, relative and general conformance coincide
(cfr. theorem 7.17).

In this section we address the problem of deriving the local specification for an agent in a context, such that
when an agent that satisfies the local specification is substituted in the context, the resulting system satisfies
a global specification. Instances of this problem include supervisory-control synthesis [1], the rectification
and optimization problem [3], and protocol conversion [11]. We will show that, under certain conditions, a
mirror function provides us with a closed form solution.

Definition 9.1 (Local Specification). Let Q be an ordered agent algebra, E an expression context, and let
©’ be an agent. A local specification for p' in E is an agent g such that for all agents p,

p2ge Elp<p.

In the rest of this section we address the problem of deriving the local specification g, given the expression
context E and the global specification p’. The solution involves the use of the mirror function. However,
to solve the equation for the local specification, the conformance set must have some additional closure
properties. We call a conformance set with these additional properties a rectification set.

Definition 9.2 (Rectification Set). Let Q be an agent algebra. A set G ¢ Q.Disa rectification set if it
satisfies the following requirements:

Downward closure If ' € Gand p < p/, thenp € G.

Closure under projection If p € G, then for all alphabets B, proj (B)(p) is defined and proj(B)(p) €
G.

Closure under inverse projection If p € G, then for all alphabets B and all agents p/, if
proj(B)(p') = pthenp’ € G.

Closure under renaming If p € G, then for all bijections r, if rename(r)(p) is defined then
rename(r)(p) € G.

An agent algebra must be normalizable to synthesize a local specification. In fact, we need two additional
properties to make sure that certain operations are well defined.

Definition 9.3 (Rectifiable Algebra). Let Q be a normalizable agent algebra. Then Q is rectifiable if it
satisfies the following axioms, where p is an agent:

A26. rename(r)(p) is defined if and only if c(p) C dom(r).
A27. For all alphabets A such that a(p) C A, rename(id 4)(p) = p.

We can now state and prove the main result of this section.
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Theorem 9.4 (Local Specification Synthesis). Let Q be an ordered rectifiable algebra and let G be a
rectification set, such that Q has a G-conformance order relative to composition. Assume Q has a
mirror function relative to G.

Let E be an expression context, and let p be an agent such that mirror(p) is defined. Let

proj(B)(rename(r)(6) || g)

be an expression in RCP normal form equivalent to E. Let A; = codom(r) U a(q) U B and let #~1 be
an extension of 7! to A; such that #~1 is a bijection. Then

E[g < p
if and only if
B < miror(rename(#~")(q |} proj(B)(mirror(p)))) and (8) < dom(r).
Proof: The proof is composed of the following series of double implications.
proj(B)(rename(r)(8) || q) X p
by the characterization of “<” in terms of G, since mirror(p) exists
< proj(B)(rename(r)(B) || q) || mirror(p) € G
since G is closed under projection and inverse projection
< proj(B)(proj(B)(rename(r)(B) || q) || mirror(p)) € G
since, by Al, a(proj(B)(rename(r)(B8) || ¢)) € B and
since a(proj (B)(rename(r)(B) || ¢) N e(mirror(p)) € B,
therefore by A25
< proj(B)(proj(B)(rename(r)(8) |l 9)) || proj(B)(mirror(p)) € G
by A20
< proj(B)(rename(r)(8) || ¢) || proj(B)(mirror(p)) € G
by A20
< proj(B)(rename(r)(8) || ¢) |l proj (B)(proj (B)(mirror(p))) € G
since, by A1, a(proj(B)(mirror(p))) C B and
since a(rename(r)(B) || ¢) N a(proj(B)(mirror(p))) C B,
therefore by A25 |
< proj(B)(rename(r)(B) || ¢ || proj (B)(mirror(p))) € G
since G is closed under projection and inverse projection
< rename(r)(B) || ¢ || proj(B)(mirror(p)) € G
by A27
< rename(id 4, )(rename(r)(B) || q || proj(B)(mirror(p))) € G
since 77! is a bijection over A;
& rename(7 o #~)(rename(r)(B) || ¢ || proj(B)(mirror(p))) € G
by A21
& rename(+)(rename(7#~1)(rename(r)(B) || q || proj (B)(mirror(p)))) € G
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> rename(F)(recame(#~")(rename(r)(B) || g || proj(B)(mirror(p)))) € G
since (7 is closed under rename (and consequently under inverse rename)

¢ rename(7~")(rename(r)(6) || ¢ || proj(B)(mirror(p))) € G
by A24

& rename(7~")(rename(r)(B)) || rename(#~*)(q || proj(B)(mirror(p))) € G
by A21

¢ rename (7" o r)(f) || rename(#~')(q || proj(B)(mirror(p))) € G

since #~! is an extension of 1!
< rename(id gom(r) )(B) || rename(#~")(q || proj(B)(mirror(p))) € G
by A27

¢ B || rename(#~")(q || proj(B)(mirror(p))) € G and o(f) C dom(r)
by the characterization of “<” in terms of G
« B = mirror(rename(#~")(q || proj (B)(mirror(p)))) and a(8) C dom(r)
O

In the following example we show how to use the local specification synthesis technique in the IO Agent
Algebra.

Example 9.5 ((Locked) 10 Agent Algebra). Consider the IO agent algebra described in example 8.24.
Figure 3 shows an intuitive graphical representation of the system :

proj({a, b) c, da e)f})(ﬂ " n ” p2):
where

D = ({aa g, h}’ {d}),

2 = ({d},{9,5})

and (3 is an agent variable. Suppose we would like to solve the system for (3 so that it satisfies the
specification

? = ({a,b},{c,d}).

As discussed in example 8.24, this algebra does not have mirrors, and therefore we are unable to apply
our solution to the local specification synthesis. However we can embed the model in the Locked IO
agent algebra described in example 8.25 as follows:

nh - ({aa g, h}a {d}y 0):
P2 - ({d}1 {g$ .7}7 m)
P = ({a,8},{c,d},0).

Because of the embedding, the system expression is unchanged. Thus, applying theorem 9.4 we obtain

proj({a, b’ c, d) e,f})(ﬁ " P " p2) = p’
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Figure 3: IO agent system

if and only if

B = mirror(p; || p2 || proj({a, b, c, d, e, f })(mirror(p')))
Substituting the real quantities for the symbols:

mirror(py || pz | proj({a, b, ¢, d, e, fH)(p)) =
= mirror(({a, g, h}, {d},0) || ({d},{9,5},0) |
| proj ({a, b, ¢, d, e, f })(mirror(({a, b}, {c, ¢}, 0))))
mirror(({a, h},{d, 9,5}, 0) || proj({a,b,c,d, e, f})({c, d}, {a,b}, A - {a,b,¢,d}))
mirror(({a, h},{d, 9,7}, 0) || proj({a, b, ¢, d, e, f})({c, d},{a,b},{e, f}))
mirror(({h,c},{a,b,d,g,7},{e, f}))
({a,b,d, 9,5}, {h,c}, A—{a,b,c,d,e, f, g, h,j})

Recall thatp <X p' ifand only if ] C I',0' C O C O'U L' and L C L'. If we only consider agents
that have L = 0, the agents p = (I, O, L) that can be assigned to 3 must be such that

@ CIC {abd,g,j}
{C,h} QOQ A—{a,b7d’e7f!g’j}

We interpret this result as follows. Agent p can have as input any of the inputs allowed by the specifi-
cation (i.e. a and b) and any of the outputs that are already present in the system (d, g and j), whether
they are retained (d) or not (g and j). It cannot have any additional input, since they would be left
“unconnected” and hidden, a situation that is not allowed by the definition of the algebra. Note that p
is not required to have any input, even though b (which is in the specification) is not already present.
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That is because the order only requires that the set of inputs of the implementation be contained in the
set of inputs of the specification. :

On the other hand, p must have outputs c and % in order for the system to satisfy the specification.
In fact, c is required by the specification and is not already present in the rest of the system, while & is
an input to py, and it must be converted to an output in order to project it away. Agent p can also have
additional outputs, but not a and b which are inputs to the system (having them as outputs would make
them outputs, contrary to the specification), d, g and j, which are already outputs in the system (and
thus would collide and make the parallel composition undefined), and e and f, which are retained in
the projection but are not allowed by the specification.

10 Current and Future Work

These notes present the framework of agent algebra, and provide some simple examples of its use in the
context of models of concurrent systems. In our current work we are concentrating on agent algebras that
include models of behavior. In particular we are considering trace structure algebra [2, 4] as a general
agent algebra model of concurrent behavior, and are studying different forms of refinement relationships
and their characterization in terms of conformance and mirror function. Using trace strcture algebras, we
are implementing the local specification synthesis technique to solve the problem of protocol conversion.

At the same time we have developed the theory of conservative approximations [6] for agent algebras (not
presented in these notes) and studied conditions for the existence of an embedding from abstract to refined
models. The embeddings are keys to the correct treatment of the problem of interaction of different models
of computation (5, 6].
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