MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Dynamic input/output automata: A formal and
compositional model for dynamic systems

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Attie, Paul C. and Nancy A. Lynch. “Dynamic Input/output Automata: A Formal and
Compositional Model for Dynamic Systems.” Information and Computation 249 (August 2016):
28-75 © 2016 Elsevier Inc

As Published: http://dx.doi.org/10.1016/J.1C.2016.03.008
Publisher: Elsevier BV
Persistent URL: http://hdl.handle.net/1721.1/118456

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’'s formatting or copy editing

Terms of use: Creative Commons Attribution-NonCommercial-NoDerivs License

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/118456
http://creativecommons.org/licenses/by-nc-nd/4.0/

Accepted Manuscript

Dynamic input/output automata: A formal and compositional model for dynamic systems Information

and
Computation

Paul C. Attie, Nancy A. Lynch > b b

VARV ARV RV

Y 4

PII: S0890-5401(16)00045-6

DOIL http://dx.doi.org/10.1016/j.ic.2016.03.008
Reference: YINCO 4172

To appear in: Information and Computation

Received date: 24 June 2013
Revised date: 15 February 2016

Please cite this article in press as: P.C. Attie, N.A. Lynch, Dynamic input/output automata: A formal and compositional model for dynamic
systems, Inf. Comput. (2016), http://dx.doi.org/10.1016/j.ic.2016.03.008

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing
this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is
published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ic.2016.03.008

Dynamic Input /Output Automata: a Formal and
Compositional Model for Dynamic Systems

Paul C. Attie**, Nancy A. Lynch®

@ Department of Computer Science, American University of Beirut, Beirut, Lebanon
YMIT Computer Science and Artificial Intelligence Laboratory, Cambridge, MA, USA

Abstract

We present dynamic I/O automata (DIOA), a compositional model of dynamic sys-
tems, based on I/0 automata. In our model, automata can be created and destroyed dy-
namically, as computation proceeds. In addition, an automaton can dynamically change
its signature, that is, the set of actions in which it can participate. This allows us to
model mobility, by enforcing the constraint that only automata at the same location may
synchronize on common actions.

Our model features operators for parallel composition, action hiding, and action re-
naming. It also features a notion of automaton creation, and a notion of trace inclusion
from one dynamic system to another, which can be used to prove that one system imple-
ments the other. Our model is hierarchical: a dynamically changing system of interacting
automata is itself modeled as a single automaton that is “one level higher.” This can
be repeated, so that an automaton that represents such a dynamic system can itself be
created and destroyed. We can thus model the addition and removal of entire subsystems
with a single action.

We establish fundamental compositionality results for DIOA: if one component is
replaced by another whose traces are a subset of the former, then the set of traces of
the system as a whole can only be reduced, and not increased, i.e., no new behaviors
are added. That is, parallel composition, action hiding, and action renaming, are all
monotonic with respect to trace inclusion. We also show that, under certain technical
conditions, automaton creation is monotonic with respect to trace inclusion: if a system
creates automaton A; instead of (previously) creating automaton A}, and the traces of
A; are a subset of the traces of AL, then the set of traces of the overall system is possibly
reduced, but not increased. Our trace inclusion results imply that trace equivalence is
a congruence relation with respect to parallel composition, action hiding, and action
renaming.

Our trace inclusion results enable a design and refinement methodology based solely
on the notion of externally visible behavior, and which is therefore independent of specific
methods of establishing trace inclusion. It permits the refinement of components and
subsystems in isolation from the entire system, and provides more flexibility in refine-
ment than a methodology which is, for example, based on the monotonicity of forward
simulation with respect to parallel composition. In the latter, every automaton must be
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refined using forward simulation, whereas in our framework different automata can be
refined using different methods.

The DIOA model was defined to support the analysis of mobile agent systems, in a
joint project with researchers at Nippon Telegraph and Telephone. It can also be used for
other forms of dynamic systems, such as systems described by means of object-oriented
programs, and systems containing services with changing access permissions.

Keywords: dynamic systems, formal methods, semantics, automata, process creation,
mobility

1. Introduction

Many modern distributed systems are dynamic: they involve changing sets of compo-
nents, which are created and destroyed as computation proceeds, and changing capabili-
ties for existing components. For example, programs written in object-oriented languages
such as Java involve objects that create new objects as needed, and create new references
to existing objects. Mobile agent systems involve agents that create and destroy other
agents, travel to different network locations, and transfer communication capabilities.

To describe and analyze such distributed systems rigorously, one needs an appropri-
ate mathematical foundation: a state-machine-based framework that allows modeling of
individual components and their interactions and changes. The framework should admit
standard modeling methods such as parallel composition and levels of abstraction, and
standard proof methods such as invariants and simulation relations. As dynamic sys-
tems are even more complex than static distributed systems, the development of practical
techniques for specification and reasoning is imperative. For static distributed systems
and concurrent programs, compositional reasoning is proposed as a means of reducing
the proof burden: reason about small components and subsystems as much as possible,
and about the large global system as little as possible. For dynamic systems, composi-
tional reasoning is a priori necessary, since the environment in which dynamic software
components (e.g., software agents) operate is continuously changing. For example, given
a software agent B, suppose we then refine B to generate a new agent A, and we prove
that A’s externally visible behaviors are a subset of B’s. We would like to then conclude
that replacing B by A, within any environment does not introduce new, and possibly
erroneous, behaviors.

One issue that arises in systems where components can be created dynamically is
that of clones. Suppose that a particular component is created twice, in succession. In
general, this can result in the creation of two (or more) indistinguishable copies of the
component, known as clones. We make the fundamental assumption in our model that
this situation does not arise: components can always be distinguished, for example, by
a logical timestamp at the time of creation. This absence of clones assumption does not
preclude reasoning about situations in which an automaton A; cannot be distinguished
from another automaton As by the other automata in the system. This could occur, for
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example, due to a malicious host which “replicates” agents that visit it. We distinguish
between such replicas at the meta-theoretic level by assigning unique identifiers to each.
These identifiers are not available to the other automata in the system, which remain
unable to tell A; and A apart, for example in the sense of the “knowledge” [16] about
Ay and Ay which the other automata possess.

Static mathematical models like I/O automata [24] could be used to model dynamic
systems, with the addition of some extra structure (special Boolean flags) for modeling
dynamic aspects. For example, in [22], dynamically-created transactions were modeled
as if they existed all along, but were “awakened” upon execution of special create ac-
tions. However, dynamic behavior has by now become so prevalent that it deserves to
be modeled directly. The main challenge is to identify a small, simple set of constructs
that can be used as a basis for describing most interesting dynamic systems.

In this paper, we present our proposal for such a model: the Dynamic 1/O Automaton
(DIOA) model. Our basic idea is to extend I/O automata with the ability to change
their signatures dynamically, and to create other I/O automata. We then combine such
extended automata into global configurations. Our model provides:

1. parallel composition, action hiding, and action renaming operators;

2. the ability to dynamically change the signature of an automaton; that is, the set
of actions in which the automaton can participate;

3. the ability to create and destroy automata dynamically, as computation proceeds;
and

4. a notion of externally visible behavior based on sets of traces.

Our notion of externally visible behavior provides a foundation for abstraction, and
a notion of behavioral subtyping by means of trace inclusion. Dynamically changing
signatures allow us to model mobility, by enforcing the constraint that only automata at
the same location may synchronize on common actions. This capability is not present
in a static model with extra structure (e.g., boolean flags). Modeling a mobile agent
in a static setting would be difficult at best, and would result in a contrived and over-
complicated model (how would you simulate location and signature change?) that would
lose the benefits of simple and direct representation that our model affords.

Our model is hierarchical: a dynamically changing system of interacting automata is
itself modeled as a single automaton that is “one level higher.” This can be repeated,
so that an automaton that represents such a dynamic system can itself be created and
destroyed. This allows us to model the addition and removal of entire subsystems with a
single action. This would also be quite difficult to represent naturally in a static model.

As in I/O automata [24, 25|, there are three kinds of actions: input, output, and
internal. A trace of an execution results by removing all internal actions, replacing each
state by its external signature (i.e., the input and output actions), and finally replacing
blocks of identical external signatures by a single representative. We use the set of traces
of an automaton as our notion of external behavior. We show that parallel composition
is monotonic with respect to trace inclusion: if we have two systems A = A; || -+ ||
Ai |l - || Ap and A" = Ay || -+ || A% || -+ || An consisting of n automata, executing in
parallel, then if the traces of A; are a subset of the traces of A} (which it “replaces”),
then the traces of A are a subset of the traces of A’. We also show that action hiding
(convert output actions to internal actions) and action renaming (change action names
using an injective map) are monotonic with respect to trace inclusion, and, finally, we
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show that, if we have a system X in which an automaton A is created, and a system
Y in which an automaton B is created “instead of A”, and if the traces of A are a
subset of the traces of B, then the traces of X will be a subset of the traces of Y,
but only under certain conditions. Specifically, systems X and Y must create A and
B, respectively, in “corresponding” states. A state of X and a state of Y correspond
iff they are the last states of finite executions of X and Y which have the same trace.
Otherwise, monotonicity of trace inclusion can be violated by having the system X
create the replacement A in more contexts than those in which Y creates B, resulting
in X possessing some traces which are not traces of Y. This phenomenon appears to
be inherent in situations where the creation of new automata can depend upon global
conditions (as in our model) and can be independent of the externally visible behavior
(trace). Our monotonicity results imply that trace equivalence is a congruence with
respect to parallel composition, action hiding, and action renaming.

Our results enable a refinement methodology for dynamic systems that is independent
of specific methods of establishing trace inclusion. Different automata in the system can
be refined using different methods, e.g., different simulation relations such as forward
simulations or backward simulations, or by using methods not based on simulation re-
lations. This provides more flexibility in refinement than a methodology which, for ex-
ample, shows that forward simulation is monotonic with respect to parallel composition,
since in the latter every automaton must be refined using forward simulation.

We defined the DIOA model initially to support the analysis of mobile agent systems,
in a joint project with researchers at Nippon Telephone and Telegraph. Creation and
destruction of agents are modeled directly within the DIOA model. Other important
agent concepts such as changing locations and capabilities are described in terms of
changing signatures, using additional structure.

This paper is organized as follows. Section 2 presents signature I/O automata (SIOA),
which are I/O automata that also have the ability to change their signature, and also
defines parallel composition, action hiding, and action renaming operators for them.
Section 3 shows that parallel composition of SIOA is monotonic with respect to trace
inclusion. Section 4 establishes that action hiding and action renaming are monotonic
with respect to trace inclusion. It also shows that trace equivalence is a congruence
with respect to parallel composition, action hiding, and action renaming. Section 5
presents configuration automata (CA), which have the ability to dynamically create SIOA
as execution proceeds. Section 5 also extends the parallel composition, action hiding,
and action renaming operators to configuration automata, and shows that configuration
automata inherit the trace monotonicity results of SIOA. Section 6 shows that SIOA
creation is monotonic with respect to trace inclusion, under certain technical conditions.
Section 7 discusses how mobility and locations can be modeled in DIOA. Section 8
presents an example: an agent whose purpose is to traverse a set of databases in search
of a satisfactory airline flight, and to purchase such a flight if it findsit. Section 9 discusses
related work. Section 10 discusses further research and presents our conclusions.

2. Signature I/O Automata

We introduce signature input-output automata (SIOA). We assume the existence of

a set Autids of unique STOA identifiers, an underlying universal set Auts of SIOA, and

a mapping aut : Autids — Auts. aut(A) is the SIOA with identifier A. We use “the
5



automaton A” to mean “the SIOA with identifier A”. We use the letters A, B, possibly
subscripted or primed, for STOA identifiers.

The executable actions of an SIOA A are drawn from a signature sig(A)(s) = (in(4)(s),
out(A)(s), int(A)(s)), called the state signature, which is a function of the current state
s. in(A)(s), out(A)(s), int(A)(s) are pairwise disjoint sets of input, output, and internal
actions, respectively. We define ext(A)(s), the external signature of A in state s, to be
ext(A)(s) = (in(A)(s), out(A)(s)).

For any signature component, generally, the ~ operator yields the union of sets of
actions within the signature, e.g., S/Z?J(A)(s) = in(A)(s) U out(A)(s) U int(A)(s). Also
define acts(4) = Usesrates (a) sig(A)(s), that is acts(A) is the “universal” set of all actions
that A could possibly execute, in any state.

Definition 1 (Signature input-output automaton, SIOA). An SIOA aut(A) con-
sists of the following components

1. A set states(A) of states.

2. A nonempty set start(A) C states(A) of start states.

3. A signature mapping sig(A) where for each s € states(A), sig(A)(s) = (in(A)(s), out (A)(s), int (A)(s)),
where in(A)(s), out(A)(s), int(A)(s) are sets of actions.

4. A transition relation steps(A) C states(A) x acts(A) x states(A)

and satisfies the following constraints on those components:

1. V(s,a,5) € steps(A) : a € sig(A)(s).

2. Vs € states(A) :Va € in(A)(s),3s" : (s,a,8) € steps(A).

3. Vs € states(A) : in(A)(s) N out(A)(s) = in(A)(s) N int(A)(s) = out(4)(s) N
int(A)(s) =0.

Constraint 1 requires that any executed action be in the signature of the initial state
of the transition. Constraint 2 extends the input enabling requirement of I/O automata
to SIOA. Constraint 3 requires that in any state, an action cannot be both an input and
an output, etc. However, the same action can be an input in one state and an output
in another. This is in contrast to ordinary I/O automata, where the signature of an
automaton is fixed once and for all, and cannot vary with the state. Thus, an action is
either always an input, always an output, or always an internal.

If (s,a,8') € steps(A), we also write s ——48'. For the sake of brevity, we write
states(A) instead of states(aut(A)), i.e., the components of an automaton are identified
by applying the appropriate selector function to the automaton identifier, rather than
the automaton itself.

Definition 2 (Execution, trace of SIOA). An execution fragment o of an SIOA A
is a nonempty (finite or infinite) sequence s%a'sta® ... of alternating states and actions
such that (s°=% a’,s') € steps(A) for each triple (s~ at,s") occurring in a. Also,
ends in a state if it is finite. An execution of A is an execution fragment of A whose
first state is in start(A). execs(A) denotes the set of executions of SIOA A.

Given an evecution fragment o = sa‘sta®... of A, the trace of a in A (denoted

trace o(«v)) is the sequence that results from

1. remove all a’ such that o' & ext(A)(s"~1), i.e., a’ is an internal action of A in
state s'=1, and then
6



2. replace each s' by its external signature ext(A) s‘), and then

3. replace  each  mazimal  block  ext(A)(s" Ny ext (A)(sF)  such  that
(450 <j < ks ext(A)s™) = eat(A)(s")) by eat(A)(s'), i, replace cach
mazimal block of identical external signatures by a single representative. (Note:
also applies to an infinite suffix of identical signatures, i.e., k =w.)

Thus, a trace is a sequence of external actions and external signatures that starts with
an external signature. Also, if the trace is finite, then it ends with an external signature.
When the automaton A is understood from context, we write simply trace(a). We
need to indicate the automaton, since it is possible for two automata to have the same
executions, but difference traces, e.g., when one results from the other by action hiding
(see Section 2.2 below).

Traces are our notion of externally visible behavior. A trace 8 of an execution «
exposes the external actions along «, and the external signatures of states along «,
except that repeated identical external signatures along a do not show up in . Thus,
the external signature of the first state of «, and then all subsequent changes to the
external signature, are made visible in 8. This includes signature changes caused by
internal actions, i.e., these signature changes are also made visible. traces(A), the set of
traces of an SIOA A, is the set {8 | Ja € execs(A) : 8 = trace(a)}.

Notation.. We write s—— 45 iff there exists an execution fragment o of A starting
in s and ending in §. If a state s lies along some execution, then we say that s is
reachable. Otherwise, s is unreachable. The length || of a finite execution fragment «
is the number of transitions along «. The length of an infinite execution fragment is
infinite (w). If |a| = 0, then « consists of a single state. When we write, for example,
0 < i < al, it is understood that when « is infinite, that ¢ = |«| does not arise, i.e.,
we consider only finite indices for states and actions along an execution. If execution
fragment o = s’alsta?..., then for 0 < i < |oz\, define af; = s%atsta?...a's’, and for
0<i,j<la|Aj<i, deﬁne jlali = s7a? Tt alst. We define a concatenation operator
~ for execution fragments as follows. If o/ = soalsla2 .a's' is a finite execution
fragment and o = t9b't'b%... is an execution fragment, then o/ —~ o is defined to
be the execution fragment sa's'a?...a't"b't'b?... only when s* = 9. If s* # 0,
then o’ —~ o is undefined. We also use o’ ~ (a,s) to mean s’a'sta?...a's'as, i.e., we
concatenate a transition to the end of /. Let , @’ be execution fragments. Then « is a
proper prefix of o’ iff there exists an execution fragment o’ such that a = o’ ~ a”. We
write a < ' in this case. If o < o/ or a = o, then we write a < o/, and say that « isa
prefix of o/. We also overload —~ and use it for concatenating traces and parts of traces
(i.e., single signatures and actions), in the obvious manner.

Throughout the paper, we will use a superscript, i.e., s, to mean the j’th state along
an execution, and we will use a subscript, i.e., s;, to mean the state of SIOA A; (e.g.,
in a parallel composition A= Ay || --- || 4; || -~ || An). When we require both usages,
we will use s/, which means the A;-component of the j’th state along an execution. For
consistency of notation, we also use a superscript, i.e., a/, to mean the j’th action along
an execution.

Let [k : 13] {z | £ < i < £}, We use (Qi,7(i) : e(?)) to indicate quantification
with quantifier ), bound variable ¢, range (i), and quantified expression e(z). For
compactness, we sometimes give the bound variable and range as a subscript.
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2.1. Parallel Composition of Signature 1/O Automata

The operation of composing a finite number n of SIOA together gives the technical
definition of the idea of n SIOA executing concurrently. As with ordinary I/O automata,
we require that the signatures of the SIOA be compatible, in the usual sense that there
are no common outputs, and no internal action of one automaton is an action of another.

Definition 3 (Compatible signatures). Let S be a set of signatures. Then S is com-
patible iff, for allsig € S, sig’ € S, where sig = (in,out,int), sig’ = (in’,out’,int’) and
sig # sig’, we have:

1. (in Uout Uint) Nint’ =0, and
2. outNout’ = 0.

Since the signatures of SIOA vary with the state, we require compatibility for all
possible combinations of states of the automata being composed. Our definition is “con-
servative” in that it requires compatibility for all combinations of states, not just those
that are reachable in the execution of the composed automaton. This results in signifi-
cantly simpler and cleaner definitions, and does not detract from the applicability of the
theory.

Definition 4 (Compatible SIOA). Let Ay,..., A, be SIOA. Ay,..., A, are compat-
ible if and only if for every (s1, ..., sn) € states(Ay)X---xstates(A,, ), {sig(A1)(s1), ..., sig(An)(sn)}
is a compatible set of signatures.

Definition 5 (Composition of Signatures). Let Y = (in,out,int) and¥' = (in’, out’, int’)
be compatible signatures. Then we define their composition ¥ x ¥/ = (in Uin’ — (out U
out’), outU out’, int Uint’).

Signature composition is clearly commutative and associative. We therefore use [] for the
n-ary version of x. As with I/O automata, SIOA synchronize on same-named actions. To
devise a theory that accommodates the hierarchical construction of systems, we ensure
that the composition of n STOA is itself an STOA.

Definition 6 (Composition of SIOA). Let Ay,...,A,, be compatible SIOA. Then
A=A - | Ay is the state-machine consisting of the following components:

1. A set of states states(A) = states(Ay) x -+ x states(Ay).

. A set of start states start(A) = start(Ay) x -+ X start(Ay,).

3. A signature mapping sig(A) as follows. For each s = (s1,...,8,) € states(A),
sig(A)(s) = sig(Ar)(s1) X - x sig(Apn)(sn)-

4. A transition relation steps(A) C states(A) x acts(A) x states(A) which is the set
of all({s1,...,8n),a,{t1,...,tn)) such that
(a) a € sig(A1)(s1)U ... Usig(An)(sn), and
(b) for allie [1:n]:ifac S/Z?](Az)(sl), then (s;,a,t;) € steps(4;), otherwise

S; = ti .
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If s = (s1,...,8,) € states(A), then define sl A; = s;, for i € [1 : n).

Since our goal is to deal with dynamic systems, we must define the composition of
a variable number of SIOA at some point. We do this below in Section 5, where we
deal with creation and destruction of SIOA. Roughly speaking, parallel composition is
intended to model the composition of a finite number of large systems, for example a
local-area network together with all of the attached hosts. Within each system however,
an unbounded number of new components, for example processes, threads, or software
agents, can be created. Thus, at any time, there is a finite but unbounded number of
components in each system, and a finite, fixed, number of “top level” systems.

Proposition 1. Let Ay,..., A,, be compatible SIOA. Then A = Ay || --- || A, is an
SIOA.

Proof: We must show that A satisfies the constraints of Definition 1. We deal with each
constraint in turn.
Constraint 1: Let (s,a,s’) € steps(A). Then, s can be written as (s1,...,s,). From
Definition 6, clause 4, a € sig(A;)(s1) U ... U sig(A, )(s,) From Definition 6, clause 3,
sig(A1)(s1)U. .. Usig(An)(sn) = sig(A)(s). Hence a € sig(A)(s).
Constraint 2: Let s € states(A), a € in(A)(s). Then, s can be written as (s1,...,8,).
From Definition 6, clause 3, a € (U;<;<, ?(A:)(si)) — out(A)(s). Hence, there exists
¢ C [1:n] such that Vi € p:a € in(A;)(s;), and Vi € [1:n] —p :a & s/z\g(Az)(sl) Since
each A; satisfies Constraint 2 of Definition 1, we have:
Vi€ w3t (si,a,t;) € steps(A;)

By Definition 6, Clause 4,

It: (s,a,t) € steps(A), where Vi € ¢ : tli=1t;, and Vi € [1:n] — ¢ : t[i = s;.
Hence Constraint 2 is satisfied.
Constraint 3: From Definitions 5 and 6, it follows that the sets of input and output
actions of A in any state are disjoint. Each A; is an SIOA and so satisfies Constraint 3
of Definition 1. From this and Definitions 3, 4, 5, and 6, it follows that the set of internal

actions of A in any state has no action in common with either the input actions or the
output actions. Hence A satisfies Constraint 3. 1]

2.2. Action Hiding for Signature 1/O Automata

The operation of action hiding allows us to convert output actions into internal ac-
tions, and is useful in specifying the set of actions that are to be visible at the interface
of a system.

Definition 7 (Action hiding for SIOA). Let A be an SIOA and ¥ a set of actions.
Then A\ X is the state-machine given by:

1. A set of states states(A \ X) = states(A).

2. A set of start states start(A\ X) = start(A).

3. A signature mapping sig(A) as follows. For each s € states(A),
sig(A\X)(s) = (in(A\ 2)(s), out (A\ X)(s),int (A \ X)(s)), where

9



) out(A\ X)(s) = out (A)(s) - %,
) in(A\X)(s) = in(A)(s), and
) int(A\X)(s) = mt( ()(S (out (A)(s) NX).

)uU
4. A transition relation steps(A \ X) = steps(A).

Proposition 2. Let A be an SIOA and ¥ a set of actions. Then A\ X is an SIOA.

(a
(b
(

C

Proof: We must show that A\ ¥ satisfies the constraints of Definition 1. We deal with
each constraint in turn.

Constraint 1: From Definition 7, we have, for any s € states(A\ X): sig(A\ Z)(s) =
(out (A)(s)—X)Uin(A)(s) U(int(A)(s) U(out (A)(s)NX)) = ((out (A)(s)—X)U(out (A)(s)N
X)) Uin(A)(s) U int(A)(s) = out (A)(s) Uin(A)(s) Uint(A)(s) = sig(A)(s).

Since A is an SIOA, we have V(s,a,s') € steps(A) : a € sig(A)(s). From Definition 7,
steps(A\ X) = steps(A). Hence, V(s,a,s") € steps(A\X) : a € sig(A\ X)(s). Thus,
Constraint 1 holds for A\ X.

Constraint 2: From Definition 7, states(A \ X) = states(A), steps(A\ X) = steps(A),
and for all s € states(A\ %), in(A\ X)(s) =in(A)(s).

Since A is an SIOA, we have Constraint 2 for A:

Vs € states(A),Va € in(A)(s),3s : (s,a,5") € steps(A).
Hence, we also have
Vs € states(A\ X),Va € in(A\ X)(s),3¢ : (s,a,s") € steps(A\ X).
Hence Constraint 2 holds for A\ X.

Constraint 3: A is an SIOA and so satisfies Constraint 3 of Definition 1. Definition 7
states that, in every state s, some actions are removed from the output action set and
added to the internal action set. Hence the sets of input, output, and internal actions
remain disjoint. So A\ ¥ also satisfies Constraint 3. 1

2.3. Action Renaming for Signature 1/O Automata

The operation of action renaming allows us to rename actions uniformly, that is, all
occurrences of an action name are replaced by another action name, and the mapping is
also one-to-one, so that different actions are not identified (mapped to the same action).
This is useful in defining “parameterized” systems, in which there are many instances of
a “generic” component, all of which have similar functionality. Examples of this include
the servers in a client-server system, the components of a distributed database system,
and hosts in a network.

Definition 8 (Action renaming for SIOA). Let A be an SIOA and let p be an in-
jective mapping from actions to actions whose domain includes acts(A). Then p(A) is
the state machine given by:

1. start(p(A)) = start(A).

2. states(p(A)) = states(A).

3. for each s € states(A), sig(p(A))(s) = (in(p(A))(s), out (p(A))(s), int(p(A))(s)),

where
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(a) out(p(A))(s) = plout (A)(s)),
(b) in(p(A))(s) = p(in(A)(s)), and
(c) int(p(A))(s) = p(int(A)(s)).
4. A transition relation steps(p(A)) = {(s,p(a),t) | (s,a,t) € steps(A)}.

Here we write p(X) = {p(a) | a € £}, i.e., we extend p to sets of actions element-wise.

Proposition 3. Let A be an SIOA and let p be an injective mapping from actions to
actions whose domain includes acts(A). Then, p(A) is an SIOA.

Proof: We must show that p(A) satisfies the constraints of Definition 1. We deal with
each constraint in turn.

Constraint 1: From Definition 8, we have, for any s € states(p(A)): sig(p(A))(s) =
out(p(A) )(s) Uin(p(A))(s) Uint(p(A))(s) = plout (A)(s)) U p(in(A)(s)) U p(int(A)(s)) =
p(sig(A)(s)) - .

Since A is an SIOA, we have V(s,a,s') € steps(A) : a € sig(A)(s). From Definition 8,
steps(p(A)) = {(s,p(a),t) | (s;a,1) € steps(A)}

Hence, if (s,p(a),t) is an arbitrary element of steps(p(A)), then (s,a,t) € steps(A),
and s0 a € sig(A)(s). Hence p(a) € p(sig(A)(s)). Since p(sig(A)(s)) = sig(p(A))(s),
conclude p(a) € s/z\g(,o(A))(s) Hence, V(s, p(a),s") € steps(p(A)) : pla) € gz\g(p(A))(s)
Thus, Constraint 1 holds for p(A).

Constraint 2: From Definition 8, states(p(A)) = states(A), steps(p(A)) = {(s,p(a),t) | (s,a,t) €
steps(A)}, and for all s € states(p(A)), in(p(A))(s) = p(in(A)(s)).

Let s be any state of p(A), and let b € in(p(A))(s). Then b = p(a) for some
a € in(A)(s). We have (s,a,t) € steps(A) for some ¢, by Constraint 2 for A. Hence
(s,pla),t) € steps(p(A)). Hence (s,b,t) € steps(p(A)). Hence Constraint 2 holds for
p(A).

Constraint 3: A is an SIOA and so satisfies Constraint 3 of Definition 1. From this and
Definition 8 and the requirement that p be injective, it is easy to see that p(A) also
satisfies Constraint 3. 0

2.4. Example: mobile phones

We illustrate SIOA using the mobile phone example from Milner [27, chapter §].
There are four SIOA:

1. Car: a car containing a mobile phone
2. Transl, Trans2: two transmitter stations
3. Control: a control station

Control, Trans1,and Car are given in Figures 1, 2, and 3 respectively. Trans2 results by
applying renaming to TransI, and changingthe initial state appropriately, since initially
Car is communicating with Trans?.

We use the usual I/O automata “precondition effect” pseudocode [25], augmented by
additional constructs to describe signature changes and SIOA creation, as follows. We
use “state variables” in, out, and int to denote the current sets of input, output, and
internal actions in the SIOA state signature. The Signature section of the pseudocode

11



Control

Signature

Input:
0
constant
Output:
losey, gaing, losey, gain,
constant
Internal:
0

constant
State
assigned € {1,2}, transmitter that Car is assigned to, initially 1

transferring € {true, false}, true iff in the middle of a transfer of Car from one transmitter to another,
initially false

Actions

Output lose | Output lose2
Pre: assigned = 1 A —transferring Pre: assigned =2 A —transferring
Eff: assigned «— 2; Eff: assigned «— 1;

transferring «— true transferring < true
Output gainy Output gain;
Pre: assigned = 1 A transferring Pre: assigned =1 A transferring
Eff: transferring < false Eff: transferring < false

Figure 1: The Control SIOA

for each SIOA describes acts(A), i.e., the “universal” set of all actions that A could
possibly execute, in any state. We partition this description into the input, output,
and internal components of the signature. We indicate the signature components in
every start state using an “initially” keyword at the end of the “Input,” “Output,” and
“Internal” sections, followed by the actions present in the signature of every start state.
This convention restricts all start states to have the same signature. We emphasize
that this is a restriction of the pseudocode only, and not of the underlying SIOA model.
When a signature component does not change, we replace the keyword “initially” by the
keyword “constant” as a convenient reminder of this.

At any time, Car is connected to either Trans! or Trans2. Normal conversation is
conducted using a talk action. Under direction of Control (via lose and gain actions)
the transmitters transfer Car between them, using switch actions. Upon receiving a lose
input from Control, a transmitter goes on to send a switch to Car, and also removes the
talk and switch actions from its signature. Upon receiving a switch from a transmitter,
Car will remove the talk and switch actions for that transmitter from its signature, and
add the talk and switch actions for the other transmitter to its signature.

12



Transl

Signature
Input:
lose;, gainy, talk; initially: lose;, gain, talk;
Output:
switchy initially: switch
Internal:
0

constant

State

transferring € {true, false}, true iff in the middle of a transfer of Car to the other controller

active € {true, false}, true iff this transmitter is currently handling the Car, initially false

Actions

Input lose; Output switchy

Eff: if active then Pre: transferring
transferring «— true; Eff: transferring < false;
active «— false in «— in — {talki };

out < out — {switch1}
Input gain,
Eff: in «— in U {talky }; Input talk;
out «— out U {switchy }; Eff: skip

active «— true

Figure 2: The Trans1 SIOA

Car

Signature
Input:

switchy, switchy initially: switchq
Output:

talky,talky initially: talkg
Internal:

0

constant

State

transmitter € {1,2}, the identity of the transmitter that Car is currently connected to

Actions

Output talky Output talks
Pre: transmitter = 1 Pre: transmitter = 2
Eff: skip Eff: skip

Input switchy Input switch2
Eff: in < in — {switch1} U {switchz2}; Eff: in < in — {switch2} U {switch1 };
out «— out — {talki } U {talk2}; out «— out — {talke} U {talki };

Figure 3: The Car SIOA
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3. Compositional Reasoning for Signature I/O Automata

To confirm that our model provides a reasonable notion of concurrent composition,
which has expected properties, and to enable compositional reasoning, we establish exe-
cution “projection” and “pasting” results for compositions. We deal with both execution
projection/pasting and with trace pasting. The main goal is to establish that parallel
composition is monotonic with respect to trace inclusion: if an STOA in a parallel compo-
sition is replaced by one with less traces, then the overall composition cannot have more
traces than before, i.e., no new behaviors are added.

3.1. Ezecution Projection and Pasting for SIOA

Given a parallel composition A = A; || --- || A, of n SIOA, we define the projection
of an alternating sequence of states and actions of A onto one of the A;, i € [1 : n], in
the usual way: the state components for all STIOA other than A; are removed, and so are
all actions in which A; does not participate.

Definition 9 (Execution projection for SIOA). Let A = Ay || --- || A, be an
SIOA. Let « be a sequence sPals'a?s® ... s 1als? ... where Vj> 0,87 = (s],...,8)) €

states(A) and Vj > 0,07 € sig(A)(s"~1). Then, for i € [1 : n], define alA; to be the
sequence resulting from:

1. replacing each s by its i ’th component sf, and then
2. removing all als! such that o & sig(A;)(s] ).

7

sz is the component of s’ which gives the state of A;. sig(Ai)(sg_l) is the signature
of A; when in state sgfl. Thus, if a/ ¢ s/ziq(Ai)(sf*l)7 then the action a/ does not occur
in the signature sig(Ai)(szfl), and A; does not participate in the execution of /. In
this case, a’ and the following state are removed from the projection, since the idea
behind execution projection is to retain only the state of A;, and only the actions which
A; participates in. Note that we do not require « to actually be an execution of A,
since this is unnecessary for the definition, and also facilitates the statement of execution
pasting below.

Our execution projection result states that the projection of an execution of a com-
posed SIOA A= A; || --- || A, onto a component A;, is an execution of A;.

Theorem 4 (Execution projection for SIOA). Let A=A, || --- || A, be an SIOA,
and leti € [1:n]. If a € execs(A) then alA; € evecs(A;) for alli € [1:n].

Proof: Let a = ula'ula?u?... € evecs(A), and let s¥ = u°[A4;. Then, by Definition 9,
s0 € start(A;) and al A; = sPb's'b2s? ... for some b's'h?s? ... where 87 € states(A;) for
j= L

Consider an arbitrary step (s77!,b7,s7) of alA;. Since b’s’ was not removed in
Clause 2 of Definition 9, we have
(1) s = ukTA; for some k > 0 and such that a* € sig(A; )(ub—1[4;)
(2) ¥ = a*, and
(3) & =1 = u*|A; for the smallest ¢ such that
(<kandVm:l+1<m<k:a™ & sig(A;)(um114;)
14



From (3) and Definitions 6 and 9, u‘[4; = u*~'14;. Hence s/~! = uF~'1A4;. From
k o~ ak:
wb1 s uk dF e s5ig(A; ) (P11 4;), and Definition 6, we have uF~1[A; 2 4, uF [ A;.
Hence s/ 1 LAi s from s‘j*% = uF~ 1] A; established above and (1), (2). Now s/ 1, s7 €
states(A;), and so (87 =1 b7 s7) € steps(A;).
Since (s7 71, b7, s7) was arbitrarily chosen, we conclude that every step of al4; is a

step of A;. Since the first state of a[4; is s°, and s° € start(A;), we have established
that a[4; is an execution of A;. 0

Execution pasting is, roughly, an “inverse” of projection. If o is an alternating se-
quence of states and actions of a composed SIOA A = A || --- || Ay such that (1) the
projection of o onto each A; is an actual execution of A;, and (2) every action of a not
involving A; does not change the state of A;, then « will be an actual execution of A.
Condition (1) is the “inverse” of execution projection. Condition (2) is a consistency
condition which requires that A; cannot “spuriously” change its state when an action
not in the current signature of A; is executed.

Theorem 5 (Execution pasting for SIOA). Let A= A, || --- || A, be an SIOA. Let
a be a sequence sPatsta?s? ... 1" talsT ... where V§ > 0,87 = (s],...,8}) € states(A)
and Vj > 0,a’ € sig(A)(s?~1). Purthermore, suppose that, for alli € [1:n]:

1. alA; € execs(A;), and

2.Vi>0:ifa’ ¢ s/z\g(A,)(sf_l) then sl 1 =s.
Then, o € execs (A).

Proof: We shall establish, by induction on j:
Vji>0:al; € evecs(A). (*)
From which we can conclude s° € start(A) and Vj > 0 : (771 a7, s7) € steps(A).

Definition 2 then implies the desired conclusion, a € ezecs(A).

Base case: j=0. So a|; =5°. Now s* = (s9,...,s0) by assumption. By Definition 9,

89 is the first state of alA;, for 1 < i < n. By clause 1, af4; € evecs(4;), and so
s? € start(4;), for 1 <i <n. Thus, by Definition 6, s € start(A).
Induction step: j > 0. Assume the induction hypothesis:

alj_1 € execs(A) (ind. hyp.)
and establish af; € erecs(A). By Definition 2, it is clearly sufficient to establish
g1, o,

By assumption, o/ € sig(A)(s?~1). Let ¢ C [1:n] be the unique set such that
Vi€ p:al € sig(A;)(sI7HA) and Vi € [1:n] — ¢ : o & sig(A;)(s" 11 A4;). Thus, by
Definition 9:

Vi€ (97 A;, ol 571 A;) lies along o 4;.
Since Vi € [1:n]: alA; € execs(A;) and A; is an SIOA,
Vi€ @:si A, —a]—mi sITA;.

Also, by clause 2,
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Vie [1in]—¢: s A = 7T A,.
By Definition 6
(sj_lfAl,...,sj_lfAn>—ai>A (sT1A1, ..., s Ay)
Hence
sjfl—aimsj.
1

From the induction hypothesis (a|;_1 € ezrecs(A4)), s/~ i) s7, and Definition 2, we
have a|; € ezecs (A). 0

3.2. Trace Pasting for SIOA

We deal only with trace pasting, and not trace projection. Trace projection is not
well-defined since a trace of A = A; || -+ || A, does not contain information about
the A;,i € [1 : n]. Since the external signatures of each A; vary, there is no way
of determining, from a trace [, which A; participate in each action along (3. Thus,
the projection of 3 onto some A; cannot be recovered from (3 itself, but only from an
execution a whose trace is . Since there are in general, several such executions, the
projection of 5 onto A; can be different, depending on which execution we select. Hence,
the projection of 3 onto A; is not well-defined as a single trace. It could be defined as
the set S1A; = {0 | Qa € execs(A) : trace(a) = B A B; = trace(al4;))}, i.e., all traces
of A; that can be generated by taking all executions o whose trace is 3, projecting those
executions onto A;, and then taking the trace. We do not pursue this avenue here.

We find it sufficient to deal only with trace pasting, since we are able to establish
our main result, trace substitutivity, which states that replacing an SIOA in a parallel
composition by one whose traces are a subset of the former’s, results in a parallel com-
position whose traces are a subset of the original parallel composition’s. In other words,
trace-containment is monotonic with respect to parallel composition. N

Let ¥ = (in,out,int) and X' = (in’,out’,int’) be signatures. We define X' = in U
outU int, and X C ¥/ to mean in C in/ and out C out’ and int C int’.

Definition 10 (Pretrace). A pretrace v = v(1)v(2) ... is a nonempty sequence such
that

1. For alli > 1, v(i) is an external signature or an action

2. v(1) is an external signature

3. No two successive elements of v are actions

4. Foralli > 1, if v(i) is an action a, then y(i—1) is an external signature containing
a (aeq(E—1))

5. If v is finite, then it ends in an external signature

The notion of a pretrace is similar to that of a trace, but it permits “stuttering”: the
(possibly infinite) repetition of the same external signature. This simplifies the subse-
quent proofs, since it allows us to “stretch” and “compress” pretraces corresponding to
different SIOA so that they “line up” nicely. Our definition of a pretrace does not depend
on a particular SIOA, i.e, we have not defined “a pretrace of an SIOA A,” but rather
just a pretrace in general. We define “pretrace of an SIOA A” below.
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Definition 11 (Reduction of pretrace to a trace). Let v be a pretrace. Then 7(v)
is the result of replacing all maximal blocks of identical external signatures in vy by a
single representative. In particular, if v has an infinite suffiz consisting of repetitions of
an external signature, then that is replaced by a single representative.

If v = r(v), then we say that v is a trace. This defines a notion of trace in general,
as opposed to “trace of an SIOA A.” We now define stuttering-equivalence (=) for
pre-traces. Essentially, if one pretrace can be obtained from another by adding and/or
removing repeated external signatures, then they are stuttering equivalent.

Definition 12 (x). Let v, be pretraces. Then v =~ ~" iff r(v) = r(v).

It is obvious that & is an equivalence relation. Note that every trace is also a pretrace, but
not necessarily vice-versa, since repeated external signatures (stuttering) are disallowed
in traces. The length || of a finite pretrace 7 is the number of occurrences of external
signatures and actions in 7. The length of an infinite pretrace is w. Let pretrace v =
v(1)¥(2).... Thenfor 1 <i < |vy|, definey|; =~(1)v(2) ... ~(i). We define concatenation
for pretraces as simply sequence concatenation, and will usually use juxtaposition to
denote pretrace concatenation, but will sometimes use the —~ operator for clarity. The
concatenation of two pretraces is always a pretrace (note that this is not true of traces,
since concatenating two traces can result in a repeated external signature). We use <, <
for proper prefix, prefix, respectively, of a pretrace: v < ' iff there exists a pretrace "
such that v =+/9"”, and v <~ iff y =4 or v < 7/. If 7/ is a pretrace and v < 7/, then
satisfies clauses 1-4 of Definition 10, but may not satisfy clause 5. For a finite sequence
~ that does satisfy clauses 1-4 of Definition 10, define the predicate ispretrace(y) 4t
(last(y) is an external signature), where last(y) is the last element of ~.

We now define a predicate zips(y,71,...,7v,) which takes n + 1 pretraces and holds
when v is a possible result of “zipping” up v1,...,7v,, as would result when ~y,...,7y,
are pretraces of compatible SIOA A;,..., A, respectively, and v is the corresponding
pretrace of A = Ay || -+ || A,.

Definition 13 (zip of pretraces). Let 7, 71,...,7, be pretraces (n > 1). The predi-
cate zips(Y, Y1, - . ,Yn) holds iff all the following hold:

Lyl =mnl=-= |l
2. For alli > 1: if v(i) is an action a, then there exists nonempty ¢; C [1:n] such
that

(a) Yk € @; i (i) =a, and
(b) Ve e [l:n]—wi: (i —1) = v() = v+ 1), (i) is an external signature
Ty, and a & fg‘
3. For alli>0: if v(i) is an esternal signature I', then for all j € [1 : n], v;(i) is an
esternal signature I';, and ' = Hje[lm] r;.
4. For alli > 0, if v(i — 1) and (i) are both external signatures, then there ezists
ke [l:n] such thatVle [1:n] —k: (i — 1) =r(i).

Clause 1 requires that v, 71, ...,7, all have the same length, so that they “line up” nicely.

Clause 2 requires that external actions a appearing in ~ are executed by a nonempty

subset of the corresponding SIOA, and that the «; corresponding to automata that do
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not execute a are unchanged in the corresponding positions. Clause 3 requires that an
external signature appearing in « is the product of the external signatures in the same
position in all the «;, which moreover cannot have an external action at that position.
Clause 4 requires that, whenever there are two consecutive external signatures in ~y, that
this corresponds to the execution of an internal action by one particular SIOA k, so that
the 7, for all ¢ # k are unchanged in the corresponding positions.

Proposition 6. Let 7, v1,...,7, all be pretraces (n > 1). Suppose, zips(Y,Y1y---Vn)-
Then, for alli such that 1 < i < |y| and ispretrace(v|;) (i-e., v(i) is an external signa-
ture): (1) (Vj € [1:n]: ispretrace(v;];)), and (2) zips(y]i, Yilis-- - ¥nli)-

Proof: Immediate from Definition 13. 0

We use the zips predicate on pretraces together with the =~ relation on pretraces to
define a “zipping” predicate for traces: the trace 3 is a possible result of “zipping up”
the traces (1,..., 3, if there exist pretraces v, y1,...,7, that are stuttering-equivalent
to 3, f1,--.,0n respectively, and for which the zips predicate holds. The predicate so
defined is named zip. Thus, zips is “zipping with stuttering,” as applied to pretraces,
and zip is “zipping without stuttering,” as applied to traces.

Definition 14 (zip of traces). Let 3, (1,...,0n be traces (n > 1). The predicate
zip(B, B1,- .., 0n) holds iff there exist pretraces v, Y1,...,vn Such that v = 3, (Vj €
[1 : TZ] B %/8])5 and zips(’y,'yl,.. . >’Yn)

Define pretraces (A) = {~ | 38 € traces(A) : B~ ~v}. That is, pretraces(A) is the set
of pretraces which are stuttering-equivalent to some trace of A. An equivalent definition
which is sometimes more convenient is pretraces(A) = {v | Ja € execs (A) : trace(a) ~ v}.
We also define pretraces™(A) = {v | v € pretraces(A) and ~ is finite }.

Given v € pretraces(A), we define tezecs (A)(y) = {a | a € execs(A) A trace(a) =~ v}.
In other words, texecs(A)(y) is the set of executions (possibly empty) of A whose trace
is stuttering-equivalent to . Also, execs*(A)(v) = {a | a € execs*(A) A trace(a) =~ 7},
i.e., the set of finite executions (possibly empty) of A whose trace is stuttering-equivalent
to .

Theorem 7 states that if a set of finite pretraces consisting of one v; € pretraces(A;)
for each j € [1 : n], can be “zipped up” to generate a finite pretrace ~, then v is a
pretrace of Ay || -+ || Ay, and furthermore, any set of executions corresponding to the
7; can be pasted together to generate an execution of A; || --- || A, corresponding to
~. Theorem 7 is established by induction on the length of «, and the explicit use of
executions corresponding to the pretraces v, 71,...,7n, is needed to make the induction
go through.

Theorem 7 (Finite-pretrace pasting for SIOA). Let Ay, ..., A, be compatible SIOA,
and let A = Ay || -+ || An. Let v be a finite pretrace. If, for all j € [1 : n], a finite
pretrace «y; € pretraces* (A;) can be chosen so that zips(y,¥1,...,7n) holds, then
Yoy € execs™ (Ar1)(n), ..., Vay, € ezecs™ (An)(n),
Ja € execs™ (A)(y) : (V€ [1:n]:alA; = ;).

Proof: Let v; € pretraces®(A;) for j € [1:n] be the pretraces given by the antecedent
of the theorem. Also let v be the finite pretrace such that zips(y,71,...,7vn). Hence
18



execs™ (A;)(7y;) # O for all j € [1: n]. Fix a; to be an arbitrary element of ezecs™ (A;)(7; ),
for all j € [1: n]. The theorem is established if we prove

dav € execs™ (A)(y) : (Vj € [1:n]: alA; = aj). (*)

The proof is by induction on |v|, the length of v. We assume the induction hypothesis
for all prefixes of v that are pretraces.

Base case: |y| = 1. Hence v consists of a single external signature I'. For the rest of the
base case, let j range over [1 :n]. By zips(v,7,...,7) and Definition 13, we have that
each ; consists of a single external signature I';, and I' = Hje[l:n] I';. Since v1,...,7n
contain no actions, aq,...,a, must contain only internal actions (if any). Furthermore,
all the states along aj, j € [1: n], must have the same external signature, namely I';.

By Definition 6, we can construct an execution a of A by first executing all the
internal actions in oy (in the sequence in which they occur in «q), and then executing
all the internal actions in s, etc. until we have executed all the actions of a,,, in
sequence. It immediately follows, by Definition 9, that Vj € [1: n] : alA; = «;. The
external signature of every state along o is || je[im] I';, i.e., I', since the external signature
component contributed by each A; is always I';. Hence, by Definition 2, trace(a) ~ I'.
Thus, trace(a) &~ 7. We have thus established trace(e) ~ v and (A ;1. ald; = aj).
Hence (*) is established.

Induction step: |y| > 1. There are two cases to consider, according to Definition 13.

Case 1: v =+'al’, 7' is a pretrace, a is an action, and I' is an external signature.
Hence, by Definition 13, we have
Jo:0# A C[l:n] A -

(Vk € ¢ : v, = y.al's Aa € last(y;,)) A

(Vlel:in] —@:y =TT AT, =last(y)) Na & Ty A

2ips(Y Vs ) A

r'= (Hk@p Fk) X (Hee[l:n]—gpre)' (a)
For the rest of this case, let j range over [1 : n], k range over ¢, and ¢ range over
[1:n] —¢. Figure 4 gives a diagram of the relevant executions, pretraces, and external
signatures for this case. Horizontal solid lines indicate executions and pretraces, and
vertical dashed ones indicate the zips relation. Bullets indicate particular states that are
used in the proof.

In (a), we havethat ] € pretraces™(A;) for all j,since v; < v; and v; € pretraces*(4A;)
for all j, Since we also have v/ < v and zips(y',71,...,7,), we can apply the inductive
hypothesis for 7/ to obtain

Vol € execs* (A1)(V)), ..., Va!, € execs™ (An)(v)) :

3o € execs™ (A)(7') : (Vj € [1:n]: a'TA; = o) (b)
By assumption, ay, € evecs*(Ay)(vx ). Hence, we can find a finite execution «,, and finite
execution fragment o} such that oy = af —~ (sp LA tk) —~ af, where s, = last(c},),
ext(Ag )(ty) = Tk, and ¢, = first(a)). Furthermore, o), € ezecs™ (Ax)(v;,), since oy €
execs™ (Ar) (Vi ), Y = V0l 'k, and ext (A)(tx) = I'x. Also, o) consists entirely of internal

actions, and trace(a}) = T', i.e., every state along o} has external signature I'.
By assumption, ay € ezecs™ (Ag)(ve). For all £, let o, = oy, and let s, = t; = last(cr)).
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Hence o), € execs™(Ag)(v;), since v ~ ¢ (from v, = v, ['[I'¢ AT, = last(y)) in (a)).
Instantiating (b) for these choices of o}, o, we obtain, that some o’ exists such that:

(Vj €[Lin]:a'TA; = af) A

o € execs™ (A)(7) A

(Vk € ¢ : (sg,a,ty) € steps(Ax) N ext (Ag)(tr) = k). (c)
By o € execs™(A¢)(7y,) and s = last(a]), we have ext(Ag)(s¢) = last(y’). Hence, by
(a), we have ext (A¢)(s¢) =T'y. Also, by (a), a & I'y. Thus,

(Wellin—p:adext(Ar)(se) A ext(Ap)(se) = Ty). (d)
Also, since Aj,..., A, are compatible SIOA, we have (V¢ € [1:n]— ¢ : a & int(As)(se)).
Hence (V€ [1:n]—¢: a & sig(Ag)(se)). Now lets = (s1,...,5,), andlet t = (t1,... 1)
By (b) and Definition 9, we have s = last(a/). By (b), (V£ € [1:n]—p: a & int(Ar)(se)),
and Definition 6, we have (s,a, t) € steps(A). Now let a” be a finite execution fragment
of A constructed as follows. Let t be the first state of o”. Starting from ¢, execute
in sequence first all the (internal) transitions along «y,, where k; is some element of
o, and then all the (internal) transitions along ay,, where k; is another element of ¢,
etc. until all elements of ¢ have been exhausted. Since all the transitions are internal,
Definition 6 shows that o’ is indeed an execution fragment of A. Furthermore, since
no external signatures change along any of the aj, it follows that the external signature
does not change along o, and hence must equal ext (A)(t) at all states along . Hence
trace(o/”) = ext(A)(t). Finally, by its construction, we have o[ A, = o for all k.

Let @ = o/ ~ (s = 4t) ~a”. By the above, « is well defined, and is an execution of

A.

‘We now have

ext (A)(t)
= (I, ewt (Ax)(tr)) x (IT, ext(Ae)(te)) definition of ¢
= ([1xTx) x (I, ext(A)(te)) (c)
= (FHk, I'y) x (I, Te) ((dg

Also,

trace ()
~  trace(a’) —~ a~ trace(a’) definition of o
~  trace(a)) ~a~ ext(A)(t) trace (o) = ext(A)(t)
~ trace(¢/) ~a~T ext (A)(t) = I established above
~ val o € execs* (A)(7'), hence trace(a’) ~ +'
~ o case condition
For all k € ¢,

(6% rAk
= (a1Ag) —~ (s S5, tr) — (@1 A) Definition 9 and definition of «
= af~ (s —>a, tr) ~ (@A) by (¢), &'TAx = o,
= o)~ (sp —=a, th) ~af by the preceding remarks, o' [ A}, = o,

ok by definition of o, af: ap = o) ~ (si L4 tr) ~ o)
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For all £ € [1:n] — ¢,

alAp
=  JdJA4 Definition 9 and definition of «
= by (c), &'[A; =«
= by our choice of aj, ap =«

We have just established a € execs* (A), alj = a; for all j € [1 : n], and trace(a) ~ 7.
Hence (*) is established for case 1.

Case 2: v =1+'T", 7/ is a pretrace, and I is an external signature.
Hence, by Definition 13, we have
dkel:n]:
Y& = YLk A last(y;,) is an external signature A
(Ve [l:in|—k:v =~ TiNlast(y)) =Tg) A
2ips(Y' s V1, - ¥n) A
['=Tgx (H(e[l:n]—k L) (a)
For the rest of this case, let j range over [1 : n], and £ range over [1 : n] — k. In (a), we
have that v} € pretraces* (4;) for all j, since v; < v; and v; € pretraces™(A;) for all j.
Since we also havey’ <~ and zips(y',71,--.,7, ), we can apply the inductive hypothesis
for 7/ to obtain
Vo € execs™ (A1)(11), ..., Val, € evecs™ (An) (7))
3o’ € ezecs* (A)(Y'): (VjE€[l:n]:a ’[A = aj) (b)
By assumption, ay € execs*(Ag)(vye). For all £, let ), = ay, and let s; = t; = last(a]).
Hence o, € texecs (Ae)(7; ), since v, = .
We now have two subcases.

Subcase 2.1: T = last(y;,).
Let o = ay. Since oy = ay for all £ € [1 : n] — k, we get a; = o for all j €
[1: n]. Instantiating (b) for those o/;, we have the existence of an o’ such that o/ €
emecs*(A)( A (V] €[l:n]: a'lA; = o). Now let @ = o’. Hence trace(a) = trace(a) =
~ since o’ € execs* (A)(v'). Flgure 5 gives a diagram of the relevant executions, pretraces,
and external signatures for this case.

By the case 2 assumption, 7/ is a pretrace, and so last(y’) is an external signature.
So, we have

last(y")
= last(y,) x ([1,last(vy)) zips(y', 71, - .,7,,) and Definition 13
= last(%@) (Hz 180 (a)
= x (IT,Te) subcase assumption
= F (a)

By the case assumption, v = 4'I". Hence v ~ +'. So, trace(a) =~ 7. We have just
established « € ezecs(A), alA; = a; for all j € [1: n], and trace(a) ~ . Hence (*) is
established for subcase 2.1.

Subcase 2.2: Ty, # last(vyy,).
In this case, we can find a finite execution «}, and finite execution fragment o such that
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ag = o~ (s . )~y , where s, = last(a},), ext(A)(tr) =Tk, and t, = first(a}).
Figure 6 gives a diagram of the relevant executions, pretraces, and external signatures
for this case. The transition Sp —— A, Lx must exist, since the external signature of Ay
changed along 7. Also o consists entirely of internal actions, and trace(af) ~ Ty, i.e.,
every state along o has external signature I'.

Hence oy = o, ~ (s SN, tr) ~af, where s, = last(a},) and ext(Ay)(tr) =Ty and
TE int(Ak)(sk).

Now let s = (s1,...,8,), and let t = (1,...,t,). Forall £ € [1:n] —k, let a, = ay.
Instantiating (b) for aj and the of, we have the existence of an o such that o/ €
execs™ (A) (V)N (VL e [1:n] —k:a'lA; = o)) A (&'l Ax = af). By (b) and Definition 9,
we have s = last(a’). By Definition 6, we have (s,7,t) € steps(4). Let & = o/ —~
(s —sat) ~a”, where o is the finite-execution fragment of A with first state ¢, and
whose transitions are exactly those of o/, with no other SIOA making any transitions.
Since all the transitions of ¢} are internal, Definition 6 shows that o’ is indeed an
execution fragment of A. Furthermore7 since the external signature does not change
along o, it follows that the external signature does not change along o, and hence
must equal ext (A)(t) at all states along . Hence trace(a’) = ext(A)(t). Finally, by its
construction, we have o’ [A4 = of.

By the above, « is well defined, and is an execution of A.

We now have

at (A)(t)

= ext (Ak )(tk) X (HZ ext(A[)(tz)) definition of ¢
= T x (I, ext(Ae)(te)) definition of ¢,
= TIyx (Hz Ty) te = last(ay), (a)
= T (a)
And so,

trace(«)
~  trace(a’) ~ trace(a) definition of «
~  trace(a)) ~ e:l:t(A) (t) trace (o) ~ ext(A)(t)
~  trace(af) ~ ezt (A)(t) = T established above
~ AT o € ezecs* (A)(7'), hence trace(a’) =+
~ ¥ case condition
For £k,

« [Ak
= (& TAg) —~ (s —a, tr) —~ ("1 Ay) Definition 9 and definition of «
= aj~ (sk—a, b)) ~ (o TAR) by (c), oAy = a;,
= o)~ (s . ti) —~ af by the preceding remarks, o”[Ar = of.

ok by definition of o}, af: ap = o) —~ (s . tr) ~ o
For all ¢ € [1: n] — k,

« [Ag
= o' TA, Definition 9 and definition of «
= q by (¢), &'TA; = o,
= by our choice of af, ay = @

22



We have just established a € ezecs*(A), alA; = a; for all j € [1 :n], and trace(o) =
~v. Hence (*) is established for subcase 2.2. Hence Case 2 of the inductive step is
established.

Since both cases of the inductive step have been established, the theorem follows.
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Figure 4: Proof of Theorem 7: illustration of case one
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Figure 5: Proof of Theorem 7: illustration of subcase 2.1

We use Theorem 7 and the definition of zip (Definition 14) to establish a similar
result for traces.

Corollary 8 (Finite-trace pasting for SIOA). Let A;,..., A, be compatible SIOA,
and let A=Ay || -+ || An. Let B8 be a finite trace and assume that there exist (1,. .., By
such that (1) (Vj € [L:n] : B; € traces™(4;)), and (2) zip(B,51,....0n). Then B €
traces* (A).
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Figure 6: Proof of Theorem 7: illustration of subcase 2.2

Proof: By Definition 14, there exist finite pretraces 7, ¥1,...,7, such that v ~ [,
(Ajepn Vi = Bj), and zips(y,71, ..., 7). By Theorem 7, Ja € execs™(A) : trace(a) ~ 7.
Hence trace(a) = (3. Since (3 is a trace, we obtain trace(a) = (. Since [ is finite,

B € traces* (A). 0

Theorem 9 extends theorem 7 to infinite pretraces. That is, if a set of pretraces ; of
Aj, for all j € [1:n], can be “zipped up” to generate a pretrace 7, then v is a pretrace
of A= Ay |- || A,. The proof uses the result of Theorem 7 to construct an infinite
family of finite executions, each of which is a prefix of the next, and such that the trace
of each finite execution is stuttering-equivalent to a prefix of . Taking the limit of these
executions under the prefix ordering then yields an infinite execution a of A whose trace
is stuttering-equivalent to =, as desired.

Theorem 9 (Pretrace pasting for SIOA). Let Ay,..., A, be compatible SIOA, and
let A=Ay ||--- || An. Let v be a pretrace. If, for all j € [1:n], v; € pretraces(A;) can
be chosen so that zips(y,y1,-..,7n) holds, then I € execs(A) : trace(a) =~ .

Proof: If v is finite, then the result follows from Theorem 7. Hence assume that v is
infinite for the remainder of the proof. By Proposition 6, we have

Yi,i> 0 A ispretrace(7y|;) : (V5 € [1:n] : ispretrace(v;|:)) A zips(¥]i, Vi lir - - nli)- (a)
Hence, by 7, € pretraces(A;) and Definition 10, we have
Vi i > 0 Aispretrace(7y];),¥j € [L:n] :~;|; € pretraces(A;) (b)
y (a,b) and Theorem 7, we have
Vi, i > 0 A ispretrace (v];), Job € execs (A) : trace(a?) = v|; (c)

Now let ’,i"” be such that i’ < i, ispretrace(v|i/), ispretrace (y|;»), and there is no
i’ < i < i" such that ispretrace(y|;). By Definition 10, we have that either v|;» = (v|;)al’

or 'y|zu = (v]+)T, for some action a and external mgnature r. We can show that there exist
of € execs(A), i € execs(A) such that o' < o' trace(a) = 7|y, trace(a’") & |

This is established by the same argument as used for the inductive step in the proof of
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Theorem 7. In essence, " is obtained inductively as an extension of a’’. We omit the
(repetitive) details.
Let prefizes (y) = {i | i > 0 A ispretrace(y];)}. By (c), we have
there exists a set {a® | i € prefizes(vy)} such that

Vi € prefizes () : o € execs(A) A trace(a?) = vl;

Vil i" € prefizes(v),i’ < i ot < o' (d)
Now let a be the unique minimum sequence that satisfies Vi € prefizes(y) : o' < a. «
exists by (d). Since every triple (s,a, ') along « occurs in some ', it must be a step of
A. Hence « is an execution of A.

We now show, by contradiction, that trace(a) ~ 7. Suppose not, andlet 3 = trace(«).
Then 8 # r(y) by Definition 12. Since 5 and r(y) are sequences, they must differ
at some position. Let ig be the smallest number such that (3(ig) # r(7)(ip). Hence
Blio # 7(7)|io. Now the trace of a prefix of « is a prefix of 3, by Definition 2. Hence
there can be no prefix of o whose trace is 7(y)|i,, i.€., =(Fi > 0 : trace(al;) = r(¥)]iy)-
Let i1 be such that r(v];, ) = r(y)]i,. Hence —(3i > 0 : trace(al;) = (7], )). And so
—(3i >0 : trace(al;) =~ vli, ). But this contradicts (d), and so we are done. 0

We use Theorem 9 and the definition of zip (Definition 14) to establish Corollary 10,
which extends corollary 8 to infinite traces. Corollary 10 gives our main trace pasting
result, and is also used to establish trace substitutivity, Theorem 17, below.

Corollary 10 (Trace pasting for SIOA). Let Ay,..., A, be compatible SIOA, and
let A=Ay || - || An. Let 8 be a trace and assume that there exist 31,. .., B, such that
(1) (Vj € [1:n]: B, € traces(4;j)), and (2) zip(B, 61, ... ,0n). Then B € traces(A).

Proof: By Definition 14, there exist pretraces v, v1,..., 7, such that y = 3, \; em]) Vi

B, and zips(y,¥1,...,vn). By Theorem 9, Ja € ezrecs(A) : trace(a) ~ . Hence
trace(a) = [3. Since (3 is a trace, we obtain trace(«) = 8. Hence ( € traces (A). ]

3.8. Trace Substitutivity for SIOA

To establish trace substitutivity, we first need some preliminary technical results.
These establish that for an execution o of A = Ay || --- || A, and its projections
alAy,...,alA,, that there exist corresponding (in the sense of being stuttering equiva-
lent to the trace of) pretraces v, v1, . .. , T respectively which “zip up,” i.e., zips(v, 71, - -, Vn)
holds. Our first proposition establishes this result for finite executions.

Proposition 11. Let Ay,..., A, be compatible SIOA, andlet A=Ay || --- || A,. Let o
be any finite execution of A. Then, there exist finite pretraces v, Y1, ..,V Ssuch that (1)
v =~ trace(ar), (2) (Vj € [1:n]:v; = trace(alAy)), and (8) zips(y, Y1, .., n)-

Proof: By induction on |a|. For the rest of the proof, fix a to be an arbitrary finite
execution of A.

Base case: |a] = 0. Then a consists of a single state s. By Definition 6, we have
ext(A)(s) = ng[hn] ext(A;)(sl A;). Let v consist of the single element ext(A)(s) and for
all j € [1:n], let ; consist of the single element ezt (A;)(s[ A;). Hence v = Hje[lzn] V-
By Definition 13, zips(y,71,- - .,vs) holds.
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Induction step: |« > 0. There are two cases to consider, according to whether the
last transition of « is an external or internal action of A.

Case 1: o« = o/at for some action a and state ¢, where a € ezt (A)(last (o).
We apply the induction hypothesis to o’ to obtain
there exist pretraces v/,71,...,7, such that
v & trace(a’), (Vj € [1:n]: v = trace(o'[Ay)), and zips(y' ,71,..., 7). (a)
Let s = last(a’), and for all j € [1:n], let s; = s[A4;, and t; = t[4;. Let p = {j | a €
g:;t(Aj)(sj)}. Let k range over ¢ and ¢ range over [1 : n] —¢. Hence, A\, a ¢ sig(Ag)(se)-
Hence, by Definition 6, A, se = ts.

By Definition 9, for all k, we have ald, = (o/lAg)aty,. Hence trace(alAy) =
trace(a/[Ag) ~ a ~ ext(Ay)(tr). For all k, we have v, ~ trace(o/[Ax) by (a). Let
Vi =, —~a —~ ezt (Ag ) (tg). Hence v, ~ trace(alAy).

By Definition 9, for all ¢, we have a[ Ay = o[ Ay. Hence trace(all) = trace(a’[¢). Let
Yo =y, — ext (Ag)(s¢) — ext (Ag)(se). By (a), we have v, ~ trace(a’[ As) for all £. From
s = last(a’), we get last(vy;) = ext (A¢)(last(a/[€)) = ext(Ag)(s¢). Hence v, =~ 7. Hence
Yo = vy ~ trace(of [Ap) = trace(al Ag). Thus, v, = trace(alAr).

Let vy =" ~a~ ext (A)(t). Now trace(a) = trace(a’at) = trace(a’) ~a~ ext (A)(t).
From (a), 7/ ~ trace(a’). Hence v =+ —~ a ~ ext(A)(t) ~ trace(a’) ~a ~ ext(A)(t) =
trace(c). So, v =~ trace(w).

From the previous three paragraphs, we have

v~ trace(a) AN epi) V5 & trace(al4;). (b)

We now establish zips(y,71,...,7,). We show that all clauses of Definition 13 are satis-
fied for v, v1,..., 7. By (), zips(¥', 71, .-, 7). We will use this repeatedly below.

By 2ips(y/17}- 7)) we have |7/ = | -+ = [y, By construction 1| = |7'|+2,
and for all j € [1:n], [y;] = |7}[+2. Hence |y| = |[y1| = -+ = |yn|. So clause 1is satisfied.

By definition of ¢, we have A\,a & ext(A;)(s¢). By construction, the last three
elements of ~y, (for all £) are all ext (A;)(s¢). By this and zips(y', 71, ... ,7,), we conclude
that clause 2 is satisfied.

By Definition 6, we have ezt (A)(t) = Hje[lm] ext (A;)(t;). By construction, we have
last(vy) = ext(A)(t), N, last(yk) = ext(Ag)(tr), and A, last(ve) = ext(Ae)(se). From
Ny se = te (established above), we get A, last(y,) = ewt(Ae)(te). Hence last(y) =
[Tenm last(vy; ). By this and zips(y',71,...,7,), we conclude that clause 3 is satisfied.

By zips(y',7},...,7,,) and the construction of v,v1,...,v, (specifically, that a is an
external action), we conclude that clause 4 is satisfied.

Hence, we have established zips(y,v1,...,7). Together with (b), this establishes the
inductive step in this case.

Case 2: a = d/at for some action a and state ¢, where a € int(A4)(last(a’)).
We can apply the induction hypothesis to o’ to obtain
there exist pretraces v/,71,...,7, such that

v~ trace(a’), (Vj € [Lin]: ) = trace(a’[Ay)), and zips(y',71,---57,,)- (a)
Let s = last(o), and for all j € [1:n], let s; = s[A;, and t; = t[A;. Since a is an
internal action of A, it is executed by exactly one of the Ay,..., A,. Thus, there is some
k € [1: n] such that a € int(Ag)(sx), and for all € € [1:n] —k, a & sig(A¢)(s¢). Let £
range over [1 :n| —k for the rest of this case. Hence A\, s¢ = t¢, by Definition 6.
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By Definition 9, we have alA, = (o' Ax)at. Hence trace(alAy) = trace(a/[Ag) —~
ext(Ag )(tr ). We have v}, &~ trace(a/[Ay) by (a). Let v, = v, — ext(Ag)(tr). Hence
Vi & trace(al Ag).

By Definition 9, for all ¢, we have a[A; = o/[4,. Hence trace(all) = trace(a’|£).
Let v¢ = v, —~ ext(Ae)(se). By (a), 7, =~ trace(a’[A,) for all £. From s = last(a’),
we get last(yy) = ext(Ag)(last(a’[€)) = ext(A¢)(ss). Hence v = ;. Hence v = v, =
trace (o [ Ag) = trace(alAg). Thus, ¢ ~ trace(alAy).

Let v =+ —~ ezt (A)(t). Now trace(a) = trace(a’at) = trace(o’) —~ ext(A)(t). From
(a), v ~ trace(’). Hence v = v/ —~ et (A)(t) = trace(a’) —~ ext(A)(t) = trace(a). So,
~ & trace(a).

From the previous three paragraphs, we have

v~ trace (Oé) A /\j €[1:n] Vi~ trace (Oé r/1]) (b)

We now establish zips(y,71,...,7v,). We show that all clauses of Definition 13 are satis-
fied for v, 7v1,..., . By (&), zips(¥', 71, .. ,7,)- We will use this repeatedly below.

By zips(Y', vy, - -, 7)), we have |[y'| = |74| =--- = |7}|. By construction |y| = |[y/|+1,
and for all j € [1 :n], [y;] = [7}|+1. Hence |y| = |y1] = -+ = || So clause 1 is satisfied.

By zips(y',7},...,7,) and the construction of v,v1,...,v, (specifically, that a is an
internal action), we conclude that clause 2 is satisfied.

By Definition 6, we have ext (A)(t) = Hje[1:n] ext (A;)(t;). By construction, we have
last(y) = ext(A)(t), last(ye) = ext(Ax)(tr), and A,last(ye) = ext(Ar)(s¢). From
N se = t¢ (established above), we get A, last(ye) = ext(Ae)(te). Hence last(y) =

[T en.m) last(v;)- By this and
2ips(Y Y4, - -+ 575 ), we conclude that clause 3 is satisfied.

By construction, the last two elements of v, (for all £) are both ext (As)(s¢). By this
and zips(y', V1, ... ,75 ), we conclude that clause 4 is satisfied.

Hence, we have established zips(y,v1,...,7 ). Together with (b), this establishes the
inductive step in this case.
Having established both possible cases, we conclude that the inductive step holds.

ad

Proposition 12. Let Ay,..., A, be compatible SIOA, and let A = A; || --- || An. Let
B be any finite trace of A. Then, there exist (i, ..., 3, such that (1) (Vj € [1:n]: §; €
traces* (4;)), and (2) zip(B, 51, ..., 0n).

Proof: Since ( € traces* (A), there exists a € execs* (A) such that trace(a) = 3. Apply-
ing Proposition 11 to «, we have that there exist finite pretraces ~,71,...,v, such that
v =~ trace(), (Vj € [1:n]: v, = trace(alAy)), and zips(y, Y1, ..., Yn)-

For all j € [1: n], let 8; = trace(alA;). By Theorem 4, alA; € execs(A;). Hence
alA; € execs™ (A;) since « is finite. Hence 8 € traces™(A4;). Thus, (1) is established.

From v; ~ trace(al 4;) and 8; = trace(al4;), we have §; ~ v;, for all j € [1: n].
From ~ =~ trace(a) and 5 = trace(a), we have v = . Hence, by Definition 14 and
2ipS(Ys Y1y« -« s n ), We conclude zip(3, G, ..., [n). Hence (2) is established. 0

Theorem 13 (Finite-trace Substitutivity for SIOA). Let A;,..., A, be compati-
ble SIOA, andlet A=Ay || -+ || An. For somek € [1:n],let Ar,..., Ap—1, AL, Akt1,- .., An
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be compatible SIOA, and let A" = Ay || -+ || Ap—1 || A% || Argr || -+ || An. Assume also
that traces* (Ax) C traces™ (A}, ). Then traces*(A) C traces™ (A).

Proof: Let 8 be an arbitrary finite trace of A. Then, by Proposition 12, there exist
B1,..., By such that zip(8,51,...,0,), and (Vj € [1:n] : 8; € traces*(4;)). By as-
sumption, traces* (Ax) C traces* (A} ). Hence fi € traces™(A},). Thus, we have f§; €
traces* (Aj},), (V€ € [1:n] —k: B¢ € traces*(Ar)), and zip(83, 51, - .., Bn). Hence, by Corol-
lary 8, 8 € traces* (A’). Since 3 was chosen arbitrarily, we have traces* (A) C traces™(A’).

a0

To extend Theorem 13 to infinite traces, we start with Proposition 14, which extends
the result of Proposition 11 to the (infinite set of) finite prefixes of an infinite execution.
That is, for every finite prefix a; of an infinite execution « of A = Ay || -+ || A,, and
its projections (a;)[A1,...,(a|i)[A,, there exist corresponding (in the sense of being
stuttering equivalent to the trace of) pretraces 7% and ~{,...,7} respectively which “zip
up,” i.e., zz’ps(’yi,vf,...,ﬁ;) holds. Furthermore, the pretraces 'yiil,v’{*l, .. .,7:';1 cor-
responding to a;—1, (a];—1)[ A1, ..., (a|;—1)[ A,, respectively are prefixes of the pretraces

YL, - YL, Tespectively.

Proposition 14. Let Ay,..., A, be compatible SIOA, and let A = Ay || --- || An. Let
a be any execution of A Then, there exists a countably infinite set of tuples of finite
pretraces {(v', 71, ,7L) | 0 <i<|a|Ai# w} such that:

L Vi,0 <i < a|Ai#w:y" = trace(ali) AN jep.n7) = trace((ali)[47)),

2. Vi,0 <i < |a|Ai#w:zips(Y, ¥, .. 4%), and

3. Vi,0<i<|a|Ai#w: vyt <yiA (/\je[l:n] 7;71 <Ah).

Proof: By induction on 1.

Base case: ¢ = 0. Then, «a|g consists of a single state s. The proof then parallels the
base case of the proof of Proposition 11. We omit the repetitive details.

Induction step: i > 0. Assume the inductive hypothesis for 0 < i < m, and establish
it for ¢ = m. By the inductive hypothesis, we obtain

there exists a set of tuples of finite pretraces {(v*,7{,...,75) | 0<i <m} such
that:
1. Vi,0< i< m: ' =~ trace(al;) A (Ajeptn] fy; ~ trace((al;)[Ay)), (a)

2. Vi,0< i< m:zips(yi,9i,...,7%), and
3. VZ,O <ir<m: ’Yi71 < ’Yl/\ (/\je[l:n]’y;il < ’YJZ)

We now establish the inductive hypothesis for i = m, that is:

there exists a tuple of pretraces (y",7{",...,v") such that

Loy™ & trace(alm) AN e Vi~ trace((elm)A4;)),
2. zips(y™ Y, ..., and
3™ <A™ A (Njepm) ’Y;n_l <)
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There are two cases.

Case 1: a|,, = (a|,_1)at for some action a and state ¢, where a € ext (A)(last(ct|m_1)).
Case 2: alm, = (a|m—1)at for some action a and state ¢, where a € int(A)(last(a|m—1))-
To establish Clauses 1 and 2 of (*), the proofs for these cases proceed in exactly the same
way as the proofs for cases 1 and 2 in the proof of Proposition 11, with al,,—1 playing

the role of o/, and a/,, playing the role of «.
To establish Clause 3 of (*), we note that, in both cases 1 and 2 in the proof of

Proposition 11, v,71,...,7, are constructed as extensions of 7', ~1,...,7,, respectively.
Our proof here proceeds in exactly the same way, with 4~ 4 ~! .. 4"™~1 playing the
role of 7,71, ...,7}, respectively, and v™, i, ..., 4™ playing the role of v,v1,...,Vn,
respectively. We omit the details. i}

Note that we include i # w in the range of i to emphasize that, for infinite executions
a, the range 0 < i < || does not include i = w.
Proposition 15 establishes the result of Proposition 11 for infinite executions. The

proof uses Proposition 14 and constructs the required pretraces v,7v1,...,7, by taking
the limit under the prefix ordering of the 4%, ~4,...,~% given in Proposition 14, as i tends
to w.

Proposition 15. Let Ay,..., A, be compatible SIOA, andlet A=Ay || -+ || A,. Let o

be any execution of A. Then, there exist pretraces ¥,¥1, ... ,Vn Such that (1)~ = trace(a),
(2) (Vj € [1:n]:v; = trace(alA;)), and (3) zips(y,Y1,- .-, 7n)-

Proof: If « is finite, then the result follows from Proposition 11. Hence, assume that «
is infinite in the rest of the proof. By Proposition 14, we have

there 4eXists - a countably infinite set of tuples of finite pretraces
{(v",7, - 57.) | 0 < i} such that:

L Vi,0 < iy & trace(ali) A (Njepan V) = trace((eli)[4;)), (a)

2. Vi,0<i:zips(y', 44, ..., 40), and

3. Vi,0< ity <Y AN ey YT <)
Since the set of tuples {(y*,7i,...,7%) | 0 < i} is countably infinite, and +*~! is a
proper prefix of 4¢ for all ¢ > 0, we can define v to be the unique sequence such that
Vi,0 <i:v% < . Likewise, for all j € [1:n], we can define v; to be the unique sequence
such that Vi,0 < i : 4 < 5;. From clause 2 of (a) and Definition 13, we conclude
ZipS (Vs Y15+ o s Yn)-

We now show, by contradiction, that trace(a) ~ 7. Suppose not, andlet 3 = trace(c).
Then 3 # r(y) by Definition 12. Since 5 and r(y) are sequences, they must differ
at some position. Let ip be the smallest number such that 5(ig) # r(v)(ip). Hence
Blio # 7(7)|io. Now the trace of a prefix of « is a prefix of 3, by Definition 2. Hence
there can be no prefix of o whose trace is 7(y)|i,, i.€., 2(Fi > 0 : trace(al;) = ()i )-
Let 41 be such that r(y];;) = r(y)]i,. Hence —=(3i > 0 : trace(al;) = r(v[i,)). And
so =(3i > 0 : trace(al;) =~ 7|;). But this contradicts (a), and so we are done. In a
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similar manner, we show 7; &~ trace(alA;)) for all j € [1:n]. Hence, the proposition is
established. 0

Proposition 16 “lifts” the result of Proposition 15 from executions to traces; it shows
that if 5 is a trace of A= Ay || -+ || A, then there exist traces f1,...,0, of A1,..., A,
respectively which zip up to 3, that is zip(3, 01, ..., n) holds. The proof is a straight-
forward application of Proposition 15.

Proposition 16. Let Ay,..., A, be compatible SIOA, and let A= Ay || --- || A,. Let 3
be an arbitrary element of traces(A). Then, there exist [,...,0Bn such that (1) for all

JjE€[l:n]: By €traces(A)), and (2) zip(B, 51, .., 0n)-

Proof: Since § € traces(A), there exists a € execs (A) such that trace(ar) = 3. Applying
Proposition 15 to «, we have that there exist pretraces ~,7,...,7, such that v ~
trace(a), (Nj € [1:n]:v; = trace(alAy)), and zips(y, Y1, .., n)-

For all j € [1: n], let 8; = trace(alA;). By Theorem 4, alA; € execs(A;). Hence
B; € traces (A;). Thus, (1) is established.

From ~v; ~ trace(al 4;) and 8; = trace(alA;), we have 3; ~ v;, for all j € [1: n].
From v = trace(a) and § = trace(a), we have v = 5. Hence, by Definition 14 and
2ipS(Ys Y1, - -« s n ), we conclude zip(8, fi, ..., [Bn). Hence (2) is established. N0

Theorem 17 gives one of our main results: trace substitutivity. This states that, in
a composition of n SIOA, if one of the SIOA is replaced by another whose traces are a
subset of those of the STOA that was replaced, then this cannot increase the set of traces
of the entire composition.

Theorem 17 (Trace substitutivity for SIOA). Let Ay,..., A, be compatible SIOA,
and let A=Ay || --- || An. For some k € [1:n], let Ar,..., Ax—1, 4%, Akt1,..., An be
compatible SIOA, and let A" = Ay || -+ || Ap—1 | A% || Akt || -+ || An. Assume also
that traces (Ax) C traces(A}). Then traces(A) C traces(A’).

Proof: Let 3 be an arbitrary trace of A. Then, by Proposition 16, there exist 31,..., O,
such that zip(5,01,...,0,), and (Vj € [1:n] : B; € traces(4;)). By assumption,
traces(Ar) C traces(A}). Hence B € traces(A}). Thus, we have 8, € traces(A}),
(V0 e [1:n]—k : B¢ € traces(As)), and zip(B,P1,...,0,). Hence, by Corollary 10,
B € traces (A’). Since 3 was chosen arbitrarily, we have traces(A) C traces (A’). i

4. Trace Substitutivity under Hiding and Renaming

We now proceed to show that action hiding and renaming are monotonic with respect
to trace inclusion.

Theorem 18 (Trace substitutivity for SIOA w.r.t. action hiding). Let A, A’ be
SIOA such that traces(A) C traces(A’). Let X a set of actions. Then traces(A\ X)) C
traces(A’ \ X).
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Proof: From traces(A) C traces(A’), we have

Vo € execs (A) : 3o/ € execs(A’) : trace a(a) = trace o(a).
By Definition 7, start(A \ X) = start(A) and steps(A \ ¥) = steps(A), and so execs(A) =
erecs(A\ X). Likewise execs (A") = execs (A’ \ X). Hence

Vo € evecs (A\ X) : 3o/ € execs(A' \ X) : trace a(a) = trace 4 (o).
Choose arbitrarily o € ewecs(A\ X) and o' € exvecs(A'\ X) such that tracea(a) =
trace (o). Let B = tracea(a) = trace o (o’). Let §\ X be the trace obtained from
[ by removing all actions in ¥, and then replacing each maximal block of identical
external signatures by a single representative. From Definition 2, we see that g\ X =
trace a\x(a) = trace anx (). Since o, ¢’ were chosen arbitrarily, we have
Va € erecs(A\ X) : 3o’ € execs (A" \ X) : tracea\s (o) = trace ans(a’).

This implies traces (A \ 3) C traces(4A’ \ ¥), and we are done. 0

Theorem 19 (Trace substitutivity for SIOA w.r.t. action renaming). Let A, A’
be SIOA such that traces(A) C traces(A’). Let p be an injective mapping from actions
to actions whose domain includes acts(A). Then traces(p(A)) C traces(p(A’)).

Proof: For a € execs(A), define p(a) to result from « by replacing each action a along
a by p(a). Since p is an injective mapping from actions to actions, its extension to
executions is also injective. For § € traces(A), define p(3) to result from § by replacing
each action a along 8 by p(a), and each external signature I' along by p(I"), where
p(I') results from I' by replacing each action a by p(a). Since p is an injective mapping
from actions to actions, its extension to executions and traces is also injective. We
also extend p to the set of executions and traces of A element-wise: p(ezecs(A)) =
{p(ar) : @ € execs(A)}, p(traces(A)) = {p(B) : B € traces(A)}.

By Definition 8, start(p(A)) = start(A), and steps(p(A)) = {(s,p(a),t) | (s,a,t) €
steps(A)}. Hence

execs (p(A)) = p(execs (A)) and traces(p(A)) = p(traces(A)).

From traces(A) C traces(A"), we have p(traces (A)) C p(traces(A’)), since p is monotonic
with respect to a set of traces. Hence traces(p(A)) C traces(p(A’)), and we are done.

o

4.1. Trace Equivalence as a Congruence

SIOA A and A’ are trace equivalent iff traces(A) = traces(A’). A straightforward
corollary of our monotonicity results is that trace equivalence is a congruence relation
with respect to parallel composition, action hiding, and action renaming.

Theorem 20 (Trace equivalence is a congruence). Let Ay,..., A, be compatible SIOA,
and let A=Ay || --- || An. For some k € [1:n], let Ar,..., Ax—1, 4}, Akt1,..., Ap be
compatible SIOA, and let A" = Ay || -+ || Ap—1 | Ay || A |- || A

1. If traces (Ay) = traces (A},), then traces(A) = traces(A’).
2. If traces (Ay) = traces(A}), then traces(Ay \ X) = traces(A), \ X).
3. If traces (Ax) = traces (Ay,), then traces(p(Ax)) = traces (p(A},)).

Proof: Clauses 1, 2, and 3 follow from Theorems 17, 18, and 19 respectively, by appli-
cation with respect to both directions of trace inclusion. 0

31



5. Configurations and Configuration Automata

Suppose that a is an action of SIOA A whose execution has the side-effect of creating
another SIOA B. To model this, we keep track of the set of “alive” SIOA, i.e., those
that have been created but not destroyed (we consider the automata that are initially
present to be “created at time zero”). Thus, we require a transition relation over sets
of STIOA. We also keep track of the current global state, i.e., the tuple of local states of
every SIOA that is alive. Thus, we replace the notion of global state with the notion of
“configuration,” i.e., the set A of alive STOA, and a mapping S with domain A such that
S(A) is the current local state of A, for each SIOA A € A.

A configuration contains within it a set of SIOA, each of which embodies a transition
relation. Thus, the possible transitions out of a configuration cannot be given arbitrarily,
as when defining a transition relation over “unstructured” states. Rather, these transi-
tions should be “intrinsically” determined by the SIOA in the configuration. Below we
define the intrinsic transitions between configurations, and then define a “configuration
automaton” as an SIOA whose transition relation respects these intrinsic transitions.
Configuration automata are our principal semantic objects.

Definition 15 (Configuration, Compatible configuration). A configuration is a pair

(A, S) where
o A is a finite set of signature 1/O automaton identifiers, and
o S maps each A € A to an s € states(A).
A configuration (A,S) is compatible iff, for all A€ A, B€ A, A+# B:

1. sig(A)(S(A)) N int(B)(S(B)) =0, and
2. out(A)(S(4)) N out(B)(S(B)) = 0.

The compatibility condition is the usual I/O automaton compatibility condition [24],
applied to a configuration. If C'= (A, S) is a configuration, then we use (A,s) € C as
shorthand for A € AN S(A) = s, and we also qualify A and S with the notation C.A4,
C.S, where needed.

A configuration is a “flat” structure in that it consists of a set of SIOA (identifier,
local-state) pairs, with no grouping information. Such grouping could arise, for example,
by the composition of subsystems into larger subsystems. This grouping will be reflected
in the states of configuration automata, rather than the configurations themselves, which
are not states, but are the semantic denotations of states. We defined a configuration
to be a set of SIOA identifiers together with a mapping from identifiers to SIOA states.
Hence, every SIOA is uniquely distinguished by its identifier. Thus our formalism does
not a priori admit the existence of clones, as discussed in the introduction.

Definition 16 (Intrinsic attributes of a configuration). Let C = (A,S) be a com-
patible configuration. Then we define

e auts(C) = A.
e map(C) = S.
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o out(C) = Uycy out(A)(S(A)).
o in(C) = (Upea in(ANS(A) — out(C).
o int(C) =Uaca int(A)(S(A)).
o ext(C) = (in(C), out (C)).
s19(C) = (in(C), out (C), int(C)).

We call sig(C) the intrinsic signature of C, since it is determined solely by C'. Define
reduce(C') = (A", SIA'), where A' = {A | A € A and sig(A)(S(A)) #0}. C is a reduced
configuration ifft C' = reduce (C').

A consequence of this definition is that an empty configuration cannot execute any
transitions. Also, we do not define transitions from a non-compatible configuration.
Thus, the initial configuration of a transition is guaranteed to be compatible. However,
the final configuration of a transition maynot be compatible. This may arise, for example,
when two SIOA are involved in executing an action a, and their signatures in their final
local states may contain output actions in common. Another possibility is when a new
SIOA is created, and its signature in its initial state violates the compatibility condition
(Definition 15) with respect to an already existing SIOA.

We now define the intrinsic transitions :am, that can be taken from a given con-
figuration (A,S). Our definition is parametrized by a set ¢ of SIOA identifiers which
represents SIOA which are to be “created” by the execution of the transition. This set is
not determined by the transition itself, but rather by the configuration automaton which
has (A, S) as the semantic denotation of one of its states. Thus, it has to be supplied to
the definition as a parameter.

)
)

Definition 17 (Intrinsic transition, ==,). Let (A,S), (A',S') be arbitrary reduced
compatible configurations, and let o C Autids. Then (A,S) ==, (A',S") iff there exists
a compatible configuration (A”,S8") such that all of the following hold:

1. a € sig((A,S)).

2. A7 = AUp.

3. ForallAe A" —A:8"(4) € start(4).

4. For all A € A: if a € sig(A)(S(A)) then S(A) — 48" (A), otherwise S(A) =
S"(4).

5. (A", S8") = reduce((A",8")).

All the SIOA with identifiers in ¢ — A (= A” — A) are “created” in some start state
(Clause 3). The SIOA identifiers in ¢ N.A have no effect, since the SIOA with these iden-
tifiers are already alive. We apply the reduce operator to the intermediate configuration
(A”,8") to obtain the final configuration (A’,S’) resulting from the transition. This
removes all SIOA which have an empty signature, and is our mechanism for destroying
SIOA. An SIOA with an empty signature cannot execute any transition, and so cannot
change its state. Thus it will remain forever in its current state, and will be unable to
interact with any other SIOA. Thus, an SIOA “self-destructs” by moving to a state with
an empty signature. This is the only mechanism for SIOA destruction. In particular,
we do not permit one SIOA to destroy another, although an STOA can certainly send a
“please destroy yourself” request to another SIOA.
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Definition 18 (Configuration Automaton). A configuration automaton X consists
of the following components
1. A signature 1/0 automaton sioa(X).
For brevity, we define states(X) = states(sioa(X)), start(X) = start(sioa(X)),
sig(X) = sig(sioa (X)), steps(X) = steps(sioa(X)), and likewise for all other
(sub)components and attributes of sioa(X).
2. A configuration mapping config(X) with domain states(X) and such that config(X)(z)
is a reduced compatible configuration for allx € states(X).
3. For each x € states(X), a mapping created (X)(x) with domain sig(X)(z) and such
that created (X)(x)(a) C Autids for all a € sig(X)(z).

and satisfies the following constraints

1. If © € start(X) and (A,s) € config(X)(x), then s € start(A).
2. If (v,a,y) € steps(X) then config(X)(z) ==, config(X)(y), where p = created (X)(z)(a).
3. Ifx € states(X) and config(X)(z) ==, D for some action a, ¢ = created(X)(z)(a),
and reduced compatible configuration D, then Jy € states(X) : config(X)(y) = D
and (z,a,y) € steps(X).
4. For all x € states(X)

(a) out(X)(z) C out(config(X)(x)),

(b) in(X)(z) = in(config(X)(x)),

() int(X)(@) 2 int(config(X)(2)), and |

(d) out(X)(z) U int(X)(x) = out(config(X)(z)) U int(config(X)(z)).

The above constraints are needed to properly reflect the connection between the
behavior of a configuration automaton and the configurations in each state. Constraint 1
requires that configurations corresponding to start states of X must map their constituent
SIOA to start states. Constraint 2 admits as transitions of X only transitions that can
be generated as intrinsic transitions of the corresponding configurations. Constraint 3
requires that all the intrinsic transitions :a>¢ that a configuration is capable of must
be represented in X: all the successor configurations generated by such transitions must
be represented in the states and transitions of X. Constraint 4 states that the signature
of a state x of X must be the same as the signature of its corresponding configuration
config(X)(zx), except for the possible effects of hiding operators, so that some outputs of
config(X)(z) may be internal actions of X in state z.

These constraints represent a significant difference with the basic I/O automaton
model: there, states are either “atomic” entities, or tuples of tuples of ...of atomic
entities. Thus, states, in and of themselves, embody no information about their possible
successor states. That information is given by the transition relation, and there are no
constraints on the transition relation itself: any set of triples (state, action, state) which
respects the input enabling requirement can be a transition relation.

Since an SIOA that is created “within” a configuration automaton always remains
within that automaton, we see that configuration automata serve as a natural encap-
sulation boundary for component creation. Even if an SIOA migrates and changes its
location, it always remains a part of the same configuration automaton. Migration and
location are not primitive notions in our model, in contrast with, for example, the Ambi-
ent Calculus [8], but are built on top of configuration automata and variable signatures,
see Section 7 below.
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In the sequel, we write config(X)(z) == x.. config(X)(y) as an abbreviation for
“config(X)(z) =%, config(X)(y) where ¢ = created (X)(z)(a).”

Definition 19. Let X be a configuration automaton. For each x € states(X), define the
abbreviations auts(X)(x) = auts(config (X)(z)) and map(X)(x) = map(config(X)(x)).

Definition 20 (Execution, trace of configuration automaton). A configuration au-
tomaton X inherits the notions of execution fragment and execution from sioa(X). Thus,
« is an execution fragment (execution) of X iff it is an execution fragment (execution)
of sioa(X). execs(X) denotes the set of executions of configuration automaton X. X
also inherits the notion of trace from sioa(X). Thus, 8 is a trace of x iff it is a trace of
sioa(X). traces(X) denotes the set of traces of configuration automaton X.

5.1. Parallel Composition of Configuration I/O Automata
We now deal with the composition of configuration automata.

Definition 21 (Union of configurations). Let C1 = (A1,81) and Cy = (A2,Ss2) be
configurations such that Ay N As = (). Then, the union of Cy and Cs, denoted C7 U Cy,
is the configuration C = (A,S) where A= Ay UAs, and S agrees with S1 on Ay, and
with S on As.

It is clear that configuration union is commutative and associative. Hence, we will
freely use the n-ary notation CyU- - -UC,, (for anyn > 1) whenever /\ auts(C;)N
auts(C;) = 0.

i.j E[1in] ij

Definition 22 (Compatible configuration automata). Let Xi,...,X,,, be configu-
ration automata. Xi,...,X, are compatible iff, for every (zy,...,x,) € states(Xy) x
- X states(X,,), all of the following hold:

Vi,j € [1:n], i+#j: auts(config (Xi)(z:)) N auts(config (X;)(x;)) = 0.
config(X1)(x1) U--- U config(X, )(xn) is a reduced compatible configuration.
{s19(X1)(21),...,sig(Xy)(xn)} is a set of compatible signatures.

Vi,j € [L:n],i # j: Va € sig(Xi)(zs) N s/z\g(XJ)(m]) o created (X;)(x;)(a) N
created (X, )(z;)(a) = 0.

- W o=

Definition 23 (Composition of configuration automata). Let Xi,...,X,,, be com-
patible configuration automata. Then X = X1 || --- || Xy, is the state machine consisting
of the following components:

1. sioa(X) = sioa(X1) || -+ || sioa(X,).
2. A configuration mapping config(X) given as follows. For each x = (x1,...,2,) €
states(X), config(X)(x) = config(X1)(x1) U--- U config(Xn )(xs).
3. For each x = (x1,...,x,) € states(X), a mapping created(X)(x) with domain
s/z\g(X)(:c) and gwen as follows. For each a € s/z\g(X)(x), created (X)(z)(a) =
a€s7a(X, ) (w1 )iel1:n) CTeated (X;)(@i)(a).

As in Definition 18, we define states(X) = states(sioa (X)), start(X) = start(sioa (X)),

s19(X) = sig(sioa(X)), steps(X) = steps(sioa (X)), and likewise for all other (sub)components

and attributes of sioa (X).
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Proposition 21. Let Xi,...,X,, be compatible configuration automata. Then X =
Xy || -+ || X is a configuration automaton.

Proof: We must show that X satisfies the constraints of Definition 18. Since X;,..., X,
are configuration automata, they already satisfy the constraints. The argument for each
constraint then uses this together with Definition 23 to show that X itself satisfies the
constraint. The details are as follows, for each constraint in turn.

Constraint 1. Let x € start(X) and (A,s) € config(X)(z). Then, z = (x1,...,2y,)
where x; € start(X;) for 1 < i < n. By Definition 23, config(X)(z) = config(X1 )(x1) U
- U config(Xy)(zy). Hence (A,s) € config(X;)(x;) for some j € [1 : n]. Also, z; €
start(X;). Since X is a configuration automaton, we apply Constraint 1 to Xj to
conclude s € start(A). Hence, Constraint 1 holds for X.

Constraint 2. Let (x,a,y) be an arbitrary element of steps(X). We will establish
config (X)(x) ==x. config(X)(y)-

For brevity, let A; = sioa(X;) for i € [1 : n]. Now (z,a,y) € steps(X). So
(x,a,y) € steps(sioa(X)) by Definition 23. Also by Definition 23, sioa(X) = sioa(X;) ||
oo || sioa(Xyn) = A1 || cc- || An. So, (z,a,y) € steps(Ay || --- || An). Since z,y €
states(Ay || -+ || An), we can write z,y as (x1,...,2Zn), (Y1,...,Yn) respectively, where
x4, y; € states(A;) for i € [1: n]. From Definition 6, there exists a nonempty ¢ C [1 : n]
such that .

(Nie,a € sig(Ai)\(a:i) A (zi,a,y;) € steps(A;)) A
(/\ie[l:n]—cpa g SZg(AZ)(xZ)/\xZ :yl) (a)
Each X;, i € [1: n], is a configuration automaton. Hence, by (a) and constraint 2 applied
to each X, i € ¢,
/\i,ep (Conﬁg(Xz )(1‘2) :a>X7‘, \Ti conﬁg(XZ- )(yz)) . (b)
Also by (a),

Niepin)— (config(Xi) (i) = config(X;)(yi))- (©)

Since X1, ..., X, are compatible, we have, by Definition 22, that config(Xy)(x1)U---U
config (X, )(zy,) and config(X1)(y1) U--- U config(X, )(yn) are both reduced compatible
configurations.

By Definition 23, created(X)(z)(a) =
this, (a,b,c), and Definition 17, we obtain

(Usepan) config(Xi)(@:)) ==x 2 (Uicqn) config(X:)(:))- (d)

By Definition 23, config(X)(z) = U, ¢y, config(Xi)(wi) and config(X) (y) =U,cpr.) config(Xi)(yi)-
Hence

Uae@mz)m i€lin] created (X;)(z;)(a). By

config(X)(x) == x o config(X)(y),
and we are done.

Constraint 3. Let x be an arbitrary state in states(X) and D an arbitrary reduced com-
patible configuration such that config(X)(z) ==x . D. We must show Jy € states(X) :
(x,a,y) € steps(X) and config(X)(y) = D.
We can write x as {(z1,...,2,) where z; € states(X;) fori € [1 :n]. Since X1,...,X,
are compatible, we have, by Definition 22, that auts(config(X; )(z;)) N auts(config(X; )(z;)) =
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0 for all,j € [1:n],i# j, (thus, all STOA in these configurations are unique) and that
config(Xy)(x1) U -+ U config(X,,)(xy ) is a reduced compatible configuration. Also, from

Definition 23, config(X)(x) = Uie[lm] config(X;)(x;). Hence from config(X)(x) == x. D,

(Uicqton config(X:)(w:)) == x.2 D. ()
Hence, from Definition 17, there exists a nonempty ¢ C [1 : n] such that
(/\iEQD a € S/Z\g(Xl)('Tl)) A (/\ie[l:n]—goa ¢ S/Z-\g(Xl)(xl)) . (b)

We now define D;, 1 <1i <n, as follows. Fori € [1: n]— ¢, D; = config(X;)(x;). For i€
¢, D; = (DA; ,map(D)[ DA;), where DA; = {A: A€ D and [A € auts(config(X;)(z;)) or A €
created (X;)(z;)(a)]}. Hence, by definition of D;, Definition 17, (a), and the compatibility
of X1,...,X,, we have
/\zegp(conﬁQ(Xz)(xl) :a>Xi VT Dl) (C)

Now each X;, i € [1 : n], is a configuration automaton. Hence, from (c) and constraint 3
applied to X;, i € ¢,

/\iep,ﬂyi € states(X;) : config(X;)(y;) = D; and (z;,a,y;) € steps(X; ). (d)

Lety = (y1,...,yn) where, for ¢ € o, y; is given by (d), and fori € [1: n]—¢, y; = ;.
Hence, for i € [1 : n], y; € states(X;). Since Xi,..., X, are compatible configuration
automata, we get, by Definitions 18 and 22,

/\” el1:n],i#j auts(config (X;)(yi)) N auts(config (X;)(y;)) = 0 and
config(X1)(y1) U--- U config(Xy )(yn) is reduced and compatible. (e)

Thus, in particular, all SIOA in the configurations config(X1)(y1),. .., config(X,)(yn) are
unique. From (d), for i € ¢, config(X; )(y;) = D;. By definition of D;, for i € [1 : n] — ¢,
config(X;)(z;) = D;. By definition of y;, for i € [1 : n] — ¢, y; = z;. Hence, for
i€ [l:n]— ¢, config(X;)(y;) = D;. Combining these, we get

Niepn) config(Xi)(yi) = Di. (f)
From the definition of D; and Definition 17, we have that D = Dy U---U D,,. Also, by
Definition 23, config(X)(y) = Uie[l:n] config(X;)(yi). By this, (f), and D = Dy U---UD,,,,

config(X)(y) = D. (8)
By definition of y;, for i € [1 : n] — ¢, y; = x;. By (d), for i € ¢, (zi,a,y;) € steps(X;).
From these and (b), we get
Niep @ € sig(Xi)(@i) A (i, a,y:) € steps(Xi)
Niepm)—p @ € sig(Xi)(@:) Nyi = @5
From this, = (x1,...,2,), ¥y = (Y1,...,Yn), and Definitions 6 and 23, we conclude
(x,a,y) € steps(X). From this and (g), we have

(x,a,y) € steps(X) and config(X)(y) = D,

and we are done.

Constraint 4. We treat each subconstraint in turn.
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Constraint 4a: out(X)(z) C out(config(X)(z)).
By Definitions 6 and 23,
out (X)(x) = Uiep.ny 00t (Xi)(@s). (a)
Since the X; are configuration automata, they all satisfy constraint 4a. Hence
/\ie[lm] out(X; )(z;) C out(config(X;)(x;)).

Taking the unions of both sides, over all i € [1: n], we obtain

(Uie[lzn] out (X;)(x; )) < (Uie[lzn] OUt(C‘mﬁg(Xi)(xi)))- (b)
By Definition 23, config(X)(z) = Uie[l:n] config(X;)(z;). By assumption, Xi,...,X,,
are compatible configuration automata. Hence, by Definition 22, (¢, config (X;)(z4)
is a reduced compatible configuration. So, from Definition 16, we obtain

out (config(X)(x)) = U;ep.n) out(config (Xi)(@i))- (©)
From (a,b,c), we obtain out (X)(x) = Uie[l:n] out (X;)(x;) C (Uie[l:n] out(config (X;)(x;)))

out(config(X)(z)), as desired.

Constraint 4b: in(X)(x) = in(config(X)(z)). By Definitions 6 and 23,
in(X)(x) = (Uigpm) 1 (Xi) (@) = Uieqin) 0ut(Xi)(@:))- (a)
Since the X; are configuration automata, they all satisfy constraints 4a and 4b. Hence
Nieiin) (Xi) (%) = in(config(X;)(z:)),
/\ie[l:n] out(X; )(z;) C out(config(X;)(x;)). (b)
Since the X; are configuration automata, they all satisfy constraint 4d. Hence
Nierimy 0ut(Xi) (i) U int(Xi)(z:) = out (config(Xi)(z)) U int(config(Xi)(xi)). (c)
And so,
/\ie[lzn] out(config (X;)(z;)) C out(X;)(x;) U int(X; )(z;). (d)
Since out(X; )(w;) Nint(X;)(z;) = 0 for all ¢ € [1: n], by the partitioning of actions into
input, output, and internal, we have, by (b,d)
Niepn) 0ut (Xi)(zi) = out (config(Xi)(z:)) — int(X; )(z:). (e)
Taking the unions of both sides, over all i € [1: n], in (b) and (e), we obtain
(Uie[l:n] Zn(Xl )(xl)) = (Uze[ln] m(conﬁg (X1)(xl)))7
(Uieping 0ut(Xi) (@) = (Ujeqrn out(config (Xi)(w:)) — int(X;)(x:)). (f)
From (a,f), we obtain
in(X)(2) = (Uiepm) n(config(Xi)(z:))) —
(Uieqin out (config(X;) (i) — int(X;)(x:)). (8)
From (c),
/\ie[l:n] int(X;)(x;) C out (config(X;)(x;)) Uint(config(X;)(x;)). (h)
Now (out (config(X;)(z; ))Uint (config(X;)(x;)))Nin(config(X;)(x;)) = 0, for alli € [1 : n],
by the partitioning of actions into input, output, and internal. Hence, by (h),
Nieriny 0t (Xi) () N in(config (X;)(x:)) = 0. (i)
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From (b,i), and the compatibility of Xi,...,X,,, we get
(Uie[l:n] int(X;)(z)) N (Uie[l:n] in(config(X;)(x:))) = 0. ()
From (g,j)
in(X)(x) = (Uie[lm] m(canﬁg(XZ)(mz))) - (Uieum] out(config (Xz)('rl))) (k)
By Definition 23, config(X)(xz) = Uie[l:n] config(X;)(z;). By assumption, Xi,...,X,,

are compatible configuration automata. Hence, by Definition 22, Uie[l:n] config(X;)(x;)
is a reduced compatible configuration. So, from Definition 16, we obtain

in(config (X)(2)) = (U in(config(X:)(@:))) — (Useq out (config (X:)(@:))) - 1)

Finally, from (k,1), we obtain in(X)(z) = (Uie[l:n] in(config (Xi)(z:)))—( Uiepn) out(config(X; NED)))
= in(config(X)(z)), as desired.

Constraint 4c: int(X)(xz) 2 int(config (X)(x)).
By Definitions 6 and 23,
int(X)(x) = Usepiin nt(X;)(x;). (a)
Since the X; are configuration automata, they all satisfy constraint 4c. Hence
Niepim) (X )(xi) 2 int(config(Xi)(x:)).

Taking the unions of both sides, over all i € [1: n], we obtain

(Uie[l:n] int(X;)(x; )) 2 (Uié[lzn] int(config(X; )(%))) (b)
By Definition 23, config(X)(xz) = Uieqting config(X;)(z;). By assumption, Xi,...,X,,
are compatible configuration automata. Hence, by Definition 22, Uie[lm] config(X; )(x;)
is a reduced compatible configuration. So, from Definition 16, we obtain

int(config(X)(@)) = Usepm) int(config (Xi)(x:))- (c)
From (a,b,c), we obtain int(X)(x) = Uic(1.,) (X )(@i) 2 (Uigpr.ny it (config(Xi)(x:)))

%L‘(conﬁg(X)(x))7 as desired.

Constraint 4d: out(X)(z) U int(X)(z) = out(config (X)(z)) U int(config (X)(x)).
By Definitions 6 and 23,

out (X)(x) = U,y 0ut(Xi)(2:),

nt(X) (@) = Ujepm 1t (Xi)(24). (a)
Since the X; are configuration automata, they all satisfy constraint 4d. Hence

/\ie[lm](out (X3) (i) Uint(X;)(x;)) = (out (config(X; )(x;)) Uint(config(X;)(z)))-
Taking the unions of both sides, over all i € [1: n], we obtain
(Uiep .y 0ut(Xi) (i) U int(Xi)(2:)) = (Usgnn) out (config (Xi)(w:)) U int(config (Xi)(2:))).
(b)

By Definition 23, config(X)(x) = Uierim] config(X;)(z;). By assumption, Xi,...,X,,
are compatible configuration automata. Hence, by Definition 22, Uie[lm] config(X; )(x;)
is a reduced compatible configuration. So, from Definition 16, we obtain

out(config(X)(z)) = U, 1. 0ut(config (Xi)(z:)),
int(config(X)(x)) = Ui?fg:n] int(config(X;)(x;)). (c)



From (a,b,c), we obtain (out (X)(z)Uint (X)(z)) = (Uie[l:n] out (X; )(z;)Uint(X; )(z;)) =
(Useiton) 0ut(config (X, ) @) )Uint (config (X, )(z:))) = out (config (X)(x) Uint (comfig(X) (x)
as desired.

Since we have established that X satisfies all the constraints, the proof is done. [

5.2. Action Hiding for Configuration Automata

Definition 24 (Action hiding for configuration automata). Let X be a configura-
tion automaton and X a set of actions. Then X \ X is the state machine consisting of
the following components:

1. A signature I/O automaton sioa(X \ X) = sioa(X) \ 2.
2. A configuration mapping config(X \ X) = config(X).
3. For each x € states(X \ ¥), a mapping created (X \ X)(x) = created (X)(z).

As in Definition 18, we define states(X \ X) = states(sioa(X \ 3)), start(X \3) =
start(sioa (X \ X)), sig(X \X) = sig(sioa(X \ X)), steps(X \ X) = steps(sioa(X \ X)),
and likewise for all other components and attributes of sioa(X).

Proposition 22. Let X be a configuration automaton and X a set of actions. Then
X\ X is a configuration automaton.

Proof: We must show that X \ ¥ satisfies the constraints of Definition 18. Since X is
a configuration automaton, constraints 1, 2, and 3 hold for X. From Definitions 7 and
24, we see that the only components of X and X \ ¥ that differ are the signature and its
various subsets. Now constraints 1, 2, and 3 do not involve the signature. Hence, they
also hold for X \ X.

We deal with each subconstraint of Constraint 4 in turn.

Constraint 4a: out(X \ X)(x) C out(config(X \ X)(z)).

By Definition 24, out(X \ X)(x) = out (sioa(X \ 2))(z) = out(sioa(X) \ ¥)(z). By Def-
inition 7, out(sioa(X) \ X)(x) = out(sioa(X))(x) — X. By Definition 18, which is ap-
plicable since X is a configuration automaton, out(sioa(X))(z) = out(X)(z). Hence,
out(sioa(X))(x) — X = out(X)(xz) — . Putting the above equalities together, we obtain

out (X \ X)(x) = out(X)(z) — X. (a)
Since X is a configuration automaton, it satisfies constraint 4a. Hence
out(X)(x) C out(config (X)(z)). (b)
By Definition 24, config(X \ 3) = config(X). Hence,
out (config (X)(x) ) = out(config(X \ X)(x)). (©)

Fro(in (a,lé),c), we obtain out (X \ X)(z) C out(X)(x) C out (config(X)(z)) = out (config(X \ X)(z)),

Constraint 4b: in(X \ X)(x) = in(config(X \ X)(z)).

By Definition 24, in(X \ X)(z) = in(sioa(X \ X))(z) = in(sioa(X) \ X)(z). By Defini-

tion 7, in(sioa(X) \ X)(x) = in(sioa(X))(x). By Definition 18, which is applicable since
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X is a configuration automaton, in(sioa(X))(z) = in(X)(x). Putting the above equali-
ties together, we obtain

in(X \ X)(x) = in(X)(z). (a)
Since X is a configuration automaton, it satisfies constraint 4b. Hence
in(X)(x) = in(config(X)(x)). (b)
By Definition 24, config(X \ X) = config(X). Hence,
in(config(X)(x)) = in(config(X \ X)(x)). (©)

Fro(in (a,z,c), we obtain in(X \ X)(z) =in(X)(z) = in(config(X)(z)) = in(config (X \ X)(z)),

Constraint 4c:. int(X \ X)(z) 2 int(config(X \ X)(z)).

By Definition 24, int(X \ ¥)(z) = int(sioa (X \ X))(z) = int(sioa(X) \ £)(x). By Def-
inition 7, int(sioa(X) \ X)(z) = int(sioa(X))(x) U (out(sioa(X))(z) NX). By Defini-
tion 18, which is applicable since X is a configuration automaton, int(sioa(X))(z) =
int(X)(x) and out (sioa(X))(x) = out (X)(x). Hence, int(sioa(X) \ X)(x) = int(X)(x)U
(out (X)(z) NX). Putting the above equalities together, we obtain

nt(X \ X)(z) = nt(X)(z) U (out (X)(x) NX). (a)
Since X is a configuration automaton, it satisfies constraint 4c. Hence
int(X)(x) 2 int(config(X)(x)). (b)
By Definition 24, config(X \ X) = config(X). Hence,
int(config(X)(x)) = int(config(X \ ¥)(z)). (©)

Frocin (a,g,c), we obtain int(X \ X)(x) 2 int(X)(z) 2D int(config(X)(x)) = int(config(X \ X)(z)),

Constraint 4d: out(X \ X)(z)Uint (X \ X)(x) = out(config(X \ ¥)(z))Uint (config(X \ X)(z)).
In the proofs for Constraints 4a and 4c above, we established (the equations marked
“(a)ﬁ)

out (X \ X)(x) = out (X)(z) — X,

int(X \ X)(z) = int(X)(z) U (out(X)(x) NX).

Now (out (X)(x) — X) U (out (X)(x) NX) = out(X)(x), and so

out(X \ X)(z) U nt(X \ X)(z) = out (X)(z) Uint(X)(x). (a)
Since X is a configuration automaton, it satisfies constraint 4d. Hence
out (X)(x) Uint(X)(x) = out (config(X)(z)) U int(config(X)(z)). (b)

By Definition 24, config(X \ ¥) = config(X). Hence,

out (config(X)(x)) U int(config(X)(x)) =

out (config(X \ X)(x)) U int(config(X \ X)(x)). (c
From (a,b,c), we obtain out(X \ X)(z) U int(X \ X)(z) = out(X)(z) U int(X)(z) =

out(config (X)(x)) U int(config(X)(z)) = out (config(X \ X)(x)) U int(config(X \ ¥)(x)),
as desired.
Since we have established that X satisfies all the constraints, the proof is done. []
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5.8. Action Renaming for Configuration Automata

Definition 25. Let C' = (A,S) be a compatible configuration and let p be an injective
mapping from actions to actions whose domain includes | J,c 4 acts(A). Then we define

Z(C)A: (p(A), p(S)) where p(A) = {p(A) | A € A}, and p(S)(p(A)) = S(A) for all
€A

Definition 26 (Action renaming for configuration automata). Let X be a con-
figuration automaton and let p be an injective mapping from actions to actions whose do-
main includes
UCesmtes(X) sig(X)(C). Then p(X) consists of the following components:

1. A signature 1/O automaton sioa(p(X)) = p(sioa(X)).

2. A configuration mapping config(p(X)) with domain states(p(X)) (= states(X))
and such that config(p(X))(x) = p(config(X)(x)). N

3. For each x € states(p(X)), a mapping created (p(X) )(x) with domain sig(p(X))(x)
and such that created (p(X))(z)(p(a)) = {p(4) | A € created (X)(x)(a)} for all
a € szg(X)( ).

Proposition 23. Let X be a configuration automaton and let p be an injective mapping
from actions to actions whose domain includes \Jc ¢giates(x) szg( )(C). Then p(X) is a
configuration automaton.

Proof: We must show that p(X) satisfies the constraints of Definition 18. Since X is a
configuration automaton, constraints 1, 2, and 3 hold for X. From Definitions 8 and 26,
we see that the states of p(X) and the configurations in config(p(X))(z) are unchanged by
applying p, with the exception of the signatures of the configurations. Hence constraint 1
also holds for p(X).

Constraints 2, and 3 hold since p is injective, so we can simply replace a by p(a) uni-
formly in the transition relation of both p(X) and the configurations in config(p(X))(z).
The constraints for p(X) then follow from the corresponding ones for X.

From Definitions 25 and 26, we have out(config(p(X))(z)) = p(out (config (X)(z)))
and
out(p(X))(xz) = p(out (X)(x)). Since constraint 4a holds for X, we have out(X)(z) C
out(config(X)(z)). Hence p(out(X)(x)) C p(out(config(X)(z))). We thus conclude
out(p(X))(x) C out(config(p(X))(x)). Hence constraint 4a holds for p(X).

The other subconstraints of constraint 4 can be established in a similar manner. [J

5.4. Multi-level Configuration Automata

Since a configuration automaton is an SIOA, it is possible for a configuration automa-
ton to create another configuration automaton. This leads to a notion of “multi-level,”
or “nested” configuration automata. The nesting structure is well-founded, that is, the
binary relation “X is created by Y’ is well-founded in all global states.

This ability to nest entire configuration automata makes our model flexible. For ex-
ample, administrative domains can be modeled in a natural and straightforward manner.
It may also be possible to emulate the motion of ambients in the ambient calculus [8]. If
two configuration automata X,Y are such that neither is “included” in the other, then
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X can “move into” Y by first destroying itself, and then having Y re-create X. This
however would require some book-keeping to re-create X in the same state it was in
before it destroyed itself. Development of these ideas, including the precise notion of “is
included in,” is a topic for a subsequent paper.

5.5. Compositional Reasoning for Configuration Automata

We now establish compositionality results for configuration automata analogous to
those established previously for STIOA. The notions of execution and trace of a configu-
ration automaton X depend solely on the SIOA component sioa(X). Furthermore, the
SIOA component of a composition of configuration automata depends only on the SIOA
components of the individual configuration automata (see Definition 23). It follows that
the results of Sections 3 and 4 carry over for configuration automata with no modification.
We restate them for configuration automata solely for the sake of completeness.

5.5.1. Execution Projection and Pasting for Configuration Automata

Definition 27 (Execution projection for configuration automata). Let X = X ||
< || X, be a configuration automaton. Let a be a sequence x°atzta’x? ... 27 lal2d ...
where ¥ > 0,27 = (21,... 21) € states(X) and Vj > 0,a’ € sig(X)(zI~1). For

i € [1:n], define alX; to be the sequence resulting from:

1. replacing each a7 by its i ’th component mf, and then

2. removing all a’x] such that a’ ¢ s/z?](Xz)(xf*l)

Our execution projection result states that the projection of an execution (of a com-
posed configuration automaton X = Xj || --- || X,,) onto a component X;, is an execution
of Xz

Theorem 24 (Execution projection for configuration automata). Let X = X ||
<+ || Xi be a configuration automaton. If a € execs(X) then alX; € execs(X;) for all
i€ [l:n)].

Our execution pasting result requires that a candidate execution « of a composed
automaton X = Xj || --- || X, must project onto an actual execution of every component
X;, and also that every action of «a not involving X; does not change the configuration
of X;. In this case, a will be an actual execution of X.

Theorem 25 (Execution pasting for configuration automata). Let X = X; ||--- ||

X, be a configuration automaton. Let o be a sequence x%a'z'a®z? ... 27 " lalxd ... where

Vj > 0,20 = (af,...,20) € states(X) and ¥j > 0,07 € sig(X)(x7=1). Furthermore,
suppose that, for alli € [1:n]:

1. alX; € execs(X;), and
2.Vj>0:ifa ¢ s@(XZ)(xf_l) then xl ' =],
Then, o € execs (X).
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5.5.2. Trace Pasting for Configuration Automata

Corollary 26 (Trace pasting for configuration automata). Let Xi,...,X,, be com-
patible configuration automata, and let X = Xy || --- || X,. Let B be a trace and as-
sume that there exist B1,...,0, such that (1) (Vj € [1:n] : §; € traces(X;)), and (2)
2ip(B, 1y .-+, Bn). Then [ € traces(X).

The definition of zip(5, 31,...,[n) remains unchanged for configuration automata,
since it does not refer to the internal structure of automata, only to external actions and
external signatures.

5.5.3. Trace Substitutivity and Equivalence for Configuration Automata
Theorem 27 (Trace substitutivity for configuration automata). Let X;,...,X,

be compatible configuration automata, and let X = X; || -+ || Xy. For some k € [1:n],
let X1,..., Xp—1, X}, Xiet1,..., Xpn be compatible configuration automata, and let X' =
Xl ool Xt || X5 | Xogr || -+ || Xno Assume also that traces(Xy) C traces(X},).

Then traces(X) C traces(X").

Theorem 28 (Trace substitutivity for configuration automata w.r.t. action hiding).
Let X, X' be configuration automata such that traces(X) C traces(X'). Let ¥ a set of
actions. Then traces(X \ X) C traces(X' \ X).

Theorem 29 (Trace substitutivity for configuration automata w.r.t. action renaming).
Let X, X' be configuration automata such that traces (X) C traces(X'). Let p be an injec-

tive mapping from actions to actions whose domain includes acts(X). Then traces(p(X)) C
traces(p(X')).

Theorem 30 (Trace equivalence is a congruence). Let X1,...,X, be compatible con-

figuration automata, and let X = Xy || --- || X5, Forsomek € [1:n], let X1,..., Xp—1, X}, Xp1,..., Xp
be compatible configuration automata, and let X' = Xy || -+ || Xe—1 || Xk || X1 |- ||

Xn.

1. If traces (Xy) = traces (X},), then traces(X) = traces(X").
2. If traces (Xy) = traces (X},), then traces(Xy \ ¥) = traces (X, \ ¥).
3. If traces (Xy) = traces (X},), then traces(p(Xy)) = traces(p(X},)).

6. Creation Substitutivity for Configuration Automata

We now show that trace inclusion is monotonic with respect to process creation,
under certain conditions. Our intention is that, if a configuration automaton Y creates
an SIOA B when executing some particular actions in some particular states, then, if
configuration automaton X results from modifying Y by making it create an SIOA A
instead, and if traces (A) C traces (B), then we can prove traces(X) C traces(Y'). In the
rest of this section, let X be a configuration automaton that creates SIOA A in some
actions, but never creates SIOA B. Also let Y be a configuration automaton that creates
SIOA B in some actions, but never creates SIOA A.
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Definition 28 ( [B/A],<ap ). Let ¢ C Autids, and A, B be SIOA identifiers. Then we
define o[B/A] = (o —{A}) U{B} if Ac ¢, and p[B/A] = if A .

Let C,D be configurations. We define C <ap D iff (1) auts(D) = auts(C)[B/A],
(2) for every A" € auts(C) — {A}: map(D)(A") = map(C)(A"), and (3) ext(A)(s) =
ext(B)(t) where s = map (C)(A), t = map(D)(B). That is, in <Qap-corresponding con-
figurations, the SIOA other than A, B must be the same, and must be in the same state.
A and B must have the same external signature.

In the sequel, when we write 1) = ¢[B/A], we always assume that B € ¢ and A & 1.
Proposition 31. Let C, D be configurations such that C<xapD. Then ext(C) = ext(D).

Proof: If A ¢ C then C = D by Definition 28, and we are done. Now suppose that
A€ C,so that C = (AU{A},S) for some set A of SIOA identifiers, and let s = S(A).
Then, by Definition 16, out(C') = (44 0ut(A")(S(A"))) U out(A)(s).

From C' <45 D and Definition 28, we have D = (AU {B},S’), where &’ agrees with
Sonall A € A, and §'(B) =t such that ext(A)(s) = ext(B)(t). Hence out(A)(s) =
out(B)(t) and in(A)(s) = in(B)(t). By Definition 16, out(D) = (|J 4,4 0ut(A")(S' (A)))U
out(B)(t). Finally, (U4 out(A)(S"(A))) U out(B)(t) = (U eq out(A)(S(A"))) U
out(A)(s), since S’ agrees with S on all A" € A, and out (A)(s) = out (B)(t).

Putting the above equalities together, we obtain out(C) = (| ¢4 out(A")(S(A")))U
out(A)(s) = (Ureq out (A')(S"(A")))Uout (B)(t) = out(D). We establish in (C') = in(D)
in the same manner, and omit the repetitive details. Hence ext(C') = ext(D). 0

To obtain monotonicity, the start configurations of ¥ must include a configura-
tion corresponding to every configuration of X, i.e., Vo € start(X),3Jy € start(Y) :
auts(config(Y)(y)) = auts(config(X)(x))[B/A]. Together with traces(A) C traces(B),
we might expect to be able to establish traces(X) C traces(Y'). However, suppose that
X has an execution « in which A is created exactly once, terminates some time after it
is created, and after A’s termination, X executes an input action a. Let S = trace x («)
and let §4 be the trace that A generates during the execution of a by X. Since
traces(A) C traces(B), we can construct (by induction) using conditions 1, 2, and 3
of Definition 18, a corresponding execution o’ of Y, up to the point where A terminates.
Since traces (A) C traces(B), we have f4 € traces(B). Define B as follows. B emulates
A faithfully up to but not including the point at which A terminates (i.e., self-destructs).
Then, B sets it’s external signature to empty but keeps some internal actions enabled.
This allows B to export an empty signature at this point. After executing an internal
action, B permanently enters a state in which it’s signature has action a as an output,
but a is never actually enabled. Thus, no trace of Y from this point onwards can con-
tain action a. Hence, § cannot be a trace of Y, and so traces(X) € traces(Y), since
B € traces(X). This example is a consequence of the fact that an SIOA can prevent
an action a from occurring, if a is an output action of the SIOA which is not currently
enabled, and it shows that we also need to relate the traces of A that lead to termination
with those of B that lead to termination.

We therefore also require that the terminating traces of A (see formal definition
below) are a subset of the terminating traces of B. This however, is still insufficient,
since we have so far only required that X create A “whenever” Y creates B. We have
not prevented X from creating A in more situations than those in which Y creates B.
This can cause traces(X) € traces(Y), as the following example shows.

45



{(Cu")}

Figure 7: The Automata in Example 1

Example 1. Let A, B,C be the SIOA and X,Y be the configuration automata given in
Figure 7, as indicated by the automaton name followed by “:”. Fach node represents
a state and each directed edge represents a transition, and is labeled with the name of
the action executed. Allthe automata have a single start state. A, B,C, have start state
s9,10, u® respectively, and out(A)(s?) = out (B)(t°) = {a,b}. Note that A has b in the
signature of s° but does not enable b in s°. All the states of X,Y , except the terminating
states, are labeled with their corresponding configurations. The start states of X, Y are
the states with configuration {(C,u°)}.

By inspection, Y € start(X),Jy € start(Y) : config(Y)(y) = config(X)(x)[B/A],
traces(A) C traces(B), and ttraces(A) C ttraces(B). Also by inspection, traces(X) =
{c,ca,cd, cad,cda} and traces(Y) = {c,ca,cb,cd}, and so traces(X) < traces(Y) (we
omit the external signatures in the traces). This is because X creates A along the tran-
sition which is generated by the (u°, c,u”) transition of C' (according to constraint 3 of
Definition 18), whereas Y does not.

We now impose a restriction which precludes scenarios such as in Example 1.

Definition 29 (Creation corresponding configuration automaton). Let X,Y be
configuration automata and A, B be SIOA. We say that X,Y are creation-corresponding
w.r.t. A, B iff

1. X never creates B and Y mnever creates A.
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2. Let B € traces™(X) N traces*(Y), and let a € execs*(X), m € execs*(Y) be such
that trace (o) = traceg(m) = 3. Let x = last(a), y = last(w), i.e., x,y are the last
states along o, m, respectively. Then

Va € sig(X)(x) N sig(Y )(y) : created (Y)(y)(a) = ereated (X)(z)(a)[B/A].

Now, in addition to the requirements discussed above in Example 1, we require that the
configuration automata X,Y be creation-corresponding w.r.t. A, B, i.e., that from the
last states of executions (of X,Y, respectively) with the same trace, execution of the
same action, (by X,Y, respectively), creates the same SIOA, except that Y may create
B where X creates A. We also restrict A, B so that their internal actions do not create
SIOA, and do not lead to an empty signature, i.e., to self-destruction. Also B can have
only a single start state. We give results for finite trace inclusion and trace inclusion.

Let s%als' ... s" 1a"s" be a finite execution of SIOA A such that sig(A)(s™) = 0.
Then, without loss of generality, we assume that, for all ¢ such that (s"~',a",t) €
steps(A), sig(A)(t) = 0. That is, execution of a”~! per se, and not the choice of target
state, determines that A is destroyed. We also assume that hiding is not used, so that a
state and its configuration have the same signature, i.e., for every configuration automa-
ton X, Vo € states(X): out(X)(xz) = out(config(X)(z)), in(X)(x) = in(config(X)(z)),
and int(X)(x) = int(config(X)(z)).

Definition 30 (Terminating execution, terminating trace). Lets’a's!...s" la"s"

be a finite execution of SIOA A such that sig(A)(s™) =0, and let a = s%atst ... s""ta",
i.e., remove the final states™. Then we say that o is a terminating execution of A. Define
texecs (A) = {a | « is a terminating execution of A}. If B = trace(«), then we say that
B is a terminating trace of A. Define ttraces(A) = {0 | B is a terminating trace of A}.

Note that we define a terminating execution to end in an action (which sets A’s signature
to empty), and not in a state. Thisis due to Definitions 16 and 18, which remove an SIOA
A when it has an empty signature, and hence the final state s, in which szg( )(s) = 0,
does not appear in any configuration of the containing configuration automaton X, i.e.,
there is no reachable state x of X and configuration C' such that config(X)(z) = C and
map(C)(A) = s. Thus, to define a notion of projection of an execution of configuration
automaton X onto an SIOA A that is “inside” X, we have to define the terminating
executions of A so that they omit the final state. We also extend the concatenation
operator — so that it appends a single action: for a finite execution fragment o =
Palsta? ... a's’ we define o« —~ a to be s%a's'a?...a's'a, i.e., a followed by a.
Definition 31 (Projection of configuration automaton onto a contained SIOA, IT).
Let oo = 2%zt .. 2o 2™ | be an execution of a configuration automaton X. Then
allA is a sequence of executions of A, and results from the following steps:

1. insert a “delimiter” $ after an action a' whose execution causes A to set its sig-
nature to empty,
remove each x'a’*t such that A ¢ auts( )(x?),
remove each x'a™t! such that 't ¢ sig(A)(map (config(X)(z%))(A)),
if ais finite, z = last(at), and A € auts(X)(x), then remove w,

)-

replace each ' by map (config(X)(z"))(A
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allA is, in general, a sequence of several (possibly an infinite number of) executions of
A, all of which are terminating except the last. That is, allA = a'$ --- $aF where
(Vi,1<j<k:al € tevecs(A)) Aok € execs(A).

Definition 32 (Prefix relation among sequences of executions, <, <). Leta'$ --- $a*
and

518 .- $6¢ be sequences of executions of some SIOA. Definea$ --- $ak < 51§ ... $6¢

iffk <lANV1<j<k:ad =8)Aak <5 Ifa'$---$a¥ < 6'$---$6% and

a'$ - $ak £6'$ ... $5° then we write a$ --- $aF <5'$ - $6°

Definition 33 (Trace of a sequence of executions, straces(a'$--- $aF)). Leta'$ - $a*
be a sequence of executions of some SIOA A. Then straces(a'$ --- $aF) is trace (@) $ --- $ trace 4(a*),
i.e., a sequence of traces of A, corresponding to the sequence of executions a'$ --- $ak.

Note that we overload the delimiter $, and use it also in sequences of traces. It follows
from Definition 31 that o/ < « implies o/ [JA < «l[A, where o/, « are executions of
some configuration automaton. If o = x%atx!... 2%’ 2*! . is an execution of some
configuration automaton, then define trace(a, j, k) to be trace(z?a/ 1. av2?) if j < k,
and to be A (the empty sequence) if j > k.

Definition 34 (Execution correspondence relation, Rap). Let o, m be executions
of configuration automata X,Y respectively. Then o R ap m iff there exists a nondecreas-
ing mapping
m:{0,...,|la|} = {0,...,|«7|} such that all of the following hold:

m(0) = 0.

V3,0 <j<|nlANj#wTi,0<i<|a|ANi#£w:m(i)>].

Vi,0 <i < |a|Ai# w:tracey (m(i-1) [Tlme)) = tracex (i-1|s).

Vi,0 <i < |a|Ai# w:trace g((me-1) |7 m@)) I1B) = trace a((i-1 |]:) [T A).

Vi, 0 <i < |a|Ai# w: config(X)(2) <ap config(Y)(y™®).

A s

Proposition 32. Let o, be executions of configuration automata X,Y respectively. If
aRapm, then trace x (o) = tracey ().

Proof: For finite executions, by induction on the length of «, using Clause 3 of Defini-
tion 34 to establish the inductive step. For infinite executions, apply the finite case for
each prefix, and then take the limit with respect to prefix ordering. 0

Lemma 33 (Execution correspondence). Let X,Y be configuration automata, and
A, B be SIOA. Assume that,

1. B has a single start state, and A, B do not destroy themselves by execuling an
internal action,

internal actions of A, B do not create any SIOA, i.e., have empty create sets,

Vo € start(X),Jy € start(Y) : config(X)(x) <ap config(Y )(y),

traces* (A) C traces* (B),

ttraces (A) C ttraces(B), and

X,Y are creation-corresponding w.r.t. A, B.
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Then
Vo € execs™(X),Im € execs*(Y): aRap.

Proof: Fix a = 2% 'z az? ... 2la’ 2’ to be an arbitrary finite execution of X. Let

allA = al$ - $ak for some k > 0, and where (Vj,1 < j < k: o, € tevecs(A)) and
a¥ € execs*(A). By Assumptions 4 and 5, each such o’ has at least one corresponding

execution TI'jB which has the same trace. Thus there exist executions 7r}3, m ,ﬂ'% of B
such that
Vi, 1<j<k: trqceA(oz]A) = tracep (71*7]‘3))7
(Vj,1 <j <k:ml € texecs(B)), and (AB)
k€ evecs™ (B).
For the rest of the proof, fix these 7k, ..., 7%. Now define prefizes(a$ --- $ak) =

{€] €= a8~ $ak} and prefizes(n$--- $7%) = {x| x 7% - $7%}. Then
it follows, from (AB), that there exists a mapping magp : prefives(ay $ -+ $a%) —
prefives (1 $ -+ $7%) such that, for £ € prefives (a4 $ --- $ak), map(€) = x, where
1. strace 4(§) = stracep(x) and
2. for all ' € prefizes(mh$ --- $7%) such that strace 4(€) = straceg(x’), we have
X = x’. That is, x is the least (with respect to the prefix ordering given by <) x’
such that strace(€) = strace p(x’).

We now establish (*):

For every prefix o’ of «, there exists a 7’ such that

1. 7 is a finite execution of Y,
2. o Ragn, and
3. @NIB=7h$ - $7% and map(o/I[A) = 7' [1B.

The proof is by induction on the length of «'.

Base case: o = 2°. Then 7' = ¢° such that y° € start(Y) and config(X)(2°) <ap
config(Y)(y°). 3° exists by Assumption 3. 7’ is a finite (zero-length) execution of Y,
since y° € start(Y). We now establish o/ Rap 7', i.e., Definition 34. Let m(0) = 0. Then
clause 1 holds. Also clause 2 holds since o, 7" both have length 0. Clauses 3 and 4 hold
vacuously, because the range 0 < i < |o/| is empty: since o’ = 20, we have |o/| = 0, as
o' contains zero transitions. Clause 5 holds since config(X)(z") <lap config(Y)(y°) and
m(0) = 0.

Finally, 7' [IB is the (unique) start state of B, by Definition 31, and Assumption 1.
Hence #'[[B < 77113$ $7T]f3. Also, mag(a/[A) = #'IIB, by definition of map and
config(X)(z%) <1ap config(Y)(y").

0,1,1.2 2 i—1,i,i

Induction step: o = o” ~ (z'a't12'!) where o = 2%!'2'a?2? ... 2" 1a’z’. The
induction hypothesis is as follows.
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There exists a 7 such that

1. #” is a finite execution of Y,
a”" Rag ", and
3. 7B =75$ - $7% and map(a” [T4) = 7" IB.

(ind. hyp.)

We now extend 7" to a finite 7’ such that o’ Rap 7. The induction step splits into eight
cases, treated below. First, we establish some terminology and assertions that apply to
all the cases.

Let C; = config(X)(z%), Ciy1 = config(X)(z*+1). Also let 7”7 = ¢ty b%y? ... ¢y7 ~1al o7,
and D; = config(Y)(y?). By Constraint 2 of Definition 18,

aitt

C; =, Ciy1 where ¢ = created (X)(z")(a’t1). (a)
Hence
't € 5ig(X)(2") and @'t € sig(Cy), (b)

since a’*! can be executed from z, and C; = config(X)(x*). By o’ Rap 7" and Propo-

sition 32,

trace x (&) = tracey (7", (c)
and hence also

ext (X)(z') = ext(Y)('), (d)
since x',y’ are the last states of a”, 7", respectively. In the rest of the proof, let
B = tracex () = tracey (7"). By o Rap 7"’ and Definition 34, we have

j=m(i) and C; <ap D;. (e)
Suppose that a** € sig(Y)(y?). Then, by (b, ¢), Assumption 6, and Definition 29, we
have

created (V)(y')(a'*!) = created (X)(a')(a'*1)[B/A] if a™*! € sig(V) (). (F)

We now deal with each case of the induction step, in turn. Intuitively, in those cases
where A participates in a’*!, we use Assumptions 2, 4, and 5 (i.e., internal actions of A, B
do not create SIOA, traces* (A) C traces*(B), and ttraces (A) C ttraces(B)) to construct
the extension of 7" to 7. In those cases where A does not participate in aT!, we use
Assumption 6 (X,Y are creation-corresponding w.r.t. A, B) to construct a configuration

ai+1 . . o e
Djy of Y such that D; ==y D,y for a suitable 1. Constraint 3 of Definition 18 then
gives the needed transition of Y that extends 7 to 7’.
Case 1: A ¢ auts(C;) and A & auts(Cit1).

By (e), C; <ap Dj. Since A ¢ auts(C;), we have, by Definition 34, that C; = Dj.
Since A ¢ auts(CH_l) if follows that A & created (X )( $)(a'™1) by Definitions 17 and
18. From (a), we have C :>¢, Cit1, where ¢ = created (X)(z*)(a’™). Let Dj4q =
Cit1. Then we have D; :g, Dj;+1. Hence a'*! € szg(D-), since 't can be executed
from D;. Hence a"™' € sig(Y)(y’) by Definition 18. Hence created (Y )(y7)(at') =

created (X)(z*)(a*+1)[B/A] by (f). Since A & created (X)(z*)(a**!), we have created (Y)(y? )(a*+1) =

created (X)(z%)(a’*t). So letting ¢ = created (Y )(y’ )(a'™!), we have ¢ = ¢, and so

50



Qi+t
Dj — Dj+1 .
. — ) . ) qitl
By a! € 5ig(Y)(y?). ¥ = created(Y)(y? J(a*1), D; 25, D, 11, and Definition 18,
we have

§|yj+1 :yj ‘ﬂy ijrl and Dj 4 = conﬁg(Y)(yjﬂ),
Now let 7/ = 7" ~ (y7 a1y +1). We now establish «’'Rapn’, #'[|B <75 $ --- $7%, and
map(c'ITA) = 7' [IB.

Proof of &’ Rap7': extend the mapping m by setting m(i +1) = j + 1. We deal with
each clause of Definition 34 in turn.

Clause 1: holds since m(0) = 0 remains true.

Clause 2: holds since || = j + 1.

Clause 3: from above, tracex (;|a)i1;) = ext(X)(2?) ~ a'*! ~ ext(X)(2'!) and
tracey (o) [Tlm(i 1)) = et (V) (5™ D) ~ a1~ eat (V) (g™ D) = eat (¥ ) () ~at+ ~
ext(Y)(y ). By (d), ent(X)(z?) = ext(Y)(y). Also, ext(X)(2*!) = ext(Ciy1) =
ext(Dj41) = ext (Y)(y? ™), since Dj 41 = Ciqq. Hence tracex (i|aliyr) = tracey (me)| T mei+1))-
This and the induction hypothesis establishes Clause 3.

Clause 4: since A ¢ auts(C;) and A ¢ auts(Ci11), A is not a participant in a**!.
Likewise B ¢ auts(D;) and B ¢ auts(Dj41), and so B is not a participant in a’*!. Hence
by Definition 31, trace s ((;|a|;+1)[TA) is empty, and trace g((;|7|;j+1 )T B) is also empty.
Since m(i) = j,m(i + 1) = j + 1, we have trace g ((m(:)|7|m(i+1))I1B) is empty. Clause 4
follows from this and the induction hypothesis.

Clause 5: we have, from above, Ciy1 = Djy1, A € auts(Ciy1), B & auts(Dj11).
Hence Cji1 <lap Dji1, by Definition 28. Since Cipy = config(X)(z**Y), Djy1 =
config(Y)(y? 1), we have config(X)(z*+1) <ap config(Y)(y?+1). Since m(i + 1) = j + 1,
we have config(X)(z*+') <ap config(Y)(y™+D)). Clause 5 follows from this and the
induction hypothesis.

Proof of ™' IIB = w4 $ -+ $7%: by the induction hypothesis, 7”[[B < 75 $ - - $7T]Z;.
We showed above (proof of Clause 4 of o’ Rap7’) that B is not a participant in a'*!,
and hence 7' [[ B = 7" [|B. Hence 7' [[B < 7L § -+ $ k.

Proof of map(a’IlA) = 7'[IB: we showed above (proof of Clause 4 of &/ Rap7’)
that A is not a participant in ¢’*! and B is not a participant in a’*'. Hence o/[lA =
o lA, and 7'[|B = 7" [ B. By the induction hypothesis, map(a”[[A) = 7" [|B. Hence
mag (o’ [1A) =7’ [IB.

Case 2: A ¢ auts(C;) and A € auts(Cit1).

By (e), C; <ap Dj. Since A ¢ auts(C;), we have, by Definition 34, that C; = D;.
Since A ¢ auts(C;) and A € auts(Ci41), if follows that A € created (X)(x?)(a**1) by Def-
initions 17 and 18. By (b), a’*! € s/z\g(CQ) Hence a't! € s/i\g(Dj) since C; = D;. Hence
at € 5ig(Y)(y7) by Definition 18. Hence created (Y ) (i )(a*!) = created (X) (z*)(a’™)[B /A]
by (f). So letting ¢ = created (Y)(y7 )(a**!) and ¢ = created(X)(2%)(a**1), we have
¥ = ¢[B/A].

Let s = map(Ci11)(A). Hence o' [l[A = o”’[IA$ s by Definition 31, and so o [[4 <
A, Also o < a, and so o”[JA < o/[J[A < allA = a}y$--- $ak. Hence o’'Il4 =
ali$ - $af, for some £ < k, since A ¢ auts(C;), and so the last execution in o [[ A must
be a terminating execution in o4 $ -+ $a%, and not merely a prefix of an execution in
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ali$ - $ak. It follows, by Definition 31, that s = ﬁrst(ai\“), since ozi‘"’l is the next
execution of A along oy § --- $oszl. Also, from 7" [[B = map(a”’[lA) and definition of
mag, it follows that 7”[[B = 7L $ - $7%.

Now define Dj;i; as follows. auts(Dji1) = auts(Ciy1)[B/A], and for all A’ €
auts(Ciy1) — {A} + map(Dj11)(A") = map(Ciy1)(A"), and map(Dj11)(B) = t where
t = first(n;™). Tt follows from (AB) that t € start(B) and ext(B)(t) = ext(A)(s).
Hence by Definition 34, Ci+1 <AB Dj+1.

i+l aitl .
From (a), we have C; =, C41. Then we have D; = D; 11, by Definition 17, ¢ =
¢[B/A], A € p, and construction of D; 1. By a*** € sig(Y)(y), ¥ = created (Y)(y” )(a’t1),

aitl

Dj =y Dj41, and Definition 18, we have
. N .
Ty oy and Dy = config(Y) (' ).

Now let 7/ = 7" ~ (y/a'T1yI*1). We now establish o/ Rapn’, #’ < 75 $ -+ $7%, and
magp(¢/IA) = 7' [1B.

Proof of &’ Rap7': extend the mapping m by setting m(i +1) = j + 1. We deal with
each clause of Definition 34 in turn.

Clause 1: holds since m(0) = 0 remains true.

Clause 2: holds since |7'| = j + 1.

Clause 3: from above, tracex (i|alir;) = ent(X)(x?) ~ ait! ~ ext(X)(2**!) and
tra6ey (o) [Tlmi-1)) = et (V) (5™ 0) ~ o eat (1) (g™ 04D = ext (¥ )(37) ~ a* ~
ext(Y)(y’ ). By (d), ext(X)(@') = est(Y)(y’). Also, ext(X)(z"!) = eat(Cis1) =
ext(Dj11) = ext (V) (y?+1), since Cy 41 <apDjq1. Hence tracex (i|olivs) = tracey (me)|m|mei+1))-
This and the induction hypothesis establishes Clause 3.

Clause 4: tracea((;|a|it1)ITA) = ext(A)(s), and traceg((j|7|;4+1)IB) = ext(B)(t),
by Definition 31. By choice of ¢, ext(A)(s) = ext(B)(t), and so trace a((;|a|i+1)TA) =
trace g((; |7];+1)I1B). Clause 4 follows from this and the induction hypothesis.

Clause 5: we have, from above, Cjy1 <ap Dji1. Since Cipq = config(X)(z' 1),
Dy 41 = configl¥ )7 +1), we have config(X)(z™ ') az config (¥ )(y? ). Sincemfi+1) =
§+ 1, we have config(X)(z't1) <iap config(Y)(y™C+D)). Clause 5 follows from this and
the induction hypothesis.

Proof of ™' [IB <X 75 $ --- $7%: we showed above that 7 [[B = 7L $ --- $7%, where
{ < k. By Definition of [], 7#/[[B = «"[|B $t, where t = ﬁrst(wi—jl). Hence «'[[B <
58 -+ $7% by Definition 32.

Proof of map(a’llA) = 7' [IB: by construction, o'[[A = o”[[A$s and 7' [|B =
7 [IB$t. By the induction hypothesis, map(a”[lA) = 7”[IB. We showed above that
ext(A)(s) = ext (B)(t). It follows, from Definition of map, that mag(a/ [TA) = #'[| B.

Case 3: A € auts(C;), A € auts(Ciz1), and a't! & sig(A)(s), where s = map(C;)(A).
By (e), C;<ap D;. Hence B € auts(D;). From (a), we have C; (g«, Cit1, where p =
created (X)(z)(a). By (b), a'*! € sig(C;). Let t = map(D;)(B). Then ext(A)(s) =
ext(B)(t), since C; <ap D;. By the case assumption, a’*! ¢ S/ZZ(A)(S), and so a't! ¢
ext(A)(s). Hence a't! & ext(B)(t), since ext(A)(s) = ext(B)(t).
Now assume a'*t € int(B)(t). By signature compatibility, a*** is not an action of the
current signature of any SIOA A" in auts(D; ) other than B. We have B & auts(C;), since
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we assume that X never creates B. So by C; <ap D; and a'*! ¢ sig(A)(s), we conclude
that o't ¢ S/Z"\Q(Ci), since C;, D; contain the same SIOA in the same states, apart from
A, B. This contradicts a’*! € S/Z;](CZ) established above. Hence our assumption is false,
i.e., a™ ¢ int(B)(t). From this and a’*! & ext(B)(t), we infer a'™! ¢ sig(B)(t).

Now define Dj 44 as follows. auts(Dj1) = auts(Ci11)[B/A], for all A’ € auts(Ciq1)—
{A} : map(Dj11)(A") = map(Ci11)(A"), and map(Dj11)(B) = map(D;)(B) = t. That
is, Dj 41 consists of the same SIOA as Cy1, except that A is replaced by B. SIOA other
than A, B have the same state in D as in Cj41. B has the same state in D;4; as in
D;. Hence Cij41 <ap Dj41, by Definitions 17 and 28.

By (b), a™' € sig(C;). Since a'™* & sig(A)(s), it follows that at! is in the
signature of some SIOA A" of C;. By C; <ap Dj, A’ is also an SIOA of D;, and
has the same state in D; as in Cj, i.e., map(D;)(A’) = map(C;)(A’). Hence a'™! €
s/z'\g(Dj) by Definition 16. Hence a't! € sig(Y)(y?) by D; = config(Y)(y’) and Def-
inition 18. So created(Y)(y? )(a’™!) = created(X)(xz?)(a*T1)[B/A] by (f). So letting
W = created (Y)(y’ )(a**!) and ¢ = created (X) (z%)(a**1), we have 1) = p[B/A].

Since A € auts(C;) and B € auts(D;), the presence of A in ¢, B in 1, makes no
difference to the execution of transitions from Cj, D;, respectively, by Definition 17,

i1
since A, B are already alive. Now C; <ap D;, Ci+1 <ap Dj41, and C; a:><,J Ci41. Hence

i1
D; a:m, Dj 11, by these, ¥ = p[B /A], and Definition 17, since A, B do not participate in
the execution of a**1. .

By a'! € 5ig(Y)(y?). ¥ = created(Y)(y? J(a™*), D; 25, D, 11, and Definition 18,
we have

) gttt .
Jy iyl ——y T and Dy = config(Y)(y' ).

Now let 7 = 7" ~ (37 a1y t1). We now establish o’ Rapn’, @' [I1B <7h$ --- $7%, and
magp(/IA) = 7' [1B.

Proof of &’ Rap7': extend the mapping m by setting m(i +1) = j + 1. We deal with
each clause of Definition 34 in turn.

Clause 1: holds since m(0) = 0 remains true.

Clause 2: holds since |7'| = j + 1.

Clause 3: from above, tracex (;|alits) = ext(X)(2?) ~ a'*! ~ ext(X)(2') and
16y (o i) = €2t (V)(™0) — a4~ at (V) (g0 = et (V) (37) ~ a1 —
ext(Y)(y’ ). By (d), eat(X)(a") = et (Y)(y’). Now config(X)(z™+!) = Ci1, config(Y)(y'*') =
Djt1. Also Ciyq <ap Dji1, and so ext(Ciq1) = ext(Dj11). Hence ext(X) (') =
ert(Cip1) = ext(Dj11) = ext (Y )(y7+1). We finally obtain ext(X)(z%)~a*' ~ext(X)(z'*!) =
ext(Y)(y?) ~ a1 ~ ext(Y)(y’+1). Hence tracey (m(i)|7m(i+1)) = tracex (;|alit1). To-
gether with the induction hypothesis, this establishes Clause 3.

Clause 4: from above, trace o((;|c]i+1)[TA) = ext(A)(s), and trace g((j|m|j+1)I1B) =
ext(B)(t). By choiceof t, ext (A)(s) = ext (B)(t), and so trace o((;|e|i41)TA) = trace g((j |7|j+1) 1 B).
Clause 4 follows from this and the induction hypothesis.

Clause 5: from above, Cit1 <ap Dji1. Since Cipq = config(X)(z**), Djs1 =
config(Y)(y? 1), we have config(X)(z*+t1) <ap config(Y)(y?+1). Since m(i + 1) = j + 1,
we have config(X)(z*+') <ap config(Y)(y™0+1)). Clause 5 follows from this and the
induction hypothesis.
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Proof of #'[IB < 75 $ -+ $7h: o't ¢ B)(t) was shown above, and so we have
7' 1B = 7" || B by Definition 31. Now 7" H < 7L $ .- $7% by the induction hypothesis,
and so we are done.

Proof of mag(a/1A) = 7' IIB: o' ¢ sig( )( ) by assumption, and so we have

o'lTA = o”[lA by Definition 31. Since a*' ¢ sig B)( ), We have ©'[[B = 7”[|B by

Deﬁnltlon 31. By the induction hypothesis, map(¢” [TA) = 7’ [ B, and so we are done.
),

Case 4: A € auts(C;), A € auts(Ci;1), and a'*t € ezt( )(s), where s = map(C;)(A).
By (e), C; <ap Dj. Hence B € auts(D;). Also, by Proposition 31, ezt(C;) =
ext(D; ) By '™ € ext(A)(s), A € auts(C;), and Definition 16, a™ € ezt (C;). Hence
@'l € ext(D;) since ext(C;) = ext(D;). Hence ai*!' € sig(Y )(y?) by Definition 18, since
D; = config(Y)(y’?). Hence created(Y)(yj)(aiH) = created (X)(z*)(a™)[B/A] by (f).
So letting v = created (Y)(y? )(a’*!) and ¢ = created (X)(z)(a’t!), we have v = [B/A].
Let s = map(Ciy1)(A). Hence o/ ]A = o[l A ~ (s,a'*t,s") by Definition 31, and
so oA < a'ITA. Also o < a, andso o”[[A < [[A < allA = a}4 $... $a’j1. Hence
a'NfA=ak$ - $af $6’f4+1 for some ¢ < k, where 6?1 < aifl. Note that 6?1 < aifl
by construction, and that Hffl #* agﬂ, since HQH cannot be a terminating execution of
A, as A € auts(C;), and so A is still alive at the end of o”.

From 7’ [[B = map(a”[1A) and definition of m g, it follows that 7"/ [[B = 7TlB e $7T§; $/~c§3+17
where trace a(0%5T") = tracep(k'5™), and k5™ < 75 Recall that, by (AB), we have
trace (ay) = tracep(n’y™). By definition of mag, we have x5 < 74, since

¢ <alt

Let t = map(D;)(B). Then ext(A)(s) = ext(B)(t) since C; <ap Dj. Now let dp
be the unique execution fragment of B such that /i?'l ~ o < 7T§3+1 (i.e., 0p extends
K?;l along W%Jrl) and 7 [[B ~dg = map(a/IA) (i.e., dp is the unique extension that
corresponds to the image of o/ [[A under map—see definition of mypg). It follows, from
the definition of map, that first(dg) = t and that §p = 6% ~ (a'™,¢’), where 521
consists entirely of internal actions that do not change the external signature of B, and
so trace p(64) = ext(B)(t). Also, t' is such that ext(A)(s’) = ext(B)(t'), by (AB).

Now extend 7" by executing the actions along %', starting from last(n”). Let y' be
the last state of the resulting execution. In 4/, a**! can be executed by Y. This is because,
at this point, B can execute a*™, since §8 ~ (a1, ¢) is an execution fragment of B. If
a'*! has any other participant SIOA, then these havethe same state ingy’ as they do in Cj,
since C; <9ap Dj. So a'™! can be executed from y'. Let the resulting execution, including
a1, be 7', Let last(n’) = 7', where j/ = j + |65 + 1. Let Djs = config(Y)(y?).
Hence, by construction of ©’, map(D;.)(B) = t’. We now show that C;y1 <ap Dj/.
Let A" € auts(C;) — {A}. Then A’ € auts(D;), and map(C;)(A") = map(D;)(4"),
since C; <ap D Also in transitioning from C; to C;y1, each A’ either does nothlng,
and so remains in the same state, or it participates in the execution of a‘*!, possibly
destroying itself as a result. Likewise, in transitioning from D; to Dj:, each A’ either
does nothing, and so remains in the same state, or it participates in the execution of

a1, since 62 consists entirely of internal actions of B, and no A’ € auts(C;) — {A}
can be B, by construction. Hence, the local transitions of the A’ (when executing a'*!)
can be chosen to be the same in Y as in X, and so the same A’ destroy themselves
in Y as in X, and the surviving A’ have the same final states in Y as in X. Also,
5}'5;” creates no new SIOA, by Assumption 2, since its actions are all internal actions
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of B. We have ¢ = ¢[B/A] from above. Hence the same SIOA are created by the
transitions (z?, ¢’ 2"t and (¢, o',y ) since A, B are present in the configurations
of 2%, o/, respectively7 and executing the actions along 5};” does not change the trace,
so that ¢ is still the set of SIOA created by a’*!, according to Definition 29. Therefore
we can choose (1, a’™,y7") so that it creates these new SIOA in the same start states
that (2%, @™ 2*t1) does. We conclude that (except for A, B) C;41 and D;s end up
with the same SIOA in the same states, i.e., auts(D;,) = auts(Ci41)[B/A] and for all
A" € auts(Cip1) — {A} - map (Ciy1)(A") = map(D;/)(A"). Finally, map(Ciy1)(A4) = ¢,
map(D;:)(B) = t/, and ext(A)(s') = ext(B)(t') from above. Hence the conditions of
Definition 28 all hold, and so Cj4+1 <ap Dj.
We now establish o' Rapn’, @' I1B <75 $ --- $78%, and map(o/ [[A) = 7' [1B.

Proof of &’ Rap7': extend the mapping m by setting m(i + 1) 7', 'We deal with
each clause of Definition 34 in turn.

Clause 1: holds since m(0) = 0 remains true.

Clause 2: holds since |7'| = j'.

Clause 3: from above, tracey (,m(i)|T|m(it1)) = ext(Y)(y') ~ a'tt ~ ext (Y)(y?'),
since (5}5”’/ is an execution fragment consisting entirely of internal actions of B which
do not change the external signature of B. Also, tracex(;|alits) = ext(X)(z%) ~
att ~ ezt (X)(2**1). By (d), ext(X)(z?) = ext(Y)(y’). Now config(X)(z**!) = Ciyq,
config(Y)(y?') = Dji. Also, City <ap Dj/, and so ext(Ciy1) = ext(D;j,). Hence
ext(X) (z*t1) = ext (Ciy1) = ext(Dy) = ext(Y)(y7). We finally obtain ext (X)(z*) ~
a ™t~ eat (X) (1) = ext(V)(y7 ) ~ a’t ~ ext (Y)(y?"). Hence tracey (m(i)|mlm(i+1)) =
trace x (;|cr|i41). Together with the induction hypothesis, this establishes Clause 3.

Clause 4: (ilali+1)[TA = s,a™t, ¢, so trace a((;|ali+1)TA) = ext(A)(s) ~ a'Tt ~
ent(A)(). [l )1B = 6 = 63~ (a1, '), o traces (G rly-1)1B) = trace o (65~
att ~ ext(B)(t') = ext(B)(t) /-\a”'l ~ ext(B)(t') since trace g (05') = ext(B)(t). From
above, ext (A)(s) = ext(B)(t) and ext (A)(s") = ext(B)(t'). Hence trace a((;|c|i+1)[TA) =
trace g((; |7];+1)1B). Clause 4 follows from this and the induction hypothesis.

Clause 5: we have, from above, Cj11 <ap Dj,. Since Ciy1 = config(X)(z*+1), D, =
config(Y) ("), we have config(X)(z"t1)<tap config(Y)(y?"). Since m(i+1) = j/, we have
config(X)(z't1) <ap config(Y)(y™(+1)). Clause 5 follows from this and the induction
hypothesis.

Proof of @' [|1B < 75$ --- $7%: from above, 7’ results by extending 7 with the ac-
tions along 62, followed by the transition (v, a’*!, y?"). Hence 7' [|B = 7" || B~dp, since
dp = 0t ~(a Z“,t’). Also, @' I[B =7} 8 - $75 8k son' IB=ng$ - $7f §iH~
ép. We also have /i?;rl ~dp < WZBH by our choice of 6. Hence 7/ [[B < nh$ --- $7T€B+1,
and so 7' [[B < 75§ - $7k.

Proof of map(a’IlA) = #'I| B: from immediately above, 7'[|B = 7" [|B ~ dp. Also

from above, 1’ [[B—~dp = map(ca’[[A), by our choice of §5. Hence 7' [|1B = 7" [I|B~dp =
map (O/ ”A)

Case 5: A € auts(C;), A € auts(Cit1), and ai'H 6 int(A)(s), where s = map(C;)(A).
Let 8 = map(Ciy1)(A). Hence o/[TA = o [IA ~ (s,a'T1s") by Deﬁmtlon 31, and

so o'[TA < o'[A. Also o < a, and so o [[A < o' [TA < oz” =ay$- f‘ Hence

Q' MA=al$ - $af $65 for some £ < k, where 6,7 < /i, Note that 6“ SRR
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since 6’2‘”‘1 cannot be a terminating execution of A, as A € auts(C;), and so A is still
alive at the end of o’. Hence 6@1 < ozgﬂ.

From 7 [|B = map(a” [lA) and definition of m g, it follows that 7/ [|B = 75 $ -+ $ 74 $ x5,
where tracea(05) = tracep(x'y ), and k5 < 75 Recall that, by (AB), we have
tmceA(ai{"l) = tmceB(ﬂgH ). By definition of map, we have H[B—H < TI'ZB+1
9@“ < aiﬁl.

By (e), C; <ap Dj. Hence B € auts(D;). Let t = map(D;)(B). Then ext(A)(s) =
ext(B)(t) since C;<iap Dj. Now let §p be the unique execution fragment of B such that
F(/?_l ~dp < 7TZB+1 (i.e., p extends RZB'H along W%‘H) and @ [[B —~ dp = map(a'IlA)
(i.e., dp is the unique extension that corresponds to the image of o’ [[A under mp—see
definition of mag). It follows, from the definition of mp, that first(dp) =t and that
dp consists entirely of internal actions of B, and that traceg () = trace a((s,a’*t,s")).
Let ¢/ = last(0p). Then it also follows by (AB) that ext(A)(s") = ext (B)(t').

Now extend 7 by executing the actions along dp, starting from lasé(7”). Let the
resulting execution be 7', Let last(r’) = v/  where j' = j+|0p|. Let D;jr = config(Y)(y?").
Hence, by construction of 7/, map (D;,)(B) = t’. We now show that C;y1 <ap D;.. Let
A" € auts(C;) — {A}. Then A’ € auts(D;), since C; <lap D;. Also, in transitioning
from C; to Ci11, each A’ does nothing, and so remains in the same state, since a'*! is an
internal action of A. Likewise, in transitioning from D; to D;., each A" does nothing, and
so remains in the same state, since dp consists entirely of internal actions of B. Hence, the
A’ havethe same final states in Y as in X, By Assumption 2, no new SIOA are created by
executing a'*! in X, nor by executing 6p in Y, since a’*! is an internal action of A, and ép
consists entirely of internal actions of B. We conclude that (except for A, B) C;41 and D
end up with the same SIOA in the same states, i.e., auts(D;,) = auts(C;41)[B /A] and for
all A" € auts(Ciy1)—{A} : map (Cig1)(A') = map (D;/)(A"). Finally, map(Ciy1)(A) =&,
map(D;.)(B) = t', and ext(A)(s") = ext(B)(t') from above. Hence the conditions of
Definition 28 all hold, and so Cj41 <lap Dj.

We now establish o/ Rapn’, @' [[B <75 $ -+ $7%, and map(a’ [[A) = ©'IIB.

= 4.

, since

Proof of &’ Rap7': extend the mapping m by setting m(i + 1) We deal with
each clause of Definition 34 in turn.

Clause 1: holds since m(0) = 0 remains true.

Clause 2: holds since || = j'.

Clause 3: tracey (m(i)|T|m(i+1)) = r(ext(Y)(y/) ~ ext(Y)(y7")), where r is given by
Definition 11. This is because dp is an execution fragment consisting entirely of internal
actions of B, and which is trace equal to (s,a’™!,s’). Hence dp can be partitioned
into two parts, each of which has the same external signature along all its states. Also
trace x (i |alit1) = rlest (X)(z?) —~ext (X) (1)), By (d), ext(X)(z?) = ext(Y)(y’). Now
config(X)(z"+1) = Cit1, config(Y)(y?' ) = Djr. Also, Cipq <ap Djs, and so ext(Cit1) =
ext(Dj,). Hence ext (X)(xt') = ext (Ciy1) = ext(D;)) = ext(Y)(y?"). We finally obtain
ext(X)(z') ~ ext (X)(z*H) = ext (V) (/) ~ ezt(Y)(yj/). Hence tracey (m@) |7m(i+1)) =
trace x (;|a];41). Together with the induction hypothesis, this establishes Clause 3.

Clause 4: from above, (;|a|;+1)[TA = s,a**t, s and (j|7|;+7)I1B = ép. Also from
above, traceg () = trace a((s,a’*',s")). Hence tracea((;|a|i+1)ITA) = trace g ((;|7];+1 ) IIB).
Clause 4 follows from this and the induction hypothesis.
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Clause 5: we have, from above, C;11 <lap Dj/. Since Ciy1 = config(X)(x**+1), Djr =
config(Y)(y?"), we have config(X) (1) <iap config(Y)(y?"). Since m(i+1) = j, we have
config(X)(z*T1) <ap config(Y)(y™+D). Clause 5 follows from this and the induction
hypothesis.

Proof of @' IIB < 75$ --- $7%: from above, 7’ results by extending 7 with the
actions along dp. Hence 7' [[B = 7"’ [|B ~ép, since dp consists entirely of internal actions
of B. Also, 7'[IB =75 $ - $74 $/~c§3+1. Hence 7'[[B=nL$ - $7% $/<;£B+1 ~dp. We
also have /@KBH ~d0p < 71'?;1 by our choice of §5. Hence 7'[[B <7l § -+ $7TZB+1, and so
B <rh$.- $7h.

Proof of map(a/ITA) = @' [[B: from immediately above, 7' [[B = 7’ [[B ~ 5. Also
from above, 7"/ [[B~dp = map (' [[A), by our choice of §5. Hence 7' [[B = 7" [|[B~dp =

map (O/ ”A)

Case 6: A € auts(C;), A ¢ auts(Cit1), and a't! & sig(A)(map (C;)(A)).

Since A € auts(C;) and A ¢ auts(Ciy1), then in the execution of a*', A must
set its signature to empty. Hence A must be a participant of a’*!, so that a't! €
sig(A)(map (C;)(A)). Hence this case is not possible.

Case 7: A € auts(C;), A & auts(Ciy1), and a'™' € ext(A)(s), where s = map (C;)(A).

By (e), C; <ap Dj. Hence B € auts(D;). Also, by Proposition 31, ezt(C;) =
ext(D;). By a'tt € ext(A)(s), A € auts(C;), and Definition 16, a'** € ext (C;). Hence
at! € ext(D;) since ext (C;) = ext(D;). Hence a't! € sig(Y')(y7 ) by Definition 18, since
Dj = config(Y)(y?). Hence created(Y)(y?)(a't!) = created (X)(z*)(a'™")[B/A] by (f).
So letting 1 = created (Y) (37 )(a't1) and ¢ = created (X)(2%)(a’+1), we have ¢ = @[ B /A].

Now o/ [TA = o [[A~(s,a"*!) by Definition 31. Also o’ < «, andso o’ [[A < o/ []A =
allA=al$ - $ak. Hence o’1A = a'y$--- $65T" where 65 ~ (s5,a"™) = aj! for
some £ < k, since A is destroyed by the execution of @', and so the last execution in
o' ITA must be a terminating execution.

From 7" [[B = magp(a”[IA) and definition of m ap, it follows that 7/ [[B = 7L § --- $75 $ ng‘l,
where tmceA(HgH) = tmceg(ﬁgﬂ), and /i%*l < W%“. Recall that, by (AB), we have
trace (s = trace g (m'5™).

Let t = map (D;)(B). Then ezt (A)(s) = ext(B)(t) since C;<1apD;. Now let dp be the
unique execution fragment of B such that K,%Jrl ~dp < WZBH (i.e., dp extends H%Jrl along
7T§3+1) and ' [[B —~ dp = map(ca’[lA) (i.e., 0p is the unique extension that corresponds
to the image of o [[A under m 4p—see definition of map). It follows, from the definition
of magp, that §p = 65" ~ a'*!, where §%" consists entirely of internal actions that do
not change the external signature of B. This is because B must, by assumption, destroy
itself using an external action. Thus, by (AB), the destroying action must be a’**. Hence
also /@éBH ~dp = 7T§3+1, since B is destroyed at the end of dg. Also by construction of
dp and (AB), first(0g) =t and trace g(6%) = ext (B)(t).

Now extend 7" by applying the actions along dp, starting in last(n”). Let the re-
sulting execution be 7. Hence last(r') = /' where j' = j+ [0 + 1. Let Dj =
config(Y)(y'"). We now show that Ciy <ap Djr. Let A’ € auts(C;) — {A}. Then
A" € auts(D;), since C; <ap D;. Also, in transitioning from C; to Cjy1, each A’ either
does nothing, and so remains in the same state, or it participates in the execution of a'**,
possibly destroying itself as a result. Likewise, in transitioning from D; to D;/, each A’
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either does nothing, and so remains in the same state, or it participates in the execution
of a*, since 62" consists entirely of internal actions of B, and no A’ € auts(C;) — {A}
can be B, by construction. Hence, the local transitions of the A’ (when executmg att)
can be chosen to be the same in Y as in X, and so the same A’ destroy themselves in
Y as in X, and the surviving A’ have the same final states in Y as in X. Also, 0%
creates no new SIOA, by Assumption 2, since its actions are all internal actions of B.
We have ¢ = ¢[B/A] from above. Hence the same SIOA are created by the transi-
tions (z¢,a™!, 2t and (y,a’t!,y7"), since A, B are present in the configurations of
AT respectlvely, and executmg the actions along 64" does not change the trace, so
that 1 is still the set of SIOA created by a’*!, according to Definition 29. Therefore
we can choose (i, a'™",¢7") so that it creates these new SIOA in the same start states
that (2%, a**1 2°*1) does. We conclude that (except for A, B) C;41 and D;, end up
with the same SIOA in the same states, i.e., auts(D;/) = auts(Ci41)[B/A] and for all
A" € auts(Cip1) — {A} : map (Ciy1)(A") = map (D;+)(A"). Finally, A & auts(C;41) and
B ¢ auts(D;,). Hence the conditions of Definition 28 all hold, and so Ci+1 <lap Dj.
We now establish o/ Rapn’, @' [[B <75 $ -+ $7%, and map (o’ [[A) = ©'IB.

Proof of &’ Rap7’: extend the mapping m by setting m(i + 1) = j'. We deal with
each clause of Definition 34 in turn.

Clause 1: holds since m(0) = 0 remains true.

Clause 2: holds since |7'| = j'.

Clause 3: tracey (m(i)|m|mi+1)) = ext (Y )(y?) ~a*t ~ ext(Y)(y7"). This is because
Jit is an execution fragment consisting entirely of internal actions of B which do not
changethe external signature. Also trace x (i|a; ) = ext (X)(z%) ~a'tt ~ext (X) ().
By (d), ext(X)(z") = ext(Y)(y?). Now config(X)(z't1) = Cit1, config(Y)('') = D;r.
Also, Ciy1 <aB Dj/, and so ext(Ciq1) = ext(Dj,). Hence ext(X)(z'™1) = ext(Ciy1) =
ext(D;r) = e:d(Y)( "). We finally obtain ext(X) (2% )~a't! ~ext(X) (z+!) = ext (Y )(y/ )~
a™tt ~ ext (Y)(y’"). Hence tracey (m@)|m|m@i+1)) = tracex(;|ali+). Together with the
induction hypothesis, this establishes Clause 3.

Clause 4: (;|alix1)ITA = s,a'TL so trace a((i]alivs)ITA) = ext (A)(s)~aiT! since A ¢

auts(Ciz1). (j|m|j41)TB = 05, so trace g ((j|7]j+1 ) I1B) = trace g (0p) = tracep (61t ~ a**t1) =

ext(B)(t) ~ a'l, since B ¢ auts(D;/). From above, ext(A)(s) = ext(B)(t). Hence
trace o((i|a|iv1)MA) = trace g((j|7];+1)1B). Clause 4 follows from this and the induc-
tion hypothesis.

Clause 5: we have, from above, C; 11 <ap Dj,. Since C; 1 = config (X)(xi+1), D =
config(Y) (i), we have config(X)(z*t1) < ap config(Y)(y’"). Since m(i+1) = j', we have
config(X)(z*T1) <ap config(Y)(y™+D)). Clause 5 follows from this and the induction
hypothesis.

Proof of ' IIB < 1 $ --- $7%: from above, 7’ is 7" extended by the actions along d g,
and so ©'[[B = #"[|B ~ 513 by construction of 65. Also, 7’[[B = 75$--- $74 $/€H1.
Hence n'[[B=75$ - $§m $f~;§3+1 ~ 0 We also have f@f;'l ~dp < ’/TZ+1 by our choice
of 65. Hence 7' [I|B }3$ . $7T%+1, and so 7'[[B < 7h$ - $7.

A) =

=<
Proof of mAB( i [ B: from immediately above, 7' [[B = 7" [[B —~ dp. Also
from above, 7’ [[B—~dp = map(a’[[A), by our choice of §5. Hence 7' [|1B = 7" [I[B~dp =
map (o' [TA).
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Case 8: A € auts(C;), A € auts(Cis1), and a't! € int(A)(map (C;)(A)), i.e., a’t! is an
internal action of A.
By assumption, A does not destroy itself by executing an internal action. Hence this

case is not possible.

Having established the induction step in all cases, we conclude that (*) holds. Since
o' is any prefix of «, we can instantiate o’ to «, which gives us that there exists 7 such
that a R ap m, and we are done. 0

Theorem 34 (Monotonicity of finite-trace inclusion w.r.t. SIOA creation). Let
XY be configuration automata, and A, B be SIOA. Assume that,

1. B has a single start state, and A, B do not destroy themselves by executing an
internal action,

internal actions of A, B do not create any SIOA, i.e., have empty create sets,

Va € start(X), 3y € start(Y') : config(X)(z) <ap config(Y )(y),

traces™ (A) C traces™ (B),

ttraces (A) C ttraces(B), and

6. X,Y are creation-corresponding w.r.t. A, B.

Then

Ol L

traces* (X) C traces*(Y).

Proof: Immediate from Lemma 33 and Proposition 32. 0

Theorem 35 (Monotonicity of trace inclusion w.r.t. SIOA creation). Let X,Y
be configuration automata, and A, B be SIOA. Assume that,

1. B has a single start state, and A, B do not destroy themselves by executing an
internal action,

internal actions of A, B do not create any SIOA, i.e., have empty create sets,

Vo € start(X),Jy € start(Y) : config(X)(xz) <ap config(Y )(y),

traces*(A) C traces™(B),

ttraces (A) C ttraces(B), and

X,Y are creation-corresponding w.r.t. A, B.

AN O

Then
traces (X) C traces(Y).

Proof: Let o = 2%!'2'a?2?... be an arbitrary execution of X. We show that there
exists a “corresponding” execution 7 of Y such that a« R4p w. Proposition 32 then
implies trace(a) = trace(a’), which yields the desired traces(X) C traces(Y).

If « is finite, then the result follows from Lemma33. So, we assume that « is infinite.
Let a1 be an arbitrary prefix of a. Then, by Lemma 33 there exists a finite execution
w1 of Y such that a; Rapmi. Likewise, if a1 < as and as < « then there exists a finite
execution 7o of Y such that as Rap mo. Furthermore, we can show that m; < 7y since
w9 can be chosen to be an extension of 7y, as the proof of Lemma 33 constructs m; and
then w9 by induction on their length.
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Since « is infinite, there exists an infinite set {c; | ¢ > 0} of finite executions of X
such that Vi > 0 : a; < a;41 A a; < a. Repeating the above argument for arbitrary
i > 0, we obtain that there exists an infinite set {m; | ¢ > 0} of finite executions of ¥’
such that Vi > 0 : m; < w41 Aa; Rapm;. Now let m be the unique infinite execution of Y
that satisfies Vi > 0 : m; < w. Then, by Definition 34, a Rapm, and so = is the required
execution of Y. 0

Corollary 36 (Trace equivalence w.r.t. SIOA creation). Let X,Y be configuration
automata, and A, B be SIOA. Assume that,

1. A, B have a single start state, and A, B do not destroy themselves by executing an
internal action,

2. internal actions of A, B do not create any SIOA, i.e., have empty create sets,

3. Va € start(X),Jy € start(Y) : config(X)(x) <ap config(Y )(y) and
Yy € start(Y'), 3z € start(X) : config(Y)(y) <pa config(X)(x),

4. traces*(A) = traces™(B),

5. ttraces(A) = ttraces(B), and

6. X,Y are creation-corresponding w.r.t. A, B.

Then
traces (X) = traces(Y).

Proof: Immediate by applying Theorem 35 in both directions of trace containment.
Note that we use <lpa to mean <4p with the roles of A, B interchanged, and that
created (Y)(B3) = created (X)(3)[B/A] iff created (Y)(5)[A/B] = created(X)(53). 0

In Section 8 below, we present an example of a flight ticket purchase system. A client
submits requests to buy an airline ticket to a client agent. The client agent creates a
request agent for each request. The request agent searches through a set of appropriate
databases where the request might be satisfied. Upon booking a suitable flight, the
request agent returns confirmation to the client agent and self-destructs. A typical safety
property is that if a flight booking is returned to a client, then the price of the flight
is not greater than the maximum price specified by the client. The request agent in
this example searches through databases in any order. Suppose we replace it by a more
refined agent that searches through databases according to some rules or heuristics, so
that it looks first at the databases more likely to havea suitable flight. Then, Theorem 34
tells us that this refined system has all of the safety properties which the original system
has.

7. Modeling Dynamic Connection and Locations

We stated in the introduction that we model both the dynamic creation/moving of
connections, and the mobility of agents, by using dynamically changing external inter-
faces. The guiding principle here, adapted from [27], is that an agent should only interact
directly with either (1) another co-located agent, or (2) a channel one of whose ends is
co-located with the agent. Thus, we restrict interaction according to the current locations
of the agents.
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We adopt a logical notion of location: a location is simply a value drawn from the
domain of “all locations.” To codify our guiding principle, we partition the set of SIOA
into two subsets, namely the set of agent SIOA, and the set of channel SIOA. Agent
SIOA have a single location, and represent agents, and channel STOA have two locations,
namely their current endpoints. We assume that all configurations are compatible, and
codify the guiding principle as follows: for any configuration, the following conditions
all hold, (1) two agent SIOA have a common external action only if they have the same
location, (2) an agent SIOA and a channel SIOA have a common external action only
if one of the channel endpoints has the same location as the agent SIOA, and (3) two
channel SIOA have no common external actions.

8. Extended Example: A Travel Agent System

Our example is a simple flight ticket purchase system. A client requests to buy an
airline ticket. The client gives some “flight information,” f, e.g., acceptable departure and
arrival times, departure city and destination city. The client also specifies a maximum
price f.mp they can pay. f contains all the client information, including mp, as well
as an identifier that is unique across all client requests. The request goes to a static
(always existing) “client agent,” who then creates a special “request agent” dedicated
to the particular request. That request agent then visits a (fixed) set of databases
where the request might be satisfied. If the request agent finds a satisfactory flight
in one of the databases, i.e., a flight that conforms to f and has price < mp, then it
purchases some such flight, and returns a flight descriptor fd giving the flight and the
price paid (fd.p) to the client agent, who returns it to the client. The request agent
then terminates. To abstract away from the details of conforming to a clients flight
information, we assume a predicate conforms(fd,f) that holds when the flight given by
fd satisfies the arrival/deprture times and cities of the client request f. We assume a set
F of flight descriptors, and a static set D of database agents. We also assume that both
the client flight information f, and the returned flight descriptor fd, are elements of F.

The agents in the system are:

1. ClientAgt, who receives all requests from the client,

2. ReqAgt(f), responsible for handling request f, and

3. DBAgt 4,d € D, the agent (i.e., front-end) for database d, where D is the set of all
databases in the system.

We augment the pseudocode used in the mobile phone example by identifying SIOA
using a “type name” followed by some parameters. This is only a notational convenience,
and is not part of our model.

Figure 8 presents a specification automaton, Spec, which is a single SIOA that, to-
gether with the databases, specifies the set of correct traces. That is, can take the
specification to be Spec || (|laep DBAgt,). However, as we see below, it is simpler, and
just as effective, to take the specification to be Spec, i.e., to exclude the databases from
the specification.

Figures 9, 10, and 11 give the client agent, request agents, and database agent
of an implementation, respectively. When writing sets of actions, we make the con-
vention that all free variables are universally quantified over their domains, so, e.g.,
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{informy(f, fits),confy(fd, 0k?)} within action selecty(f) below really denotes
{informy(f, fits), confy(fd, ok?) | fd € F, fits C F, ok? € Bool}.

In the implementation, we enforce locality constraints by modifying the signature of
RegqAgt (f) so that it can only query a database d if it is currently at location d (we
use the database names for their locations). We allow RegAgt(f) to communicate with
ClientAgt regardless of its location. A further refinement would insert a suitable channel
between ReqAgt (f ) and ClientAgt for this communication (one end of which would move
along with ReqAgt(f)), or would move ReqAgt (f) back to the location of ClientAgt.

We now give the client agent and request agents of the implementation. The initial
configuration consists solely of the client agent ClientAgt. We also give the database
agents, which we can view as being “external” to the system, since we do not consider
their details in arguing trace inclusion. We provide the databases for sake of complete-
ness, and to demonstrate that we can reason even in the absence of major components,
i.e., we can reason about “open” systems.

Client Agt receives requests from a client (not portrayed), via the request input action.
ClientAgt accumulates these requests in regs, and creates a request agent RegAgt (f) for
each one, via the output action create. This is indicated by the pseudocode “creates
SIOA ReqAgt(f)”. Upon receiving a response from the request agent, via input action
reg-agent-response, the client agent adds the response to the set resps, and subsequently
communicates the response to the client via the response output action. It also removes
all record of the request at this point.

RegAgt (f) handles the single request f, and then terminates itself. RegAgt(f) has ini-
tial location ¢ (the location of ClientAgt) traverses the databases in the system, querying
each database d using query,(f). Database d returns a set of flights that match the
schedule information in f. Upon receiving this (informg(f, fits)), RegAgt(f) searches for
a suitably cheap flight (the 3fd € fits : fd.p < f.mp condition in informy(f, fits)). If such
a flight exists, then RegAgt(f) attempts to buy it (buy,(f, fits) and confy(f, fd, ok?)).
If successful, then ReqAgt(f) returns a positive response to ClientAgt and terminates.
ReqAgt (f) queries each database at most once, and attempts to buy a ticket from each
database at most once. RegAgt(f) can return a negative response if it has queried each
database once and failed to buy a ticket.

Formally, let Impl be the configuration automaton that is “generated” by ClientAgt
and all the RegAgt (f), i.e., the configuration automaton whose initial states correspond to
the initial states of ClientAgt, and whose transitions are those generated by the intrinsic
transitions of the configurations consisting of ClientAgt and all created ReqAgt(f). That
is, Impl is our implementation. The implementation Impl refines the specification Spec
(provided that all actions except request(f) and response(f, fd, ok?) are hidden) since the
implementation queries each database exactly once before returning a negative response,
whereas the specification queries each database some finite number of times before doing
so. Thus, the traces of the implementation are a subset of the traces of the specification:
traces(Impl) C traces (Spec).

We now apply Theorem 17 to infer traces (Impl || (|laep DBAgty)) C traces (Spec || (|laep DBAgt 4)).
That is, including the databases in the specification and in the implementation does not
invalidate the trace inclusion. This simplifies our reasoning, and also demonstrates our
ability to handle “open” systems, in which a major component (i.e., the database) is left
unspecified.

Our results also enable the incremental verification of trace inclusion between speci-
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Specification: Spec

Signature
Input:
request(f), where f € F
informy(f, flts), where d € D, f € F, and flts C F
confy(f, fd, ok?), where d € D, f,fd € F, and ok? € Bool
select4(f), where d € D and f € F
adjustsig(f), where f € F
initially: {request(f): f € F} U {selecty(f):d € D,f € F}
Output:
query;(f), where d € D and f € F
buy;(f, fits), where d € D, f € F, and flts C F
response(f, fd, ok?), where f, fd € F and ok? € Bool
initially: {response(f, fd, ok?) : f,fd € F, ok? € Bool}

Internal:

0

constant

State

statusy € {notsubmitted, submitted, computed, replied }, status of request f, initially notsubmitted

transf,a € Bool, true iff the system is currently interacting with database d on behalf of request f, initially

false

okﬂtsfvd C F, set of acceptable flights that has been found so far, initially empty

resps C F X F X Bool, responses that have been calculated but not yet sent to client, initially empty

zf,a € N, bound on the number of times database d is queried on behalf of request f before a negative reply

is returned to the client, initially any natural number greater than zero

Actions

Input request(f)
Eff: statusj <« submitted

Input selectq(f)
Eff: in «—
(in U {informga (f, fits), confq(fd, 0k?)}) —
{inform ;/ (f, fits), conf (fd, ok?) : d’ # d};
out
(out U {auery, (f), buy ,(f, fd)}) —
{queryq/ (f), buyar (f, fd) : d" # d}

Output query,(f)
Pre: statusf = submitted A xfq > 0
Eff: xfqa «— xfa —1;

transf,.d < true

Input informg (f, fits)
Eff: okflts; 4 « okflts; 4 U
{fd: fd € fits A fd.p < f.mp}

Output buy , (f, fits)
Pre: status; = submitted A

fits = okflts; ; # O A transy.q
Eff: skip

Input confq(f, fd, ok?)
Eff: transya < false;
if 0ok? then
resps «— resps U {(f, fd, true)};
statusf «— computed
else
if Vd:xfa =0 then
resps «— resps U {(f, L, false)};
statuss «— computed
else
skip

Output response(f, fd, ok?)
Pre: (f,fd, ok?) € resps N\ statusy = computed
Eff: statusy < replied

Input adjustsig(f)
Eff: in «— in—
{informqa (f, fits), confa(f, fd, ok?)};
out +— out—

{query, (f), buya(f, fd)}

Figure 8: The specification automaton
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ACCEPTED MANUSCRIPT

Client Agent: ClientAgt

Signature
Input:
request(f), where f € F
req-agent-response(f, fd, ok?), where f, fd € F, and ok? € Bool
constant
Output:
response(f, fd, ok?), where f,fd € F and ok? € Bool
create( ClientAgt, RegAgt (f)), where f € F
constant
Internal:
0

constant
State
regs C F, outstanding requests, initially empty

created C F, outstanding requests for whom a request agent has been created, but the response has not yet
been returned to the client, initially empty

resps C F X F x Bool, responses not yet returned to client, initially empty

Actions
Input request(f) Input reg-agent-response(f, fd, ok?)
Eff: regs «— regs U {(f)} Eff: resps «— resps U {(f, fd, ok?)};

done «— done U {f}
Output create( ClientAgt, ReqAgt(f))

Pre: f € reqgs N f & created Output response(f, fd, ok?)
Eff: created «— created U {f}; Pre: (f,fd, ok?) € resps
creates SIOA ReqAgt (f) Eff: resps < resps — {{f, fd, ok?)}

Figure 9: The client agent
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Request Agent: ReqAgt(f) where f € F

Signature
Input:
informy(f, fits), where d € D and flts C F
confy(f, fd, ok?), where d € D, fd € F, and ok? € Bool
terminate ( RegAgt (f))
initially: {movey(c,d), where d € D}
Output:
query ;(f), where d € D
buy;(f, fits), where d € D and fits C F
req-agent-response(f, fd, ok?), where fd € F and ok? € Bool
initially: 0
Internal:
movey (c,d), where d € D
movey (d,d’), where d,d’ € D and d # d’
constant

State
location € cU D, location of the request agent, initially ¢, the location of ClientAgt
status € {purchased, failed, unknown}, status of request f, initially notsubmitted

transq € Bool, true iff ReqAgt(f) is currently interacting with database d (on behalf of request f), initially
false

D —remaining C D, databases that have not yet been queried, initially the list of all databases D
tkt € F, the flight ticket that ReqAgt (f) purchases on behalf of the client, initially L

okflts; C F, set of acceptable flights that RegAgt(f) has found so far, initially empty

queried 4, boolean flag, true when database d has been queried, initially false.

ordered 4, boolean flag, true when a purchase order for a ticket has been submitted to database d, initially

false.
Actions
Internal movey(c, d) Input confa(f, fd, ok?)
Pre: location = c Eff: transq < false;
Eff: location «— d; if ok? then
transd < true; tkt — fd;
D —remaining « D — remaining — {d}; status «— purchased
in «— {informa (f, fits), confa(f, fd, ok?)}; else
out — {queryy(f), buyy(f, fd), if D —remaining = () then
reg-agent-response(f, fd, ok?)}; status «— failed
Output query,(f) Internal moves(d, d’)
Pre: location =d A d € D —remaining A Pre: location = d A d’ € D —remaining A
—queried 4 status = unknown
Eff: queried g < true; Eff: location <+ d/;
in «— {informy/ (f, fits), confyr (f, fd, ok?)};
Input informg (f, fits) out «— {queryg(f), buyq (f, fd),
Eff: okfitsy «— okfltsq U req-agent-response(f, fd, ok?)};

{fd:fd € fits\ fd.p < f.mp};
if okfltsy; = 0 then

transa « false; Output reqg-agent-response(f, fd, ok?)
Pre: (status = purchased A fd = thkt # L A

Output buy 4 (f, fits) ok?) Vv
Pre: location =d A fits = okflts; # 0 A (status = failed A fd = L A —0k?)

tkt = L A transa A —ordered 4 Eff: in — 0;
Eff: ordered 4 «— true out «— (3

int «— ()
65

Figure 10: The request agent



ACCEPTED MANUSCRIPT

Database: DBAgt,; where d € D

Signature
Input:
query;(f), where f € F and d € D
buy,(f, fits), where d € D, f € F, and flts C F
constant
Output:
informy(f, fits), where d € D, f € F, and flits C F
confy(f, fd, ok?), where d € D, f € F, fd € F, and 0k? € Bool
constant
Internal:

0

constant
State
received g C F, set of received and pending queries, initially 0
availg C F, set of available flights

ordersq C F x 27, set of pending orders, initially

Actions
Input query,(f) Input buy, (f, fits)
Eff: receivedq «— received g U {f} Eff: ordersq <« ordersq U {(f, fits)}
Output informg (f, fits) Output confq(f, fd, ok?)
Pre: f € received A flts = {fd | conforms(fd,f)} Pre: (f,flts) € ordersa A
Eff: skip [ (fd € fitsN availa A ok?) V

(fd =L A fits N availy = O A —0k?) ]
Eff: availq < availg — {fd}
ordersq «— ordersq — {(f, fits) }

Figure 11: The databse agent
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fications and their implementations. For example, within the context of a larger system,
we replace Spec by Impl, and then we apply Theorem 17 to infer that the traces of the
resulting system are a subset of the traces of the initial system. For example, let Spec2
be a specification for another subsystem that provides hotel booking, and let Impl2 be
an implementation for Spec2 such that traces (Impl2) C traces(Spec?2). We apply The-
orem 17 with antecedent traces(Impl) C traces(Spec) to infer traces (Impl || Spec2) C
traces(Spec || Spec2). We again apply Theorem 17 with antecedent traces(Impl2) C
traces(Spec?) to infer traces(Impl || Impl2) C traces(Impl || Spec2). Transitivity of C
then yields traces (Impl || Impl2) C traces (Spec || Spec2), i.e., the overall implementation
is trace-contained in the overall specification. We can repeat this as often as we like,
e.g., if there is a third system Spec3 and its implementation Impl3, say for booking
rental cars. Then traces(Impl3) C traces(Spec3), together with the above and Theo-
rem 17, gives us traces (Impl || Impl2 || Impl3) C traces (Spec || Spec2 || Spec3). Thus, we
can in turn replace each specification by its implementation, and have trace-containment
guaranteed.

Now suppose that we replace ReqAgt (f) by another agent RegAgt’(f) whose behavior
is more constrained in that Rqugt/( f) does not move arbitrarily from one database d to
another d’, but selects the destination d’ according to a heuristic function next() that at-
tempts to maximize the probability of finding a suitable flight. In other words, the precon-
dition of moves(d, d") action is changed from location = dAd' € D—remainingA status =
unknown to location = d A d" € D—remaining A status = unknown A d’ = next(). This
change implies that traces (RegAgt'(f)) C traces(ReqAgt(f)) and ttraces(ReqAgt’(f)) C
ttraces(RegAgt (f)), since the behaviors of RegAgt’(f) are more constrained than RegAgt (f).

Let Impl’ be the same as Impl, except that RegAgt’(f) is created instead of RegAgt (f).
We show that all assumptions of Theorem 35 are satisfied. From the “initially” state-
ments in the I/O automaton pseudocode in Figure 10, we see that RegAgt (f) has a single
initial state. Also, RegAgt(f) and ReqAgt’(f) destroy themselves using the output ac-
tion reg-agent-response. Hence Assumption 1 is satisfied. The only action that creates
SIOA is an action of ClientAgt, and so Assumption 2 is satisfied. Since the initial states
of Impl and Impl’ correspond, Assumption 3 is satisfied. Since traces(ReqAgt’(f)) C
traces(ReqAgt (f)) and ttraces (ReqAgt'(f)) C ttraces(RegAgt(f)), we have that Assump-
tions 4 and 5 are satisfied. Since the SIOA created by create(ClientAgt, ReqAgt (f)) de-
pend only on the inputs request (f), we see that Impl and Impl’ are creation-corresponding
w.r.t. request agents, and hence Assumption 6 is satisfied. Hence we apply Theorem 35
to conclude traces (Impl") C traces (Impl). The above results together with Theorem 17
now yield, for example, traces (Impl’ || Impl2 || Impl3) C traces (Spec || Spec2 || Spec3).

This example illustrates one way of satisfying the creation-correspondence require-
ment: the STOA created depend on the sequence of inputs and outputs executed so far
(in the case of this example, it depends on only the inputs, i.e., the client requests).

9. Related Work

Formalisms for the modeling of dynamic systems can generally be classified as being
based on process algebras or on automata/state transition systems.

The 7-calculus [27] is a process algebra that includes the ability to modify the channels
between processes: channels are referred to by names, and a name y can be sent along a
known channel to a recipient, which then acquires the ability to use the channel named
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by y. The m-calculus adopts the viewpoint that mobility of processes is modelled by
changing the links that a process can use to communicate, to quote from [27, page 78]:
“the location of a process in a virtual space of processes is determined by the links which
it has to other processes; in other words, your neighbors are those you can talk to.”
Process creation is given in the m-calculus by the ! operator: the process !P can create an
unlimited number of copies of P. We can emulate this feature by having a configuration
automaton which can create an unlimited number of copies of an STOA.

The asynchronous m-calculus [17] is an asynchronous version of the 7-calculus where
receipt of a name along a channel occurs after it is sent, rather than synchronously, as in
the original 7-calculus. The higher-order 7-calculus allows sending processes themselves
as messages along channels [26]. In terms of how mobility is modeled, DIOA is therefore
similar to the m-calculus in that we also model mobility in terms of signature change.

The distributed join-calculus [13] extends the m-calculus with notions of explicit lo-
cation, failure, and failure detection. Locations are hierarchical, and are modelled as
trees. Locations reside at a physical site and can move atomically to another physical
site, taking their entire subtree of locations with them. A failed location is tagged by a
marker. All sublocations of a failed location are also failed.

The Distributed 7-calculus D7 [30] is another extension of the m-calculus that deals
with distribution issues. D7 provides tree-structured locations, and each basic process
(thread) is located at some location. Channels are also located, and a process can send
a value on a channel only if it is at the same location as the channel. Channel and
locations also have permissions associated with them, and which constrain their use.
These constraints are enforced by a type system.

The ambient calculus [8] takes as primitive notions agents, which execute actions, and
ambients. An ambient is a “space” which agents can enter, leave, and open. Ambients
may be nested, and are mobile. A process in the ambient calculus is either an agent or
an ambient. The ambient calculus is intended to model, e.g., administrative domains in
the world-wide web.

The above process algebras have a formal syntax for process expressions, and a fixed
set of reaction rules, which give the possible reductions between expressions. Reasoning
about behaviour is carried out using notions of equivalence and congruence: observational
equivalence, weak and strong bisimulation, barbed bisimulation, etc.

DIOA makes a different choice of primitive notion, it chooses actions and automata
as primitive, and does not include channels and their transmission as primitive. Our
approach is also different in that it is primarily a (set-theoretic) mathematical model,
rather than a formal language and calculus. We expect that notions such as channel
and location will be built upon the basic model using additional layers (as we do for
modeling mobility in terms of signature change). Also, we ignore issues (e.g., syntax)
that are important when designing a programming language. Note that the “precondition
effect” notation used in the travel agent example is informal, and used only for exposition.
Reasoning about behaviour is carried out using trace substitutivity: the monotonicity
of parallel composition, action hiding, action renaming, and SIOA creation (subject to
technical conditions) with respect to trace inclusion. A consequence of our results is that
trace equivalence is a congruence with respect to parallel composition, action hiding, and
action renaming.

In a joint study [2] with researchers from Nippon Telephone and Telegraph, we com-
pare DIOA with two languages defined and used at Nippon Telephone and Telegraph:
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Erdos is a knowledge based environment for agent programming, and Nepi extends the
m-calculus with data types. We construct a simplified version of the travel agent example
above, in all three formalisms. The version in DIOA appears cleaner and easier to read,
as it is devoid of language and implementation-specific detail. The versions in Nepi and
Erdos have the advantage of executability, and in addition Erdés supports CTL model
checking [9] in the finite-state case. Hence DIOA can be used for the initial specification
and implementation of a dynamicsystem, and our trace inclusion results used for verifica-
tion of conformance of the implementation to the specification. Subsequently, the DIOA
implementation can be translated into Nepi or Erdds, or indeed into any other concrete
executable programming notation for dynamic systems. Alternatively, the DIOA can be
compiled directly, as in the IOA project [15]. This approach provides the advantages of a
compositional approach to specification, design, and implementation of dynamic systems.

One key difference between DIOA and process algebras is that most behavioral equiv-
alence notions for process algebras are based on simulation/bisimulation relations, and
so entail examining the state transition structure of the two systems being compared.
DIOA on the other hand uses trace substitutivity and trace equivalence, which are based
only on the externally visible behavior. In practice one would use simulation relations to
establish trace inclusion, so this difference may not matter so much, but it does provide
room for methods of establishing trace inclusion apart from simulation relations.

Bigraphs [28] were introduced by Milner as a model for ubiquitous computing sys-
tems containing large numbers of mobile agents, and are founded on two main notions:
placing and linking [28, prologue]. A bigraph over a given set of nodes V consists of
two independent (and independently modifiable) components: a place graph, which is a
forest over V', and a link graph, which is a hypergraph over V. The place graph models
location: nodes in a place graph are similar to ambients, and can move inside other
nodes, and out of nodes that are ancestors in the place graph. The link graph models
connectivity: hyperedges in the link graph represent connectivity. Unlike the process
algebras discussed above, bigraphs do not come with a fixed set of reaction rules, and
their behavioral theory is given with respect to a set of unspecified reaction rules [18].

A rough analogy can be drawn between the structure of Bigraphs and DIOA: the place
graph is analogous to the nesting of a configuration automata inside the configuration
automaton which created it, and the hyperedges of the link graph are analogous to
actions, which can have several SIOA as participants. The input enabling condition
destroys this analogy to some extent, but we note that we did not use input enabling to
derive any of our results, and it can possibly be dispensed with. Detailed investigation
of the relation between Bigraphs and DIOA is a topic for future work.

Among state-based formalisms for dynamic models, we mention Dynamic BIP and
Dynamic Reactive Modules. Dynamic Reactive Modules [12] are a dynamic extension of
reactive modules [1]. New modules can be created as instances of module class definitions,
using a new command, as in object-oriented languages. The new command returns a
reference to the newly created instance, which can be stored in a reference variable,
and passed to other module instances as a parameter, upon their creation. A module
instance that has a reference to another module instance can then read the other modules
externally visible variables. The semantics of dynamic reactive modules are given by
dynamic discrete systems [12], which extend fair discrete systems [19] to model the
creation of module instances.

BIP [5] is a framework for constructing systems by superposing three layers of mod-
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eling: behavior, interaction, and priority (hence BIP). An atomic component is a labeled
transition system extended with ports, which label its transitions. A (multiparty) interac-
tion is a synchronous event which involves a fixed set of participating atomic components.
Syntactically, an interaction is specified as a set of ports, with at most one port from
each atomic component. Execution of a multiparty interaction involves the synchronous
execution of a transition labeled by the relevant port in each participating component.
BIP provides both syntax and semantics, and has been implemented in the BIP execution
Engine [6]. Dynamic BIP, or Dy-BIP, [7] extends BIP by allowing the set of interactions
to change dynamically with the current global state. The possible interactions in a state
are computed as maximal solutions of constraints. Dy-BIP does not include the dynamic
creation and destruction of component instances. This is for simplicity, and is not a fun-
damental limitation. Dy-BIP is thus similar to our SIOA, whose signatures are functions
of their state. However Dy-BIP provides a syntax for writing interaction constraints, and
these have been implemented in the BIP execution Engine.

In summary, our model is based on the I/O automaton model [24], which has been suc-
cessfully applied to the design of many difficult distributed algorithms, including ones for
resource allocation [25, 31], distributed data services [10], group communication services
[11], distributed shared memory [23, 21], and reliable multicast [20]. In our model, all
processes have unique identifiers, and the notion of a subsystem is well defined. Subsys-
tems can be built up hierarchically. Together with our results regarding the monotonicity
of trace inclusion, this provides a semantic foundation for compositional reasoning. In
contrast, process calculi tend to use a more syntactic approach, by showing that some
notion of simulation or bisimulation is preserved by the operators that are used to define
the syntax of processes (e.g., parallel composition, choice, action prefixing).

10. Conclusions and Further Research

We presented a model, DIOA, of dynamic computation based on I/O automata. The
features of dynamic computation that DIOA expresses directly are (1) modification of
communication and synchronization capabilities, i.e., SIOA signature change, and (2)
creation of new components, i.e., configuration automata and configuration mappings.
Other aspects of dynamic computation, such as location and migration, are modeled
indirectly using the above-mentioned features.

For SIOA, we established standard results of (1) monotonicity of trace inclusion (trace
substitutivity), and (2) trace equivalence as a congruence, both with respect to the oper-
ations of concurrent composition, action hiding, and action renaming. For configuration
automata and the operation of SIOA creation, we gave an example showing that trace
inclusion is not always monotonic with respect to SIOA creation. This is in contrast to
most process algebras, where the simulation relation used is shown to be a congruence
with respect to process creation. This somewhat surprising result stems from our use of
trace inclusion and trace equivalence for relating different systems. Trace inclusion and
trace equivalence abstract away from the internal branching structure of the transition
system, and this accounts for the violation of trace inclusion monotonicity.

We then presented some technical assumptions under which trace inclusion is mono-
tonic with respect to SIOA creation. In addition to trace inclusion of the substituted
SIOA A and B, we also assume inclusion of terminating traces (traces of terminating
executions), we prohibit internal actions of A, B from creating new SIOA, we require
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B to have a single start state, and we restrict when A and B can be created by their
containing configuration automata X and Y (creation-correspondence of X and Y w.r.t.
A and B).

Our model provides a very general framework for modeling process creation: creation
of an SIOA A is a function of the state of the “containing” configuration automaton,
i.e., the global state of the “encapsulated system” which creates A. This generality was
useful in enabling us to define a connection between SIOA creation and external behavior
that yielded Theorems 34 and 35.

For future work, the most pressing concern is to devise a notion of forward simulation
for DIOA, and to show that it implies trace inclusion. Clearly, the state correspondence
must match not only the outgoing transitions, but also the external signatures in the
corresponding states.

We intend to investigate the relationship between DIOA and 7-calculus, and to look
into embedding the m-calculus into DIOA. This should provide insight into the impli-
cations of the choice of primitive notion; automata and actions for DIOA versus names
and channels for m-calculus. The work of [29], which provides a process-algebraic view of
I/O automata, could be a starting point for this investigation. We note that the use of
unique STOA identifiers is crucial to our model: it enables the definition of the execution
projection operator, and the establishment of execution projection/pasting and trace
pasting results. This then yields our trace substitutivity result. The 7-calculus does not
have such identifiers, and so the only compositionality results in the 7-calculus are with
respect to simulation, rather than trace inclusion. Since simulation is incomplete with
respect to trace inclusion, our compositionality result has somewhat wider scope than
that of the m-calculus. When the traces of A are included in those of B, but there is
no simulation from A to B, our approach will still allow B to be replaced by A, and
we can automatically conclude that correctness is preserved, i.e., no new behaviors are
introduced into the overall system.

We will explore the use of DIOA as a semantic model for object-oriented program-
ming. Since we can express dynamic aspects of OOP, such as the creation of objects,
directly, we feel this is a promising direction. Embedding a model of objects into DIOA
would provide a foundation for the verification and refinement of OO programs.

Agent systems should be able to operate in a dynamic environment, with processor
failures, unreliable channels, and timing uncertainties. Thus, we need to extend our
model to deal with fault-tolerance and timing.

Pure liveness properties are given by a set of live traces. A live trace is the trace of
a live execution, and a live execution is one which meets a specified liveness condition
[4, 14]. Refinement with respect to liveness properties is dealt with by inclusion relations
amongst the sets of live traces only. In [4], a method is given for establishing live trace
inclusion, by using a notion of forward simulation that is sensitive to liveness properties.
Extending this method to DIOA will enable the refinement and verification of liveness
properties of dynamic systems.
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