Centre de recherche 550, rue Sherbrooke Ouest, bureau 100

informatique de Montréal Montréal (Québec) H3A 1B9

finniniig] Téléphone : (514) 840-1234
Télécopieur : (514) 840-1244

c RlM http://ww.crim.ca

CRIM - Documentation/Communications

Supervisory Control with Divergence Freedom in Two Safety Models

Premiere version

CRIM-00/01-02

Hessham Hallal
Radu Negulescu
Alexandre Petrenko

Version of September, 2000

Collection scientifique et technique

ISBN 2-89522-001-8



Pour tout renseignement, communiquer avec:

CRIM Centre de documentation

Centre de recherche informatique de Montréal (CRIM)
550, rue Sherbrooke Ouest, bureau 100

Montréal (Québec) H3A 1B9

Téléphone : (514) 840-1234
Télécopieur : (514) 840-1244

Tous droits réservés © 2000 CRIM
Bibliotheque nationale du Québec
Bibliotheque nationale du Canada
ISBN 2-98522-001-8



Abstract

A method is presented to solve supervisory control problems of discrete event systems
and produce divergence-free controllers, which guarantee to avoid unbounded internal
communications. The method is described in terms of process spaces, a formalism to
model concurrent systems, and generalized to various safety models. Semantics mappings
are described, which relate process spaces to 1/0O automata and other labeled transition
systems. Divergence-free solutions are obtained based on a strong notion of divergence
freedom. Our method, which produces the solution for a supervisory control problem, can
also detect the absence of such solution and helps to obtain synthesizable specifications
for the solutions as well. Finally, a case study is considered where the supervisory control
formulation is used to derive the specification of a divergence-free protocol converter to

interface two mismatched communication protocols.
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Introduction

Chapter 1

I ntroduction

Modeling concurrent systems is one basic step towards automated design and verification
of such systems. Several formalisms have been introduced in the literature to serve these
purposes; /O automata [9, 10, 11] and process spaces [14, 15, 16] are among these
models. The question arises on how these models relate one to another and whether it is

possible to transfer methods and results from one model to another.

In this report, we describe the two models mentioned above, relate them by means of

semantic mappings, and use the mappings to transfer results from one model to the other.

As an application of practical importance following from the relationship we derive, we
present a method to solve supervisory control problems, aso known as asynchronous
equations. This means to derive a specification for a missing part of a system from the
overall specification of that system and the known part of its implementation, all entities
being modeled in process spaces. Then we apply the mappings to automate the process of
solving, in 1/O automata, asynchronous equation problems formulated and solved in

terms of 1/O finite state machinesin [19].

Finally, we apply our method to solve asynchronous equations in deriving the
specifications of protocol converters to interface heterogeneous network systems.

Centre de Recherche Informatique de Montreal 1
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Introduction

1.1 Motivation

The motivation for our work is to transfer methodol ogies between the I/O automata and
the process spaces formalisms, specifically, solving asynchronous eguations in /O
automata by means of methods and tools from process spaces using a BDD based tool
from process spaces. Through an example, we illustrate how our mapping can be used to

serve this purpose.

Asynchronous equations are believed to have many applications; e.g., design-reuse of

hardware and software blocks.

As an application, we rework the problem of designing protocol converters in the
framework of asynchronous equations [1, 8, 17, 23]. We use our method to derive the
specification of a divergence-free protocol converter, which interfaces two mismatched
protocols: an Alternating bit protocol and a Non-sequenced protocol. In addition, we
show that the solution obtained can be synthesized into an asynchronous circuit using
available tools. Our interest in asynchronous implementations stems from the fact that
they overpass a major design constraint, the global clocking. Hence they can offer some
performance advantages and alternative solutions to design problems, e.g. small area
overhead and low power. A divergence-free implementation avoids switching activities

dueto clock transitionsin acircuit.

1.2 Previouswork

The problem of asynchronous equations has been discussed from severa viewpoints:
model matching [4], sub-module construction [5], design equation [13], supervisory
control [18], I/0O FSMs [19] to name just a few. Drissi and Bochmann have devised an
algorithm to solve asynchronous equations in I/O automata in [5]. However, our study
yields, in addition to general solutions for this type of equations, divergence-free
solutions for asynchronous equations; i.e., solutions that avoid unbounded internal

interactions. In [18] a notion of divergence based on unbounded interactions, involving

Centre de Recherche Informatique de Montreal 2
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Introduction

internal actions, was used. However, in our case, we seek divergence freedom in terms of
sets of processes rather than individual ones. In [13], divergence-free solutions that avoid
unbounded internal communications are often possible to obtain. However, [13] uses
divergence-freedom as a precondition for the validity of the operations, whereas we are
interested in divergence-freedom as a criterion for the correctness of the obtained
solution. Divergence-free solutions to the asynchronous equations have been proposed in
[19], but only in terms of 1/O FSMs, where input and output events alternate. We are
interested in extending the method of [19] to more general models that capture safety

properties.

1.3 Organization of the Report

The presentation of this work proceeds as follows: Chapter 2 presents an overview of the
two models used: I/O automata and process spaces and describes the mappings from 1/0
automata to process spaces and analyses the properties of these mappings. In Chapter 3,
we present our method to obtain solutions and divergence-free solutions for
asynchronous equations. An example is used to illustrate the method and the use of the
mappings. In addition, we describe the mapping of process spaces into I/O automata.
Chapter 4 presents a case study on the application of asynchronous equations in the area
of protocol converters. Finaly, the conclusions of our work and the possible future steps

are presented in Chapter 5.

Centre de Recherche Informatique de Montreal 3
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Overview of the Models

Chapter 2

Overview of the Models

2.1 Input/Output Automata

Basic Definitions

Input/output automata were introduced by Lynch and Tuttle in 1987. This model is based
on non-deterministic automata. The 1/O automaton model best suits representing
asynchronous systems; however, various applications to modeling synchronous systems
as well were proposed [9]. A basic property of the model is that an automaton
differentiates between actions that are controlled by the environment and those under the
control of the automaton itself. Each automaton has an action set acts whose elements are
classified either as inputs: In, outputs: Out, or internals. Int. The inputs are generated by
the environment, they are aways enabled, and the automaton cannot block them. The
outputs and internal actions, on the other hand, are controlled by the automaton itself [9,
10, 11]. However, input enabling is restricted by the correctness assumption that when
the environment behaves correctly, the 1/0O automaton behaves correctly. In other words,
if the environment behaves improperly, e.g. issues inputs continuously without letting the
automaton respond, the automaton can behave arbitrarily or issue an error message
[9,10].

Definition 2.1[9, 10, 11] Aninput output automaton (I/O automaton) isatuple a = (S 1,
2, A, &) where

Centre de Recherche Informatique de Montreal 4
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Overview of the Models

1. Sa)isaset of states.

2. 1(a) isanonempty set of initial states

3. 2(a) is an action signature, which partitions the actions acts of an automaton into
three digoint sets. In(a), Out(a), and Int(a). The Out(a), and Int(a) are caled the
locally controlled actions. The In(a) and Out(a) are called the external actions.

4. A(a)0 Sa)x2(a)xYa) isatransition relation. The elements of A(a) aretriples of the
form (s,7, s"), wheresand s’ belong to S a) and 712(aq).

5. ¢(a) is an equivalence relationwhich partitions the set of locally controlled actions
of a into a countable set of equivalence classes. Each class is meant to represent the

set of locally controlled actions of some system component.

The equivalence relation ¢(a) is used to represent fairness properties of the 1/0
automaton. For more details on how to rel ate the notion of fairness in I/O automata to the

equivalence relation of each automaton, we refer the readersto [9] and [10].

Definition 2.2 An executionof an I/O automaton is a sequence, So71S172S73...7nS, Of
alternating states and actions such that each triple (s, 7i+1, S+1) isan element of A(a), and
SO 1(a) [10]. The set of al executions of an automaton is denoted execution&a ).

A state sof an 1/0 automaton a is reachablewhen sisthe final state of afinite execution
eof a [9].

Definition 2.3 A trace of an I/O automaton is a sequence 7417273...7, Of actions. A trace
Is obtained from an execution by projecting out (eliminating) the states. We refer to the
set of traces of an automaton as tracega). An external traceof an automaton is a
sequence of external actions. It is obtained by dropping all the internal actions from a
trace of an automaton. The set of external traces of an automaton a is referred to as

etracega).

Centre de Recherche Informatique de Montreal 5
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Overview of the Models

We use the example of a candy machine and its customer to illustrate the use of I/O
automata to model systems. Thisis apopular example in the literature, which can give an
idea of the main properties of the model [10].

Our candy machine CM has the following action signature:

In(CM) ={P1, P2} (where the action labels P1 and P2 are shorthands for Pushl and
Push2, respectively) .

Out (CM) ={S H, A} (shorthands for Skybar, Heathbar, and Almondjoy).

Int (CM) = [ (i.e, nointerna actions).

The state of the machine expresses one varidbteoh-pushed”, which is affected by the
input action?1 andP2. Initially, this variable is set to 0. Whét arrives, the variable is
set to 1, and to 2 whd?R arrives. The machin@M dispenses three types of candy bars:
S H, andA. WhenP1 arrives, the machine givé&sand returns to state 0. Otherwise,
whenP2 is pushed it issudd or A and returns to state 0. The choice betwdeandA is
non-deterministic. Since the 1/0 automatoM is input enabled, it can not prevent the

input events from occurring at any time.

P1

P2

Figure 2.2: The I/O automaton for Candy Machine CM.

Figure 2.1 shows the I/0O automatonGW. The initial state is indicated by the incoming
arrow that points to it. We consider that the three output acgddsandA belong to the

same equivalence class.

Centre de Recherche Informatique de Montreal 6
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Overview of the Models

The sequence (0, P1, 1, P2, 2, A, 0) represents an execution of CM from which we can
extract the trace (P1, P2, A). This trace is also an external trace since it contains only
inputs and outputs.

The customer of the candy machine can also be modeled by an I/O automaton. This I/O
automaton, CUST, has the following action signature:

IN(CUST) ={S H,A} .

Out(CUST)={P1, P2}.

Int(CUST) ={BS} (where BS stands for Become-Satiated).

SHA BS

SHA
P1, P2

SHA

Figure 2.2: 1/0 automaton for the Customer CUST.

The state of the customer expresses the value of two varialvlesn” and “satiated”.
Initially, CUST is in theNot Waiting Not Satiated (NWNS) state. The customer presses
eitherP1 or P2 and waits for a candy bar at the stANE). When the customer receives

the bar, the customer returns to th&M\S) state. However, the customer chooses non-
deterministically to stop ordering bars after a random number of transitions by executing
BSand entering th&lot Waiting-Satiated (NWS) state.CUST is represented in Figure 2.2.

In addition, we consider all the locally controlled action<CIST (P1, P2, andBS) to

belong to the same equivalence class.

In the following, we will summarize some of the relations and manipulations applicable
to I/O automata.

Centre de Recherche Informatique de Montreal 7
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Overview of the Models

Compatibility

Two 1/0 automata a; and a, are said to be compatible (i.e., can be composed) if the
action signatures 2(a) and 2(a,) are compatible themselves [9, 10]. The action
signatures of two 1/0 automata are considered compatible when the following conditions
are met:

e Out(ay) n Out(az) =0 and

o Int(a1) n acts(az) = Int(az) n acts(a;) = 0.

The compatibility relation between automata can be generalized to any countable
collection of automata { a;}io;. However, one more condition needs to be satisfied for
compatibility in the case of infinite collections of automata [9]. This condition requires

that no action is contained in infinitely many sets acts(a;).

The two automata CM and CUST of our example are compatible since
Out(CM) n Out(CUST) ={S H, A} n{P1, P2}=0J,

Int(CM) n acts(CUST) = O n {S H, A, P1, P2, BS} =1, and
Int(CUST) n acts(CM) = {BS}n {S H, A, P1, P2}=0.

Equivalence

The notion of equivalence for I/O automata is based on trace equivalence. Two 1/O

automata are equivalent if they generate equal sets of external traces, etraces.

The two automata of our example, CM and CUST, do not have equal sets of inputs and
outputs. In addition, Figure 2.2.1 and Figure 2.2 show that CM and CUST do not generate
equal sets of external traces. For example, (P1, P1) is an externa trace of CM but not
CUST. Similarly, (S 9 is an external trace of CUST and not CM. Hence, they are not
equivalent.

Centre de Recherche Informatique de Montreal 8
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Composition

The composition of a countable collection { a;} o of compatible automatais an automaton

a, where a = N a; is defined by the following [9, 10]:

1
2.
3.

A set of states §(a) = Mo Y ay).

A nonempty set of initial statesl(a) = Mo 1(a;).

An action signature 3(a) formed by the composition of the individual action
signatures of the automata 2(a;) in the following manner:

In(a) = Uioy In(ay) - Uioy Out(a).

Out(a) = Uio Out(a).

Int(a) = Doy Int(a).

A transition relation A(a) of triples (s1. 7, ) O S a) x acts(a;) x §a) such that for
al i, if 70acts(ay) then (s.[1], 7., S[i]) O A(a), and if T acts(a) then s, [i]= 5[ 1].
A relation ¢(a) = O o &(ay).

The partition in the relation ¢(a) is the union of the partitions in the individual automata

relations. Therefore, each equivalence class of each individual automaton becomes an

equivalence class of the composition. In this definition, partition union coincides with set

union of partitions because composition in I/O automata requires compatibility of the

action signatures of the automata to compose, i.e. digoint sets of locally controlled

actions of all automata in the composition. As a result, the composition includes a

representation of each individual automaton, based on its locally controlled actions, so

that the fairness of the composition becomes easily expressed in terms of its components.

When | is the finite set {1,...n}, the composition is denoted [1Q}.= a;[d,[. .y, .

For example, the composition of the two automata CM and CUST, written CMICUST,

could be represented by an automaton CMCUST, which has the action signature:
In (CMCUST = {P1, P2}){S H, A} - {S H, A} {P1, P2} = .
Out(CMCUST={S H, A}0{P1, P2}={S H, A, P1, P2}.

Int (CMCUST =0 0{BS ={BS.

Centre de Recherche Informatique de Montreal 9
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Overview of the Models

Figure 2.3 shows the automaton CMCUST. The states of the CMCUST correspond to
pairs consisting of the states of each component. The initial state ONWNS corresponds to
the pair (0, NWNS). Executions of the composition induce executions of the individual
automata. For example, the following execution of CMCUST (ONWNS, P1, 1IWNS, P2,
2WNS, A, ONWNS, BS ONWS) induces (0, P1, 1, P2, 2, A, 0) of the automaton CM. In the
new automaton, the equivalence relation puts the locally controlled actions of each
component automaton in a different class. We have, therefore, two classes. { S H, A} and
{P1, P2,BS}.

Pl OWNS P2
S A
P1 P1 P2 P2
S|H, A
INWNS ONWNS 2NWNS
AE H, A \
BS BS BS
INWS 2NWS
S H, A

Figure 2.3: The /O Automaton CMCUST.

In CMCUST, states ONWNS, ONWS, IWNS, and 2WNS are reachable states since they all
may appear at the end of at least one execution of CMCUST. On the other hand, states
OWNS, INWNS INWS 2NWNS and 2NWS are al unreachable. It is clear that these
states do not appear at the end of any finite execution of CMCUST.

Centre de Recherche Informatique de Montreal 10
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Overview of the Models

In genera, the interest is in states that the automaton can reach through its executions.
Therefore, we will not consider the unreachable states of an automaton. The diagram of
the automaton CMCUST, after dropping the unreachable states, is shown in Figure 2.4.

S P2
@ P1 w H, A @
BS

Figure 2.4: Thereachable states of the 1/O automaton CMCUST.

Fairness and Quiescence

The fairness of an 1/0O automaton a is expressed in terms of the equivalence classes
generated by the relation ¢(a). It is based on the fairness of the executions of the
automaton. An execution e of an automaton a isfair if, for each class C of ¢(a) [9, 10]:

1. if eisfinite, no action of C isenabled (can be executed) at the final state of e.

2. if eisinfinite, either actions of C appear infinitely often in e, or states at which no

action of C isenabled appear infinitely oftenine.

Based on this definition, we can define fair traces, ftraces(a), of an automaton. They are
the sequences of actions extracted from fair executions of the automaton. We shall refer

to the sequences of externa actions in fair executions of an 1/0O automaton as fair

external traces or fetraces(q).

Centre de Recherche Informatique de Montreal 11
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Throughout the report, we confine our study of fairness to finite executions of automata;
l.e.:
No locally controlled action is enabled at the final state of any fair execution of an 1/0

automaton.

Definition 2.4 A state s of an automaton is called quiescent if the only actions that are
enabled in s are input actions [11]. A trace t of an automaton is called quiescent if there
exists a finite execution e of the automaton, out of which t can be extracted, where the

last state is quiescent.

Based on this definition and the condition we set for fairness of finite traces and finite
external traces, we can conclude that:

A finite execution e of an 1/0 automaton is fair if the final state in eis quiescent.

Consider our example automaton CM in Figure 2.2.1. The execution (0,P1,1, P2, 2) is not
fair for the CM automaton. The reason is that at state 2, either H or A is enabled but not
executed. However, the execution (NWNS, P1, WNS, A, NWNS BS, NWS) is fair for the
CUST automaton, shown in Figure 2.2, since no output action (P1, P2) or internal action
(BS) isenabled at the NWS state. An example of afair trace of CUST, we consider (P1, A,
BS). Notice how atraceis obtained by eliminating the states in an execution. On the other
hand, (P1, A) is an example of fetraces(CUST).

Refinement

Refinement is a relation between automata that allows for one automaton a; to fully
replace a second automaton a,. This replacement can be viewed from two perspectives:

function and fairness.

In the first case, refinement imposes that al functions executed, with respect to the
environment, by a; be functions of a,. This, of course, means that the external traces

generated by a; form a subset of the traces generated by a,. We refer to this aspect of
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refinement as implementation [10] or external trace preorder [21], which could be

formalized in the following way:

An automaton a; implements an automaton a- if [9, 21]:

» They have the same sets of inputs and outputs.

» Thefinite external traces of a; are a subset of the finite external traces of a.:
etraces(a;) U etraces(a,). Notice, however, that this inclusion does not mean that a;

does less than a, in terms of the outputs only. This is because both automata are input

enabled and they have the same set of inputs (first condition).

* The set etraces(a;) is not empty. This eliminates the case of trivial implementation

between automata.

Based on this definition of implementation between 1/0 automata, we conclude the
following:

If ax implements a, and a, implements a,, then a1 and a, are equivalent (Section 2.1.3).

In the second case, if we take fairness as the criterion for refinement, we require that o,
also satisfies every fairness condition satisfied by a,. This aspect of refinement is
referred to as satisfaction [10] or fair preorder [21], and it can be described as follows:
An automaton a; satisfies an automaton ao, if [9, 10]:
* They have the same sets of inputs and outputs.
» Thefair external traces of ai are asubset of the fair external traces of a.:

fetraces(a,) O fetraces(ay).
* The set fetraces(a;) is not empty. This eliminates the case of trivial satisfaction

between automata.

In the following example, we show a case where implementation between automata does
not imply satisfaction. We use, here, the example of a combination of candy machine and
customer, CCUST. We will check for implementation and satisfaction between CMCUST
(Figure 2.4) and CCUST. The new automaton, CCUST, is shown in Figure 2.5. It has the
following action signature:
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In(CCUST) =0.
Out (CCUST) ={S H, A, P1, P2}.
Int (CCUST) =0.

Here S H, A, P1, and P2 represent the same Skybar, Heathbar, Almondjoy, Pushl, and
Push2 actions from the previous examples. The new automaton is similar to CMCUST
except that no satiation state is reached. The system keeps running infinitely. The

equivalence relation of the automaton CCUST puts its actions in two different classes. {S,

H, A} and {P1, P2}.
S P2
‘ P1 ‘ H, A ‘

Figure 2.5: The /O automaton CCUST.

The automaton CMCUST implements CCUST: The two automata have equal sets of
inputs and outputs. In addition, Figures 2.4 and 2.5 show that
etraces(CMCUST) [ etraces(CCUST).

In fact, the two automata generate equal sets of finite external traces. This means that the
implementation is verified in both directions since the inclusion relation is verified in

both directions.

At the same time, CMCUST does not satisfy CCUST. CMCUST generates traces, which
arefair. In fact, only the traces of CMCUST that end with BS are fair traces. Definition 4
states that we can obtain fetraces of CMCUST out of these fair traces by eliminating BS.
However, CCUST has an empty set of fair external traces since all actions are outputs and
they are enabled in al states. In addition, we can prove that CCUST does not satisfy
CMCUST. The reason is that CCUST has an empty set of fair externa traces, and trivia

satisfaction is not allowed in automata.
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Hiding

Hiding is performed on output actions of 1/0 automata [11]. This operation reclassifies
output actions as internal actions, and hides them from external observation. As a result,
the hidden actions are not included in external traces of an automaton. Hiding is defined

on the action signature of an 1/0 automaton as well as on the automaton itself [11].

For an 1/0 automaton a, a signature 2 (partitioned into In, Out, and Int), and a subset O
0 Out, a new signature hideg(2) is defined, and a new /O automaton ¢ is obtained. The
new signature consists of the digoint sets: In, Out - O, and Int[J O. As for o', it is
obtained by replacing 2 with hides(2).

Process Spaces

Basic definitions

Process spaces were introduced by R. Negulescu [14, 15, 16]. A process prepresents a
contract between a device and its environment over a set of executions [14]. Executions
can be sequences of actions, functions of time, etc. [14]. In a process, both the device and
the environment guarantee that only executions from specified sets of alowable

executions could occur. Note that executions here do not refer to Definition 2.2.

In the following, we will list some basic definitions of process spaces, which are
independent of the level of detail of executions. In the next section, we use FIREMAPS, a
computer tool to handle processes, to carry out examples and illustrations. Therefore,

some of the examples are delayed until section 2.3 to avoid redundancy.

Definition 2.5 A process ver aset of executions E isapair (X, Y) of subsets of E such
that
XOY=E
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where X is called the set of accessible executions of p, and Y is caled the set of
acceptable executions of p. The set E is arbitrary; its elements can be sequences of
actions, functions of time, etc [14]. The accessible and acceptable sets are denoted by
as(p) and at(p), respectively. The acceptable executions represent what the environment
provides, and the accessible executions represent what the device offersin reply.

The process space of E is the set of all possible processes over E; this set is denoted by
3

Since the intersection of their complements is empty, the accessible and acceptable sets

of aprocess induce atri-partition of the executions set E.

1-The reject executions of a process p are the executions considered violations (illegal

behavior) by the environment. The set of such executions is denoted by r(p), and it is the

complement of the set of acceptable executions. Therefore, r(p) = at(p).

2-The goal executions of a process p are the desired executions that both the environment
and the device should produce. The set of such executions is denoted by g(p), and it is the
intersection of the acceptable and accessible sets of p.

3-The escape executions of a process p are the executions representing violations
committed by the device. The set of such executions is denoted by e(p), and it is the

complement of the set of accessible executions, or (p) = as(p).

Note that as(p) = r(p) U g(p), and at(p) = &(p) U g(p)-

Therefore, a process can be represented by r(p), g(p), and, e(p). And, we can say that two
processes p and g are equal, denoted p = q, if and only if they have equal reject, goal, and
escape sets of executions. Also note that the three sets r(p), g(p), and, &(p) are digoint
and cover E; i.e., an execution can be either regject, escape, or goal, but not two of these at

the sametime.
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Figure 2.6 shows the execution set of a process and how it can be partitioned into
accessible and acceptable subsets or, alternatively, into goal, reject, and escape subsets
[14].

at(p)=Y

\ | |

r(p) g(p) e(p)

as(p)= X

Figure 2.6: Execution set of a process p and its partitions.

Safety and Finalization Processes

Safety represents the guarantee that nothing bad happens or the avoidance of illegal
incidents [14] in generdl; e.g., illegal inputs. Finalization, on the other hand, ensures that
something good happens and shows avoidance of illegal stopping. The safety and
finalization properties can be expressed by means of sets of finite executions. In process
spaces, safety and finalization are expressed as processes (pairs of acceptable and
accessible sets of executions) over an execution set E equal to the set U* of finite words
where U isauniversal set of actions[14].

Although they are expressed as processes, safety and finalization are both attached to a
concurrent system to model that system. The safety process, denoted o, deals with partial
executions and records the occurrence of illegal inputs and outputs. On the other hand,
the finalization process, denoted ¢, is constructed for the total finite executions. In fact, it

considers every sequence of actions a total execution and records the violations it
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contains [14]. These violations include, in addition to illegal inputs and outputs, illegal
stopping.

As an example, we show how the behavior of alogic AND gate can be described in terms
of safety and finalization. Figure 2.7 shows atwo-input AND gate and its truth table with
a and b being the inputs and c the output of the gate. The safety information is conveyed
by the process o(AND), and the finalization information is expressed by ¢(AND).

We consider the execution abc which means that after the two inputs of the gate become
high, the output is also set to high. This execution is a goal for both safety and
finalization processes of the AND gate. On the other hand, consider the execution ab,
which means that the two inputs of the gate are high. From the safety point of view, this
is a legal behavior since it does not include any illegal input or output. However, this
execution is not legal from the finalization point of view. The gate does not have right to
forbid ¢ from rising after the two inputs are high, i.e. the gate commits a violation if it
stops after receiving the input pulses.

b

B

Figure2.7: Logic AND gate: truth table (left) and symbol (right).

CT‘ ‘QJ

R(FRPOO|D

RIOIO|IO|IO

RO, |O

Liveness and Progress

Two other properties of interest in discrete event systems are liveness and progress [14].
Roughly speaking, liveness requires that allowed events not be postponed forever.
Progress, on the other hand, requires that expected events not be postponed for an

unbounded time.
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Although liveness and progress provide more detailed modeling than finalization [14],
they require the manipulation of sets of infinite executions, which is computationally
difficult. Asin the case of I/0O automata, our study of process spaces will be confined to
finite executions. Therefore, we will use only the safety and finalization processes

throughout the report.

One of the main characteristics of processes is the absence of the distinction between
input, output, and internal actions [14]. In the genera process space formalism, there are
no notions of states or variables involved in a process or its executions. These notions are
used, however, in particular instances of process spaces to capture correctness concerns at
various levels of detail. Safety, finalization, liveness, and progress are examples of such

instances.

Process Automata

When the execution sets of a (safety or finalization) process p are regular languages, p
can be represented as a finite automaton [14]. Finite automata used to represent safety or
finalization processes are called process automata. These finite automata represent
processes defined over a set of actions U; however, they only use finite subsets of U as
alphabets. The effect of actions from outside the alphabet set is simply ignored, i.e., they

lead to self loopsin the process automaton.

Definition 2.6 A process automaton isatuple Pr = (A, Q, |, Qas, Qa, Ed) [14], where

1. Aisafinite set of actions, called the alphabet of Pr.

2. Qisafinite set of states.

3. I 0Qisaset of initial states.

4. Qs and Q4 Whose elements are called accessible and acceptable states, respectively,
are subsets of Q suchthat Q = Qas 0 Qg.

5. Ed O QxAxQ isaset of transitions.
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In this report, we work with deterministic process automata. These process automata have
exactly oneinitial state, and, for each state qL1Q and action a [JA, there exists exactly one

state g'JQ so that the transition (g, &, ') isin Ed [14].

Another representation of a process automaton considers using the notations Q;, Qg, and
Qe to represent states. Based on this partition, a state g is qualified as a reject state, a goal
state, or an escape state depending on the executions that lead to it. In addition, a
correspondence between the two representations of states in a process automaton could
be formulated as follows:

In a process automaton, the set of states Q = Qas U Q4 can be partitioned into Q;, Qg, and
Qe, Where

Qas= Qr U Qg and

Qat= Qe U Qg

Notice that, asin the case of executions, the sets Q,, Qg, and Qeare digoint.

Furthermore, we can state the following condition for two states in a process automaton
to be equivaent:

Two states, g1 and g2, are equivalent if they enable equal future sets of accessible and
acceptable traces. These sets of traces can be seen as processes (pairs of acceptable and
accessible executions), and are caled processes generated by process automata.

Formally, we have:

Definition 2.7 With each process automaton Pr = ( A, Q, |, Qas, Qa, Ed) apair p(Pr) = (X,

Y) of subsets of U* is associated as follows. For every word w [0 U*,

1. w O X if and only if there exists a path that starts at the initial state in Pr and that
spellsw and ends in Qg

2. wOYif and only if there are no paths that start at the initial state in Pr and that spell
wandendin Q\ Qg.
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Based on Definition 2.7, gl and g2 are equivaent if p(Pr1= (A, Q, {gl}, Qas, Qa, Ed))
and p(Pr2 = (A, Q, {92}, Qas, Qa, Ed)) are equal, where p(Pr) is the process generated by
the process automaton Pr. Note that gl istheinitial state of Prl, and g2 istheinitial state
of Pr2.

We use process automata to illustrate how safety and finalization processes are used to
model systems and how they differ from each other. We model an inertial logic AND
gate, in which an output transition is canceled upon retraction of the input excitation.
Figure 2.8 and Figure 2.9 show the safety and finalization process automata of the AND
gate, respectively. An initia state is indicated by an incoming arrow that points to it. In
addition, states marked with g or e denote goa states or escape states, respectively. On
the other hand, states reachable by violations due to illega inputs and outputs are
considered as trap states marked E (permanent escape) and R (permanent reject),
respectively. The automaton cannot resume normal executions when it reaches any of the
trap states. For example, abbc is areject execution because it |eads to the state marked R.

Figure 2.8: The safety process automaton for theinertial AND gate. (Missing inputslead to the state
indicated R. Missing outputslead to the stateindicated E)

Notice the difference between the two process automata. In Figure 2.8, the execution ab
Isagoa execution since it includes no illegal events. This same execution is an escape
execution for the finalization process in Figure 2.9 since it does not represent a complete
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behavior of the AND gate (after both inputs a and b rise the gate should issue the output

C).

Inputs: &, b.
Output: C.

Figure 2.9: Thefinalization process automaton for theinertial AND gate.(Missing inputslead to the
stateindicated R. Missing outputslead to the state indicated E)

Composition

Joint behavior (parallel composition) is expressed in process spaces by the product
operation [14]. The product of two processes p and g isaprocess p x g such that

as(p x q) = as(p) n as(q)

at(p x q) = (at(p) n at(q)) U (as(p) n as(q)),

or equivalently,

r(pxa)= (r(p) O (@) n &p) n e(d)

e(pxq) = &p) U &)

9(p x @) =g(p) n 9(a).

This means that the product of two processes guarantees to avoid (regject) all the traces
they avoid (rgject) themselves, and to execute what they both consider as goal. However,
itisnot clear from the definition of process spaces [14] how to handle traces that reject to

one process and escapes to the other when performing the composition.
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In addition, process spaces define the joint behavior of environments as the exclusive sum
of the processes [14]. The exclusive sum of two processes p and g is aprocess p U g such
that

at(p 0 o) = (as(p) n as()) 0 (at(p) n at(a))

at(p U ) = at(p) n at(q),

or

r(e0a) = r(p) Ur(a)

ep U ) = (ep) 0 &) n r(p) n r()

g(p U @) =g(p) n 9(a).

Notice that there are no compatibility conditions on the processes involved in product or
exclusive sum, i.e.,, any two processes in a process space can be involved in these

operations.

Product and exclusive sum are associative and commutative, and therefore can be applied
to any number of processes. In addition, these operations can be extended to arbitrary

sets of processes[14].

As an example of how to carry out the composition of two processes, we show how two
inertial buffers can be composed. Figure 2.10 shows two buffers modeled as safety
processes, and their composition. The two processes are defined over the same execution
set, {a, b, c}*. Notice how the actions which are considered external for each process
lead to self loops in al states, e.g. a for the process p2. The composition process
automaton is formed by the Cartesian product of the two individual processes in terms of
the states and edges. Each state in the composition is qualified as goal, escape, or reject
according to the qualifiers of the corresponding states in the individual processes. For
example, when two goal states are composed, the resulting isa goal state. However, when

agoa state is composed with an escape state, the resulting state is an escape.
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Figure 2.10: Two inertial buffersand their composition.

Robustness

Robustness expresses the property of a process that the device it represents imposes no
constraints on the environment it deals with [14, 16]. For safety processes, this means
that the device accepts all the inputs it receives from the environment. Therefore, a

process p is robust when it has an empty reject set r(p).

Consider, for example, the safety process of the AND gate represented by the automaton
in Figure 2.8. Thisis not arobust process since the reject set is not empty. Execution aba,

for instance, is argject since it includes an illegal input (the second a pulse cannot occur
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before the output changes). On the contrary, the process automaton in Figure 2.11
represents a robust safety process that models the same candy machine of Section 2.1.1.
Notice that inputs (P1: Pushl and P2: Push2) are accepted in every state. The permanent

escape state E is reached when illegal outputs are issued, and out of it all actions are

enabled randomly.
P1
S D
amama‘ . @
(3
P2 PL P2, H, S A

Figure 2.11: A robust safety process of a candy machine.

Refinement

Refinement is a relation between two processes that allows for one process p to fully
replace a second process g. This relation is expressed in terms of the accessible and

acceptable sets of executions of processes [14]:

A process p is said to refine a process g, written p=2 q, if

(at(p) U at(q)) O (as(p) U as(q)),

or, equivalently, if

r(p) Or(g) Oep) O &a).

In the case when refinement exists in both directions between two processes, i.e., p= q

and = p, we say that the two processes are equal since they have equal accessible and

acceptable sets.
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To illustrate how to check the refinement relation between two processes, we reuse the
same example from Section 2.1.6 (Refinement of 1/0 automata). We model CMCUST
and CCUST as safety processes. Figure 2.12 shows the process automata that represent
the safety processes CMCUST and CCUST. Notice that all actions belong to the same
alphabet, U ={P1, P2, S H, A, BS}.

v S P2
Pl H,A Pl H,A
BS
PL,P2SHABS a
PLP2SHABS
a b

Figure 2.12: Process automata for a) Safety process CCUST and b) Safety process CMCUST.
(Missing transitionsin both process automata lead the per manent escape states denoted E.)

We check whether CCUST refines CMCUST.
r(CCUST) = r(CMCUST) = [, (both processes have no reject executions)
e(CCUST) =¢CMCUST) O {P1S P2H, P2A}*BS [0 ¢ CCUST) [0 ¢ CMCUST).

Therefore, we conclude that CCUST = CMCUST.

On the other hand, CMCUST does not refine CCUST because P1BS [1 ¢(CMCUST)
although P1SBS [J ¢(CCUST).

Hiding

Following [14] (chapter 8) and [16], we define the optimistic hiding operation performed

on processes, and we show that this operation preserves refinement between processes.
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We start by defining an operation that eliminates certain actions from the executions of a

process.

Definition 2.8 For alphabet U and a subset B [0 U, let <t B> [0 U* x U* be a binary
relation on finite words over U such that:

a (¢ 0<iB>

b) (uv)O<iB>0OalOB0O (ua,v) O<iB>

¢) (uv)O<iB>0Ob0OB /[J (ub,vb) O<iB>

d) each pair from < B> satisfies a), b), or c).

Let <| B>' betheinverse of therelation <| B>.

In words, <i B> eliminates from an execution all actions from outside B, while <| B>’
inserts in an execution actions from outside B in arbitrary numbers and at arbitrary
places. For example, we have the following: abcba <! {a,c}> aca, aca <! {a,c}>" abcba,

and aca <! {a,c}>" bbacbbbab.

For asubset X of U*, let <I B>X = {<{B>u|ul X}

For aprocess p, let opt-hides(p) (read optimistic hide of p over B) be defined such that:
at(opt-hideg(p)) = <t B>' < B> at(p), and

e(opt-hides(p)) = <1 B>' <1 B> €(p).

For example, let P be the composed process from Figure 2.10. The process <!{ac}> is

illustrated in Figure 2.13 below.

a a
C
g
C
b ab,c

Figure 2.13: The process automaton from Figure 2.10 subject to the projection relation.
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Proposition 2.1 For a process p defined over U* and an alphabet B [JU,

p = opt-hides(p).

Proof:

First, we show that 0 X 0 U* , <1 B> <iB>X [ X

Let ud X and {v}=<iB>{u}

We have v<| B> u, and also u<{ B>' v, so u<i B><| B>u.

Therefore,  e(opt-hides(p)) = <1 B><1B>e(p) U e(p) U as(opt-hides(p)) LI as(p)
and  at( (opt-hideg(p)) = <t B><! B> at(p) U at(p)

O p £ opt-hides(p). a

Reflection

Thereflection [14] of aprocess p isaprocess q = —p represented by

as(q) = at(p) and

at(q) = as(p).

Again, we can define reflection in termsrofy, ande:
r(a) = e(p)

&) =r(p), and

9(@) = 9(p)-

2.3 FIREMAPS
FIREMAPS was developed by R. Negulescu at the University of Waterloo. The name

stands for_finitary and galar maipulation of pocesses andystems. This tool
automates the operations and manipulation of processes. In this section, we present a
brief description of the tool and its uses for our purposes. For a more extensive reference
about the FIREMAPS tool, we refer the reader to [14].
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FIREMAPS uses the Polish notation for expressions, where an expression consists of the
operator, followed by the operands. Operands in this notation may be constants,
variables, or even expressions. The Polish notation offers several advantages. First of all,
it does not need parentheses, and expressions are represented with less complexity.
Second, parsing expressions is made easy with Polish notation. Third, there is no need for
operator precedence, which means that users have less to memorize.

FIREMAPS has severa data types: process (p), action list (a), integer list (1), string (t),
integer (n), bit (b), etc. Each data type is designated by a single letter, which is used to
form some of the operator names as follows. For each data type, there are operators for
reading, writing, and variable assignment, plus some file operations. If x is the letter of a
data type, the operators for read, write, and variable assignment are (xr), (wx), and (=X),
respectively. The reading operator (xr) must be followed by an ASCII representation of
the object being read, and it returns that object. The writing operator takes as operand an
object and returns nothing. The variable assignment operator takes as operands the
variable name and the object being assigned, and it returns nothing. In general, the
operators that return nothing constitute commands and can be invoked from the
FIREMAPS prompt. For example, the following two commands read a string, assign it to

avariable my_string, and print the value of my_string.

(=t) ny_string (tr) "sanple string"
(W) ny_string
# the reply was: "sanple string"

The # sign starts a comment which ends at the end of the line in which # appears. In
response to the first command, the tool does not produce any output. In response to the
second command, the tool prints "sample string" as claimed in the comment. Action and
integer lists have a simple format, containing the number of elements in the list, a colon,
and then thelist itself. For instance,

5: abaca

isavalid action list, and

2: 15 22

isavalid integer list.
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Processes are represented in FIREMAPS by process automata. For example, the process
automaton in Figure 2.14(a) is represented by the text in Figure 2.14(b). For reference,

we have annotated the states in Figure 2.14(a) by state codes. The FIREMAPS format for
processes is self-explaining except for the short strings next to the state codes in Figure

2.14(b). These short strings describe the type of a state: if 'S’ is present, the state is
accessible; if 't' is present, the state is acceptable; if i’ is present, the state is an initial

state. There can be more than one initial state. On the other hand, a goal state is both
accessible and acceptable, i.e., ‘s’ and ‘t’ should be both present. To comply with process
space theory, any state that is reachable from an initial state must be either accessible,
acceptable, or both. In addition, each state is assigned an integer qualifier that reflects its
type (accessible, acceptable, or both). Therefore, the state qualifier indicates whether the
state is goal (g), reject (r), or escape (e). An initial state is indicated by an incoming arrow
that points to it. Notice that states 2 and 3 are called R and E respectively. The capital
letters are used to denote permanent reject and escape states. Permanent reject and escape

states are states from which the process cannot exit.

2 actions; 4 states; 8 edges;
actions: a, b;
states: 0 sti, 1t, 2s, 3t;
edges:
from0: al, b 3
froml: a2, b0
from2: a2, b 2
from3: a3, b 3.

@ (0)

Figure 2.14: Example (a) process automaton and (b) FIREM APSrepresentation.

Table 1 lists the FIREMAPS commands that are used in the examples in thismepert
following, we describe some of the most used commands, and we illustrate the

descriptions by examples.
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Table 1: Some FIREM APS notations.

Operators and notations Function and meaning
= Process Assignment
(pr) Read Process
(nr) Read integer list
(ar) Read action list
(tr) Read string
P System of processes
(add) Adds processes to a system
(fill) Completes aprocess w.r.t. an action list by edgesto a state
(empty) Empty system operator
(wa) Prints an action list
(wb) Prints a bit value
(R) Verifies robustness of a process
* Product operator
A Exclusive sum operator
- Reflection operator
\ Difference and hiding operator
(mdm) Minimization and determinization operator
(apply) Simulation operator that returns states visited
(sti_apply) Simulation operator to returns qualifiers of the states visited
[= Refinement operator
(in) Readsin afile
(quit) Exits from the tool

There are several ssmulation commands in FIREMAPS, taking a process and an action
list as arguments, and yielding an integer list as the result. (apply) and (sti_apply) are
examples of these commands, and they both produce an integer list as an output. The
integers in the obtained integer lists represent the states that have been reached following
the given action list. The integers can represent the actual state codes if the command
used is (apply) or the state qualifier (accessible, acceptable, and initial) if the command
used is (sti_apply). For example, in the case of (sti_apply), the qualifier obtained is 7 (in
binary: 111) if the state reached is an initial goal state and 6 (in binary: 110) when the
state is simply a goa state. To illustrate, we use (sti-apply) to simulate the trace abb on

the processin Figure 2.12. We write
(sti_apply) p (ar) 3: abb
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to signify that we are ssimulating an action list of three actions on the process p. The
output is an integer list that represents the qualifiers of the states visited. In this case, we

obtain:
766 2

This means that starting from the initial state, we reach a permanent escape as result of
applying the trace abb.

To check refinement, robustness, or to find a counter-example to robustness, FIREMAPS
uses a BDD-based breadth-first search of the state-spaces. The search consists of several

passes, where at each pass a new layer of statesis visited.

The refinement operator takes as arguments two processes and returns a bit whose value
reflects the validity of the refinement between the two processes. The value of the bit can
be printed using the (wb) command. For example, the following command line checks

process pl refines p2 and prints the resulting bit value.
(wo) [= p2 pl

On the other hand, the robustness operator takes as argument a process and returns a bit.
The value of the bit reflects whether the process is robust and can be printed. As an
example the following command line checks if process p is robust and prints the
corresponding bit value.

(wb) (R) p

When robustness fails, a counter example can be obtained to indicate the reason of the
failure, i.e. the reject execution that prevents the process from being robust. In this case,
we use (aR) instead of (R).

In addition, all operations on processes are possible in the tool. Composition, reflection,
and hiding are examples of these operations. Symboépresents the product operator,

the *-* represents reflection, and ‘\' is used to denote hiding.

Finally, we briefly discuss minimization and determinization of process automata. In
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minimization, equivalent states are merged based on their equivaent behavior.
Determinization, needed after hiding actions in a process automaton, is based on the

usual state subset construction. At a given time, the non-deterministic automaton

(obtained after hiding) may bein a set of states. This set is replaced by one state, and that

state is assigned a qualifier (reject, goal, or escape) that is the ‘weakest’ qualifier of all
qualifiers of the states in the set. Referring to a refinement order, the reject qualifier is
considered to be weaker than the goal qualifier, which is considered to be weaker than the
escape qualifier. For example, if a set includes a reject and an escape state, the set is
replaced by a reject state. On the other hand, if a goal state and an escape state are present

in the set, the replacing state becomes goal.

As an illustration, we use the example of the two buffers and their composition from
Section 2.2.5. The product proceBsneeds not to observe the intermediate sidgmal
Therefore, we apply hiding to elimindbdrom the alphabet d?. The resulting process is
shown in Figure 2.15 where the occurrencels afe replaced by the empty word. Notice

the nondeterminism that is introduced into the behavior of the product buffer as result of
eliminatingb. Notice that the resulting automaton has two initial states indicated by the
incoming arrows that point to them. However, one initial state is a permanent escape
state, which means that the automaton might start a normal execution and be trapped in

the permanent escape state.

Since a process automaton needs to be deterministic, we apply determinization as
described above. Figure 2.16 shows the determinization of the process autBmlaton
Figure 2.16 a, we show the automa®before determinization, and we label each state

with a number (0, 1, 2, ...). This helps us distinguish between the states with the same
qualifier when we form the sets of equivalence states. For example, the process
automaton can be in states 0 (goal) and 4 (escape) at the same time since they are both
initial states. Therefore, we group them into one set. Similarly, we group states 1, 2, and 4
into one set. Finally, when no new sets can be created, we merge the states in each set
into one state, and we give the resulting state the least of the qualifiers of the component

states. For example, the set of states {0, 4} is replaced by one state, which is qualified as
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goal. The resulting deterministic process automaton is shown in Figure 2.16 b.

The escape states are
merged into one permanent
escape state since they are
equivalent in terms of the
future traces they enable: all
lead to escape states.

From each dstate, a
transition leading to
the permanent escape
state is enabled with
missing ¢ actions.

a,C

Figure 2.15: The process automaton P after hiding the action b.
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a
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a C C a
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3( 9 g )2
a
4
a, C
a) b)

Figure 2.16: The process automaton P before and after deter minization.

2.4 Mapping I/0O Automata to Process Spaces
In this section, we build arelation between /0O automata and process spaces. In

particular, we form semantics mappings to transform 1/0O automata into safety and
finalization processes. Then, we study the two mappings to verify some homomorphism

properties.

2.4.1 Motivation and Limitations

In this chapter, we described the 1/0O automata and process spaces models and
summarized the notions and means each model uses to represent the behavior of a
system. Finally, we concluded the existence of a common background between the two
models, especialy in terms of the operations and relations applicable to each model. In
addition, we described the FIREMAPS, which automates the application of operations
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and relations in process spaces. These reasons motivate the quest for semantics mappings
that link the two models and allow the interchangeability of methods and results between
them. Therefore, in this section, we form semantics mappings between I/O automata and
process spaces. These mappings are finitary and relate 1/0 automata to safety and

finalization processes.

On the other hand, for the mappings between I/O automata and process spaces to be
transparent with respect to the relations and operations in both models, we need to state
some limitations on the domain over which the mappings are defined. First of al, we
limit our interest to the deterministic class of 1/0 automata since the process automata
used to model safety and finalization processes are deterministic. In addition, all 1/O
automata that can be mapped into processes have an empty set of internal actions. This

requirement ensures the preservation of the refinement relation through the mappings.

2.4.2 The Mappings

First of al, we form the mappings of an 1/0O automaton a to the corresponding safety and
finalization processes. These are finitary semantics mappings, which yield processes
defined over a finitary execution set U*, where U is an alphabet that includes In(a ) O
Out(a) O Int(a). Therefore, in the sequel, we consider the following:

traces(a) and etraces(a) represent the sets of finite traces and external traces of an
automaton, respectively.

ftraces(a) and fetraces(a) represent the sets of finite fair traces and externa traces of an

automaton, respectively.

In the following, we describe the two mappings from 1/O automata to process spaces. The
safety mapping, which transforms an 1/0O automaton into a safety process, and the
finalization mapping, which yields the corresponding finalization process of the /O
automaton. Then, we analyze some homomorphic properties of the two mappings and
verify that the mappings do not affect the relations and operations applicable to 1/0

automata when transformed into safety or finalization processes.
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Safety mapping: The safety process of an automaton a is a process denoted o(a), which
has
* Theset of reject executions:
r(o(a))={all finite traces, which include “illegal” inputs}2. The reason for the
emptiness of (o(a)) is that an I/O automaton is input enabled, i.e. accepts all inputs.
* The set of goal executions:
g(o(a))={all finite traces ofa}= traces(a).
* The set of escape executions:
e(o(a))={all words from acts(a) that include illegal locally controlled actions; i.e.,

disabled outputs or disabled internal actions}= traces(a) .

Finalization mapping: Thdinalization process of an automatoro is a processg(a),
which has

* The set of reject executions:

r(¢(a))={all finite traces ofa that lead to an error; i.e., traces which include illegal
inputs}= 0. The reason for the emptinessré®(a)) is that an 1/O automaton is input
enabled, i.e. accepts all inputs.

* The set of goal executions:

o(¢(a))={all fair finite traces ofa }= ftraces(a).

* The set of escape executions:

e(¢(a))={all words from acts(a)* that contain illegal local actiond}l {all traces that

enable output or internal actions at their erld}= ftraces(a).

Next, we study the properties of the mappings from I/O automata to safety and

finalization processes based on the definitions used above.

2.4.3 Properties of the Mappings

In this section, we check the following characteristics based on the definitions of the

safety and finalization mappings:
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* Injectivity.
* Surjectivity.
» The preservation of composition.

» The preservation of satisfaction.

2.4.3.1 Injectivity

In this section, we show that the safety and finalization mappings described previously
are not injective using a counter example. Let us consider the two 1/0 automata in Figure
2.17. Both have the same action signature.

In =10.

Out ={b}.

Int =[J.

Therefore, U={b}, and U* = b*. a

v

a

Figure 2.17: Two equivalent I/O automata.

The two automata a; and a, are not equal since they have different sets of states.

However, they have the same images through the safety and finalization mappings.

Safety mapping: The mapping of the 1/0 automaton a; to a safety process is o(a;) such
that

r(o(a,)) = {all traces of a;that contain “illegal” inputs}=1,

g(o(ay)) = {adl traces of O, } = traces(a) = b*, and

e(o(m)) = {all words of a; that contain “illegal” (disabled) outputs and internal actions}=
U* - traces(a) =b* - b* = [J.
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Asfor the second automaton a,, o (a,) isthe corresponding safety process with

r(o(az)) = {all traces of a,that contain “illegal” input}£],

g(o(ay)) = {all traces ofa, }= traces(a) = b*, and

e(o(az)) ={all words of a, that contain “illegal” (disabled) outputs and internal actions}=
U* - traces(a) =b* - b* = [J.

Here, we notice that

r(o(ay) =r(o(az)) =0,

g(o(a1)) =g(o(az)) =b* , and

e(o(a1) =e(o(az)) =0 .

This leads taw(a1) = o(ay).

Finalization mapping: The mapping of automatnrio a finalization process is given by
@(a1) such that

r(¢(a1)) = {all traces ofa; that have illegal inputs}=,

d(¢(a1)) = {all traces ofa, that are fair}=ftraces(a) =, and

e(¢(a)) = {all traces ofa; that enable outputs at the end, all wordsxpthat contain
“illegal” outputs}= U* - ftraces(a) = b* - 0 =b*.

For a,, we define the finalization procegéa,) such that

r(¢(az)) ={all traces ofa, that have illegal inputs}g,

0(¢(a2)) ={all traces ofa, that are fair }=ftraces(a) =, and

e(¢(az)) ={all traces ofa, that enable outputs at the end, all wordsagthat contain
“illegal” outputs }=U* - ftraces(a) =b* - 0 =b*.

Again, we notice that

r(é(aw)) =r(g(az) =0,

9(¢(ar)) = 9(¢(az)) =b* , and

e(@(a)) =e(¢(az)) =0 .

Therefore g(a1) = ¢(a2).
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As a conclusion, the safety and finalization mappings are not injective since the two
different automata of Figure 3.1 lead to the same safety and finalization processes
through the two mappings, respectively.

2.4.3.2 Surjectivity

Here, we show that the safety and finalization mappings are not surjective. This means

that not every safety or finalization process is an image of an 1/0O automaton through the

mappings, respectively.

Safety mapping: For any safety process o represented by

r (o) ={all finite traces, which include “illegal” inputs}=

g(o)={all finite traces ofa}= traces(a), and

e(0)={all words fromacts(a)that include illegal locally controlled actions; i.e., disabled
outputs or disabled internal actiondy* - traces(a).

In the case of nonemptyset, we cannot find any I1/0O automaton to be the inverse image
of o because of the input enabling property. An automaton accepts all inputs. This
indicates that the mapping of 1/0O automata to safety processes is not a surjective one in

general.

Finalization mapping: We follow the same way to verify that the finalization mapping is

not surjective in general, and we use the following counter example.

Consider the finalization proceBsrepresented by the process automaton in Figure 2.18.
This process is defined over the set of executigns a*. The two statesjl andgz2, of

the process automaton are labeled e and g for escape and goal, respectively. The initial
state is indicated by the incoming arrow that points to it.dtBJ to be the set of fair

traces of an I/O automatoa,must be an input to the automaton. The reason igjthat
should be quiescent. In this casg, should also be quiescent because it enables only
iInput actions, namelg. Thereforeg(P) has no inverse image in the sets of fair traces of

I/O automata, and the mapping is not surjective.
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o

al @

Figure 2.18: Process automaton of a finalization process.

2.4.3.3 Preservation of composition

In this section, we show that the composition operation on I/O automata mapped into a
composition operation on process spaces. This means that the composition of two I/O
automata maps into a composition of the corresponding safety processes or finalization

processes.

Safety mapping: Here we show that the composition of two I/O automata maps into a
composition of the corresponding safety processes, or formally speaking:

o(a[) = o(a1) x o(a).

Let a be the composition of two I/O automata a; and a,. The safety process o(a: Lay)

could be represented by o(a) with

r(o(a)) =[0.

e(o(a)) = {words over the set of actions of a that have illegal localy controlled
actions (outputs or internal actions)} =
= {words over the set of actions of a with “illegal” actions from the sets
Out(a;) O Out(az) andint(ai) O Int(az)}=
= {words over the set of actions @h with “illegal” locally controlled
actions }l{words over the set of actions af, with “illegal” locally
controlled actions}U* - traces(a;) JU* - traces(a,)=
=e(o(a) U e(o(a)) -

Then,g(o(a)) = &(o(ai)) U &(o(ay)) -

9(a(a)) =r(o(a)) U &(o(a)) = e(o(a)) = &(o(ay)) U &(o(az)).
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On the other hand, let p = o(a) % o(a). We have:

r(P) =0.

eP) =as(P) = (aso(ai) n as o(az)) = as o(ay) 0 as o(az) = e(o(ar)) O &(0(az) -
g(P) =eP) U r(P)=eP)=e(o(a)) U elo(a)).

Notice that

r(o(a)) =r(p),
9(a(a)) = 9(p), and
e(o(a)) = &p).

Since o(a) = o(a1[,), we have o(ai[p) = p = o(a) x o(ay).

As we can see, the mapping of 1/0 automata to safety processes preserves composition.

Finalization mapping: Here we show that the composition of two I/O automata maps into

a composition of the corresponding finalization processes, or formally speaking:

@(a. ) = g(ay) X P(a).

To show the correspondence of the composition of 1/O automata to a composition of
finalization processes through the mapping, we follow the same line of proof used for

safety mapping.

Let a be the composition of the two automata a; and a,. Then, ¢(a; Ua,) could be
represented by the finalization process ¢(a) with
r(¢(a)) =0.
a(¢(a)) = {all tracesthat arefair for a; and a,} =

= {all tracesthat arefair for a;} n {al tracesthat are fair for ay} =

= 9(d(a1) n 9(d(a2)) = &(¢ (an)) n (¢ (a2)) = (¢ (a1)) U (¢ (a2)).
9(¢(a)) = e(¢ (a1) U &(¢ (a2)).
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e(¢(a)) ={al words over the set of actions of a with “illegal” locally controlled actions,
and all traces oft that enable outputs at the end}=
= ({all words over the set of actions a@f; with “illegal” locally controlled
actions} [0 {all words over the set of actions af, with “illegal” locally
controlled actions})1 ({all traces ofa; that enable outputs at the endi}{all
traces ofa, that enable outputs at the end}) =
= ({all words over the set of actions a@f; with “illegal” locally controlled
actions, all traces af; that enable outputs at the erid{all words over the set
of actions ofa, with “illegal” locally controlled actions, all traces af, that
enable outputs at the end}) =
= e(¢(a1) U e(4(a2)).

e(#(0)) = e(¢(ar)) U e(¢d(a2)).

On the other hand, lei(a,) % ¢(a) be represented by the finalization progessich that
r(p) =0.

ep) =as(P)=(as@(a) n as @(az)) =as g(al) U as@(az) =e(d(a)) U e(d(ar)) -
o) = e(¢(an)0r(¢(a2) = e(¢) = e(¢(a) O e(§(az).

It follows that
r(¢(a)) =r(p),
9(¢(a)) =9(p), and

e(¢(a)) = ep)
Sinceo(a) = o(a1[0,), we haveg(a [y) =p = ¢(a1) x ¢(a).

In conclusion, the composition of I/O automata is preserved through the mapping to

finalization processes.

2.4.3.4 Preservation of refinement

In this section, we prove that the refinement relation between I/O automata is preserved

through the safety and finalization mappings to processes. We will associate the
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implementation relation with refinement between safety processes, and the satisfaction
relation with refinement between finalization processes. The motivation for this
association is the following. The satisfaction relation between 1/O automata reveals
whether a system satisfies the requirement that something desired eventually happens.
This requirement applies to finalization processes as well. At the same time, the
Implementation relation requires that an automaton correctly replaces another automaton
in terms of the functionality, i.e., doing what it does and avoiding what it avoids. This

appliesto the definition of safety in process spaces.

Safety mapping: Here we show that the implementation relation between 1/0 automata
maps into a refinement relation between the corresponding safety processes. Formally,
this trand ates to the following:
oiimplementsa, = o(ay) 2 o(aw).
Let o(n) and o(a,) be the safety process images of two I/O automata a1 and ay,
respectively.
o1 implements o etraces(a;) [J etraces(ao)

o traces(as) U traces(a) (Int(aq) = Int(ap) = 0)

= g(a(a)) Ug(a(a))

= go(m)) Ur(o(az)) Uelo(ar)) U r(o(az)

= &o(a) De(o(ar)) (sincer(a(a)) =r(o(az) = 1)

= eo(a) De(a(ar))) U(r(a(a)) Or(o(az)))

= (as(a(a)) Oas(o(az))) U(at(o(a)) O at(o(az)))

@ o(a) 2 o(a).

Therefore, the implementation relation between automata is transformed, through the

mapping, to arefinement relation between safety processes.

Finalization mapping: Here we show that the satisfaction relation between /O automata

maps into a refinement relation between the corresponding finalization processes.
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Formally, we can state this requirement as follows:

o;satisfiesay = @(n) 2 ¢(a).

We let ¢(a1) and ¢(a-) be the respective finalization process images of the I/0 automata

ai1and a..
a; satisfies a, = a; and a, have the same sets of inputs and outputs, and
fetraces(a,) O fetraces(a)
o ftraces(ay) [ ftraces(ay) (Int(aq) = Int(az) = 0O)

= fetraces(a,) U fetraces(an)
since r(¢(aw)) =r(d(az)) =0,
e(¢(av)) = fetraces(a), and
e(g(r)) = fetraces(a,), we have:
m sdtisfiesay < (r(@(an)) O r(f(az)) O(e(g(an)) U e(d(az)) )
= (at(¢(an)) Oat(g(az))) O(as(d(ar)) U as(¢(a2)))

ind P(a1) 2 P(a2).

Therefore, the satisfaction relation between automata is transformed, through the

mapping, to arefinement relation between finalization processes.

2.5 Conclusions
In this chapter, we summarized the main notions and definitions of two formalisms used

in modeling concurrent systems, 1/0 automata and process spaces, and presented a
relation between 1/0O automata and process spaces. In the following, we compare the two
modes based on the definitions and descriptions of both models from Section 2.1 and
Section 2.2.
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We base our comparison between 1/0O automata and process spaces on the notions and
means each model uses to represent the behavior of a system. We list the following

observations:

. I/O automata differentiate between actions and classify them as inputs, outputs, or
internal. Process spaces do not formally differentiate between inputs, outputs, and
internal actions. All actions are handled as elements of one alphabet; inputs, outputs,

and internals are differentiated solely by the effects of their occurrences.

. I/O automata enable al inputs at every state. Process automata enable all actions at
every state; illegal outputs lead to a"permanent escape” state.

. I/O automata do not record any violations due to “illegal” inputs or outputs.
Instead, “illegal” inputs, when they occur, lead to regular states. “lllegal” outputs,
however, are simply disabled. On the other hand, process spaces, in general, record
every illegal incident and treat it as a violation. These violations are considered
escapes or rejects based on whether the violation is committed by the device or the

environment, respectively.

. In I/O automata, composition is possible under the condition of compatibility of
action signatures. In process space, there are no compatibility conditions; any two
processes from a process space can be composed by product or exclusive sum, and can

be compared by refinement.

» The refinement relations in both models are based on trace inclusion. However, 1/0
automata differentiate between two aspects of refinement: implementation, which
compares /0O automata based on their external traces; and satisfaction, which
compares the fair external traces of two I/O automata. On the other hand, process
spaces consider only one aspect of refinement, which compares two processes, based

on their permissible and prohibited behaviors.
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These observations confirm the existence of a common background for 1/0 automata and
process spaces, which allows the interchangeability of properties and means between the
two models. In section 2.4, we formulated this relation in the form of semantics mappings

from I/O automata to process spaces.

The mappings we developed above are believed to have applications in forma modeling
and verification of distributed systems. These applications are based on the properties
that we verified. We are interested mainly in the correspondence of composition of 1/0O
automata to composition of processes and the refinement between 1/0 automata to
refinement between processes. The mappings offer an alternative to handling the
verification problems in the 1/0 automata model. Using these mappings, a verification
problem in I/O automata, for example, could be mapped to an equivalent verification
problem in process spaces. Then, the problem is solved automatically using the
FIREMAPS tool. On the other hand, we believe the mappings give an alternative to
solving asynchronous equations, deriving a specification for a missing part of a system
from the overall specification of that system and the known part of its implementation, in
I/O automata and FSM’s. An asynchronous equation in 1/0O automata could be mapped to
an asynchronous equation in process spaces through the mappings. The problem is then
solved using FIREMAPS, and the results could be mapped back to the initia /O

automata model.

In the next chapter (Chapter 3), we describe how to solve the asynchronous equation
problem in process spaces and generalize the method to I/O automata and other labeled
transition systems using the mappings we formed in this chapter. Then, we describe how
to transfer the results back to I/O automata once an asynchronous equation has been

solved in process spaces.
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Chapter 3

Asynchronous Equations

3.1 Introduction
The problem of asynchronous equations, supervisory control, or model-matching,

consists of finding a controller for a given open loop system so that the resulting closed
loop system matches a desired input/output behavior. In other words, it could be
described as follows:

Given a reference model M, which represents a specification, and a plant M1 that
presents part of the implementation, we seek a controller M2 such that the composition of
M1 and M2 matches M.

The model-matching problem has many applications, which could be summarized in the

following:

» Classical control problems: In such problems, a system is to be controlled to exhibit a
certain desired behavior [4].

» Engineering changes. In the design of large digital systems, if errors are detected, the
cost of redoing the entire system design is tremendous. Therefore, a solution is to
change the behavior of the present system to meet the correct desired one. This could
be achieved by model matching [4].

» System factorization and decomposition: Verifying large systems could be achieved
by hierarchical proof and decomposition to avoid large resource usage. Model
matching helps finding complementary portions of the already known ones. In

genera, this reduces the verification efforts [4].
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In this chapter, we devise a method to solve asynchronous equations. This method is
described in terms of process spaces. However, we use the mappings we developed in
Section 2.4 to show that the method presents an alternative to solving asynchronous
equations in other models as well, namely I/O automata [5] and I/O FSM’s [19]. Our
main concern, in transferring the problem from one model to the other, is to profit from

the automated tool FIREMAPS in solving the equations.

In the following sections, we present our method to solve asynchronous equations
illustrated by means of an example. In addition, the example illustrates the properties of
the mappings we formed in Chapter 2 and the use of process spaces to model systems.
This serves to show how the mappings of Chapter 2 transfer the method of solving the
asynchronous equations from process spaces to other models. For this purpose, we use
the example of an asynchronous equation from [19]. Furthermore, we use the example to
illustrate how to use FIREMAPS tool to manipulate processes, especially to automate the

process of solving an asynchronous equation.

3.2 Problem Satement
We mainly consider asynchronous equations in I/O automata. However, we can address

the problem in any input/output labeled transition system /O LTS [2]. A labeled
transition system (LTS) consists of states and transitions between states that are labeled
with actions. The only difference between I/O LTS and I/O automata is that in I/O LTS,
not all inputs are necessarily enabled in all states like in I/O automata. Although an
incomplete specification of inputs in a model shows an extra degree of freedom in
modeling, it loosens the constraints on the relation between a system and its environment.
This might lead to misconception of the responsibilities of each within a model. To

account for this, we consider three possible options:

1- Make all missing inputs lead to a trap state, out of which there is no way to resume
normal execution of actions, and in which the automaton refrains from executing locally

controlled actions.
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2- Make all missing inputs produce self-loops in the automaton. This amounts to
ignoring the occurrence of these missing events.

3- Make all missing inputs lead to a trap state out of which there is no way to resume
normal execution of actions, but the automaton can issue locally controlled events

arbitrarily.

We choose option 3 so that we can capture as much as possible the realistic behavior of
the system in consideration. Informally speaking, this choice agrees with the viewpoint
expressed in [6] that invalid events result in divergence. For example, consider the I/O
LTS that has one input (a) and one output (b), Figure 3.1. The initial state is indicated by
the incoming arrow that pointsto it. This system is not input complete (ais not enabled in
both states). In order to transform it into an 1/O automaton, we need to specify the
behavior of the system in response to a in state 1. Following option 3, we add a trap state
to the system, Figure 3.1 b, which is entered after receiving a in state 1. After that, the
system cannot return to normal execution and the output b might be issued arbitrarily.

a
ab

a
Ol O; 1o>olo
b b

@ (0)

Figure3.1: An 1/O LTSand its corresponding | /O automaton.

In specific, we consider the case when the original problem is described in terms of
input/output finite state machines (1/0 FSM’s), which use atomic 1/O transitions that
alternate inputs and outputs. This means that atransition on input i generates output o and
islabeled i/0 [19]. We start by converting the 1/O FSM’s into 1/0 automata. An 1/0 FSM
Is converted into an 1/O automaton by

a) Splitting each atomic I/O transition into two consecutive transitions. In the newly

introduced intermediate states, inputs are not enabled.
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b) Making all missing inputs lead to a trap state from which there is no way to resume

normal execution of actions, but the automaton can issue output events arbitrarily.

d 3
a/b
a abecd
c
(1) (o)
c/d
2
b

@) (b)

Figure 3.2:a) I/0 FSM and b) the corresponding I/O automaton.

As an example, we transform a simple I/O FSM (Figure 3.2 @) into an |/O automaton
(Figure 3.2 b). The events a and c represent the inputs of the system, and b and d
represent the outputs. Notice that each atomic transition, e.g. a/b, is split into two
consecutive transitions and intermediate states (2 and 3) are added. Also a trap state is

added to the system. This state is reached by the missing inputs.

Then, we use our mapping to transform the problem to a problem in process spaces. The
next step is to solve the asynchronous equation in terms of processes. We use
FIREMAPS to compute the solution.

To illustrate, we use an example from [19], in which we address the following problem:

given the behaviors of the coffee shop (reference) and the waiter (plant), we need to
determine which behaviors of the coffee machine (controller) would fulfil the
environment’s requirements and additional constraints imposed by us. Following [19], we
are interested both in a general solution and in a solution constrained to have only a

limited number of internal communication events (freedom from divergence or livelock).
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Coffee Shop
C,BH Ep, M
4—
Coffee <
Machine Waiter Client
———P
L I,E Es ST
>

Figure 3.3: Block diagram for the coffee shop and environment.

Figure 3.3 shows that the coffee machine and the waiter are grouped together while the
environment forms another part. The implication of this grouping is to view the system as
an environment-device combination. In this combination, the client represents the
environment, and the waiter-machine group represents the device, called the coffee shop.

The figure also shows the input and output actions of each part of the system.

The problem was originally described in [19], in terms of 1/O FSM’s. Therefore, the first
step is to convert the I/O FSM’s in the original example into 1/0O automata using the
method described above. First, the coffee shop is modeled by an 1/0 automaton, Coffee-
shop. This I/O automaton specifies the desired interactions between our coffee shop and

the client, and it has the following action signature:

In(Coffee-shop) = {Ep, M} (these labels stand for Espresso please and Money).
Out(Coffee-shop) = { Es, S T} (these labels stand for Espresso served, Sorry, Thanks).
Int(Coffee-shop) = 0I.

The 1/0 automaton Coffee-shop is shown in Figure 3.4. The initial state is indicated by

the incoming arrow that points to it. In this automaton, state 5 represents a trap state,
where the automaton is stuck after the environment supplies “illegal” inputs. For
instance, when the environment executes consechpvactions, the coffee shop is not

bounded to any specific behavior.
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Figure 3.4: The l/O automaton Coffee-shop.

The behavior of the waiter is also described by an I/0O automaton. The automaton Waiter
has the following action signature:

In(Waiter) = {Ep, M, L, E, I} (these labels stand for Espresso please, Money, Lamp,
Espresso, Idle).

Out(Waiter) ={Es, S T, C, B, H} (these labels stand for Espresso served, Sorry, Thanks,
Coin Button Hit).

Int(Waiter) =0.

Here, Ep, M, Es, S and T represent the same actions from the automaton Coffee-shop,
and Lamp, Espresso, Idle, Coin, Button, and Hit are actions of the interaction between the
waiter and the coffee machine. Figure 3.5 shows the 1/0O automaton Waiter. Again, in this
figure, theillega inputs to the waiter, either from the environment or the coffee machine,
lead to atrap state, state 12. However, for legibility, we do not show the edges leading to
state 12. We consider that every missing input action from the diagram leads to state 12.
State 12 has self-loops on every action.
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Ep,M,Es T,SB,
CILLH E

Ep

Figure 3.5: Thel/O automaton Waiter. (Missing input transitionslead to state 12)

3.3 Finding the General Solution
Finding a general solution for the problem consists of finding the automaton Coffee-

machine, whose composition with the automaton Waiter, after hiding communications
between the two automata, implements the automaton Coffee-shop. This solution is
denoted general to indicate that it isimplemented by any other solution.

In order to solve this problem, we map the two automata Waiter and Coffee-shop to
processes, using the mappings from Section 2.4. Then, we use the tool FIREMAPS to
obtain the solution. Later, we describe how to obtain the divergence-free solution for the
problem, and we show how to map the results, from process spaces, back into 1/0

automata.
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We solve the problem in terms of safety and finalization processes. In the following, we
show the procedure of obtaining the general solution for safety processes. As for the case
of finalization processes, we only present the results and compare them to the safety

results.

Ep, M

Ep, M,Es, T, S

Figure 3.6: The safety processfor the automaton Coffee-shop. (Missing transitionslead to state 6.)

The safety processes corresponding to the automata Coffee-shop and Waiter are
represented using process automata. Figure 3.6 and Figure 3.7 show the process automata
Coffee-shop and Waiter, respectively. States are marked as g, e, or r to indicate that
executions leading to those states are goals, escapes, or regjects, respectively. The initia
state is indicated by an incoming arrow that points to it. To increase clarity, we use
capital letters, G and E, to indicate the permanent goa state and the permanent escape
state, respectively. Such states are trap states reachable by traces including illegal inputs
and outputs, respectively.
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ELILBCH,
Ep,M, T, SEs

13

ELILBCH,
Ep M T, S Es

Figure 3.7: The safety processfor the 1/O automaton Waiter. (Missing input transitions lead to state
12. Missing output transitionslead to state 13.)

The same actions for the 1/0 automata Coffee-shop and Waiter are used in their process
automata; however, process automata make no formal distinction between inputs and
outputs. All actions must be enabled in all states of the process; however, illega inputs
and outputs are only distinguished by their effects. What was meant to be a disabled
output in the I/O automata model is considered as permanent escape here. The permanent
escapes lead to the escape state labeled E. However, for legibility, we do not show the
actual transitions to this. Thus for both process automata, Coffee-shop and Waiter, any
disabled output leads to the permanent escape state in the corresponding safety process.
On the other hand, we have modeled the trap states of the automata as goal states in the
safety processes. The next step is to describe the safety processes corresponding for
Waiter and Coffee-shop in a script file to be read and executed by FIREMAPS. The
listing is shown in Figure 3.8.
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= cof fee-shop (pr)

5 actions; 7 states; 35 edges;

actions: ep, m es, s, t;

states: O sti, 1 st, 2 st, 3 st, 4 st, 5t, 6 st ;
edges:

fromO: ep 1, m3, es 5 s 5 t 5
froml: ep 6, m6, es 2, s 5, t 5
from2: ep 4, m3, es 5 s 5, t 5
from3: ep 6, m6, es 5, s 5, t O
from4: ep 6, m6, es 5 s 2, t 5;
from5: ep5 mb5, es 5 s 5 t 5
from6: ep 6, m6, es 6, s 6, t 6.

= waiter (fill) (fill) (pr)

11 actions; 14 states; 41 edges;

actions: ep, es, m t, s, ¢, b, h, I, e, i;

states: 0 sti, 1 st, 2 st, 3 st, 4 st, 5st, 6 st, 7 st, 8 st, 9 st, 10 st,
11 t, 12 st, 13 st;

edges:
from O:
from1:
from 2:
from 3:
from 4:
fromb5:
from 6:
from?7:
from 8:
from9: ;
from10: h 4;

from11l: es 11, t 11, s 11, c¢ 11, b 11, h 11, ep 11, m 11, | 11, e 11, i 11;
from12: es 12, t 12, s 12, ¢ 12, b 12, h 12, ep 12, m12, | 12, e 12, i 12;
from13: s 0.

(ar) 6:
(ar) 5:

m?7;

°
SR

w
o
o1

VO T3000 700
DOO~N_UAON
PERNGTERBN
o -
o°
=
© w
=
o

b h (nr) 11 # missing outputs in process lead to state 11
i (nr) 12 # missing inputs in process lead to state 12

= coffee-machine - (mdm - \ - * waiter - coffee-shop (ar) 5. ep mes t s
# the fornulation of the solution

(print) (tr) "solution:"

(wp) coffee-machi ne

Figure 3.8: Thelisting of the script file.

The FIREMAPS descriptions in Figure 3.8 correspond to the process automata in Figure
3.6 and 3.7. In addition to process descriptions, we include in the script file, Figure 3.8,
the following commands, which implements the equation solving procedure and write it

to afile.

=sol - (mdm \ * waiter - coffee-shop (ar) 5. ep mes t s
(wp) cof fee-machi ne

The equation solving procedure consists of:

1. Reflecting the reference process, Coffee-shop.
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2. Obtaining the product of Waiter and the reflection of Coffee-shop. This will produce
the environment of the missing part of the system, Coffee-machine.

3. Hiding the actions (see Definition 2.7), which are irrelevant to the produced process.
The produced solution needs not to observe Ep, M, Es, T, and S. These actions are
communications between the Coffee-shop and Waiter.

4. Determinizing and minimizing the obtained process.

5. Reflecting the result to obtain the solution, Coffee-machine.

The output of these manipulations is a process in FIREMAPS format listed in a separate
file, Figure 3.9. Figure 3.10 shows the corresponding process automaton Coffee-machine.
States 0 and 6 represent trap states, and actual transitions to them are not shown to

increase clarity.

Sol ution:
6 actions; 7 states; 42 edges;
actions: i, |, e, b, ¢, h;
states: 6 t, 4 st, 5sti, 0s, 2st, 1 st, 3 st;
edges:

fromé6: i 6, | 6, e 6, b 6, ¢c 6, h 6;

from4: i 6, | 3, e5 b0, ¢ 0 hDQo;

fromb5: i 6, | 6, e 6, b0, ¢ 2, hO0;

fromO: i O, 1 0, e O, b0, ¢ O, hO;

from2: i 6, | 1, e5 b0, ¢c 0, hO;

froml: i 6, | 6, e 6, b4, ¢ 0, h 0

from3: i 6, | 6, e 6, b0, ¢c 0, h 4.

Figure 3.9: Thelisting for the solution Coffee-machine.

The same procedure is followed to solve the problem in terms of finalization processes.
We map the 1/0 automata to finalization processes and use the same manipulationsin
FIREMAPS to obtain the solution for the problem. The solution obtained is afinalization

process, and it is shown in Figure 3.11.

The two processes in Figure 3.10 and Figure 3.11 illustrate the difference between the
safety and finalization properties. The difference between the two processes can be
identified in terms of the traces they execute. For example, notice that the trace (C L B) is
a goal for the safety process (Figure 3.10) while the finaization process (Figure 3.11)
considers (C L B) an escape. A safety process marks as violations only those traces,

which include illegal inputs or outputs. (C L B) shows none of these. On the other hand, a
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finalization process marks as violations, in addition to illegal inputs and outputs, any
illegal stopping. In this case (Figure 3.11), coffee-machine is not allowed to stop after
receiving an input B (button) without responding with an output, E (Espresso) or L
(Lamp).

ELIBCH

Figure 3.10: The solution process automaton Coffee-machinein terms of safety processes. (Missing
input transitionslead to state 0. Missing output transitionslead to state 6)

Figure 3.10: The solution process automaton coffee-machine in terms of finalization processes.
(Missing input transitions lead to state 0. Missing output transitions lead to state 6)
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3.4 Divergence-free Solution
In this section, we describe how to obtain a solution for the asynchronous equation that

guarantees divergence-freedom in the behavior of the system consisting of the Client,
Waiter, and Coffee-machine. Client represents the environment of the coffee shop. In
fact, we show that we obtain a divergence-free solution in the case of safety processes
only. The results show that using finalization processes to solve asynchronous equations

does not necessarily yield a divergence-free solution.

3.4.1 Basic Definitions

In general, divergences are infinite internal executions that occur between various
components of a system. Sometimes avoiding such divergences is desired (eg., to reduce
power consumption in CMOS implementations), and the system that avoids them is
called divergence-free. First, we define divergence-freedom in terms of 1/0 automata and
process spaces. Then, we show that the method we follow to obtain the solution for the

asynchronous equation results in a divergence-free system.

/O automata are input enabled, i.e, they cannot refuse input actions. Therefore,
divergence freedom can only be stated in terms of locally controlled actions. In 1/O
automata, a composition of automata avoids an infinite sequence of loca actions, e,

when, at least, one component automaton avoids them.

Similarly, the composition of processes, in process spaces, guarantees that if a component
in the composition avoids some execution, the whole system formed by the composition
avoids that execution. Therefore, the definition of divergence-freedom in process spaces

could be expressed in terms of systems of processes directly.

Definition 3.1. An I/O automaton o defined over a set of actions acts(a) is divergence-
free with respect to an aphabet A [0 Out(a) O Int(a) when the automaton avoids all

infinite words from A“. This could be expressed as follows:
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acts(a)*A“ n traces(a) = 0. (A” denotes the set of all infinite sequences of actions from
A)

Definition 3.1 can be directly extended to a composition of /O automata. In a
composition of 1/0 automata, each locally controlled action is under the control of one
individual 1/0 automaton (compatibility of /O automata). Therefore, when one
automaton in the composition avoids a sequence, this sequence is avoided by the

composition as well.

We introduce the following notations:
For words u and v from U*, wewriteu < vif uisaprefix of v.
The set of al the prefixes of goal executions of a processis defined as:

prefg(p)={u|Ov: uv O g(p)}, where u and v are words from U*.

Definition 3.2 A set S of processes defined over U* is weakly-divergence-free (w.d.f.)
with respect to an alphabet A [0 U if for any infinite sequence I, there exists at least one
process, in S which avoids that sequence. This can be stated more formally as follows:

O infinite sequence |0 U*A? | O a finite prefix t of I, t O prefg(p), such that O finite
prefix u of | suchthatt<u, Daprocesspd S: u [ p).

Definition 3.3 A set S of processes defined over U* is strongly-divergence-free (s.d.f.)
with respect to an alphabet A O U if there exists, at least, one process in Swhich avoids
every infinite sequence from U* A”. In other words, we want that

O infinite sequence 10 U*A”, Oafinite prefix t of |, t O prefg(p), and 0 a process p00 S
such that [ finite prefix u of | such that t < u, we have u [ &(p).

Definition 3.4 A process p defined over U* is safety-healthy if:
0 sequence t JU*, [ sequence u JU* , we havet [0 e(p) =>tu [ (p).
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This means that a safety process p is safety-healthy processif it has a suffix-closed set of
escape executions. Therefore, when p avoids one execution, it avoids all the successors of
this execution.

In the following propositions, Proposition 3.1 and 3.2, we show that replacing a process
by its refinement in a set does not affect weakly-divergence-freedom and that safety-
heal thiness guarantees strongly-divergence-freedom to aw.d.f. set of processes.

Proposition 3.1 For a set Sof processes defined over U*, for an aphabet A [0 U, and for

processes ¢; and g, defined over U*, if g;[0Sand Sisw.d.f. with respect to A and 1= Op;
then, S'= (S\{ qi}) O {qz} isw.d.f. with respect to A.

Proof: Since g, = ¢, we have e(qy) O (qp).

Sis w.d.f. with respect to ALl (by the definition of weakly-divergence-freedom) [ a

process h [J Ssuch that: O infinite sequence |0 U*A“, Oafinite prefix t < |, t O prefg(p),
and [ finite prefix u of | such that t < u, we have u O e(h).

Therefore, we have two cases:
(Casel) h=q, noticethat ud e(qz) O u O e(gp) Since s = Q.

(Case 2) h# g5, 0h O S by the construction of S,
In both cases, Oh O S such that u O e(h). 0

Proposition 3.2 For aset Sof processes defined over U* and for an aphabet AL U, if S
Isw.d.f. with respect to A and each process h in Sis safety-hedthy; then Sis s.d.f. with
respect to A.

Proof: Let| 0 U*A”,
Sisw.d.f. withrespectto Al O t<l,t0ep): Dusuchthatt<u<l|, Oh,0OS u U e(hy).
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In particular, Oh; OS: t O e(hy). Since hy OS and all elements of S are safety-hedthy, we
have: Dusuchthatt<u<|,ule(h). o

It can be noticed from Proposition 3.2 that for safety processes, weakly-divergence-
freedom and strongly-divergence-freedom are equivalent. However, in the context of this
study, the check for both properties is considered for some technical reasons that will be
discussed later.

3.4.2 Divergence-free Solution in Safety Processes

In our example B, C, H, L, E, and | are actions that involve the Waiter and the Coffee-
machine, but are ignored by the Client. Any infinite sequence involving these actions, not
interleaved with actions noticed by the Client, are considered as divergences. In the
previous section, we notice that the sequence (L, H), that does not include any actions
involving Client, is accessible to both processes Waiter and Coffee-machine. Therefore,
the composition of the two processes enables this cycle as well, and the system obtained

is not divergence-free.

To obtain a divergence-free system, we redo our example with a new constraint: we limit
the number of consecutive internal interactions between Waiter and Coffee-machine that
are not interleaved with external actions. Following [19], we will seek solutions for the
cases when the number of consecutive internal interactions between Waiter and Coffee-
machineis limited to 2 and 4, respectively.

The same procedure of mapping 1/0 automata into processes and solving for the Coffee-
machine using FIREMAPS is used to obtain the divergence-free solution. However, we
augment the specification by a new process, llock,. This process counts the interna
interactions between the Waiter and Coffee-machine and signals a violation when the
count goes higher than the desired limit n. In addition, llock;, is robust, which means that

it accepts al inputs from its environment.
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In Figure 3.12, we show llock, and llock, for both cases when the limit is 2 and 4,

respectively. We compose this process with the process Coffee-shop eliminate

divergence.
Ep, STEsSM Ep, STEsSM
\gj E, L,I,B,CH
’ 'V
Ep, ST,EsM Ep, STEsM
Ep, STESM

"5 )

E, L,I,B,CH

E LI,B,CH,Ep, STEsSM

Figure 3.12: The process automata llock, (1eft) and Ilock, (right).

The new solution is obtained as follows:
=sol2 - (mdn) \ * waiter - ~ |Ilock2 serve (ar) 5. ep mes t s

for the limit=2, and

=sol4 - (mdn) \ * waiter - ~ |Ilock4 serve (ar) 5 ep mest s
for the limit=4.

Where sol2 and sol4 represent the solutions obtained in the cases limit=2 and limit=4,

respectively.

First, we obtain the exclusive sum of Coffee-shop and Ilock; or llock, depending on the
limit required. The reason behind using the exclusive sum to compose the limiting
process with Coffee-shop is that we need a composition that does not affect the

refinement between the new solution and the original one, Figure 3.10. The limiting
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process is a robust process, and the result of the exclusive sum of it with Coffee-shop
refines Coffee-shop. The outcome of the product is reflected and composed with the
Waiter by product again. After that, the same hiding of irrelevant actions is applied.
Finally, the result is reflected to obtain the Coffee-machine as sol2 for llock, and sol4 for
llocks. The solutions for limit=2 and limit=4 are described by the process automata in

Figures 3.13 and 3.14, respectively.

The solutions obtained are both safety processes. However, Figure 3.13 and 3.14 show
that the solutions do not necessarily correspond to physical devices. In addition, they do
not represent safety-healthy processes. First, the solutions obtained include some illegal
inputs leading to escapes and illegal outputs leading to rejects. That is why they do not
necessarily correspond to physical device. However, such solutions do not contradict the
genera theory of process spaces. For example, in Figure 3.13, the transition (1, B, 8)
leads to state 8 which is an escape state, although B is an input action. This means that the
Coffee-machine has the obligation to avoid B in state 1. Second, notice that, in both cases,
the escape set is not suffix-closed, the condition for safety-healthiness, i.e., the process
does not avoid al the suffixes of an escape trace. For example, the trace (C L B) is an

escape for the processin Figure 3.13 while the trace (C L B B) isareject.
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Figure 3.13: Safety process automaton for the solution with limit = 2.

In order to overcome these problems, we devise a procedure that transforms arbitrary
processes to physically realizable processes that refine the original processes. This
procedure is based on genera transformations that can be applied outside the context of
asynchronous equations as well. At the same time, the procedure guarantees that the

produced processes are safety-healthy, i.e., they have suffix-closed escape sets.
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Figure 3.14: Safety process automaton for the solution with limit = 4.

3.4.3 Upgrade Procedure

The divergence-free solutions obtained in Section 3.4.2 are not satisfactory (safety-
healthy) in the sense that they are not images of 1/0 automata through the safety mapping
described in section 2.4. In addition to relating to 1/O automata, safety-healthy processes
can be easily synthesized into circuit implementations, using available tools. Therefore,

they correspond to physical systems.
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In this section, we describe the steps of the upgrade procedure, which refines processes
into processes that are images of 1/0 automata. However, sometimes a process can not
be upgraded to a physicaly realizable one. In this case, the procedure yields a top
process, which, by definition [14], consists of only one escape state. This implies that the
problem in hand has no solution. Usually, the upgrade procedure needs to handle three
obstacles: inputs that lead to escape states, outputs that lead to reject states, and escape
set that is not suffix closed. Therefore, the procedure is done in three steps. In the first
step, we handle the inputs that lead to escape states, the second step deas with the
problem of outputs leading to reject states, and the third step makes the escape set suffix-
closed. In each step, we show that the resulting process refines the input to that step, and

we illustrate the step by means of an example.

The procedure accepts process automata defined over a set U*, where U is an alphabet
formed by two disjoint subsets In and Out. The transformations in the procedure have no
effect on the alphabet itself, i.e., inputs remain inputs and outputs remain outputs. What
the procedure does is to change how the process, represented by an automaton, views the
executions that contain inputs and outputs. Therefore, all the process automata in the
procedure have the same input and output sets, In and Out. The resulting processes are
defined in terms of execution languages (enabled traces) and can be represented using

process automata.

Step 1. Dealing with escape-inputs.
Input P1: as(P1), at(P1).
Output P2: as(P2), at(P2).

Escape-inputs are traces that:

» arenot prefixes of goal traces and

* include illegal actions controlled by the environment, inputs, that lead from a goal
state to an escape state.

As an example of an escape-input traces, consider the trace CLBLH in Figure 3.14.
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To deal with the problem of escape-inputs, the procedure traces back al the executions
that lead to this escape-input until an output is reached. Then, all states that are reachable
as a result of executing this output are declared escapes. This guarantees obtaining a
safety-healthy process while eliminating escape-inputs.

escape-inputs(P1) ={ ua|u O prefg(P1), ua Oprefg(P1), all In, and ua O e(P1)}
where e(P1) is the escape set of the process P1.

The set of tracesfrom U* that are transformed into escapes is denoted eliminate(P1).
eiminate(P1) = {uaww | ua O prefg(P1), a [0 Out, v O In*, w [0 U*, uavl] escape-
input(P1) }.

We have P2 ZP1 since
as(P2) = as(P1)\ eliminate(P1)[] as(P2) 0 as(P1).
at(P2) = at(P1) O eliminate(P1)0 at(P2) [ at(P1). Therefore, P2 =P1.

We propose to perform the above transformation on a process automaton, which

represents a safety process, state by state as follows:

3- Weinspect the states of the automaton until we reach a state, which enables an input
that leads to an escape state.

4- Whenever such a state is found, we parse the automaton back until we find the first
state that enables an output. This output is considered responsible for the escape-input
transition.

5- We declare the state reached by the output and al its successors as escapes.

We use the solution obtained in the previous section, for the limit 2, to illustrate how to
fix the problem of the inputs that lead to escape states rather than reject states. Figure
3.13 shows that the transition (1, B, 8) leads to an escape state although B is an input to
the Coffee-machine. To handle this problem, we look for the output action that proceeds
the occurrence of the escape-input. We find L in the transition (5, L, 1), so we mark all

the states reachable by executing L as escapes. The only change in this case is to
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transform state 1 into escape. This means that the Coffee-machine guarantees not to issue
L in order to avoid receiving the B action. In addition, this transformation marks all the
states reachable from state 5 by executing L as escapes. This means that state 1 becomes
equivalent to a permanent escape state. Figure 3.15 shows the safety process Coffee-
machine after Step 1 of the upgrade procedure.

o SOmmmONOy

ELLBCH

ELLBCH

Figure 3.15: The outcome of step 1 of the upgrade procedure. (Missing input transitionslead to state
0. Missing output transitionslead to state 3)

Step 2. Dealing with reject-outputs.
Input P2: as(P2), at(P2).
Output P3: as(P3), at(P3).

Reject-outputs are traces that:
» arenot prefixes of goal traces and

* includeillegal actions executed by the device, outputs, that lead to reject states.

The problem of reject-outputs is solved as follows: the procedure labels all the states as
reachable by executing the reject-output as escapes. Therefore, a regject-output will end
up leading to a permanent violation committed by the device, a permanent escape, which

ensures that the process obtained is a saf ety-healthy process.

r g ect-outputs(P2)={ ua | udprefg(P2), ua Oprefg(P2), allOut, and ua O r (P2)} .
r (P2) represents the reject set of P2.

The set of the words from U* that are transformed into escapes is denoted eliminate(P2).
eiminate(P2)={uav |vOOU*, alJOut, uprefg(P2): uallr e ect-outputs(P2)} .
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We have P3 2P2 since
as(P3) = as(P2)\ diminate(P2) [0 as(P3) O as(P2).
at(P3) = at(P2) O eliminate(P2) O at(P3) U at(P2). Therefore, P3 =P2.

We propose to perform the above transformation on a process automaton, which

represents a safety process, state by state as follows:

1- We inspect the states of the automaton until we reach a state that enables an output
that leads to areject state.

2- Whenever such a state is found, we declare the state reached by the output and all its

SUCCESSOrS as esCapes.

We apply this step of the upgrade procedure to the outcome of Step 1, Figure 3.15.
However, in this process, there are no output actions that lead to rejects. This means that

the process remains unchanged after Step 2, Figure 3.15.

Step 3. Making the escape set suffix closed.
Input P3: as(P3), at(P3).
Output P4: as(P4), at(P4).

The escape set of a safety process is not suffix-closed when the successors of an escape
state, in the corresponding process automaton, are not all escape states. This problem is
solved by declaring al the successors of any escape state, in the process automaton that

represents the saf ety process, as escape states themselves.

We denote the traces of P3, which lead to a non suffix-closed escape set, by
Traces-non-suffix-closure(P2)={ uv/ u 0 eP3) O uv O e&P3) wherev [ U* }

The set of the words from U* that are transformed into escapes is denoted eliminate(P3).
eliminate(P2)={uav/u 0 eP3), vU*, and allU : uae(P3) }.
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We have P4 2P3 since
as(P4) = as(P3)\ diminate(P3) [0 as(P4) O as(P3).
at(P4) = at(P3) O eliminate(P3) O at(P4) U at(P3). Therefore, P4 =P3.

We propose to perform the above transformation on a process automaton, which

represents a safety process, state by state as follows:

1- We ingpect the states of the automaton until we reach an escape state whose
successors are not all escape states.

2- Whenever such astate is found, we declare all its successors as escape states.

We apply this step of the upgrade procedure to the outcome of Step 2, Figure 3.15.
However, in this process, there are no output actions that lead to rejects. This means that

the process remains unchanged after Step 2.

As another application of the procedure, we illustrate how to upgrade the solution
obtained in the last section for the limit = 4, Figure 3.14. First, the procedure checks for
the input actions that lead to escape states. There is only one transition that shows such
abnormality, (11, H, 9). In this transition, H is an input to the Coffee-machine; however,
it leads to an escape state. In order to fix this problem, the procedure tracks the last output
that led to this escape-input. There is L in the transition (2, L, 11). So, al the states
reachable by executing L are declared to be escapes. This means that the Coffee-machine
guarantees not to issue L in order to avoid receiving the H action. In addition, this
transformation means that state 11 becomes equivalent to a permanent escape state.
Figure 3.16 shows the safety process Coffee-machine after Step 1 of the upgrade
procedure.

Next, we apply the second step of the procedure to fix the problem of any output actions
that lead to reject states. However, there are none in the process automaton of Figure

3.16. Therefore, the outcome of the Step 2 for the case when limit = 4 is the process
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automaton in Figure 3.16. Similarly, Step 3 won’t introduce any changes to the process

automaton in Figure 3.16.

Although not all the problems need to exist simultaneously in a safety process automaton,
each of the three upgrades guarantees a suffix-closed safety process as a result. However,
in the presence of escape-inputs, one needs to apply Step 1 of the procedure to make sure
that conflicts between input and output violations do not exist in the final safety-healthy
process. In the case of tli@offee-machine, we only needed to execute Step 1 of the

procedure in order to achieve the safety-healthiness of the automaton.

c 0
@ @ 4 ELI,BCH
E
L
E ELILBCH
B
2 3 1

Figure 3.16: The solution for limit=4 after thefirst step of the procedure. (Missing input transitions
lead to state 1. Missing output transitionslead to state 4)

On the other hand, we use an example to illustrate how the upgrade procedure fails.
Figure 3.17 shows a safety proc@ssepresented by a process automaton wahdo

being the input and output, respectively. This process shows an escape-input execution
(0,1, 2). We apply Step 1 of the upgrade procedure. We trace back the execution wich
ends with an escape-input until the first output is reached. In this case, it is the empty
word in the initial state. Then we declare all the states reached by executing the empty

word as escapes. This leaves us with a process automaton whose all states are escape
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states. As aresult, we can merge al the states into one escape state, which enables all the

actions to cause self-loops. Such process does not correspond to any physical system.

2 o,

o,

3

Figure 3.17: Process automaton of a process that does not correspond to a physical system.

3.4.4 Diver gence-freedom

In the previous section, we saw that our method to obtain a divergence-free solution for
asynchronous equations might yield processes with some technical problems. We
described the upgrade procedure, which fixes these problems. To prove the correctness of
this method; first, we show that the obtained process is a solution to the problem, and that
it yields a weakly-divergence-free system. Next, we show that the solution can be

"upgraded" to obtain a strongly-divergence-free system.

The following, Proposition 3.3, shows that our method leads to a solution that guarantees
weakly-divergence-freedom in the system. We show that using the limiting process llock,
still leads to a solution for the problem. Next, we show that the obtained solution, with
the help of the limiting process, insures weakly-divergence-freedom in the system formed

by the Waiter, the obtained Coffee-machine, and their environment, i.e. Client.

Proposition 3.3. Consider a set of processes {p, q, r} defined over U*, an alphabet A [
U, and an integer n. Let llock, be a process over U* such that
at(llock,) = U* or r(llock,) = O
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as(llock,) = (U\A) (e O A")* or e(llock,) = ((U\A) (e O A")*.
If r=-(-px-llock, x ), then

p= g x r and

{-p, q, r} isweakly-divergence-free with respect to A.

Pr oof:

p= qxr
Note that
- p % - llock, = (as(-p) n as(-llocky,), at(-p) n at(-llock,) O as( -p) n as(-llocky) )
= (as(-p), at(-p) n at(-llocky) O as(-p) ) = - p
since at(-p) n at(-llock,) [T at(-p)
and as(-p) ) = e(-p) 0 at(-p).
Then -px-llock, xqE -pxq[l4]

Sor=-(-px-llockyxq) 2 - (-px0)
Or=-(pxqg 0 p=qgxr[l4].
{-p, q, r} isweakly-divergence-free with respect to A
- (-px-1llock,) = gqxr sincellock, isarobust process [14]
O -px-llock, x g % r isarobust process[14].
O llock, E -pxgxr
s0, O =vé& suchthat vOU* and & O A®
Ot = vA™ and
Ousuchthat t<u<l:uOe(llock,) O ule(-p) Je(q) U er)

O OhO{-p,q,r}:uleh). a

Propositions 3.1, 3.2, and 3.3 prove the correctness of our procedure for obtaining

strongly-divergence-free solutions to asynchronous equations.
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By Proposition 3.3, process g; = -(- Coffee-shop x - llock, x Waiter) is a solution to the

asynchronous equation Coffee-shop = Waiter x ¢, and has weak-divergence-freedom.

Proposition 3.1 proves that g, which refines g; also has weak-divergence-freedom. At
the same time q; is a solution to the asynchronous equation by Theorem 2.14 in [14].
Therefore, Proposition 3.1 guarantees that the upgrade procedure preserves weak-
divergence-freedom. Finally, we use Proposition 3.2 to prove strong-divergence-freedom,

because the upgraded process g, is safety-healthy.

Thus, a strongly-divergence-free solution always exists. However, the solution obtained
could be a process for which all executions are escapes, this is because the empty word
may be chipped-off as a result of the first step of the upgrade algorithm. This occurs, for
example, if an input action is enabled from the initial state and leads to an escape. Hence,
no physical device is guaranteed to correspond to such process. In other words, the
upgrade procedure allows us to detect the absence of a solution to the supervisory control

problem by yielding an empty solution, which consists of a single escape state.

3.4.5 Solution in Finalization Processes

Again, we follow the same procedure to obtain the divergence-free solution for the
asynchronous equation in terms of finalization processes. We use the same limiting
processes to achieve both limits. The limiting process satisfies both safety and
finalization properties. The results are shown in Figure 3.18 and 3.19 for the limit = 2 and

limit = 4, respectively.

The solutions obtained in terms of finalization processes do not guarantee divergence-
freedom in the system. The reason for this is that they do not force divergences to be
labeled as escapes in the system formed by the Waiter, Coffee-machine, and their
environment. For example, the solution in Figure 3.18 has the sequence (H, L) in its
accessible set. On the other hand, the Waiter finalization process automaton (Figure 3.20)
does not avoid the same divergence. Therefore, the system resulting from the

composition of the Waiter, Coffee-machine, and the environment is not guaranteed to
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avoid the divergences as well. This means that the system is not weakly-divergence-free,

(Definition 3.2). Therefore, strongly-divergence-freedom is not guaranteed either.

ELILBGH
2 3 L 0
4
() D
H
ELI,BCH

Figure 3.18: Finalization process automaton for the solution with limit = 2. (Missing input transitions
lead to state 0. Missing output transitionslead to state 8)
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Figure 3.19: Finalization process automaton for the solution with limit = 4. (Missing input transitions
lead to state 2. Missing output transitionslead to state 3)

Centre de Recherche Informatique de Montreal 77
Tous droits réservés © CRIM 2000



Asynchronous Equations

ELILBCH,
EnESMST

@
)
ELI,BCH

EnESMST

Figure 3.20: Finalization process automaton Waiter. (Missing input transitionslead to state 12.
Missing output transitionslead to state 13)

In the following section, we describe how to transform processes into 1/0 automata in
order to obtain the solution for the asynchronous equation in terms of I/O automata. In
particular, we describe the transformation in terms of safety processes only. The main
reason is that we need a transformation that serves reaching a divergence-free solution in
I/O automata. Since the solution obtained in terms of finalization processes was shown
not to be divergence-free, we only consider mapping of safety processes into 1/0

automata.

3.5 Backmapping Processesto |/O Automata
In our effort to solve asynchronous equations of 1/0O automata, we have developed

semantics-mappings from 1/0 automata to process spaces. This helps us make use of the
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method we described in terms of process spaces to find solutions and divergence free
solutions for asynchronous equations. At the same time, the mapping allows the use of
FIREMAPS to automate the process of solving the asynchronous equation problem.
However, we still have to reconstruct the corresponding I/0O automaton for the solution
obtained as a process. To achieve this, we devise a transformation from process spaces to
I/O automata. We will call this transformation the backmapping from process spaces to
I/O automata.

The formal definition of 1/0O automata necessitates the distinction between automaton
actions as inputs, outputs, and internal actions. Therefore, we impose on any process to
be transformed via the backmapping to an I/O automaton that an action signature, which

shows the distinction between the process actions, be clearly defined.

3.5.1 Backmapping Safety Processesto I/O Automata

We consider a safety process pr that could be identified by the three setsr(pr), g(pr), and
e(pr). Theimage of pr in I/O automata through the backmapping is an automaton a = (S
[, 2, A, &) where

S isaset of states.

| isanonempty set of initial states
2 isan action signature.
Alisatransition relation.

¢ isan equivalence relation.

In other words, our goal isto map a safety process into an 1/O automaton a whose image

through the safety mapping of Section 2.4 isthe given process.

We describe the backmapping in terms of traces of an 1/O automaton. Thus, we consider
an 1/0 automaton a represented by:

The set of traces of the automaton: traces(a).
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The set of disabled words D(a) = (acts(a))* - traces(a), where acts(a) is the set of
actions of a.

Now the backmapping is defined in terms of the two sets:

Traces(a) =g U r = {all traces of pr that are goals and all traces that are rejects},

D(a) ={all escapestracesof pr}.

In the following, we propose how to apply the above transformations to process
automata, which represent safety processes, in order to obtain the corresponding 1/O
automata:

All goal states are mapped into reachable states of the 1/0 automaton.

The transitions that lead to the permanent escape state are disabled.

Theinitial stateistransformed into an initial state in the 1/0 auotmaton.

The permanent reject state is transformed into a trap state which enables both inputs and
outputs.

Finally, the action signature of the I/O automaton is obtained by partitioning the al phabet
of the safety process into two digoint sets:

In, which contains all the actions considered as inputs to the process, and

Out, which includes al the actions considered as outputs to the process.

It is clear from the above partition that the produced 1/O automata, by the backmapping,
do not have any internal actions.

On the other hand, as a limitation of the backmapping, we restrict the safety processes
that can be transformed into 1/O automata to the class of safety-healthy processes.

3.5.2 Example

As an example, we consider mapping the process automatain Figure 3.15 and 3.16 to 1/0

automata.
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We transform the safety processes in Figure 3.15 and Figure 3.16 into I/O automata. To
do so, we follow the backmapping algorithm, and the resulting automata are shown in
Figure 3.21. As noted, the missing input actions (B, C, and H) from the figure lead to the
trap states.

The most important property of the backmapping that we investigate in this study is the
conservation of divergence freedom. In process spaces, divergence freedom was
described in terms of infinite words that are avoided by at least one process in a system.
For this to happen, the actions in the avoided infinite words must be outputs of the
process that avoids them. This means that the process treats these words as escapes.
Through the backmapping, the escape traces of a process are disabled when obtaining the
corresponding /O automaton. Therefore, the obtained I/0O automaton guarantees to avoid
the infinite words that cause the divergence. Hence, the divergence freedom in process

spaces corresponds to divergence freedom in 1/0O automata.
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Figure 3.21: I/O automata Coffee-shop: a) solution for limit =2 and b) solution for limit=4. (Missing
input transitionslead to states 2 and 4 respectively.)

It is clear from Figure 3.21 that the 1/O automata obtained are divergence-free with
respect to interactions with the Waiter automaton. For example, the two automata avoid
infinite sequences such as (L, H). This guarantees that the I/O automaton Coffee-shopl,
formed by the composition of each of these solutions with the I/O automaton Waiter
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(Figure 3.5), avoids the divergences. The automaton Coffee-shopl has the following

action signature:

In(Coffee-shopl) ={Ep, M} (Espresso please, Money).

Out(Coffee-shopl) = {Es, S T, M, L, E, I, C, B, H} (Espresso served, Sorry, Thanks,
Lamp, Espresso, Idle, Coin, Button, Hit).

Int(Coffee-shopl) = [I.

Notice that the action signature of Coffee-shopl, mainly the In and Out sets, differ from
the action signature of the automaton Coffee-shop (Figure 3.4). This means that the set of
external traces of Coffee-shopl is not necessarily included in the set of external traces of
Coffee-shop. As aresult, implementation between the two automata cannot be established
(Section 2.1.6). However, hiding (Section 2.1.7) the output actions of Coffee-shopl,
which are not observed by Coffee-shop (C, L, E, B, H, 1), transforms the action signature
of Coffee-shop2 into:

In(Coffee-shop2) ={Ep, M}.
Out(Coffee-shopl) ={Es, S T}.
Int(Coffee-shop2) ={L, E, I, C, B, H}.

The new action signature shows that the In and Out sets of Coffee-shop?2, after hiding, are
equal to the In and Out sets of Coffee-shop. This allows comparing the sets of external
traces of both automata to check for implementation. For example, consider the
automaton in Figure 3.22. It represents the composition of Waiter and Coffee-machine for
limit = 2. The figure shows that when the communications between Waiter and Coffee-
machine (C and E) are hidden, Coffee-shop2 becomes equivalent to Coffee-shop since
implementation holds in both directions between the two automata. The same argument is
used to show that the coffee shop version produced by composing the Waiter with the
Coffee-machine for limit = 4 implements the original Coffee-shop.
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Figure 3.22: The /O automaton Coffee-shopl for the limit = 2.
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Chapter 4

Diver gence-Free Protocol Converters

In this chapter, we apply our method to solve asynchronous equations (from chapter 3) to
design protocol converters. Protocol converters, also called gateways, are used to
interface heterogeneous network systems that use different protocols. We demonstrate
how to use our method to obtain general and divergence-free solutions for such problems.
In addition, we derive an asynchronous implementation of the obtained converter using

an automated synthesis tool.

4.1 Protocol Conversion

The fast emergence of computer and network systems in industrial applications has led to
versatility in the designs of such systems. Combined with the principle of modularity, the
tendency for designing application specific systems has caused a growing demand for
internetworking (connecting several network systems together). However, the absence of
a universal standard that unifies the underlying protocols, interconnecting heterogeneous
computer networks is still a maor problem to overcome. This problem remans a
motivation to design gateway devices (protocol converters) that convert signaling of one
communication protocol into another. One of the important problems in the area of the
protocol conversion is the avoidance of divergence, i.e., cycles of internal transitions in
the communication system. In gateway circuitry, an example of divergence is the
switching activities due to clock transitions in a circuit, while the circuit is idle.
Switching activities usually increase power consumption, which is often undesirable, e.g.,

for CMOS implementations in wireless communication applications.
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Severa technigues have been devised to solve the protocol conversion problem using the
supervisory control theory [20], which derives a specification for a missing part of a
system from the overall service specification of that system and the known part of its
implementation; see for instance [5, 8, 18, 19]. The available techniques can be classified
as[22].

1- Top-down techniques, which use a service specification of the interconnected systems
combined and solve for a converter by means of an asynchronous equation [19].

Examples of such approaches are presented in [1] and [8].

2- Bottom-up techniques, which depend mainly on heuristically guessing a partial
specification of the desired converter and solving for the rest using the specification

of the existing protocols. [23] and [17] contain examples of such techniques.

The top down techniques are more popular and more precise [22]. As opposed to bottom
up approaches, top down methods show no need to verify the results obtained against the
overall service specification. In addition, coming out with a heuristic partial specification

of the converter, in bottom up techniques, might be avery complex and tedious task.

Our method, using an asynchronous equation, to design gateways devices follows the
main guidelines of the top down approach. In other words, we synthesize a converter
based on the specifications of the two protocols involved, and of the overall service that
they should provide when combined. This allows us to determine the general solution to
the equation that is the loosest specification of the protocol converter that meets the given
overall service specification. A particular converter can always be obtained by restricting
the behavior of the general solution. At the same time, the method yields divergence-free
protocol converters; i.e., converters that guarantee avoidance of divergence in the

interconnected system.
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4.2 Problem Formulation

A communication system usually consists of a sending part and a receiving part that
follow a specific protocol to exchange data. A mismatch occurs when two systems with
heterogeneous protocols try to establish communications among them. The solution to the
mismatch problem consists of designing a converter that acts as a trandator between the
sender and the receiver while respecting the overall service specification that describes
the behavior of the composite communication system in response to external excitations.
In other words, the specification expresses how the communication system should behave
in response to requests of its users considered as the environment of the system. We
formulate the problem in terms of an asynchronous equation as follows: given the overall
service specification of a communication system, a sender, and a receiver, we need to
find a converter whose composition with the sender and receiver meets the specification

of the overall service after hiding internal communications.

4.3 Case Study
As an example, we consider the problem of designing a protocol converter to interface

two heterogeneous entities: an Alternating-Bit (AB) sender and a Non-Sequenced (NS)
receiver. This problem is adapted from [8].

An alternating bit (AB) protocol based communication system is composed of two
processes, a sender and a receiver, that communicate over a half duplex channel that can
transfer data in either directions, but not simultaneously. Each process uses a control bit
called the alternating bit, whose value is updated by each message sent over the channel
in either way. Acknowledgement is also based on the alternating bit concept. To each
message received by either process in the system corresponds an acknowledgment
message that depends on the bit value. If the acknowledgement received by a process
does not correspond to the message it has sent originally, the message is sent again until
the correct acknowledgement is received. On the other hand, a communication system is
said to be non-sequenced (NS) when no distinction is made among the consecutive

messages received or their corresponding acknowledgements. This means that neither
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messages nor their acknowledgements are distinguished by any flags such as the
alternating bit.

Figure 4.1 shows the block diagram of the composite system. Each entity is represented
by a rectangle with incoming and outgoing labeled arrows to indicate inputs and outputs,
respectively. The sender consists of an AB "protocol sender” (PS) and an AB "protocol
channel" (PC). Meanwhile, the receiving part includes an NS "protocol receiver" PR. The
converter X must interface the two mismatched protocols and guarantee that its
composition with PS PC, and PR refines, the "service specification” (SS) of the
composite system. The events Acc (Accept) and Del (Deliver) represent the interface of

the communi cation system with its environment (the user).

Ac | 0&E, d1sE
> 7
(AB) Sender (AB) Channel
PS ¢ alcs alcs | PC
A
S a0XC, d0ex:
User alxc |  dlcx
\ 4
< A
Dd (NS) Receiver Converter
PR D% X
Service Specification SS

Figure 4.3: Block diagram of theinter connected system.

In Figure 4.1, PS and PC are grouped together since they congtitute one entity, the
sending part. The converter X trandates the messages delivered by the sender PS
(following the aternating bit protocol) into a format that the receiver PR understands
(following the non-sequenced protocol). For example, acknowledgement messages A
delivered to the converter by the receiver on the channel, are transformed into
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acknowledgments of the alternating bit protocol (aOxc to acknowledge a O bit and alxc to

acknowledge a 1 bit) and passed to the sender through the channel.

4.3.1 Original Model

In order to model the behavior of the entities in our example, we follow [8] and use the
same specifications. However, in [8], the models described are not input complete, i.e.,
input events are not enabled in every state. For example, in the protocol sender, it is not
specified how to deal with two consecutive messages (Acc) from the environment.
Although a suggestion is made in [8] to complete the specification of the input events
using atrap state, there was no clear definition of this trap state or of the behavior of the
system after reaching it. Therefore, we follow our procedure from Section 3.1 in order to
build the 1/0O automata for the entities in our example. We complete the specification of
each model by letting the missing input events lead to a trap state from which there is no
way to resume normal execution of actions, but the automaton can issue output events
arbitrarily. For example, in Figure 4.2 a, state 6 is atrap state for the I/O automaton PS
For each 1/0 automaton, we define the corresponding action signature as follows.

PS
In (PS) ={Acc, alcs, alcs}.
Out (PS) ={d0sc, dlsc}.

Int (PS)=10.

PR:

In (PR) ={D}.

Out (PR) ={Dd, A}.
Int (PR) = .

PC:

In (.PC) = {a0lcx, alcx, alcs, dOsc} .
Out (PC) ={a0cs, alcs, dOcx, dlcx }.

Int (PC) = 0.

S

In (SS) ={Acc}.

Out (SS) = {Ddl}.

Int (SS)=0.
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The I/0O automata that represent PS, PC, PR, and SS are shown in Figure 4.2 a, b, ¢, and

d, respectively.
A, D, Del
Acc, dOsc, disc,
alcs, alcs
a Sender PS b: Receiver PR
Acc

Acc, D€l
dOsc, disc, alcs,
alcs, dOcx, dicx,
alxc, alxc
c¢: Channel PC d: Service specification SS

Figure 4.4: 1/0O automata PS, PR, PC, and SS. (Missing input transitionsin PS, PR, PC, and SS, lead
to states 6, 3, 6, and 2, respectively.)
Next, we map each /O automaton into a corresponding safety process. To do this, we use
our mapping from 1/O automata to safety processes. We represent the safety processes
corresponding to the I/0O automata PS, PC, PR, and SS by process automata.
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0 dOsc
Acc
9 ),
1
alcs
alcs
5 dlsc 4

Acc 3
g alcs
Acc, dOsc, dlsc, Acc, dOsc, dlsc,
alcs, alcs alcs, alcs

6@ @ 7
a Sender PS

dOsc, disc, aOcs, alcs, 5 dOsc, disc, aOcs, alcs,
dOcx, dlcx, alxc, alxc dOcx, dlcx, alxc, alxc
6
7
¢: Channel PC

A, D, Del

&
1 A, D, De
©F
Del

o
Ue

N

b: Receiver PR

Acc, Del Acc, Del

d: Service specification SS

Figure 4.5: Process automata PS, PR, PC, and SS. (Missing input transitionsin PS, PR, PC, and SS,
lead to states 6, 3, 6, and 2, respectively. Missing output transitionsin PS, PR, PC, and SS, lead to
states 7, 4, 7, and 3, respectively. External actionsto each process automaton produce self-loops at

every state of that automaton.)

The resulting safety process automata that represent PS PR, PC, and SS are shown in
Figure 4.3 a, b, ¢, and d, respectively. Notice that the disabled outputs in the I/O automata
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are modeled as escapes, output violations, in the safety processes. Also notice that the
trap states in the 1/0O automata are modeled as reject states in the safety processes. Thisis
done to indicate that the transitions leading to these trap states are violations committed
by the environment. For legibility, the transitions to the trap states (escape and reject) are
not shown in the figures. However, the missing transitions due to input actions lead to the
reject states, and the missing transitions due to output actions lead to the escape states,
respectively. For example, state 6 represents an escape state in Figure 4.3 a. This state is
reached by traces that include illegal outputs such as ACC, dOsc, dOsc. On the other hand,
state 7 isargect state. This state is the image of the trap state in the 1/0 automaton PS. It
Is reached by the traces that include “illegal inputs”.

4.3.2 Absence of a Solution in the Original Model

Now we can solve the equation for the conveXteising generic concurrency operations
implemented in FIREMAPS. The following is a description of the procedure applied to

our working example:

1. Obtain the process automaton Known from the product of all the known modules in
the system:

a) Obtain the product of PS, PC, and PR,

b) Hide dOsc, dlsc, aOcs, and alcs. These actions are invisible to the missing converter.

c) Determinize and minimize the obtained process since hiding introduces non-
determinism in the resulting process Known. Figure 4.4 (left) shows a part of the non-
deterministic automaton, Known, as a result of hiding. Notice that this automaton has
two initial states, indicated by the incoming arrows, and that the same event might
lead to more than one state. Figure 4.4 (right) shows how the determinization of the
process Known is carried. Notice that states 3 and 4, which have qualifiers g and e,

respectively, are replaced by one goal state.
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T

|4, ;

Acc, dOcx, dlcx,
a0xc, alxc

Figure 4.6; Determinization of the process automaton Known.

2. Determine the product of Known with the reflection of SS. This yields the environment
of the missing converter X.
3. Hide the actions, which are irrelevant to the converter. X doesn’t observécc andDel.
4. Determinize and then minimize the obtained process to avoid the non-determinism
that results from hiding.
5. Reflect the result to obtain the solutiof,
Generally speaking, applying the hide operation after each composition (Step 1 and 4)
has the same effect as hiding the irrelevant actions once in Step 4. However, we chose to
execute hiding twice, and determinize twice, in Step 1 and Step 4. This allows us to
reduce the computation time of FIREMAPS.

Figure 4.5 shows the script file used to feed the FIREMAPS tool with the description of
the problem. The script file includes, in addition to process descriptions, the following

two lines of commands, which summarize the equation solving procedure.

known (ndm \ * * PS PC PR (ar) 4: dOsc dlsc aOcs alcs # step 1.

X - (mdm \ * known - spec (ar) 2: acc del # steps 2, 3, 4, 5, and 6.
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= PS (pr)
5 actions; 8 states; 40 edges;
actions: acc, dOsc, dlsc, aOcs, alcs;
states: 0 sti, 1 st, 2 st, 3 st, 4 st, 5st, 6t, 7 s;
edges:

fromO: acc 1, dOsc 6, dlsc 6, aOcs 7, alcs 7
from1l: acc 7, dOsc 2, dilsc 6, aOcs 7, alcs 7;
from2: acc 7, dOsc 6, dlsc 6, aOcs 3, alcs 1;
from3: acc 4, dOsc 6, dlsc 6, aOcs 7, alcs 7,
from4: acc 7, dOsc 6, dlsc 5, aOcs 7, alcs 7;
fromb5: acc 7, dOsc 6, dlsc 6, aOcs 4, alcs O;
from6: acc 6, dOsc 6, dlsc 6, aOcs 6, alcs 6;
from7: acc 7, dOsc 7, dilsc 7, aOcs 7, alcs 7.

= channel (pr)

8 actions; 8 states; 64 edges;

actions: aOcs, alcs, dOsc, disc, dOcx, dlcx, aOxc, alxc;
states: O sti, 1 st, 2 st, 3 st, 4st, 5st, 6t, 7 s;
edges:

fromO0O: aOcs 6, alcs 6, dOsc 1, dlsc 2, dOcx 6, dlcx 6, aOxc 7, alxc 7;
from1l: aOcs 6, alcs 6, dOsc 7, dlsc 7, dOcx 3, dlcx 6, aOxc 7, alxc 7;
from?2: aOcs 6, alcs 6, dOsc 7, dlsc 7, dOcx 6, dicx 3, aOxc 7, alxc 7
from3: aOcs 6, alcs 6, dOsc 7, dlsc 7, dOcx 6, dlcx 6, aOxc 4, alxc 5
from4: aOcs 0, alcs 6, dOsc 7, dlsc 7, dOcx 6, dlcx 6, aOxc 7, alxc 7;
fromb5: aOcs 6, alcs 0, dOsc 7, dlsc 7, dOcx 6, dlcx 6, aOxc 7, alxc 7;
from6: aOcs 6, alcs 6, dOsc 6, dlsc 6, dOcx 6, dlcx 6, aOxc 6, alxc 6
from7: aOcs 7, alcs 7, dOsc 7, dlsc 7, dOcx 7, dicx 7, aOxc 7, alxc 7

= PR (pr)

3 actions; 5 states; 15 edges;
actions: d, del, a;

states: 0 sti, 1 st, 2 st, 3t, 4 s;

edges:

fromO: d 1, del 3, a 3;
from1: d 4, del 2, a 3;
from2: d 4, del 3, a 0;
from3: d 3, del 3, a 3;
from4: d 4, del 4, a 4.
= SS (pr)

2 actions; 4 states; 8 edges;
actions: acc, del;

states: O sti, 1 st, 2t, 3 s;
edges:

fromO0O: acc 1, del 2;
from1l: acc 3, del O;
from?2: acc 2, del 2
from3: acc 3, del 3.

= known (mdm) \ * * PS PC PR (ar) 4: dOsc dlsc aOcs alcs
=C - (mdm \ * known - spec (ar) 2: acc del
(wp) C

Figure4.7: Thelisting of the script file.

The solution obtained is a process whose description in FIREMAPS format is written to
thefilein Figure 4.6. The corresponding process automaton X is shown in Figure 4.7. For
X, the actions alxc, D, and aOxc constitute the outputs and A, d1cx, and dOcx represent

the inputs.
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6 actions; 7 states; 42 edges;
actions: a, alxc, d, dlcx, dOcx, aOxc;

states: 6 t, 4 st, 5t, 0 sti, 2 st, 1 s, 3t;
edges:
from6: a 6, alxc 6, d 6, dlcx 6, dOcx 6, aOxc 6
from4: a 1, alxc 3, d 5, dlcx 1, dOcx 1, aOxc 3;
fromb5: a 3, alxc 5, d 6, dlcx 5, dOcx 5, aOxc 5;
fromO: a 1, alxc 3, d 5, dlcx 1, dOcx 2, aOxc 3;
from2: a 1, alxc 0, d 5, dlcx 6, dOcx 1, aOxc 4;
from1l: a 1, alxc 1, d 1, dlcx 6, dOcx 1, aOxc 1;
from3: a 1, alxc 3, d 5, dlcx 3, dOcx 3, aOxc 3.
Figure 4.8: The description of the process automaton X.
3 1
A
alxc, aOxc alxc, aOxc

A, alxc, D, dlcx
dOcx, aOxc

dlcx

A, alxc, D, dlcx
dOcx, aOxc

Figure 4.9: The processautomaton X. (Missing input transitionsin X lead to state 1. Missing output
transitionsin X lead to state 6.)

Notice that X has several states, which indicate violations. One reject state, 1, is reached
by the traces including illegal inputs, e.g., (dOcx, dOcx). On the other hand, illegal outputs
lead to the escape states. 3, 5, and 6. These states are reached by traces like (dOcx, aOxc,
a0xc). However, the successors of these states are not all escape states. For instance, after
reaching state 3, the input A leads to the regject state 1, the output D leads to state 5 (also
an escape), and the other actions generate self loops. In addition, notice that X has an
escape-input trace, i.e. (dOcx, d1cx). This means that the automaton is not safety-healthy

because the escape set (of traces) produced is not suffix-closed. Therefore, we apply the
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upgrade algorithm to refine X to a safety-healthy process. In this case, we need to apply
steps 2 and 3 of the procedure to handle escape-inputs and make the escape set suffix-
closed, respectively. However, when applying Step 2, we have to trace back the
execution which ends with the escape input until an output is reached. The only output
that precedes the escape-input is the empty word enabled in the initial state. The next step
Is to mark all the successors of the initial state, which enables the last output before the
escape-input, as escape states. This leads to the automaton shown in Figure 4.8. However,
such process automaton is equivalent to a single escape state in which all the actions
generate self-loops, and which does not correspond to any physica system. In

conclusion, we end up with no solution for the protocol conversion problem, as stated in

9.

A

alxc, aOxc alxc, aOxc

A, alxc, D, dlcx,
dOcx, aOxc

4
6
dOcx, dlcx
2
A, alxc, D, dicx,
dOcx, aOxc

Figure 4.10: The process automaton X after step 1 of the upgrade algorithm. (Missing input
transitionsin X lead to state 1. Missing output transitionsin X lead to state 6.)

Let us take a closer look at the specification of the modules PS PR, PC and SSto find
any errors in the origina problem statement. We notice the following. After the first
message Acc arrives, PS issues a dOsc and rejects any consecutive Acc until the correct
acknowledgement aOcs isreceived. This meansthat traces like (Acc, dOsc, dOcx, aOxc, D,

Del, A, Acc) are not allowed for the sender since the correct acknowledgement aOcs was
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not received. This means that some module in the model has to take responsibility to
avoid generating the sequence (Acc, dOsc, dOcx, aOxc, D, Del, A, Acc). In the
specification of other modules and the composite system, this trace is not avoided. For
example, SS does not avoid the trace since it respects interleaving the consecutive Acc
messages with Del. The only way to avoid the trace, in the composite system, and respect
the specification of the sender is to force the converter X to avoid such traces. However,
the only way X can detect the arrival of consecutive Acc messages is through the arrival
of dOcx or dlcx. Thusit isimpossible to realize a converter X that can avoid the arrival of
consecutive Acc messages without interleaving correct acknowledgements. This
"contradiction” in specifying the behavior of the entities of the communication system
was detected by our method when the upgrade procedure is applied (obtaining the empty

solution).

4.3.3 Solving the Modified Problem

In the previous section, we concluded that using the original specification for the sender
[8] yields no solution that corresponds to a physical system. This is depicted by obtaining
a solution, which is not safety-healthy and results in an empty solution when refined by
the upgrade algorithm.

Acc, dosc, dls, acs Acc, dOsc, disg, acs

T ©.

Figure 4.11: The modified specification of the sender PS. (Missing input transitionslead to state 8.
Missing output transitionslead to state 9.)
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To eventualy obtain a non-empty solution, we dightly modify the specification of the
sender so that consecutive Acc messages are not directly reected but stored until the
previous acknowledgement has arrived. Next, we use the new sender in the asynchronous
equation and determine the converter X. The modified sender process automaton is
shown in Figure 4.9, and the corresponding general solution X is represented by the

process automaton in Figure 4.10.

8 docx 14 19 16

aoxc, alxc, docx, dlcx aoxc, alxc, docx, dicx

aoxc, alxc, doex,
aoxc, aixc, docx, dicx, D, A
dicx, D, A

Figure 4.12: The process automaton X of the solution for the modified problem. (Missing input
transitionsin X lead to state 1. Missing output transitionsin X lead to state 11, 5, and 15.)

Notice that X is non-deterministic in issuing outputs. For example, when a message
(dOcx) arrives, the converter randomly chooses between acknowledging the sender
through the channel (aOxc) and delivering the message to the receiver (D). This non-
determinism is usualy unnecessary and can be resolved to obtain a deterministic

converter using various heuristics.
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In addition, X has several states, which indicate violations. One trap state, 4, is reached by
the traces including illegal inputs, e.g., (dOcx, dOcx). On the other hand, illegal outputs
lead to the escape states. 11, 5, and 15. These states are reached by traces like (dOcx,
al0xc, aOxc). However, the successors of these states are not all escape states. After
reaching an escape state, inputs might lead to state 4, and outputs lead to other escape
states.

4 ; 15
alxc, alxc, dcx, §>
alxc, alxc, ,

dicx, D, A

dicx, D, A

Figure 4.13: The upgraded process automaton X. (Missing input transitionsin X lead to state 4.
Missing output transitionsin X lead to state 15.)

This means that the automaton is not safety-healthy because the escape set (of traces)
produced is not suffix-closed. We apply the upgrade algorithm to the process automaton
in Figure 4.10 in order to refine it into a safety-healthy process automaton. The only
problem to overcome is the escape set that is not suffix-closed. Therefore, only Step 3 of
the upgrade algorithm (Section 4.3.3) needs to be executed to close the escape set. This

merges the three escape states (11, 5, and 15) into one escape state. The resulting process
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automaton is shown in Figure 4.11. This is a safety-healthy process automaton whose

escape set consists of one state out of which only escape traces are executed.

4.4 Divergence Freedom

In the previous section, we described how to design a protocol converter constrained only
by the overall service specification. This solution, however, shows internal
communications between the converter and the other entities, in the composite
communication system, that might lead to divergence. For example, the sequence dOcx
alxc, Figure 4.12, might be executed infinitely many times before the communication

system can respond to its environment.

alxc

Figure 4.14: The sequence dOcx alxc, which leadsto divergence.

In this section, we describe how to design a divergence-free protocol converter. Such a
converter avoids unbounded communications with other parts in the system while
satisfying the overall service specification. We aim to avoid both “catastrophic”
divergence which leads to unfair behavior and “non catastrophic” divergence which leads
to undue power consumption. In order to obtain such converter, we augment the overall
service specification by combinir®p with the auxiliary process automatdimit,, where

nis a positive integer

The automatorimit, monitors the actions on the boundaries of the converter, and
prevents them from causing divergence. For example, Wingh observes the sequence

dOcx alxc, it signals a violation and enters a trap state.

Figure 4.13 shows the process automaton limit;, which forbids the converter from issuing

negative acknowledgments to the messages it receives because they might lead to cycles.
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Notice that state 3 is an escape state from which the process cannot resume normal
behavior.

Acc, Dd,

Acc, Dd,
A, D, dlcx, a0xc,
dOcx, alxc

Figure 4.15: The process automaton limit;. (Missing transitionslead to state 3.)

With the introduction of the limiting process, the modified algorithm to obtain the

divergence-free converter becomes as follows:

1. Obtain the process automaton Known from the product of all the known modulesin
the system the same way as in the previous algorithm.

2. Obtain the product of Known with the reflection of the modified specification SS,
obtained as the product of SSwith limit,. Hide the actions, which are irrelevant to the
converter. X doesn’t observécc andDel.

3. Determinize and then minimize the obtained process to avoid the non-determinism
that results from hiding.

4. Reflect the result to obtain the solutiof,

The following command line shows how the origina procedure of obtaining a solution is

modified to result in a divergence-free solution with alimit equal to 1:
= C —(mdm)\ *Known - ~limitl SS1 (ar) 2: Acc Del

The solution obtained, after upgrade, is shown in Figure 4.14. Notice how the unbounded
internal communications are avoided. The execution (dOcx, alxc), for example, does not
cause a cycle anymore. It leads to an escape state meaning that the converter guarantees
to avoid such executions. On the other hand, X preserves the its right to choose how to
behave when messages, e.g. dOcx., arrive through the channel. In fact, X chooses non-
deterministically between forwarding the messages to the receiver and acknowledging the

sender through the channel.
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alxc

alxc

alxc, alxc, dOcx,
alxc, alxc, dOcx, dicx, D, A
dicx, D, A

Figure 4.16: The process automaton of the diver gence-free converter X. (Missing input transitionsin
X lead to state 4. Missing output transitionsin X lead to state 33.)

4.5 The Solution in 1/O Automata

In this section, we describe how to map the solution process automaton X into an 1/0
automaton using the backmapping presented in Chapter 3. First of al, we know that the

I/O automaton, which corresponds to X, has the following action signature (Section
4.3.1):

In(X)={ dlcx, dOcx, A}.
Out(X)={ alcx, aOcx, D }.
Int(X)=0.
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In addition, we represent the transition relation by the finite state machine in Figure 4.15.
Notice that the reject state (state 4) of the process automaton has been mapped into a trap
state (state 16), and theillegal outputs that caused divergence are simply disabled.

alxc

alxc, alxc, docx,
dlcx, D, A

y
(7/ A O e \‘D

Figure 4.17: The corresponding 1/O automaton X. (Missing input transitionslead to state 16)

4.6 Synthesis of the Solution

Finally, we derive an asynchronous implementation of our converter using an automated
synthesis tool, Petrify [7], which is used for the synthesis of Petri nets and asynchronous
controllers. Petrify accepts behavioral models in either two formats. Petri nets or state
graphs, and both can be obtained from process automata that represent safety-healthy
processes. However, for a state graph (SG) to be implementable into a circuit using
Petrify, the following main property must hold in the circuit [7]:

Complete state encoding: This means that any two states, in the graph with the same code

have the same set of enabled non-input signals (outputs).

Centre de Recherche Informatique de Montreal 102
Tous droits réservés © CRIM 2000



Divergence-free Protocol Converters

In the case of the converter of Figure 4.15, a complete state encoding could not be easily
achieved due to the non-deterministic output generation. Therefore, for simplicity, we
synthesize a protocol converter based on a deterministic refinement Xy of the divergence-
free converter X. This simplified converter respects the overal service specification of
the interconnected system while having a restricted behavior in terms of choosing
between acknowledgement and delivery of messages. In fact, it executes only the
sequence dOcx, aOxc, D, A, dicx, alxc, D, A, and it can be transformed directly into the
state graph shown in Figure 4.16.

dOcx aoxc D

A

A
A
Y (15 e
Q/‘ D ®‘ alxc o dlcx *

Figure 4.18: The process automaton of the simplified protocol converter Xg.

Next, we describe the state graph of Xq in the Petrify format in order to implement the
corresponding circuit. Thisisdonein afile that can be read by Petrify. Figure 4.17 shows
the listing of the file with the Petrify description of Xg.
The resulting implementation could be represented by the following logic functions,
output by the tool, that represent a speed independent circuit:

[D] =d0cx dlcx + dOcx' dlcx.

[aOxc] = A’ dlcx + A dOcx.

[alxc] = A’ aOxc + A alxc.
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. nmodel conv

.inputs a dOcx dlcx
.out puts d aOxc alxc
.state graph

s9 dOcx s31

s31 d s30

s30 a s32

s32 alOxc s35

s35 dilcx s17

s1l7 d si15

s15 a s18

s18 alxc s9

. mar ki ng {s9}

.end

Figure 4.19: The state graph description of the simplified protocol converter Xqin Petrify format.

From the above logic functions, a simple circuit can be implemented to interface the two
mismatching protocols. The corresponding circuit is shown in Figure 4.18. Notice that we
assume the presence of each signal and its conversion as primary inputs, e.g. Aand A'.

dOcx dOcx

aor L] =D

-

b

dOcx’ A
dlcx 1 dlcx | }
=D
;{:: alxc
A
ol
Figure 4.18: Circuit implementation of the converter X.
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Chapter 5

Conclusions

In this report, we have studied the applications and relationships of 1/0 automata and
process spaces models for concurrent systems. They have been briefly presented,
compared, and related through semantics mappings. The mappings allow interchanging

relations and operations between the two models:

* Therefinement relations between 1/0 automata correspond to refinement relations
between processes.

»  Composition of 1/0 automata is mapped to a composition of processes.

As an application of the mapping, we presented a method to solve asynchronous
equations formulated in 1/0O automata using methods and tools available in process
spaces. Our method alowed us to obtain a divergence-free solution based on a strong
definition of divergence-freedom for the asynchronous equation in terms of safety
processes. At the same time, the application of the method showed that using finalization
processes does not guarantee a divergence-free solution. Furthermore, the mapping
helped ssimplify the process of obtaining solutions and divergence-free solutions by using
FIREMAPS. In contrast to previous attempts to compute divergence-free solutions to the
asynchronous equation problem [18, 19], we insert a limiting process in the specification
itself. In other words, we apply a general technique for deriving supervisory control on an
atered specification that includes a divergence-freedom requirement in the form of a
distinct process. A benefit entailed is uniformity, which means that both the theoretical
underpinnings and the tools can be reused for other problems. The algorithms from

Chapter 3 have aready been implemented, with the exception of the upgrade procedure.
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Future work should include implementing this procedure and integrating it into
FIREMAPS.

We also devised a backmapping from process spaces to 1/0O automata, which alows the
reconstruction of 1/0O automata out of safety processes. On the other hand and in order to
make the mapping easier to apply, we still need to build a front end to FIREMAPS that
implements both the mapping and the backmapping. Also, we expect future work to

reveal additional usage for our mapping.

Finally, we presented a case study on how to apply asynchronous equations in obtaining
specifications for protocol converters, which interface heterogeneous network systems
with mismatched protocols. A typical application is the synthesis of low power
asynchronous converters from state graphs, using techniques from [3, 7]. Our case study
Is based on an example from [8]. In contrast to [8] however, our approach deals with
divergence freedom and can indicate the absence of a solution for some specifications. A
state graph was obtained by producing a safety-healthy process automaton, and the

specification obtained was synthesized using an automated tool.
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