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Abstract

A new notion of realization of reactive systems is defined. Realization is defined as a relation be-
tween the states of two transition systems, the specification and the implementation, in which events are
classified as input, output or internal. This new definition attempts to model the correct interaction be-
tween a system and its environment. The differences with other definitions of refinement and realization
are discussed.

1 Introduction

The concept of realization between a specification and an object implementing the specification’s be-
havior has been approached by some authors [LT87, Jos88, BS95, Neg98, Y G01]. A new definition of
realization is defined here, in order to take into account the following facts:

1. The new realization notion must deal with Reactive systems, i.e., systems which react to changes
of the environment. The environment where such systems operate can not be modified.

2. It is not necessary to maintain the overall concurrency between the events of the specification.
Reducing the concurrency leads sometimes to simpler representations which are still correct real -
izations.

Basic definitionsare given in Section 2. Section 3 summarizes some of the existing notions of realization
and refinement. Section 4 is devoted to explain in detail the new notion of redization. An example is
shown in Section 5.

2 Bascdefinitions

A Transition System (TS) [Arn94] isdefined asaquadruple A = (S, F, T, s;,) where S isanonempty
set of states, £/ isaset of events, 7' C S x F x S isthetransitionrelation, and s;,, € S istheinitial state.
The elements of 7" are called the transitionsof TS and are denoted by (s, e, ') or s = s’. A transition
can also be denoted by s < if thereisastate s’ € S suchthat s — s'.

The reachability relationbetween statesisthe transitiveclosure of thetransitionrelationI'. A feasible
sequenceis a (possibly empty) sequence of transitionso between states s and s’ (denoted by s = s'). A
feasible traceis obtained from afeasible sequence by removing states.

*Thiswork hasbeen partially funded by CICYT (TIC 98-0410 and TIC 98-0949), ACiD-WG (ESPRIT 21949), agrant by Intel
Corporation, and CIRIT (1999SGR-150 and 2000FI-00472).



The set of eventsin E is partitioned into input events (1), output events (F ) and internal events
(ErnT). Theeventsinthe sets £ and Eo are called observable events.

A TS can be viewed as an automaton with alphabet £ where every state is an accepting state. For
aTS A, let L(A) be the corresponding language. We denote w \ I the projection of w to the alphabet
E — H. Correspondingly, given aset of words R, theset R\ H = {w\ H|w € R}.

3 Previouswork

A summary of the existing relations between systems is done in this section. First, awell-known equiv-
alence between systems is defined: the Observational Equivalence, defined in Milner’s book [Mil89].
Afterwards two refinement notions are shown: T, defined in [Jos88] and C, defined in [Neg98].
Finally, two realization notions are shown: =g, defined in [BS95] and =y, defined in [Y GO1].

3.1 Observational Equivalence

Several notionsof equivalence have been defined in theliterature. In Milner’swork on theory of concur-
rent systems [Mil89], a notion of equivalence between two agents P and Q is defined.

Observational Equivalence (~): Let A= (S,E,T,s;,)adB = (S, E',T',s..) betwoTSs. A

mn

and B are observational equivalent (A ~ B) iff thereexistsarelation R C S x S’ satisfying
1. (Sm,S/ ) c R.

2. (8 Vse€ 5,3 €9 st (s,¢) € R.
(b) Vs’ € §',3s € Sst. (s,¢') € R.
3. (@ If(s1,8]) € Rye € (ErUEp)ands; 5 59 thenJoq, 05 € (E o )* such that s} PRI sh,
and (s2, s5) € R.
(b) If (s1,5)) € R,e € (F1U FEp) and s} 5 sh then 3oy, 03 € (ErnT)# such that sy L2 g,
and (s2, s5) € R.
The equivalence notion defined above is symmetric: the specification (implementation) can be either
A or B. According to our notion of realization, thisis a rather strict relation because the same set of
observable traces must be maintained in the implementation.

3.2 [Jos88]’'s Refinement

In [Jos88] a set of simple rules was presented for the purpose of proving that a process B can be shown
to be a refinement of process A. In order to deal with internal events, the refinement with the hiding
operator® will be defined here. It allows to have internal eventsin B:

[Jos88]'s Refinement with hiding (Z5): Let A = (S, E,T,s:,), B = (5, F',T,s.,) be two

TSs,where F; = Ef, Ej; = Fo and Fryy = 0. ACy Bif thereisarelation D C S x S’ satisfying:
1 Vsi€8,s, €S8 e€F:s1 3NA(s1,8) €ED=3sh €8 ,0€ (Einp) 5,5 s,
2. (a) Vs1 € 8,502,585 €S e € Flnp 52— sy N(s1,82) €D = (s1,55) €D
(b) Vs1 € S 50,55 €S e € sy shN(s1,89) €D =35, € 5:51 5 s\ A(s),s5) €D
3. (Sin,st,) €D
Refinement C ; does not distinguishthe scope of the events (only eventsin €' are considered internal).
Moreover, A and B must have the same set of observable events.

1This notion appearsin the original paper as P, C P» \ C, where C' isaset of internal eventsin P».



3.3 [Neg98]’s Refinement

Negulescu defines in [Neg98] the Process Space Formalism, a generic theory which includes, among
others, the notion of process refinement. It regards the refinement as a relative notion of correctness: B
refines A meansthat A can be replaced by B without bad effects. The notion of refinement is used there
for verification purposes.

The theory of Process Spaces is briefly described here. Let £ be an arbitrary set; the elements of £
are called executions. A processover £ isapair (X,Y) of subsetsof £ suchthat X UY = £. The set of
all processes over £ iscalled the process space of £ and is denote by ;.

The main intuition is the following: a process can describe a device by means of an agreement
between the device and its environment, regarding executions. The agreement stipulates that only exe-
cutions from X N'Y are allowed to occur in presence of the device. Set X contains executions where
the device violates the agreement, while set Y contains the executions in which the environment viol ates
the agreement. Accordingly, X contains executions where the device respects the agreement (but the
environment may or may not violateit), while ¥ contains executions in which the environment respects
the agreement (but the device may or may not violateit). For aprocessp = (X,Y), set X iscalled the
accessible set of p and set Y is called the acceptable set of p.

The only parameter of a process space is the execution set; different models of processes can be
choosed depending on what the executions represent. The notion of refinement in the Process Space
formalismis quite smple:

[Neg98]'s Refinement (Cy):  Let p,g € Sg two processes. Process ¢ = (X, Y2) refines process
p=(X1,Y1) (pCn ) iff X1 O Xy and ¥y C V3.

Loosely speaking, when p Cn ¢, ¢ accesses fewer (accepts more) executions than p. Therefore,
depending on what is an execution, the refinement can be instantiated to severa refinement notions
between real systems. For instance, in the scope of reactive systems, an execution set can be (Fr U Ep)*
or (Fr U Fo U Erny)*. According to the definition of C n, no internal events can be inserted ing.

3.4 [BS95]'sRealization

Brzozowski and Seger [BS95] define a notion of realization between two behaviors: one denoting the
specification’s behavior and the other denoting the implementation’s behavior.

Brzozowski and Seger’s realization’s notion is defined over the languages of the two TSs denoting
specification’s and the implementation’sbehavior. A = (S, E, T, s;n) and B = (57, E', T’, s;,,) denote
specification’s and implementation’s TS, respectively.

Let¥ = P(Er U Ep) and z € T* be a observable word in L(A). A set Y of input variables,
Y C Ey, isapplicablein A after z if Y = 0 or if there existsao € X suchthat o € L(A) \ Fint
andoNEr =Y. Wordw € L(B) \ Efyp isrelevant to A if w € L(A) \ Ernr, or w = zo, where
v € L(A)\ Frnr, 0 € Yando N Erisapplicableto A after «. Let L(B/A) bethe set of al thewords
of B that are relevant to A. Loosely spesking, L(B/A) contains those words in B that matter when
realizing A: suppose « isinput and y is output and word z 2y;21y2 i1Sin L(B), but no word in L(A)
allows x4 to precede x;. Thenthe word x5y, 21 y2 isSnot relevant to A.

Definitions of “deadlock” and livelock relative to the specification are also defined: let w € L(B) N
L(A) beaobservableword. B has deadlock with respect to A if w leadsto aterminal statein B, but to a
nonterminal statein A. Respectively, B has alivelock with respect to A if w leads to a nonterminal state
in A, and to astate in B that has a cycle of internal events around it.

A TS is input-proper if, whenever ¢, Yo g ¢, € Er, g2 5 gz andw' \ Eryy =
w" \ Eryp = w, then there also exists ¢4 such that ¢, = ¢5. In other words, whether or not an input
change is permitted in a given state should depend only on the observable trace leading to that state.

[BS95]'s Realization (Ep): Let A = (S, E,T,s;,) and B = (S, E/,T', s},) betwo TSs, with
E=ErUEoUENT, B = E} U Eé) U E}NT' Er - E} and Eo - Eé) B redizes A (A ':B B) if



1. A and B are deterministic, and B isinput-proper.
2. L(B/A)\ Erny = L(A)\ Elyyp.
3. B isdeadlock-free with respect to A.
4. B islivelock-freewith respect to A.
Restriction 2 requires that the set of relevant observable traces of the implementation must be equal

to the set of observable traces of the specification. According to our intuitionof realization, thisis rather
restrict for real life examples.

3.5 [YGO1]'sRealization

Recently Yoeli and Ginzburg defined in [YGO01] a new notion of realization over “Circuit Transition
systems’, which are TSs where a partition exists in the set of events, separating input, internal and
output events. Let A = (S, F, T, ;) and B = (57, E', T', s,.) betwo TSs, with ¥ = Er U Eo and
E' = By UEL U E)yp.

[YGO1])'sRealization (=y): B redizes A (A &=y B) iff

1. Er = E}, Fo = Eé)

2. L(A) C L(B)\ Eryp

3. Assumew € L(A), z € Eo, w'z € L(B) andw’ \ Ejyr = w. Thenwz € L(A).

4. Assume wyw, € L(A), andthereexistsw’ € L(B), suchthat w’\ E} yp = wq. Then thereexists
w', such that w” \ Efyp = we and w'w'” € L(B).

5 Letw € L(A), w' € L(B), and w' \ E}yp = w. Then there exists a positive integer & such that
for any word w” € (Efnp)*, w'w' € L(B) implieslength(w’) < k.

Two comments must be done in this definition: firstly, the input-proper restriction can be violated in

the implementation. Secondly, Restriction 2 is rather restrict according to the notion of realization that
we want to represent.

4 1/O preservingrealization

In thissection the I/O preserving realization over reactive systems will be defined formally. Itisinspired
on the realization relation of Brzozowski and Seger, together with the refinement idea of Negulescu.
We are interested in the combination of both approaches because the two relevant ideas presented in
the introduction are represented: =g express the input-proper restriction on the implementation, which
contributesto preserve safely the dialog between the system and its environment. Secondly, Negulescu's
idea of accessing the same or fewer executions represent the possibility of reducing the concurrency only
between non-input events.

Definition 4.1 (1/0 preserving realization)
Let A = (S, E,T, Sm) and B = (S/,E/,T/,S/ ) betwo TSs, with E = E; U Ep U Ernr, E =

in

EYUELUE e, Er C Efand Eo C EY,. Bredlizes A (A = B) iff thereexistsarelation R € S x .5’
such that:
1. (Sin,s},) € R.
2. If (s1, s}) € R then:
(@) Vie Efst. sy A s9: s A sh, A (s2,85) € R.
(b) Yo € Eo st. sy 5 sh: sy 5 s9, A (s2,85) € R.
3. B isdeadlock-free with respect to A.
4. B islivelock-free with respect to A.
Condition 1 imposes that initial states must be related by R. Conditions 2(a)-(b) concern about the
enabledness of the observable events both in the specification and the implementation.
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Figure 1: (@) Interface of system A, (b) Transition System model.

5 An example

The conceptswill be presented with an example. Consider the system A, specified in Figure 1. It receives
messages x, v, z and w, and generates messages a, b and ¢ (Figure 1(a)). The behavior of such system
is specified with the TS of Figure 1(b). Figure 2 depicts the TSs of four possible implementations of
system A.

Thenotions~;, C;, Cw, B, =y and the new realization notion = will be used for restricting the
set of implementations of system A. The following table depicts the restricted search spaces. An“x” in
cell (i,j) means that the element j belongs to the restricted state space when using relationi.

(2@ [2(b) [ 2(c) [ 2(d) |

~ X X
Cw X
C;| X X
=B X
Ey | X X

= X X

Table 1. Restrictions of the implementation space.

According to the input-proper property, TS 2(a) can not be considered as a correct realization, due
to the insertion of the internal event A before of the input messages x, y and z. The input-proper
restriction can be explained with this example: imagine that the realization of A takes three days: 2(a) is
imposing that after message a has been generated, the environment must wait for three days before of
generating the messages x, y and z. Therefore, if implementation 2(a) was selected, the system(s) in the
environment responsible of generating messages x, y and z must be resynthesized. The equivalence 2,
therealization =y and therefinement C; include TS 2(a) in the restricted search space.
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Figure 2: TS of different implementations of system A.

However, theinsertion of theevent A in2(b) leadsto an input-proper TS. Sometimes the specification
must be modified in order to fulfill some implementability conditions. The transformations usually
requiretheinsertion of new internal events. Therefinement C doesnotinclude TS 2(b) intherestricted
search space.

According to our notion of realization, TS 2(c) isa correct implementation of system A, because it
represents a modification of the specification 1(b), where the concurrency of the output events b and ¢
isreduced: the environment will receive 2(c)’'s messages in a more restricted (but still expected) order.
Realization =5 does not include TS 2(c) initsrestricted search space.

6 Conclusions

A new realization notion over reactive systems have been defined. It is based on the idea that a reactive
system must operate in a distributed environment, where a fixed dialog exists between the system and
the externa systems (the environment). Comparison with respect to other definitions of equivalence,
refinement and realization show the suitability of the new notion.
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