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Timed Modal Specification
— Theory and Tools*

Karlis Cerans', Jens Chr. Godskesenfand Kim G. Larsen®

Abstract

In this paper we present the theory of Timed Modal Specifications (TMS) together with its imple-
mentation, the tool EPSILON. TMS and EPSILON are timed extensions of respectively Modal Specifi-
cations [Lar90, LT88] and the TAv system [GLZ89, BLS92].

The theory of TMS is an extension of real-timed process calculi with the specific aim of allowing
loose or partial specifications. Looseness of specifications allows implementation details to be left
out, thus allowing several and varying implementations. We achieve looseness of specifications by
introducing two modalities to transitions of specifications: a may and a must modality. This allows
us to define a notion of refinement, generalizing in a natural way the classical notion of bisimulation.
Intuitively, the more must—transitions and the fewer may—transitions a specification has, the finer it
is. Also, we introduce notions of refinements abstracting from time and/or internal computation.

TMS specifications may be combined with respect to the constructs of the real-time calculus
[Wan90]. “Time-sensitive” notions of refinements that are preserved by these constructs are defined
1 thus enabling compositional verification.

EPSILON provides automatic tools for verifying refinements. We apply EPSILON to a compositional
verification of a train crossing example.

1 Introduction

In this paper we present the theory of Timed Modal Specifications (TMS) together with its implemen-
tation, the tool EPSILON. TMS and EPSILON are timed extensions of respectively Modal Specifications
[Lar90, BL90, LT88, HL89] and the TAv system [GLZ89, BLS92].

During the last few years various process calculi have been extended to include real-time in order to
handle quantitative aspects of real-time systems, for instance that some critical event must not or should
happen within a certain time period. We mention the calculi defined in [Wan90] and the ones defined in
[NSY91] and [BB89]. Common to these real-time calculi is that time is represented by some dense time
domain, e.g. the non—negative reals.

*This work has been supported by the Danish National Science Research Council project DART and the ESPRIT Basic
Research Action 7166, CONCUR2. For the first author part of this work was performed while on a post—doc leave at
Chalmers University of Technology, Géteborg, Sweden.

fAdress: Inst. of Math. and Comp. Sc., University of Latvia., Rainis blvd. 29, LV-1459 Riga, Latvia. E-mail:
karlis@mii.lu.lv.

tAddress: Tele Danmark Research, Lyngsg Allé 2, DK—2970 Hgrsholm, Denmark. E-mail: jcg@tdr.dk

$Address: Dep. of Math. and Comp. Sc., Aalborg University, Fredrik Bajers Vej 7, 9220 Aalborg, Denmark. E-mail:
kgl@iesd.auc.dk.

1To be precise, when abstracting from internal composition refinement is not preserved by choice for the usual reasons.



As argued in [Lar90] process calculi are often too concrete in the sense that when a system has been
specified the set of possible implementations are restricted to one and only one equivalence class of
processes (e.g. the class of bisimulation [Mil89, Par81] equivalent processes). Moreover, as correctness is
given by the equivalence, the set of possible implementations remains constant under refinement. Hence,
stepwise development methodologies are not well supported in classical process calculi. As an example,
using the notation from [Wan90], a disposable medium M$* with some delay d between input and output
can be specified by

M§*® =4 a.e(d).b

meaning that after input a the output b is first enabled after d time units. But, as a specification this
may be too precise and perhaps all that needs to be required of the medium is that it enables its output
at some point in the time interval [e, f] after a message has been received. Hence, using a suggestive
notation, a more loose specification like

Mg;’ o a.ele, f].b
is needed. Intuitively, we want M:Jf to mean that after input a the output b may be enabled in the
interval [e, f) but is first guaranteed to be enabled after f time units. It is however impossible to give a
loose specification, like M :fb, using process calculi.

The theory of TMS is an extension of real-timed process calculi with the specific aim of allowing loose
or partial specifications. Looseness here means that a specification S can have various implementations
because implementation details may be left out in S. For instance, as in the example above, we can
be liberal as to how long a medium may delay before it can deliver. The looseness of specifications is
achieved by introducing two modalities to transitions: a may and a must modality, denoted by indices
<& and O respectively on actions. Using modalities the loosely specified media above can be specified by

528 9 aq.(e(e).bo + e(f)-ba)

that is, S:;Z specifies disposable media that must input a. After e time units from reception, but not
before, b may be enabled but only after f time units the enabling of b is required. Obviously we expect
M$* to implement SZ}’ whenever d € [e, f].

Generalizing in a natural way the notion of bisimulation we introduce a refinement ordering <1 between
timed modal specifications. As indicated above, a timed modal specification may specify a whole range
of implementations or processes. Thus conceptually one may view a modal specification S as the set of
processes satisfying S, and the refinement ordering attempts to capture the corresponding set inclusion
between specifications. Intuitively, we expect a modal specification S to be a refinement of specification
T when all transition allowed by S are also allowed by 7', and, conversely, all transitions required by T
are also required by S. As an example, we expect S:;Z < S‘;,’Z, whenever g < e and f < h.

In practical applications it is often advantageous to abstract from certain aspects when analyzing a system.
In particular, internal computation will normally be considered unobservable, and in a first analysis
of a large combined system explicit timing information may be irrelevant. In the paper we therefore
introduce notions of refinements abstracting from time and internal computation, and, of course, our tool
EPSILON supports automatic verification based on the refinements presented. For total specifications,
i.e. specifications with no looseness in the sense that all events are labelled with O—modalities, our



refinements collapses into standard process calculi (bisimulation) equivalences. We therefore consider
TMS a conservative extension of timed process calculi,

The automatic refinement checking for TMS can be performed through adopting the techniques for
checking bisimulation equivalences between networks of timed regular processes, developed in [CQQb] for
timed (time-sensitive) and [LW90] for time-abstracted cases (an alternative approach for deciding time—
abstracted equivalences can be found in [ACH"92]). We have implemented these technique in the tool
EPSILON so indeed automatic refinement checking between TMS specifications is feasible. For untimed
specifications the algorithms of EPSILON coincide with those of the TAv [GLZ89, BLS92] system?.

We intend TMS and EPSILON to be useful during the process of design and implementation. In par-
ticular, we want to support system development through stepwise refinement. In a stepwise refinement
development of a system the initial specification is rather abstract permitting a wide range of imple-
mentations. An idealized development now consists in a series of small and successive refinements, each
restricting the set of permitted implementations, until eventually an implementation can be extracted
directly. Each refinement can be relatively small, consisting typically in the replacement of a single com-
ponent of the current specification with more concrete ones. To illustrate the first step of an idealized
stepwise refinement development, suppose we have an initial specification of disposable media, say

a,b
Se,f

required to deliver in the interval from e to f after it receives its input. A possible refinement step could
be to replace SZ}’ by the composed specifications

(Mg* | ngd,f—d)\c (1)

That is, the initial specification has been refined to a more concrete specification demanding the imple-
mentation to consists of a medium with a fixed delay d (d < e) together with some medium delivering
between e — d to f — d time units after it received. The two components communicate via the internal
channel c¢.? The refined specification may be considered more concrete because structural information has
been added to the specification. Obviously, we expect (1) to be a correct refinement of SZ}’ since the total
delay is still within the interval from e to f. Using the verification tool EPSILON we can automatically
prove the correctness of this refinement step; more precisely, we can prove

(Mg | el p—a)\e < 82

where < indicates a refinement abstracting from internal events.

In general we would like the correctness of a refinement step to be immediately implied by the correctness
of the refinement of the replaced component by the one replacing it as this obviously will greatly simplify
the task of verification. That is, we want to support compositional verification and hence the refinements
to be preserved by composition as much as possible. As an example, we want to be able to infer that the
combined medium

(M© | M52 )\

is a correct implementation of SZ;Z directly from (1) and the obvious fact that M)ffd g szd7 s_a- Clearly,

this inference is possible provided the refinement < is preserved by parallel composition and restriction.

2Tav is a system for deciding various equivalences between CCS processes [Mil89].
3 As usual we take S\c to mean S but restricted from c.



TMS and the various notions of refinements also makes our correctness proofs far more general than
correctness proofs within standard (timed) process calculi. That is, a single correctness proof in TMS
may capture a whole (possibly) infinite family of correctness proofs in process calculi. For instance, in the
example above the correctness proof of (1) establishes in a single refinement the fact that (M3 | M)\c
is a correct implementation of S¢"; whenever M is chosen from the infinite set {M*| g € [e —d, f — d]}.

Temporal logics with explicit time provides an alternative framework for expressing loose specifications of
real-time systems. In fact there have been quite substantial work on model-checking with respect to such
logics [ACD90], and automatic tools for carrying out the model-checking has been or are under imple-
mentation (e.g. [NSY92]). However, no results as to the composition of (timed) logical specifications has
been offered so far, and compositional verification and stepwise refinement are therefore not supported.
Rather the tools and techniques developed within the (timed) logical framework always compare a (final)
implementation with the (initial) specification. In contrast, the theory of TMS and the EPSILON tool are
intended to be used throughout the entire development process.

The remainder of this paper is organized as follows. The next section contains a brief outline of Modal
Specifications. Section 3 gives the definition of TMS and provides an operational semantics for composi-
tion with respect to the constructs of TCCS. Various notions of abstracting refinements are introduced
in Section 4. The theory underlying TMS and the tools of EPSILON are applied in Section 5 in the verifi-
cation of a (classical) train crossing example. In Section 6 we propose a new refinement abstracting from
internal events. The last section offers a compact outline of the actual refinement checking algorithms as
carried out by EPSILON.

2 Modal Specifications

Modal Specifications (or Modal Transition Systems) were introduced in [LT88] in order to allow loose or
partial specifications to be expressed in a process algebraic framework. Semantically, Modal Specifications
are given an operational interpretation imposing restrictions on the transitions of possible implementa-
tions by telling which transitions are necessary and which are admissible. The transition systems for
Modal Specifications therefore have two transition relations: ——p describing the required transitions
and —»¢ describing the allowed transitions.

Definition 2.1 A modal transition system is a structure M = (S, A, —a, —>¢), where S is a set of
specifications, A is set of actions and —g, —C S X A X S, satisfying the condition —nC—.

The condition —5C—>¢ simply says that anything required is also allowed, thus ensuring consistency
of any Modal Specification. Clearly, the more a specification allows and the less it requires the looser the
specification is. This idea is formalized in the following notion of refinement



Definition 2.2 A refinement R is a binary relation on S such that whenever SRT and a € A then the
following holds:

1. Whenever S —% S’, then T —%, T" for some T’ with S'RT’,

2. Whenever T —%5 T’, then S —%4 S’ for some S’ with S'RT".

We say that S refines T whenever (S,T') is contained in some refinement R. In this case we write S < T'.

The behaviour of processes themselves is assumed to be given in terms of a standard labelled transition
system, which may be seen as a special case of Modal Specifications with all transitions being required (i.e.
—5=—>¢). In this case the new notion of refinement coincides with the classical notion of bisimulation.

3 Timed Modal Specifications

The language we use to describe timed processes is the real-time calculus TCCS of Wang [Wan90]. This
calculus is essentially Milner’s CCS [Mil89] extended with a delay construct e(d).P, which informally
means ”wait for d units of time and then behave like the process P”, where d € R, is a positive real.

The semantics of TCCS applies the ”two—phase functioning principle” outlined in [NSY91]. That is,
the behaviour of a real-time system is divided into two phases: one phase in which the components of
the system agrees to let time pass, and a second phase in which the system computes by performing
(instantaneous) actions. In the operational semantics of TCCS this is reflected by having transitions
labelled by either action names or delays being positive reals.

Similar to the Modal Specification extensions of classical Process Algebra (e.g. CCS), and for the very
same reasons,* we offer in the following a Modal Specification extension of the real-time calculus TCCS.

3.1 Informal Semantics

First consider the TCCS process term a.P. As a specification this term is quite specific, in that it requires
an implementation at any moment to be able to perform the action a and implement P thereafter. This
interpretation is formalized by the following required transitions for a.P

a.P —%5 P a.P ﬂgg a.P forall d>0

In the following we shall adopt the notation ag.P for a.P.

To obtain looseness® we introduce a new may prefix construct a..P. As a specification this term will at
any moment allow (without requiring) an implementation to have an a—transition as long as the result
of such a transition implements P. Formally this is reflected in the following transitions

aQ.P —a><> P CLQ.P ﬂ))g aQ.P for all d >0

1.e. to obtain looseness in specifications.
Sand analogous with the Modal Specification extension of CCS.



Informally, it should be rather clear that ac.P is a fairly loose specification covering a range of different
implementations. In particular, ac.P will contain as typical implementations the processes a.P, for
obvious reasons; nil, which never enables any actions and therefore trivially satisfies P after any possible
a—transition, and, for any d, €(d).a.P, which possess no actions before having delayed d units after which
any a—transition clearly will lead to a derivative implementing P. To formally verify that (say) €(d).a.P
is indeed an implementation (i.e. refines) a..P, simply note that the relation

R = {(e(d).a.P,as.P) | d >0} U Id

is a refinement.

In order to support compositional verification we want the ability to combine Timed Modal Specifications
with respect to the process constructs of TCCS, in particular with respect to that of parallel composition.
Here we recall that the real-time calculus TCCS applies the maximal progress assumption: i.e. if a process
is in a state in which it can perform internal (7) computations then time is not allowed to pass. As an
example consider the following combined Timed Modal Specification

(@o.S | a0.T)\a 2)

Implementations of (2) should essentially be of the form (P |Q)\a, where P implements @..S and @
implements a..T. From the discussion above we already know three typical implementations of a may—
prefixed term. Hence, typical implementations® of (2) will be of the form

(e(d).a.P"|e(d).a.Q")\a (3)

where P’ and @)’ implements S and T, respectively. Now, the operational semantics to be given to
the combined Timed Modal Specification (2) should capture precisely these desired implementations.
Choosing d = d’ = 0 in (3), we obtain a desired implementation which — due to the maximal progress
assumption — can perform nothing but a 7—transition (in particular it cannot delay). Thus, it is clear
that (@o.S | ac.T')\a should (at least) allow 7-transitions, whereas delay—transitions can not be required.
In general, however, implementations of the form (3) are not immediately able to perform a 7—transition;
rather a delay of maz{d, d'} time units must elapse. Hence, (@s.S | ac.T")\a cannot insist on an immediate
T—transition, and should on the other hand allow implementations to delay. In summary, (ac.S |ac.T)\a
is given the following transitions

(@o.S)ac.T)\a —>¢ (S|T)\a

(@.9 | as.T)\a ~Ds (@0.8 |ao.T)\a

Now it is reasonable to expect that (@..S | as.T")\a should be equivalent to the specification 7..((S | T')\a).
This means that the semantics of specifications of the form 7.5 should be given by the following two
axioms

TQ.S _T>Q S TQ.S ﬂ))o TQ.S

5besides nil.



B - S—a>msl def S—a>msl
0 z " xX¥gses —m
208 5.5 a8 5.5 X 5,9 le¢ s =9
S5, 8 _ s %, 5 T—%,T
Q / a’a’gA Q, ! a, !
S\A —,, S"\A4 S+T —,, S S+T —, T
s %, 8 T—%,T §S—%.8 T-S.T
S|\T—%,,8|T S| T %, S|T S|\ T 5, 8| T

Table 1: Action Rules for TMS (m € {0, <}).

3.2 Formal Syntax and Semantics

After the introductory discussion, we are now ready to formally present the syntax and semantics for
TMS. As in CCS, we assume a set A = AUA with & = « for all @ € A, ranged over by «, 3 representing
external actions, and a distinct symbol 7 representing internal actions. We use Act to denote the set
A U {7} ranged over by a,b representing both internal and external actions. Further, assume a set of
process variables ranged over by X.

We adopt a two—phase syntax to describe networks of regular TMS. First, regular TMS expressions are
generated by the following grammar

E :=nil |e(d).E | as.E |ag.E | E+E | X

where X ranges over a finite set of variables Var and d ranges over R, (the positive reals). We shall
assume that process variables are defined by a recursive equation system

E={XY Ey|X €Var}

where all variables in Ex are guarded in the sense that each variable occurrence is within the scope of
an action or delay prefix. Networks of regular TMS’ are composite expressions of the form

(S1| ... [ S\A

where S; are regular TMS and | and \ A denote CCS parallel composition and restriction respectively.
We will use S and T to range over (networks of regular) Timed Modal Specifications.

We now offer a modal transition semantics for TMS. This semantics is a conservative extension of the
semantics for TCCS developed in [Wan90]. We present the transition rules in two groups: rules for
actions in Table 1 and rules for delays in Table 2.7 It should be rather clear from Table 1 and 2 that
we indeed have defined a modal transition system, i.e. —5C—. As such, it can readily be seen that
—>pn—transitions may be derived for a combined specification (S + T or S|T') only if —5—transitions
can be inferred for the contributing components. That is, in the derivation of transitions for a combined
specification, the transitions contributed by the components should agree with respect to modality.

The side condition for the delay rule of parallel composition is to guarantee that (parallel composed)
specifications satisfy the following two maximal progress assumptions

“In Table 2, we use d to stand for a non-zero real; this implies that an €(0)-transition can never be inferred by the

inference rules. However, we shall apply the convention that S ﬁ)m S for all S.



nil 6—(d>)m nil a,.S €—(d>) a,.S To.S —><> To.S
_ S e(d) S/ S e(d) S/
elc+d).S -9, e(c).S e(c).S “—ctii s’ S\A <4 e‘d) ) S'\A
S e(d) S/ T e(d) TI S S(d) Sl dif S E
e(d) / / f(d / [ - ] €
S+T —., 8 +T X —, S
s -9 g 79

Sorty,e(d, S) N Sorty,.(d,T) =0

S|T -9 s |1

Table 2: Delay Rules for TMS (m,n € {0,<} and O° = &, ¢ = 0).

e a timed specification will not allow delays if it requires an internal action .

e a timed specification will not require delays if it allows an internal action T.

For timed processes (i.e. timed specifications with all transitions being required) these two assumptions
coincide and reduce exactly to the notion of maximal progress for processes. The two conditions above
are formalized by means of two functions Sorts and Sort. defined (inductively) in Table 3. Intuitively,
given a positive real d and a timed modal specification S, Sortn(d, S) (Sorts(d, S)) includes all external
actions that S requires (allows) an implementation to enable within d time units; hence the side condition
Sorta(d, S) N Sorta(d, T) = 0 (Sorte(d,S) N Sorte(d,T) = ) means that implementations of S and T
will not necessarily (can not possibly) be able to communicate with each other within d time units.

Definition 3.1 Given a timed modal specification S, we define Sortn(0,5) = Sort.(0,S) = 0 and
Sorta(c, S) and Sorte(c,S) for ¢ # 0 to be the least sets satisfying the equations® given in Table 3.

The following properties of timed specifications are obvious generalizations of central properties of timed

processes in [Wan90]

Proposition 3.2

1. (Maximal progress) If S —,, S’ for some S', then S ﬂmc S" for no d and S".

2. (Time determinism) Whenever S —,, S’ and S —

3.

4.

5.

(Persistence) If S —

(Transition liveness) Either S —5,, S’ for some S’ or S O\

@ 5" then §' = S".
e(d)

e(c)

(Time continuity) For all ¢,d and S", S — iy m S IS —,, S’ i@ S" for some S'.

8In Table 3, c~d is defined to be ¢ — d if ¢ > d, 0 otherwise.

m S and S —5,, T for some S’ and T, then 8" —%,, T' for some T".

me S for some S” and d > 0.



Sort,(d,nil) = 0

Sorty(d,an.S) = {a}

Sorta(d, ae.S) = 0

Sort,,(d,7,.8) = 0

Sorto(d, a,,.S) = {a}
Sort,,(d,e(c).S) = Sort,(d-c,S)
Sortn(d,S+T) = Sorty(d,S)USort,(d,T)

Sort,,(d,S|T) = Sort,(d,S)USort,,(d,T)

Sort,,(d,S\A) = Sort,(d,S)\ (AU A)

Sortn(d, X) = Sort,(d,S), [XZ sle¢

Table 3: Definition of Sorts and Sorte (m,n € {O,C}).

4 Abstracting Refinements

As already mentioned, TMS together with the two modal transition relations —5 and — defined in
Table 1 and 2 constitutes a modal transition system. As such, we may readily apply the general notion
of refinement from Definition 2.2 to TMS.

However, this refinement will often be too strong in practical applications. In particular, a refinement
based directly on —5 and — will be completely sensitive to internal computation. In contrast,
practical applications often need to abstract away from internal computation of systems. Also, when
reasoning about large combined real-time systems, explicit timing information may in a first analysis
be unimportant, in which case a time—abstracting refinement will suffice. Though such a refinement
yields no information about the timing behaviour of the overall system, it will demand proper interaction
between the timing properties of the components of the system.

Abstracting refinements with the above properties will be obtained through the definition of similarly
abstracting versions of the modal transition relations — 5 and —. The abstracting transition relations
will in all cases be generated by an abstraction function ® on labels. Now, recall that the modal
transitions for TMS are labeled by elements of the following set

L = Act U Delay

where

Delay = {e(d) | d > 0}

An abstraction function ® maps sequences of (concrete) labels into a single (abstract) label. More

9This is strongly inspired by the notion of observation criterion in AUTO [SV89].



precisely, an abstraction function ® is a partial function of the following type

O L~ LU{e}
The partiality of ® indicates that not all sequences of (concrete) labels makes sense as abstract actions.
Also, ®(s) = ¢ signifies that s is unobservable when viewed through the abstraction given by ®.

Given an abstraction function we can now define abstracting transition relations.

Definition 4.1 Let ® be an abstraction function. Then the abstracting transitions relations —& and
—2 are defined as (m ranges over O and <)

e S-232 8" whenever S -5, - %S with ®(py ... p,) ~ o for some py, ..., n,o. °

Now it is easy to verify that TMS equipped with any abstracting transition relations —& and —2
does indeed constitute a modal transition system in the sense of Definition 2.1. Hence, we may apply
the notion of refinement from Definition 2.2

Notation 4.2 If S refines T' with respect to the ®-abstracting transition relations —& and —2, we
say that S refines T' with respect to the abstraction function ®.

We now present the abstraction functions which will induce the desired 7— and time-abstracting refine-
ments.

Definition 4.3 The T—abstracting function @, is defined as follows
o (") =¢; k>0
D (thoe(dy)T™ .. e(d,)Tm ) =€(di + ...+ dy); k; >0
o, (thar?) =a; k,j7>0

Whenever S refines T' with respect to ®, we say that S weakly refines T'. We write S < T in this case.

In the following we shall use also a more standard process algebraic notation S =%, S’ for S22+ &'
for any admissible label p € {e} U A U Delay.

Following the proofs for timed equivalence in [Wan90] it can be shown ([God94]) that the non-abstracting
refinement < is preserved by all constructs of TMS. For the weak refinement < a certain very natural
syntactic conditions on specifications can be defined (see Section 6.1) which ensure also it to be preserved
by all TMS constructs except summation (as usual for T-abstracted process algebraic constructs). We
study the (general lack of) compositionality of < in more detail in Section 6, where we also propose a
new T—abstracting refinement that is preserved by parallel composition.

The two following functions abstract from time (and internal computation)

Definition 4.4 The time—abstracting function ®,. is defined as follows

D (s) =¢; s € Delay”
D (s1asy) = a; s1,8, € Delay”

Whenever S refines T' with respect to ®. we say that S is a time—abstracted refinement of T'. We write
S & T in this case.

0For expressions e; and ez, e1 =~ es holds if both expressions are defined and have the same value.

10



Definition 4.5 The 7— and time—-abstracting function ®.. is defined as follows

O, (s)=¢; se€ (DelayU{r})*
@76(810582) =a; 81,52 € (Delay U {T})*

Whenever S refines T' with respect to ®,.. we say that S is a weak time—abstracted refinement of T'. We

write S ﬁl T in this case.

The two time-abstracting refinements are not preserved by the constructs of TMS (in particularly not
parallel composition). However, the full abstractness result for time abstracted equivalences proved in

[LW90] extends to 4. That is, the largest pre—order contained in & which is also preserved by parallel
composition will be <. The proof can be found in [God94].

/\
NS

Figure 1: Ordering refinements.

In Figure 1 we illustrate the relationship between the four refinements introduced. The arrows between,
< and < say, represents the set inclusion <l§%l. The proof of these inclusions, that they are strict and
also the only inclusions among the four refinements are straightforward. Also, it is easy to prove that the

refinements, when restricted to timed processes, coincide with the corresponding equivalences studied at
length in [LW90).

Example 4.6 Recall the combined media specification (1) from the introduction

(Mg* | Se d,f— 2\e

where 11
Mwa,b déf aD-E(QT).ED.
S “ an.(e(z).bo. + €(y) bo.)

Then the following abstracting refinements may be deduced

(Mg© | 8%, D\e 2 Sy
(Mg© | Sdef 2\c 3 S&’g

i.e. the combined media weakly refines a media with delay between e and f and is a weak time—abstracted
refinement of a medium which enables its output immediately after reception of its input.

1'We omit trailing nil’s; i.e. a,, abbreviates a,.nil.

11
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Figure 2: The Train Crossing.

The verification tool EPSILON supports automatic verification for all four types of refinements we have
considered so far. In fact, all instances of the weak and time—abstracted refinements in the above example
can be automatically checked using EPSILON. To be precise, the tool EPSILON supports automatic
refinement checking for a slightly restricted class of TMS, namely, for those specifications which are
initially integral timed (also called simply integral timed and abbreviated IT) according to the following
definition.

Definition 4.7 S is initially integral timed iff every delay prefix €(d) occurring in S has the delay d € N.

Actually, the algorithms would apply also for specifications with delays being positive rationals, as we may
simply multiply all delays with some rational ¢ in order to end up with a comparison of initially integral
processes. It should also be noted that an IT TMS specification still can perform delays of arbitrary
real length'?, as well as all instances of TMS specifications naturally appearing in the considered Train
Crossing example (see Section 5) are initially integral timed.

In the next section of this paper, we shall demonstrate the tools of EPSILON on a somewhat larger and
more complex example.

5 The Train Crossing

In this section we demonstrate the applicability of the TMS theory and the tool EPSILON to a small
example of a train crossing. Similar examples can be found elsewhere in the literature, e.g. [AD91].

The Train Crossing (see Figure 2) is a small idealized example of a real world train crossing. It consists
of four components: the crossing (Cr), a train (T), the gate (G) and the controller (Ct). When a train
approaches the crossing it sends a signal to the controller. Having received the signal, after some delay
the controller starts closing the gate. Then, after some more delay the controller starts opening the gate.
The train is assumed to have moved through the crossing while the gate was closed.

The external events of our model system will be down and up meant to occur when the gate is becoming
closed or open, as well as inside and outside representing the moments of the train actually entering
and leaving the crossing.

The TMS specification of the crossing is given in Figure 3 by TrainCrossing(X,A,B,C,U,V). It consists
of four parallel components, namely the crossing, the gate, a train and the controller. We have made

2For instance, €(1).an.nil @3 €(0.66).an.nil.
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Crossing :=: in(enter);inside!Crossing With Train

Crossing With_Train :=: in(exit);outside!Crossing

Gate(X) :=: in(close);e[0,X].tau;down!Gate_Closed(X)

Gate Closed(X) :=: in(open);e[0,X].tau;up!Gate(X))
Train(A,B,C) :=: out(app)?Train To Enter(A,B,C)

Train To_Enter(A,B,C) :=: ¢€[A,B].out(enter);Train In(A,B,C)
Train_In(A,B,C) :=: ¢€[0,C].out(exit) ;Train(A,B,C)
Controller(U,V) :=: in(app);Contr_Close(U,V)

Contr Close(U,V) :=: ¢[0,U].out(close);Contr Open(U,V)
Contr Open(U,V) :=: €(V);out(open);Controller(U,V)

TrainCrossing(X,A,B,C,U,V) :=:
(Crossing/Gate(X)/Train(A,B,C)/Controller(U,V))\ [enter,exit,close,open,app]

Figure 3: Specification of the train crossing in EPSILON.

the specification explicitly dependent on a number of time parameters to illustrate the effect of their
modification on the properties of the specified system.

In the specification we have introduced some (possibly generally useful) derived language constructs,
namely,

e ¢[d,e].a.S is a shorthand for €(d).a..S + €(e).an.S (it means that the transition with the action a,
leading to S may be enabled after d time units, but it must be enabled after e time units (usually
d <e)), and

e ¢!S abbreviates T def an.S + 7.1 (it is a kind of “time-lock” operation: the mo—loop around T
ensures that the time is not allowed to pass due to the maximal progress assumption, so the only
behaviour what such a specification allows is doing the a immedilately. This is the way, how
immediate (urgent) actions are modelled in TMS.).

In EPSILON :=: is used for declarations binding the left hand side identifier to the right hand side, ;
denotes the must modality and ? the may modality. in(a) and out(a) are used to represent an action
and its corresponding co—action and restriction from actions is defined by \L where L is a list of actions.

The first of the four components, the Crossing is simply keeping track of whether there is a train in it, or
not, and at any time when a train either enters or leaves, it gives an immediate signal inside