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Verifying ET-LOTOS programs with KRONOS * 
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ET-LOTOS is a timed extension of LOTOS proposed for modeling real-time systems. 
KRONOS is a tool that checks whether an automaton extended with clocks ( called timed 
automaton) satisfies a real-time requirement expressed as a formula of the logic TCTL. 
This paper shows that real-time systems described in a reasonable subset of ET-LOTOS 
can be verified with KRONOS by compiling them into timed automata. We illustrate the 
practica! interest of our approach with a case study: the Tick-Tock protocol. 
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1. Introduction 

The development of services and protocols requires timing mechanisms such as timeouts, 
watchdogs, delays and isochronous data transfers. In the last few years, many FDTs with 
constructs to model the above mechanisms have been proposed. These "timed" FDTs are 
mainly based on extensions of asynchronous process algebras, see [11, 7] for an overview. 
FDTs need supporting tools to allow automatic verification of requirements. 

ET-LOTOS [8] is a timed extension of LOTOS that allows the modeling of real-time 
behaviors. KRONOS [12, 10] is a tool that checks whether a real-time system described by 
a timed automaton (automaton extended with clocks) satisfies a requirement expressed 
as a formula of the logic TCTL [1]. 

The need of verification methods anei tools for ET-LOTOS has been stated in [8]. The 
main issue of this work is to show that real-time systems described in ET-LOTOS can 
be verified with the tool KRONOS by compiling them into timed automata. A similar 
approach has also been successfully applied to the algebra of timed processes ATP [12]. 
To illustrate the practica! interest of our approach we apply it to a case study: the Tick
Tock protocol. 

This paper is organized as follows. In section 2, we review the description of the 
Tick-Tock protocol. The ET-LOT OS specification of the protocol is given in section 3. 
We also review here the syntax and semantics of ET-LOTOS. Section 4 is devoted to 
timed automata. We illustrate the main ideas of the translation method of ET-LOTOS 
into timed automata with the example of the protocol. In section 5 we formalize the 
translation method. In section 6 we use the tool KRONOS to check that the ET-LOTOS 
description of the protocol satisfies the timing requirements. 
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2. A case study: the Tick-Tock protocol 

The Tick-Tock protocol [9] is a case study for the assessment of timed FDTs. Although 
this protocol intends to be a realistic system, al! details that are not relevant to timing 
requirements are simplified. However, it exhibits most of the essential timing constraints 
that need to be described by timed FDTs. 

The Tick-Tock protocol is composed of three entities called sender, receiver anei service. 
Service interacts with sender and receiver through their SAPs, respectively called Ss-SAP 
and Sr-SAP. Figure 1 shows a sketch of the system. To keep things simple, we restrict 
ourselves to the specification of service. 

Service 

Figure 1. Sketch of the protocol. 

Description of service 
Service transmits data from sender to receiver. Exchanges through the corresponding 

SAPs are instantaneous and atomic, and carry a data cell as parameter. Service satisfies 
the following timing requirements. 

Isochronism. The behavior of service is isochronous, that is, a cel! from sender is only 
accepted at precise, punctual instants with a given period of 1r time units. Sender may 
neglect an opportunity of emission. Just one cel! can be exchanged at any instant. 

Transmission delays. Service always proposes a cel! to receiver between Tmin and Tmax 

time units after its emission. 

Spacing between deliveries. There is always a delay of at least a time units between 
two successive offers of cells at Sr-SAP. 

Immediate acceptance. A cel! offered by service to receiver must be immediately 
accepted by receiver, otherwise the service losses the cel! immediately. 

Loss-free transmission. The previous requirement describes the only way a cel! re
ceived by service from sender can be lost: no cel! is lost during its transit through service. 

3. Specification in ET-LOTOS 

ET-LOTOS [8] is an extension of LOTOS that allows the specification of timing re
quirements. In order to illustrate the meaning of the temporal operators of ET-LOTOS 
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we first specify the behavior of service. We then recall the semantics of ET-LOTOS which 
is given in terms of labeled transition systems. The formal semantics of full ET-LOTOS, 
as well as its compatibility with respect to LOTOS, is given in [8). 

3.1. Specification of Service 
Our specification is basically the one given in [8) with slight changes. The specification 

of service is given in a constrained-oriented style, that is, each requirement is given as an 
ET-LOTOS process, and the overall behavior of the system corresponds to the parallel 
composition of all of them. Interna! synchronizations are hidden using the hide operator. 

Figure 2 shows the general structure of service. It is corn posed of four processes, namely, 
Isochronous, TransDels, SpacingDeliveries and ImmAccept. 

Ss-SAP Sr-SAP 
~ -

~-----<~~------~ T 
1 Isochronous 1 1 TransDels 1 1 ImmAccept 1 

Y.el 

1 SpacingDeliveries 1 

Figure 2. Structure of service. 

Notice that TransDels, SpacingDeliveries and ImmAccept synchronize on the inter
nal gate Del. The gate Del becomes enabled only when service is ready to deliver a cel! 
to receiver. In this case, the cell must be transmitted immediately or lost. 

lsochronism. The isochronous behavior of service is: 
process Isochronous [Ss-SAP] : noexit := 
Ss-SAP{O}; ~~ Isochronous 

o 
~~ Isochronous 
endproc 
Process Isochronous is a choice between two possible behaviors, and this choice is re
solved immediately. The action-prefix Ss-SAP{O} means that the offer Ss-SAP of service 
to sender has a zero duration, that is, either the sender is ready to interact at this punctual 
instant and the action occurs, or the offer is removed without executing the subsequent 
behavior. So, either the offer is accepted immediately, or the process behaves like stop. 
In the first case, a new occurrence of Isochronous is called after a delay 7r, which is 
expressed by the operator~~. In the second case, a new communication through Ss-SAP 
will be offered after a delay of 1r units. 
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This example illustrates the two basic timed operators of ET-LOTOS, namely, the 
extended prefixing g{ t}, called life reducer, and the delay operator ~ t. The expression 
g{t} means that g is only offered during the interval [O,t], that is, if g has not occurred 
after a delay t, the offer is removed and the process behaves like stop. It is important to 
note that the attribute { t} does nof force g to be executed before t. A main assumption 
is that observable actions, i.e., actions different from i, may occur at any time: that is, 
if no time attribute { t} is associated with an offer g, the execution of g may be delayed 
without bound. The dela.y operator ~~ expresses that the subsequent behavior will be 
delayed by t. We write g{min,max} as a shorthand notation for ~min g{max-min}. 

Transmission delays. This requirement is expressed by: 
process TransDels [Ss-SAP,Del] noexit := 
Ss-SAP; i{Tmin,Tmax}i Del; stop 

III 
TransDels [Ss-SAP, Del] 
endproc 
An important property of the action i is that it must occur within the interval associated 
with it. By default, when no time parameter is present, we assume that it is equal to 
O, and we say that i is urgent. So, TransDels introducea a minimum delay Tmin after 
the reception of a cell through Ss-SAP and an additional and non-deterministic delay 
less than or equal to Tmax - Tmin· Since i must occur, the offer Del is enabled within 
the interval [Tmin, Tmax]. However, Del may not be executed immediately because of the 
minimal delay imposed between two consecutive deliveries. We will see !ater in section 6 
that under some assumptions on the parameters, the Del will never occur after Tmax· 

Spacing between deliveries. The following ET-LOTOS process ensures that two suc
cessive offers of Del are spaced out at least by a time units: 
process SpacingDeliveries [Del] noexit := 
Del; ~"' SpacingDeliveries 
endproc 

Immediate acceptance. This requirement is specified as follows: 
process ImmAccept [Del,Sr-SAP] : noexit := 

Del; 
( Sr-SAP{O}; ImmAccept[Del,Sr-SAP] 
[] 
ImmAccept[Del,Sr-SAP] ) 
endproc 
The behavior of ImmAccept is as follows: either it outputs the cell immediately through 
Sr-SAP, or if the output is not possible, it looses the cell and waits for the next one. 

Service. The above processes synchronize on the interna! gate Del. As Del is an interna! 
action, it must be hidden. Process Service is defined as follows: 
process Service [Ss-SAP] : noexit := 
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( Isochronous [Ss-SAP] 
1[ Ss-SAP li 
( hide Del in 
( TransDels [Ss-SAP,Del] 
1[ Del li 
SpacingDeliveries [Del] 
1[ Del li 
ImmAccept [Del,Sr-SAP] ) ) ) 
endproc 
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In ET-LOTOS, hidden actions must occur as soon as they become enabled. This behavior 
is ensured by the semantics of the hide operator. However, notice that even if Del is 
forced to occur as soon as possible, it is not clear whether it will always happen within 
the required interval of time. In section 6 we use the tool KRONOS to prove that this 
requirement is fulfilled. 

3.2. Semantice of ET-LOTOS 
The formal meaning of ET-LOTOS is given in terms of labeled transition systems. 

There are two kind of transitions, namely discrete and timed. A discrete transition corre
sponds to the execution of an action, and is therefore labeled with the name of the action. 
P ~ P' means that P may engage in actiona and then behave like P'. Timed transitions 
correspond to time elapses. The set of possible timed values is called the time domain. 
If Dis the time domain, + the addition inD, O the neutra! element of D, then (D, +,O) 
is a commutative monoid, (D, ::;) is a total order and oo is the absorbent element for +. 
D can be discrete or dense. Hereafter we assume that D is the set of rational numbers. 
Now, P _!, P' means that P may idle during a time d and then behave like P'. 

Table 1 shows the formal operational semantics of a subset of ET-LOTOS. We restrict 
ourselves to the subset containing all the constructs used in the example modeled above. 
The semantics of full ET-LOTOS is given in [81. The semantics is given as a set of axioms 
and inference rules, with dE D- {0}, d1 E D, a E G U {6, i} and f ~ G, where G is the 
set of observable actions. We have also a #6 in (AP1), "(AP2), (AP3). The left and right 
columns correspond to discrete and timed transitions, respectively. 

4. Extended automata with clocks 

In this section we model timing requirements by automata extended with a set of 
clocks. Clocks are varia.bles that count the time elapsed between events. These automata 
are called timed automata. Many different clefinitions of timed automata ha ve been given, 
see for instance [1, 12, 131. Here we adopt the definition given in [10). 

A timed automaton has a finite set of clocks. The values of the clocks increase uniformly 
with time. Timing constraints are expressed by associating enabling conditions with 
transitions. A transition is enabled, that is, may be executed, if the condition is satisfied 
by the current values of the clocks. A dock can be reset with any transition. At any 
instant the value of a clock is equal to th~ time elapsed since the last time it was reset. 

The semantics of timed automata and ET-LOTOS is given in terms of the same class 
of labeled transition systems. Besides, the parallel composition operator of ET-LOTOS 
can also be defined on timed automata. 
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Table 1 
Operational semantics of ET-LOTOS. 

(S) stop-+ stop 

(APl) a{dt};P~P (AP2) a{dt + d}; P.!!. a{dt}i P 

(AP3) a{dt}i P.!!. stop (a;l:i,d>dt) 

(Dl) p..!!,p' (D2) l!;.dt+d p.!!. l!;.dt p 
fl.Op..!!,p 

(D3) 
p.!!_pl 

fl.Op.!!_pl 

(CHl) P~P' (CH2) 
P(]Q-.!!.P' 

(+CHl') 

(Pl) P-.!!.P' (a~tru{c}) (P3) p ..... P',Q..!!. Q.' 
Pl(f]IQ ~ P'l(f]IQ Pl(f]IQ .!!_ P'l(f]IQ' 

(+Pl') 

(P2) p..!!. P',Q. ~ Q.' (aeru{c}) 
Pl(f]IQ ~ P'l(f]IQ' 

P~P' 
d . a 

(Hl) (a It r) (H3) P-+ P'2 Va E f.P -h_ 
hidefinP ~ hidefinP' hidefinP ~ hidefinP' 

(H2) P~P' (a E f) 
hidefinP .i. hidefinP' 

(Inl) [gLh]P~ P',Q[h] := p (In2) ~Lh]P ~ P',Q[h] := p 
Q[g]~P' Q[Q].!!. P' 

4.1. Specification of Service 
We specify the behavior of service to illustrate the syntax and semantics of timed 

automata. For each ET-LOTOS process we show a timed automaton that describes the 
same behavior. Service is modeled as the parallel composition of the following timed 
automata. 

Isochronism. The timed automaton of process Isochronous is shown in figure 3. This 
automaton has two control locations, namely O and 1, and one clock, namely x. The 
initiallocation is O and the initial value of x is O, which is denoted by the small arrow. 
At location O, the automaton behaves like follows: either it takes the transition Ss-SAP 
when the value of x is equal to O, or it waits until the value of x is 1r to reset x to O in 
order to allow a new offer of Ss-SAP. The labei Ll means that the transition corresponds 
to the delay operator of ET-LOTOS. At location 1, the automaton waits 7r time units 
and then moves to location O. 

In both locations the value of x cannot increase beyond 7r, which forces the transitions 
tobe taken when the value of x reaches 7r. Consequently, the time spent in one visit at 
each location is less or equal than 7r. This behavior is ensured by associating with each 
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location a predicate called the time-can-progress predicate, noted tcp, that determines the 
amount of time the automaton may stay at the location. The tcp predicate is formally 
defined in section 4.2. 

Transmission delays. Recall the definition of process TransDels given before. Clearly, 
this process cannot be represented by a finite automaton since the use of recursion through 
the parallel operator generates an unbounded number of instances. Instead, we consider 
the following definition of process TransDels: 
procesa TransDels [Ss-SAP,Del] : noexit := 
Ss-SAP; i{Tmin,Tmax}i Del; TransDels [Ss-SAP, Del] 
endproc 

Remark 4.1 Notice that in this case, service has no capacity to buffer cells and it can 
only accept one cell at a time. lf buffering of cells is required, we can put in parallel as 
many of these processes as the size of the buffer. 

Figure 4 shows the timed automaton corresponding to process TransDels. Location O 
is the initiallocation with z equal to O. The system may rest at locations O and 2 a time 
without bound, but it must leave location 1 at some time within the interval [Tmin, Tmax]· 

We assume that the tcp predicate ensures that the value of z cannot increase beyond Tmax 

at location 1. 

x = 1r,~,x :=O 

Figure 3. Isochronism. Figure 4. Transmission delays. 

Spacing between deliveries. The timed automaton of figure 5 describes the same 
behavior than the ET-LOTOS process SpacingDeliveries. At location O, the system 
may take the transition Del at any time. Location 1 models the delay of a required 
between two consecutive o:ffers of Del. At this location, the tcp predicate ensures that the 
value of y cannot increase beyond a, so the transition must be taken when the value of y 
reaches a. The ~-transition models the expiring delay. 
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Immediate acceptance. Figure 6 shows the timed automaton of ImmAccept. After a 
transition Del, the value of w is reset to O and a Sr-SAP is offered. Since the enabling 
condition of the transition Sr-SAP is w = O, either it is taken immediately, or it becomes 
disabled and the opportunity is lost until the next Del. The tcp predicate is true in both 
locations. 

Del,w :=O 

Del,y :=O w = O,Sr-SAP ,w := O 

Figure 5. Spacing between deliveries. Figure 6. Immediate acceptance. 

4.2. Operational semantics 
Formally, a timed automaton is a tuple T = (S, X, E, s0 , tcp) where: 

1. S is a finite set of vertices called locations. 

2. X is a finite set of variables called clocks. A valuation v of clocks is a function that 
assigns a value v(x) E D to each clock x E X. V denotes the set of valuations. 

A state q is a pair ( s, v) consisting of a location s E S and a valuation v E V. We 
write Q for the set of states. 

3. E is a finite set of edges called transitions. Each transition e = (s, l, '1/J, p, s') consists 
of a source location s E S, a target location s' E S, a labei 1, a guard '1/J, and a 
set p ~ X of clocks to be reset to zero simultaneously with the transition. 

A guard is any boolean combination of atoms of the form x#c where x E X, cE N 
and # is any binary relation in the set { <, :::;, >, ;::::, = }. 

The transition e is enabled ata state (s, v) if v satisfies the guard '1/J. We write v[p := 
O] for the valuation v' such that v'(x) =O for x E p and v'(x) = v(x) otherwise. 
The state (s', v[p :=O]) is the discrete successor of state (s, v) by transition e. 

4. s0 is the initial location. 

5. For each s E S, tcp is the time-can-progress predicate that determines for each 
state (s, v) and time value dE D, if the system may let time progress by an amounţ 
of d at location s. In this case, the values of the clocks increase by d. 

We write v + d for the valuation v' such that v'(x) = v(x) + d for ali clocks x E X. 
The state ( s, v + d) is the timed successor of state ( s, v). 
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The operational semantics of a timed automaton is a labeled transition system where the 
set of states is Q and the transition relation -+ is defined by the rules in table 2. 

Table 2 
Operational semantics of timed automata. 

(Tl) e = (s,l,I/J,p,s') EE, lj;(v) 
(s,v)-.!.. (s',v[p :=O]) 

(T2) tcp(s)(v,d),d E D- {O} 
(s,v) ~ (s,v+d) 

Note For instance, the tcp predicate of location O of the timed automaton of figure 3 
is tcp(O)(v,d) = v(x) + d::::; 1r. From this definition and rule (T2) above it is easy to see 
that the amount of time the automaton may stay at location O is less than or equal to 1r. 

For a detailed description of the tcp predicate see [10]. 

5. The principle of the translation method 

The example above suggests a general method for translating ET-LOTOS specifications 
into timed automata. In this section we show the principle of this method for the subset of 
ET-LOTOS considered in section 3. Our translation method is based on the one developed 
for the timed process algebra ATP presented in [12, 13]. We use the labei ~ to represent 
transitions corresponding to expiring events of the delay operator, l denotes an element 
of G U {8, i,~}. 

Stop. The timed automaton corresponding to the process stop is 

( { s}, { x}, 0, s, tcp) 

where tcp(s) is the predica te true, that is, tcp(s )( v, d) is true for all valuations v of x and 
for ali time values d E D. This means that stop is a process that only lets time pass 
(rule (S) in table 1 ). 

Prefixing. Let P be the term a{d1};P1 and T1 = (S1 ,X1 ,E1 ,s~,tcp1 ) be the timed 
automaton of P1 . The timed automaton of P is 

(St U {s},Xt U {x},Et U {(s,a,x::::; dt,Xt,sm,s,tcp) 

where the initiallocation s fj_ S1 is a new one, and x fj_ X 1 is a new clock, and the new 
transition represents that the gate a is enabled for at most d1 time units (rules (AP1) 
and (AP2) in table 1). 

For alllocations s1 E St, tcp(st) is like tcp1 (st). For the initiallocation sE S, tcp(s) 
depends on whether a is an observable action or a = i. If a #- i, then tcp(s) is true 
which means that time can progress without bound at the initiallocation s (rule (AP3) 
in table 1). If a= i, then tcp(s)(v, d) is true iff v(x) +d::::; d1 , which means that the value 
of x cannot increase beyond d1 , expressing the necessity for the transition to be taken 
within the interval [0, d1]. 
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Delay. Let P be the term ~d, P1 and T1 = (Sll Xll E1, s~, tcp1) be the timed automaton 
of P1. The timed automaton of P is 

where the initial location S <ţ S1 is a neW one, X <ţ X1 is a neW clock, and the new 
transition represents that the system moves to the initial state of T1 after idling d1 time 
units at the initiallocation s. For alllocations s1 E Sll tcp(sl) is tcp1(s1). For the initial 
location s, tcp( s )( v, d) is true iff v( x) + d ~ d1, which means that the value of x cannot 
increase beyond d1, forcing the transition ~tobe executed when the value of x is equal 
to d1. 

Nondeterministic choice. Let P be the term Pt(]P2 and T; = (S;, X;, E;, s?, tcp;) be 
the timed automaton of P;, for i E {1, 2}. The timed automaton of P is 

where the set of transitions E is 

E = {((si,s2),a,l/>,p,s~) 1 (si.a,l/>,p,s~) E Ed 
U{((sbs2),a,'lj>,p,s~) 1 (s2,a,'lj>,p,s~) E E2} 

U{((st, s2), ~. 1/>, p, (s~, s2)) 1 (s1, ~. 1/>, p, s~) E EI} 

u{((st,s2).~,1/>,p,(si,sm 1 (s2,~,'1j>,p,s;) E E2} 

(1) 

(2) 

(3) 
(4) 

(1) and (2) express that a choice is resolved by the execution of an action (rules (CH1) 
and (CH1') in table 1), and (3) and (4) express that the expiration of a delay does not 
resolve a choice (rule (CH2) in table 1). For ali locations s; E S;, i = 1, 2, tcp(s;) is 
tcp;(s;). For alllocations (st, s2) E sl X s2, tcp(sl, s2) is tcpl(sl) A tcp2(s2) which means 
that time passes at the same pace in both processes (rule (CH2) in table 1). 

Parallel composition. Let P be the term Pd[f]IP2 and T; = (Si,X;,E;,s?,tcp;) be 
the timed automaton of P;, for i E {1, 2}. The timed automaton of P is 

where the set of transitions E is 

E = {((s1,s2),I,"P,p,(s~,s2)) 1 (si.l,"P,p,sD E EI,l\ifU{t5}} (5) 

U{((sl,s2),l,"P,p,(s1,s~)) 1 (s2,l,'lj>,p,s~) E E2,l\t fU {t5}} (6) 
u{( (SI, s2), l, 'lj>l 11 "P2, Pl u P2• ( s~, s~)) 1 ( s;, l, "P;, p;, sD E E;, i = 1, 2, l E r u { b}} (7) 

(5), (6) and (7) correspond to rules (P1), (P1') and (P2) in table 1, respectively. For all 
locations ( St, s2) E S1 X S2, tcp(sl, s2) is tcp1(sl) 1\ tcp2(s2) which means that time passes 
at the same pace in both processes (rule (P3) in table 1). 
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Hide. Let P be the term hidefinH and T1"" (SI.Xl,Ehs~,tcp1 ) be the timed au
tomaton of P1. The timed automaton of P is 

(Sl> X1, E, s~, tcp) 

where the set of transitions E is 

E = {(s1,l,,P,p,s~)l(st,l,,P,p,s~)EE1,l~r} (8) 

U{(s1. i, 1/>, p, s~) 1 (si. l, ,P, p, s~) E E1, lE r} (9) 

(8) and (9) correspond to rules (H1) and (H2) in table 1. For all locations s E S1, 
tcp(s)(v, d) is the predicate tcp1(s)(v, d) 1\ Vl E r . ..,enable(s, l)(v) where enable(s, l)(v) 
is true if an outgoing transition from s with labei l is enabled for the valuation v. This 
definition of tcp( s) captures exactly the meaning of rule (H3) in table 1. 

The syntax-driven construction presented in this section introduces ~-transitions to 
represent expirations of delays. These transitions, which are also used in the translation 
method of ATP [12, 13], play a role similar to the f-transitions used in [4] and are intro
duced in order to obtain a compositional method of construction. In many cases these 
transitions may be eliminated by propagating the corresponding timing constraints. The 
ET-LOTOS program and the automaton have the same behaviors. The proof of correct
ness is similar to the one given for ATP in [14]. It relies on the definition of an equivalence 
relation between transition systems that appropriately handles ~-transitions introduced 
by the translation method. To keep the presentation simple we do not deal with recursion 
here. For a formal treatment of recursion see for instance [4, 14]. 

It is important to note that the complexity of the algorithm is independent of the values 
of the parameters of the timing constructs of ET-LOTOS. 

6. Verifying timing requirements with KRONOS 

We address here the problem of verifying whether a given ET-LOTOS specification 
satisfies a requirement that is expressed in the real-time temporal logic TCTL [1]. In 
order to do so, we first apply the translation method proposed in section 5 to obtain 
the timed automaton corresponding to the ET-LOTOS process. Then we use the model
checker KRONOS [12, 10] which checks the validity of the formula on the timed automaton. 

6.1. The logic TCTL 
The real-time temporal logic TCTL extends the temporal operators 3U ( there exists a 

run) and VU (for all runs) of CTL [3] with timing constraints that allow "quantitative" 
temporal reasoning. Let 'P be a set of basic predicates. The formulas of TCTL are 
defined by the following grammar: 

cp ::= p 1 ..,cp 1 'Pl V 1P2 1 'P13U1cp2 1 cpNU1cp2 

where p E 'P is a basic predicate and 1 is an interval with positive integer end-points (1 
may be open, closed, bounded or unbounded). 

Intuitively, cpaU1cp2 means that there exists a run of the system with a finite prefix 
such that cp2 holds in the last state at a time t within the interval 1 and 'Pl continuously 
holds in all the previous states. cp1 VU1cp2 means that for all runs the above property holds. 



238 Part Five Veri.fication and Real-Time 

For example, we can write true3U<sP to say that along some run, proposition p becomes 
true before .5 time units. 

We will use the typical abbreviations such as VOJ<p for true'r:/UI<.p, 30J<.p for true3U1 c.p, 
3DJ<p for --NOr•<.p and 'r/D 1c.p for -dOr•<.p. The unrestricted temporal operators of CTL 
correspond to TCTL operators subscripted by :2: O. 

The set P of basic predicates is defined by the following grammar: 

p ::= in it 1 enable( a) 1 after( a) 1 x E I 

where x E X is a clock of the timed automaton we want to verify, init defines the initial 
state (i.e. the initial location with all clocks set to O) and for any act ion a, enable( a) 
defines the set of states having an enabled transition labeled a and after( a) defines the 
set of states reached by a transition labeled a. 

6.2. The tool KRONOS 
Given a timed automaton T and a TCTL-formula c.p, the model-checker KRONOS 

computes the set of states of the labeled transition system of T that satisfies the formula c.p. 
This set is called the characteristic set of c.p and it is denoted [c.p]. KRONOS implements the 
symbolic model-checking algorithm developed in [5]. This algorithm is based on fixpoint 
characterizations of the operators 3U and VU in terms of a binary next operator 1>. In [5] 
it is shown that the fixpoints can be computed iteratively and the procedure always 
terminates. Here, we show how KRONOS iteratively computes the characteristic set of 
some of the TCTL-formulas. 

Reachability. The set of states from where it is possible to reach a state satisfying 
the formula c.p within the interval I is expressed in TCTL by the formula 30J<p. The 
characteristic set of this formula is iteratively computed as Ui Y;[z :=O] with 

Yo [c.p 1\ z E J] 
Y;+l Y; U ( true 1> Y;) 

The variable z is a new clock adcled to count the time elapsed since the beginning of the 
run. So, the algorithm starts with the set of states that satisfy c.p 1\ z E I and computes 
the predecessors and so on. At the end, the value of z is reset to O. 

Invariance. To verify if the formula c.p is an invariant of the system we check if the 
initial state is contained in the cha.racteristic set of the formula 'r/Dc.p. This characteristic 
set can be iteratively computed as ni Y; with 

ta [c.p] 

Y;+l }in ~(true 1> ~t;) 

Bounded-time response. The real-time response property asserting that a given event 
must occur within a certain time bound c is expressed in TCTL by a formula of the form 
VO-s.c c.p. It is shown in [5] that this formula is equivalent to ~( ~c.p3U>ctrue ), that is, c.p must 
occur within c time units if there exists no run for which the negation of c.p continuously 
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holds for a time greater than c. The characteristic set can be iteratively computed as 
__,Ui Y;[z :=O] with 

Yo [z > c] 
Yi+I }i U ([--,tp] 1> }i) 

where the variable z is a new clock added to count the time elapsed since the beginning 
of the run. 

6.3. Requirements of Service 
Isochronism. This requirement states that offers at Ss-SAP occur at punctual instants 
with a period 1r. Isochronism is specified by a set of formulas. The first formula 

init =? \ID(enable(Ss-SAP) =? VO=".enable(Ss-SAP)) (10) 

states that always an offer at Ss-SAP is inevitably followed by another offer exactly 1r 

time units !ater. The second formula 

init =? \ID(enable(Ss-SAP) =? --,:JO(o.rr)enable(Ss-SAP)) (11) 

states that an offer at Ss-SAP will never follow the previous one before a time rr. The 
third formula 

__,( enable( Ss-SAP):JU>0enable( Ss-SAP)) (12) 

says that there exists no run where enable(Ss-SAP) holds for some time greater than zero, 
or equivalently, offers at Ss-SAP have zero duration. 

Transmission delays. This requirement is specified by the following formula: 

(13) 

that is, always an offer at Sr-SAP must occur within the interval [Tmin, Tmax] after its 
reception from sender. 

Spacing between deliveries. There is always a delay of at least a time units between 
two successive offers of cells at Sr-SAP. The formula 

init =? VD(enable(Sr-SAP) =? --,:JO(o,.,)enable(Sr-SAP)) (14) 

states that there exists no run starting at a state satisfying after(Sr-SAP) where an offer 
at Sr-SAP is enabled before a time a. 

Immediate acceptance. A cel! offered by service to receiver must be immediately 
accepted or lost. The formula 

__,( enable( Sr-SAP):JU>0enable(Sr-SAP)) (15) 

says that offers at Sr-SAP have zero duration. 
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Table 3 
Sizes. 

buffer size trans states clocks 
1 64 24 5 
2 240 72 6 
3 864 216 7 

Table 4 
Results for a buffer of size 1. 

A B c D 
Tmin = 50 a= 90 Tmin = 10500 a= 12000 Tmin = 13 a= 1050 Tmin = 75 a= 50 

Tmar = 80 11" = 100 T mar = 13666 11" = 15000 Tmar = 813 11" = 1000 Tmar = 120 11" = 100 
iter tirne eva! iter time eva! iter tirne eva! iter tirne eva! 

10 8 3.61 s true 8 3.66 s true 36 5.83 s false 16 6.75 s false 
11 7 0.53 s true 7 0.51 s true 6 0.33 s true 7 0.63 s true 
12 1 0.03 s true 1 0.03, s true 1 0.05 s true 1 0.06 s true 
13 12 4.46s true 8 6.05 s true 19 4.96 s false 9 9.86 s true 
14 7 1.81 s true 7 1.56 s true 8 2.25 s true 6 1.56 s true 
15 1 0.15 s true 1 0.16 s true 1 0.13 s true 1 0.16 s true 

We show here the results obtained with the tool KRONOS to verify whether the ET
LOTOS specification of service given in section 3 satisfies the TCTL-formulas given 
above. 

Table 3 shows the number of states, transitions and clocks of the timed automata of 
service for different sizes of the buffer (see remark 4.1 ). Tables 4, 5, 6 show the results 
obtained with KRONOS for timed automata with buffer size equal to 1,2 or 3 respectively. 
Column "iter" gives the number of iterations required for computing the characteristic 
set of each formula using the algorithms sketched in section 6.2, column "time" gives the 
running times measured in seconds (on a 16 MB SUN 4 Sparc Station) and column "eval" 
shows the result of the evaluation. 

We have evaluated the formulas for different values of Tmin• Tmar, a and 1r. Notice that 

Table 5 
Results for a buffer of size 2. 

E F G 
Tmin = 75 a= 50 Tmin = 50 Il= 150 Tmin = 75 Il= 50 
Tmar = 120 11" = 100 Tmar = 75 11" = 100 Tmar = 220 11" = 100 
iter tirne eva! iter tirne eva! iter tirne eva! 

10 15 527.45 s true 33 45.70 s false 22 69.15 s false 
11 9 6.93 s true 7 2.60 s true 9 3.15 s true 
12 0.20 s true 1 0.21 s true 1 0.23 s true 
13 17 664 .. 53 s true 19 92.06 s false 13 149.83 s true 
14 7 16.98 s true 8 16.38 s true 7 10.20 s true 
15 1 0.41s true 1 0.41s true 0.41s true 
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Table 6 
Results for a. buffer of size 3. 

H 
Tmin- 75 a= 50 
Tmax = 220 11" = 100 
iter time eval 

10 23 1278.71 s true 
11 10 30.35 8 true 
12 1 2.405 true 
13 13 2582.61 8 true 
14 8 78.48 s true 
15 1 3.51 s true 

the va.lues of the pa.ra.meters a.ffect the va.lidity of the formula.s: 

• Let b be the size of the buffer. We ca.n see tha.t when b.1r < Tmax, like for insta.nce in 
columns D a.nd G, the formula. 10 is not sa.tisfied. For these va.lues, service ma.y not 
be rea.dy to accept a. new cell a.t Ss-SAP beca.use the buffer is full. The formula. is 
verified if we increment the size of the buffer such tha.t b.1r ~ Tmax, like in columns 
E a.nd H. 

• When a > 11", like in columns C a.nd F, the requirement transmission delay (for
mula. 13) is not verified. Consider two consecutive emissions sepa.ra.ted by 1r. In the 
worst ca.se, the first one is delivered in Tmax· Then service must deliver the second 
one a.fter Tmax +a to sa.tisfy the spa.cing between deliveries but before 11" + Tmax a.s 
specified by the requirement transmission delay. But this is impossible if a > 1r. 
Notice tha.t formula. 10 is fa.lse whenever formula. 13 is fa.lse, beca.use the buffer ma.y 
become full in this case. 

Also notice tha.t formula.s 10 a.nd formula. 13 are ha.rder to verify tha.n the others. Besides, 
cha.nges of the va.lues of the pa.ra.meters do not significa.ntly cha.nge the running times, 
except when these cha.nges a.ffect the truth value of the formula.. 

7. Conclusion and further work 

This pa.per shows tha.t rea.l-time systems described in a. rea.sona.ble subset of ET -LOTOS 
ca.n be verified with the tool KRONOS by compiling them into timed automata.. It is 
important to note tha.t the complexity of the tra.nsla.tion method a.nd the size of the 
constructed a.utoma.ton is independent of the va.lues of the time pa.ra.meters of the timing 
constructs of the la.ngua.ge. We ha.ve a.lso shown that the model-checker KRONOS a.llows 
the verifica.tion of rea.l-time systems with arbitra.rily la.rge time dela.ys. 

The practica! a.pplica.tion of our a.pproa.ch is illustra.ted with a. ca.se study: the service 
entity of the Tick-Tock protocol, specia.lly designed for the a.ssessment of rea.l-time FDTs 
a.nd tools. We are working on the verification of the complete Tick-Tock protocol described 
in [9]. 

In order to keep things simple, we ha.ve restricted ourselves to a. subset of ET-LOTOS. 
Nevertheless, our method ca.n be extended to full ET-LOTOS. An efficient compiler is 
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envisaged by combining the techniques used by the tool CJESAR [4] and the ATP com
piler [12]. The main problem here is how to deal with the @t ("at t") operator. This 
operator declares a. time va.ria.ble t used to store the time of occurrence of an action. The 
variable t can be considered as an integrator [6, 2], i.e., a clock that can be stopped. The 
problem is that unrestricted use of integrators leads to undecidability of verification. 

Finally, we are currently implementing optimizations to improve on the tool KRONOS 

in order to be able to cope with larger systems. 
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