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Abstract 

Real-time systems are hard to model, specify and design. It is common practice today 
to pass from informalspecifications to implementations and then test the behavior of 
the system on some cases, whlch is inadequate to develop bug-free real-time systems. 
To ensure correctness we need to employ automatic verification methods a.nd tools. 
The following real-time software development proce~s has been proposed in [7): ATP 
is used to describe rea.l.-time systems and TCTL to specify the real-time requirements. 
The verification approach consisb in translating ATP to timed automata and then 
performing model-checking. In this work we present a tool that compiles ATP terms 
into timed automata. 
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1 Introduction 

Typical real-time applications are control systems ( e.g., flight controllers, manufacturing 
systems), monitoring systems ( e.g., air traffic, patient monitoring) and communica.tion 
systems (e.g., communication protocols). The correctness of these systems is highly de­
pendent on the timing delays of the components. Because of the intricacies of the timing 
relationships, real-time systems are quite hard to model, specify and design. Consequently, 
there is a grea.t dema.nd for formal methods applica.ble to real-time systems. 

Developing formal methods for the design a.nd analysis of real-time systems is a very 
active area of current résearch. Several diiferent formalisms have been proposed. These 
indude timed Petri Nets [4], timed process algebras [9, 10, 6], real-time temporru logics [2, 
5] and timed automa.ta [1]. Moreover, there is a pressing need to develop efficient tools to 
be embedded in a real-time software development process. 

Timed algebras are process algebra.s extended with a set of constructs to express timing 
requirements. They have formal sema.ntics, given in terms of tra.nsition systems or sets of 
traces, and are a quite adequate to describe the beha.vior of real-time systems. ATP [6] is 
a timed process algebra. which introduces a mechanism to dela.y the execution of an a.ction 
a.nd provides two langua.ge constructs, namely timeouts and watchdogs, to express timing 
constraints. 
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Timed automata have been propo¡¡ed in [1, 8] to model finite-state real-time systems. 
Essential.ly, timed au.tomata !l.l.'e !UJ.tomata. extended with a finite set of reaJ-val.ued variables 
called timeriJI. Timing coniltraintlll are expreseed ·by ru~sociating predicates over timen t"o 
tran11itions. In [8] timed lilutomm.~ta !l.l.'e extended with ATP operióton and a semantics is 
provided a.ccordingly. In fact, this motivates an abstract formal method for translating 
ATP terms into timed automata. 

Temporallogic has been extensively used as a fo:rmalism for speci.fying the behavior of 
concurrent syste:m.s [3]. Vru:ious real-time e:xtensions of CTL, all called TCTL, have been 
proposed [1, 5]. The main result in [1] is a model-checking algorithm to check whether a 
timed automaton satisfies a TCTL formula. In [5] a symbolic model-checking algorithm 
has been presented. 

The following real-time sofhvare development process has been proposed in [7]: ATP is 
used to describe real-time systems and TCTL to specify the real-time requirements. The 
verification approach consists in translating ATP to timed automata and then performing 
model-checking. In this work we prezent a tool that compiles ATP terms into timed 
automata.. 

This paper is organized as follows. In aections 2 and 3 we give a brief summlil.l.'y of ATP 
and timed aut~mata, respectively. In Section 4 and 5 we describe the essential features of 
the tool. 

2 ATP 

In this section we define the synta.x and semantics of ATP [6, 8]. We assume that a real­
time system is the composition of communicating processes. A system may evolve either 
by performing an action, thai is a discrete si ate change, or by letting time pass. Let Act be 
a set of names for actions. The communication between actions is specified by a function + : Act _¡_ X Act _¡_ --> Act _¡_, where .l tf. Act and Act _¡_ = Act U { .l}. For a¡, a2 E Act, 
a1 la2 E Act is the action resulting from the communication of a1 and a2. If a1la2 = ..L, 
then the actions crumot interact. · 

Time is modeled as a global state variable ranging over a time domain D. Sorne 
examples of time domains !l.l.'e N (discrete-time), Q+ and R+ (dense-time). An important 
assumption guaranteeing consistency is that time progresses synchronously for all the 
processes. 

Defiwtion 2.1 The syntax of the algebra is the following: 

P ::= idle 1 Y 1 aP 1 dday(a)P 1 P + P 1 P timeout(d) P 1 P ntchdog(d) P 
1 PIIP 1 re¡;¡trict Hin P 1 ncY.P 

where Y E Var, a E Act, dE D- {O} and H ~ Act. We consider only dosed terms. 11 

We info:rma.lly explain the meaning of the operators of the language. A formal opera­
tional semantics is given in [6, 8]. 

l. idle denotes the process that does nothing but letting time pass. 
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System = rastrict data 1 !, data 1 ?, data2 !, data2? in Sens1 iiSens2iiM on 

Sens1 == sample¡ 

((del!!. y( data1!) idle) timeout(2) data1! idle) watchdog(lO) Sens1 

Sensz sample2 

((delay(data2!) idh) tim.eout(4) data2 ! idle) l!l'atcMog(lO) SentJ2 

M on = delay(data1?) d.elay(data2?) Comp 

+ 
de la y( data1 ?) delay( data2 ?) Comp 

Comp idle' tim.eout(l) result M on 

Figure 1: Simple monitoring system. 

2. The prefixing construct has two forros. aP performs the action a immediately and 
then behaves as P. In dGlay(a)P the execution of a can be arbitrarily delayed. 

3. The timeout is a very common real-time construct. Ti.meouts are widely used in real­
time systems to safeguard one part of the sy¡;tem ag.Mnst malfunctioning of another. 
A timeout is generated a.t the end of a. period of time in which a certain event haii~ 

nd occurred. The process P timeout(d) Q behaves M P if P performs <m aciion 
b ~fore a time d. Otherwise, it beha.ves M Q. 

4. Sometimes, the execution of a process needs to be monitored by a watchdog timer. 
The process sets the timer and it should reset it before the timer expires. When the 
process does not succeed in resetting the ti.mer in time, the procesa is hal.ted by a 
signa!. from the wa.tchdog timer. The process P watchdog(d) Q behaves as P during 
a time equa.l to d. At time d, P is aborted and Q is sta.rted. 

5. The non-deterministic choice P + Q behaves either like Por Íike Q, but only with 
respect to a.ctions. In the case of time, we require that P + Q can wai.t a time d if 
and only if both P and Q can do so. 

6. The parollel composition PIIQ a.llows P and Q to proceed independently and, in 
addition, it allows communication between them. If P can perform a E Act and Q 
can perform_b E Act, then PIIQ can perform the action aib E Act. Notice that P 
and Q can.not synchronize when aib = l.. As above, we require that in the case of 
time, PIIQ can wait a time d if and only if both P and Q can. 

7. The construct rs¡¡;t:rict Hin P disa.llows P to perform actions tha.t belong to H. 

Example 2.1 Consider a real-time system whose purpose is to collect data from two 
sensors, and to compute sorne function of the data and then to print the result. 

Each sensor takes a sample rea.ding every 10 milliseconds and attempts to communica.te 
the data to the monitor. However, the communication must be done within a certain 
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interval of time, otherwise the data become worthleE~a. Thi11 time depends on the l!lensor. 
When the communication is accomplished, the sensor sleeps until the next rea.ding. 

The monitor waits for both sensors to communicate the data. When the data is 
received, it takes 1 miHisecond to compute the function and then prints the result. 

I~ Figure 1 we show the ATP specification of the system, where the communication 
fundion is data1!¡data1? = data1 and data2!ldata2? = data2. lllll 

3 Timed automata 

ihis gection we briefty describe timed automata as they are defined in [8]. 
We start out with a set X of timers ranging over a time domain D. V denotes the set 

of timer valuations, i.e., the set [X -> D] of mappings from X to D. For x E X, x :=O 
i3 the asBignment of the value O to re, called reset of x. We denote by 1?, the set of lists of 
resets of this iype. The set <1> of timing constraints is defined by the following grammar: 

4J ::= J:#c 1 x + c#y + d 1 -,rp 1 r/J1 1\ ifJ2 

where x,y E X, c,d E N and #E{<,::;,>,;:::,=}. 
An timed automaton is a tuple G := (S, X, s0 , inv, --+)v¡here: 

S 
X 
so 
inv: S-->~ 
-> s; S >< ( <1> >< Act >< R) >< S 

is a finite set of states, 
is a set of timers, 
is the initial staie, 
associates a timing constraint to each state, 
i~ the ~et of transition~. 

A timed automaton starts at state s0 with alJ. its timen; initialized to zero. The states 
of the automaton represent the control states. Moving through an edge ( s, 1/J, a, R, s') takes 
no time. A move sets to ze:ro the values of the timers in R. The val.ues of all. the timen; 
increase uniformly with time and, a.t any instant, the val.ue of a timer is equal to the time 
elapsed since the last time it was reset. The automaton can perform a move only if the 
ti:ming constraint if¡ associated to the edge is satisfied by the cur:rent val.ues of the timen1. 
The automaton may stay at a given state s but it cannot let time pase beyond the bound 
imposed by the assodated safety timing constraint inv( s ). At any insta.nt, the state of 
the system can be fully del'lcribed by specifying the current !!tate of the automaton and 
the value of all its timers. The formal operational. sema.ntics of a timed automaton is given 
in.[8, 7]. 

4 Graph of time:rs 

A timer aystem T is defined to be the tuple (X, lab, type, upbd, comm), where X is a finite 
§et of timers, lab : X -+ Act is a partial function that maps each timer to an action 
name, typ~ : X -+ { ac, to, wt} determines the type each timer, upbd : X --+ N., represents 
constant upper bounds on timer val.ues (when lab(t) = w, there is no finite upper bound) 
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~md e©mm: 2x __, Ad il§ !!> pmM!l Ñndio:n m<~.ppi.ng ¡¡~t of ti.m.em to action il!ml~ (i.~., the 
commtmication ñmction). 

For i:netmce, the timer aystem of the lllens-or proce~~S of Ex1m1ple :1.1 is showu in Figwl'e 2: 
t~ ill u-sodated to the w~:~.tchdog conatmd whlch detenninea the periodidty of reading, t 2 

repre!!ents the timoout on the deley of sending d!lta to the monitor, which is modeled by 
the t 1• 

timer la.b typ® upbd 

to sample a e o 
tl data_;; lllC w 

ta to 2 
t$ data_;; il.C o 
t;¡ lit 10 

A graph ohimere G illl ¡¡¡ tuple (T, X 0, >-,e>) where T iw .. tim.er ¡¡;ystem, X 0 ~ X is the 
oot of mi ti~ ti.lll!M':rll ancl >-~ X:!, &> ~ X~. 

The gr<lph of timers of a term ill obtained by a sintror-driven coMtrnction. Figure 3 
showl!l the gr~ph of timers of the 9eooor proce!ltll. Notice that, if the data is sent before 
a time equ~ to upbd{t2), denoted. by the expiration of t 1, then t2 should be stopped but 
nof t,.._ When the timeout expires, because a time equal to upbd(t;¡) elapsed, the a.ction 

. d~tli_s becomes enable md must be performed immediately. The enabling of the action 
corresponds to reset t3• Si.nce upM(t3) is equ~ toO, then it expires immediately without 
letting time p<M~!!. This aituation is captured by the relation 1>, t 1> t' :mea.ns that t' is reset 
when t apiles. In the ex1m1ple, t2 1> t~. 

to tl t:;¡ ta t,. 

>- {tl} {t2} 
1> {t¡} {ts} {to} 

Figure 3: Graph of thnem of the !lensor process. 

Consider, for mstance, the graph of tinlers of the sensor process (Figure 3). The timer 
t11 ill the initia! timer. When it expires, t4. is reset md ruso t2 and t 1• 

Now, consider the scemmo where t." t2 a.nd t 1 have been reset simultaneously. When 
t 1 expires, because ib usodated action is performed, t2 must be !ltopped, but not t4 since 
it ú a watchdog timer. Hence, in the "following" ecenario only t4 remains. We define the 
relation »-~ x~: 

m »- z' 1\ re' >- m" 

:!: »- :e" 
IIJ »- :IIJ1 1\ a/ r> :e" 1\ ;e -:f. x" 1\ type( al) -:f. ac 

a: »- x" 
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The timed automaton of a term is (S, X, s0 , :i.nv,--.) where S= 2x, so= X 0 a.nd--. is 
c:on~~trncted ;tmting at the 11et of initia.l timer11, 11.pplying the following rules for a.ny timer 
t m the c:urrent state: (1) if t is 1m ac:tion timer, then all the timeout tim~rs t' such that 
t' »- t !l.fe removed, ( 2) if t is ¡¡¡, timeout or watc.hdog timer, then all the timera t1 such that 
t »- t' are removed, (3) for all t' removed, we add the timers t11 such that t' 1>" t 11 • 

:eo :=O 

(:~:1 :5 10 A Z3 :5 2) 

:eo = O, sample1 

:IJ¡ = 10 

a:o :=O 

:1:1 < 10 A :1:2 = 2 

~o:= O 

data:~?,zo :=O {:~:o::;; l) 

3 :~:o= 1 

zo :=O 

a: o = O, resu.lt, :~: 0 := O 

(a:o =O A :~: 1 < 10) 

SENSOR 
(Sena¡) 

4 (zo =O) 

MONITOR 

Figure 4: Timed automata for the monitoring system. 

5 The tool 
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The fw:u:tional archltecture of the compile:r is :>hown m figure 5. The eompila.tion is 
done ID !!lUCCessive steps: 

l. The front-end perlorms 11tandud syutactic and ¡;emantic analyl.!m, expand!l recm­
sive definitiom omd constructs an attributed ab!ltract syntax tree, where timen are 
a.ssociated to a.ctions, timeouts and watchdogs. 

2. The second phase constructs the groph of timers, following a syntu-driven definition. 

3. The opti.mization pha.se reduce;¡ the number of timen by applying stomdard tech­
niques for the allocation and asBignment of registers during code generation (Fig 6). 

4. The generation phase generates the couesponding timed automaton by performing 
sorne kind of reachability analysis. A state of the automaton is a r;et of timers. 
The generation phase mainly consists of three components: the first one computes 
for a given state of the automaton the outgoing tramitions and successor states; 
the second component is the management of a fast-a.cceas extensible huh-table for 
storing and searching statel!l; the third one consists in the breadth-fu-st comtruction 
of the automaton, starting at the initial state. 

dass timers 
:~e o {to, t¡, t3} 
:CJ {t4} 
Z2 {t2} 

Figure 6: Optimization of timers. 

Figure 4 shows the timed automata of the monitoring sysiem processes generated by 
the tool. The compiler handles time parameters of the time conl!ltruch symboliclilly. That 
is, in the example, the timed automa.ton of sensor Sens2 is the l!lame as the one of Sens1 

!lhown in the figure, except that timer a:a is compued to 4 instead of 2. 

6 Co:ndusion 

We have briefly presented ATP and timed automata, and illustrated their use with a very 
simple example. One interesting property of the compilation method is tha.t the time 
parameters of the time constructs are handled symbolica.lJy. Consequently, the size of 
the timed automa.ton is completely independent of time constants. The cmrent venion 
of the tool is made up of approrima.tely 11,000 lines of e code. It has not been yet 
used to compile large specifications. However, the performances achieved for the examplelil 
considered appear to be satisfa.dory. · . 
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