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Abstract

Linear duration invariants (LDI) are important safety properties of real-time systems. They can be easily
formulated in terms of a classof chop-free formulas in the Duration Calculus (DC). Comparedto other
temporal logics, the speci cation in DC is simpler, neater and more importantly easierto understand.
However, directly model cheding them is more dixcult than model chedking properties formulated in the
computation tree logic (CTL). In this paper, we preseri a technique for the veri cation of the satisfaction
of an LDI D by a timed automaton A by model cheking a CTL property. For this, we construct an
untimed automaton G from A, and prove that A satis'es D i® D is is satis ed by the set of all paths of
G. To Verify that all paths of G satisfy D, we construct a CTL formula A and simply ched if G satis es
A. By this, we corvert the problem of veri cation of the LDI to the problem of model chedking CTL
formula. As a result, the CTL model chedking techniques and tools, sucd as UPPAAL, can be used for
veri cation of LDI speci ed in the DC.
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HTTS project funded by Macau Sciene and Technolagy DevelopmentFund.
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In tro duction 1

1 Intro duction

Linear constraints on the durations of statesare important properties of real-time systems. Such
a property can be easily formalized as a chop-free formula in the Duration Calculus (DC) [11]
of the form

X R
@ A- - B) G S+ M
s2S

where S is a nite set of system states, Rs is the duration of state s, * denotesthe length of
the referencetime interval, and A, B, and cs are constarts. Tn;'ks classwas rst introduced and
called linear duration invariants (LDI) in [12]. The duration s of a state s anﬁ the length °
are mappings from time intervals to reals. For an obsenation time interval [b;e], s de nesthe
accurrulated time for Igﬁe prqunceof state s over [b;e] and " is the length e b of the interval.
ALDIA- - B) <2sC S- M simply says that for any obsenation time interval [b;€],
if the length ~ of the interval satis es the constraint A -~ - 5 then tﬁe durations of the system
states over that interval should satisfy the linear constraint  ,5¢s s- M.

Sincetimed automata are good models of real-time systemsand linear duration invariants are
important properties of real-time systems[12], an important problem is weather the veri cation
of a LDI of atimed automaton can be done automatically.

To solwve this problem, seweral algorithms are proposedin the literature, but they have high
complexity and they only work with various restrictions either on the timed automata or on
the LDIs [6, 12, 7, 3]. For improving the complexity the algorithms proposedin [10, 8, 9] are
restricted to the class of the so-called discretisable properties. A property is discretisable i®
it is satis ed by all the behaviors of a timed automaton exactly when it is satis ed by the
integral behaviors of the automaton (i.e behavior in which transitions take place only at integer
time). Furthermore, to the best of our knowledge,there are no existing implementations of these
algorithms.

Another popular logic for speci cation and veri cation of real-time systemsis the computation
tree logic (CTL)[5]. E®ective techniques and tools [14, 15] have been deweloped for chedking
real-time systemsmodeled by timed automata [1, 2] against properties speci ed in CTL. This
motivatesour interestin this paper to study the possibility of reducing the problem of veri cation
of a LDI of a timed automaton to an equivalent problem of model chedking a CTL property of
an automaton. The goal is that, instead of directly chedking a LDI D for a timed automata
using the techniquesin [10, 8, 9], we chedk a CTL property for a translated model G, using
popular model cheder, such as UPPAAL.

Our technique following the idea proposedin [9] for cheding D for an automaton A, we construct
a reachability graph RG. We then optimize RG to derive a graph G. However, di®erert in
technique from [9] that usesextra sub-vertices to record the duration that the system stays in
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Preliminary 2

a node of RG, we use an integer variable n to denote the duration that the system stays in a
vertex v of RG together with a self-loop transition of v. This makes our model much simpler
and thus easierfor model cheking. Also, we use a variable gc to bind the value of obsenation
time, and another variable d to bind the value of duration of system states. The value of n is
bounded becausewe remove in nite edgesin RG. In adhieving these, our graph is constructed
carefully in di®erent ways depending on whether the constart B in formula (1) is nite or not.

We use P (G) to denote the set of all paths of the graph G constructed from A. We then prove
that D is satis ed by A i® D is satis ed by the paths P(G), i.e. A £ D if and only if P(G) F D.
Finally, we de'ne a CTL formula A for G, and prove that P(G) E D i® GE A.

The rest of the paper is organized as follows. Section 2 recalls some basic notions of timed
automaton and Duration Calculus. It also introducesthe integral reachability graph of timed
automaton. The main technical cortribution is presered in Section 3. There, we intro duce two
kinds of graphsrespectively for the caseswhen B is nite and when B is in nite, and prove the
main theorems. We then show an algorithm for chedking an CTL of a graph of the automaton.
A casestudy is given in Section 4 to illustrate our techniqgue. Conclusions are discussedin
Section 5.

2 Preliminary

We introduce the notions that we need in this paper. Theseinclude timed automata, region
graphs and Linear Duration Invariants (LDI) de ned in DC.

2.1 Timed Automata

We rst recall the de nition of timed automata givenin in [1, 2] and explain their behavior. For
this, we useR: % and N to denote the sets of nonnegative real numbers and natural numbers,
respectively.

A timed automaton is a nite state machine equipped with a set of clocks. We use a set X
of real value variables to reseris the clocks and let ©(X) be the set of clock constraints on X,
which are conjunctions of the formulas of the form x - corc- x, wherex 2 X andc2 N.

De nition 1 A timed automaton A is a tuple h_; so; 8;X;E;li, wher

2 L is a nite setof locations,
2 g9 2 L is theinitial location,

2 § is a nite setof symlols (action names),

Rep ort No. 396, June 2008 UNU-l IST, P.O. Box 3058, Macao



Preliminary 3

2 X is a nite setof clocks,

2 | is a mapping that assignseach location s 2 L with a clock constraint | (s) 2 ©(X) called
the invariant of location s. Intuitively, the timed automaton only staysat s whenthe values
of the clocks satisfy the invariant | (s).

2 EuLEONX)E §E2XELIis a setof switches. A switch Is;'; a;,; s4 representsa
transition from location s to location s® with eventa, where ' is a clock constraint over
X that speci es the enabling condition of the switch, and , p X is the set of clocks to be
resetto O by this switch.

A clock interpretation © is a mapping that assignsa nonnegative real value to ead clock in X .
For +2 R: 0, let ° + + denote the clock interpretation which maps every clock x 2 X to the
value®(x) + +. For , p X, let °[, := 0] denote the clock interpretation which assigns0 to each
x 2 , and agreeswith © over the rest of the clocks.

A state of automaton A is a pair (s;°) wheres is a location of A and ° is a clock interpretation
which satis es the invariant | (s). State (sp;%o) is the initial state wheresg is the initial location
of A and °y is the clock interpretation for which °g(x) = 0 for all clocks x. Here we should note
that 1 (sp) is always assumedto be satis ed by ° to make the automaton A operate.

2.2 Linear Duration Invariants and Duration Prop erties
2.2.1 Duration Calculus

DC [11]is a logic for reasoningabout about durations of states of real-time systemsof real-time
systems. A comprehensiw introduction to D C is given in the monograph by Zhou and Hansen
[13]. In DC, a state s is interpreted as a function from the time domain R: ° to the boolean
valuesf 1;0g, and s is 1 at time t if the systemis in state s and 0 otherwise. Therefore, a model
of DC formula consistsof an interpretation | of the statesand a time interval [b;€]. It represens
an obsenation of the behavior of the systemin term of presenceand absenceof the states in
the interval of time. Given an |{fgterpretation | , the duration of a state s over the time interval
[b;€] is de ned asthe integral bel s(t)dt, which is exactly the accurrulated presern time of s in

the interval [b;€] under the interpretation 1 .

We considerthe set of DC modelsthat expressall the obsenations of the behaviors of a timed
automaton. Each behavior %= (Sp;to)(s1;t1) ::: of timed automaton A de nesan interpretation
| of the DC formulas about the states of A: for any state s of A, I4(t) = 1i® 9i 2 (s; =
s™Nt 2 [ti;ti+1)). We alsodenote such | by (5;t) wheres = (sg;s1;:::) and t = (to;ty;:::) are
respectively the sequenceof states s; and the sequenceof time stampst; from the behavior %2
Hence, (5;t; [b;€]) is also consideredas a DC model represeiing the obsenation of A in the
time interval [b;€], which is a possibleobsenation of the timed automaton A over interval [b;e].
For this reason,we also call (5;t; [b;€]) an A-model of DC.
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Preliminary 4

Let M (A) denote the set of A Models of DC. For a given timed automaton A, the following
three classesof A models of DC are identi ed and studied in [9]:

1. the set of all A modelsthat start from time 0 and end at any time point
Mo(A) b F%j %= (S;1[0; T) 2 M (A); T, Og

2. the modelsrepresertiing the obsenations starting and ending at thosetime points at which
the automaton A switchesfrom onelocation to another location:

M 4(A) b £34) %= (5;t;[ty;tv]) 2 M (A); ty;ty occurin t and t, - tyg
3. the models with integral obsenation intervals

M (A) b f%j %= (s:T;[b;e]) 2 M (A) and b:e2 N:b- eg

2.2.2 Linear Duration Prop erties and Linear Duration Invarian ts

A linear duration invariant (LDI) of atimed automaton A = h_; sg; 8; X;E;li isa DC formula
D of the form

X R
A- - B) CGs S M
s2L

wherecs, A, B and M are real numbers,A - B (B may bel ), the DC term Rs denotesthe
duration of location s, and the DC term ° the length of the interval. A LPI D is gvaluated in an
A model (I ;[b;€]) to tt, denotedby (I ;[b;e]) F D,i®A - ej b- B) <L Cs fl s(tdt - M
holds. D is satis ed by A, denotedby A F D, if (I ;[bse]) F IB holds for any model (I ; [be]) 2
M (A). We use§(D) to denotethe the sum of the durations ,| Cs S.

A LDI D of atimed automaton A is said to be discretisablewith respectto A i® A £ D exactly
when M | (A) £ D. We have the following theorem [9].

P R
Theorem 1 LetDBA- " - B) 2L Cs S+ M bealLDl of atimed automaton A. It is
discretisablewith respect to A if A and B are integers. Here we consider 1 as an integer.
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Preliminary 5

2.3 Integral Reachabilit y Graph of Timed Automata

An integral reachability graph RG = (Vr; Er) of atimed automaton A is constructed asfollows.
Each vertex v 2 Vg will be a pair hs; %, wheres is a state of A, and Yais an integral region of A,
i.e. the restriction onthe setof integersof a clock regionof A (see[9] for more detailed de nition).
Er is initialized to ;, and Vg is initialized to fhsp; Yig, where s is initial location of A and
Yp is the integral region containing the assignmen that assignsO to all clocks, i.e. ¥ contains
only the assignmen that assignsO to all clocks. Then, Vg is expandedas follows. If a vertex
hs;% 2 Vg has a successotrs® ¥4, i.e. there exist d , 0 and an transition e = Is;"; a;,; s4

sud that (s;°) fia (s%°9, then k%14 is addedinto Vg and e = (hs;¥% ;1s%¥4) is an edgein
Er. [I(e);u(e)], wherel(e) and u(e) are the minimal and maximal integer time delay that the
automaton can stay at location s beforeit transits into location s® I(e) and u(e) are de ned as:

n
int d, 0jd2N; hs%?'ahsﬂl/ﬁ K

sup d 0jd2 N; hsw?ahsol/ﬁ

I(e)
u(e)

A detailed description of the algorithm are given in [10, 9]. From the de nition of hs;% and
rs® ¥4, we have I(e) - u(e) and it is possiblethat u(e) = 1 . We call e an innite edge if
u(e) = 1 . We will label an edgee by (v; V2 [I(e); u(e)]).

There is a clear correspondencerelation betweenthe paths of the graph and the A modelsof DC
[9]. Let p= vivo:::vy beapath in RG and d = dy;dy;:: :;dm; 1 @ sequenceof integers, where
di 2 [I(vi;Vis1); u(v.,v.+1 )], fori = 1:mj 1. We call the sequence; = vidiVodz :::Vm; 10m; 1Vm
(written as} = (p;d) for short) weightel interpr etation of p.

We de ne the following

2 . P mj 1 4
the lengthof } : I(}) b i1 di
1

2 thecostof}: w}) b ,”l cy; di where ¢, is the coe+cient c5, in LDI D whens; is the
location of v;.

2 a weighted interpretation } is said to satisfy D, denotedby } E D, i®
A-1(3)- B) u})-
2 agraph RG is said to satisfy LDI D, denotedby RG D, i® } F D for all weighted

interpretations } of RG.

The fact that M 4(A) F D i® RG F D can be derived from relation in the following lemma
betweenthe modelsin M 4(A) and the weighted interpretations of RG.
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Technique to Check LDI Using CTL 6

Lemma 1 For any model 32 M 4(A), there exists a weightal interpretation } of RG suchthat
1(%) = 1(}) and (%) = w(} ), and vice versa.

Caseanalysisis neededwhen cheding a region graph with in nite edges.This is done following
the two lemmasbelow, in which A -~ - B is the premiseof the LDI D of concern. For a node
v = hs; % we simply write ¢, for the coexcient cs in the LDI D.

Lemma 2 Assumethat e= (v;Vv2[I(e);1)) is an in nite edgeof a region graph RG. RG 6j D
if B=1 andc,> 0.

Lemma 3 Assumethat e= (v;V%[l(e);1)) is an in nite edge of RG. Then the label [I(e); 1 )
can be replacd as follows without a®eting the result of checking RG E D.

2 1fB=1 andc, - O, replae [I(e);1 ) by [l(e);u(e)] with u(e) = maxfl(e); Ag.
2 1fB< 1, replac|li(e);1 ) by[l(e);u(e)] with u(e) = maxfl(e); Bg.

Therefore, to verify M 4(A) F D, lemma 2 allows us to concludewith M 4(A) 6 D immediately
if the conditions of the lemma hold, otherwise we can uselemma 3 to translate the graph to one
without in nite edges. In the rest of the paper, we assumethat RG does not cortain in nite

edges.

3 Technique to Check LDI Using CTL

We now presen our technique to reducethe veri cation of the satisfaction of a LDI by a timed
automaton to chedking a CTL formula of timed automaton. From the discussionin the previous
section, we only need to construct a graph G with variables from a readability graph RG
(without innite edges)and a CTL formula A such that RG E D if and only if GE A. We
distinguish two casesof the constart B in the premiseof D: 1) B is nite, 2) B is in nite.

3.1 When B is nite

We rst introduce integer variablesn, gc and d

2 n is usedto court the number of time units that RG stays in a vertex v before moving to
another vertex,
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Technique to Check LDI Using CTL 7

2 gcis usedto record the time length of an obsenation interval (corresponding to a path in
RG), and

2 d recordsthe sum of durations of states.

All of the variables are initialized to 0. For the reachability graph RG = (Vg; Er), an untimed
graph G= (V;E) with integer variablesn, gc and d is constructed by a procedure.

For the description of the procedure, we needthe following normalization function for variable
gc.

De nition 2 (B + 1-normalization)

Ys

gc+1, ifgc- B

norme+1(90) = 5°, 4. i gc> B

The intuitiv e intention is that gc records the length of the current obsenation interval, and
the LDI D is satis ed trivially when it exceedsthe constart B in premise of D. Hence,we do
not needto record every value of gc that bigger than B. It is sutcient to record B + 1 when
the length of the obsenation time exceedsB. The procedurefor construction G = (V; E) from
RG = (Vg;ERr) is given asfollows. In the construction, we introduce an extra vertice vg asthe
singleinitial nodeto setthe initial value of data variavles. Note that with data variables,a CTL
formula is not a state formula in our system graph becausewith di®eren histories leading to a
node, a data variable might have di®eren values.

Step 1. V:= VR[ fvg, E:= Er[ f(vo;V)jv 2 VRrQ, Wherevy is a freshnode and is alsoconsidered
asan initial nodein G.

1. Let u(v) be the maximum time units that RG stays in v. In the edge(vp; V), we have the
guard n - u(v).

2. Let T = maxfu(v)jv2 Vrg. In vg there is a self-loop transition that nondeterministically
select the value of n between [0; T]. In UPPAAL, this can be described by a select
languagen :int [O; T].

Starting with the initial node vg and the initial valuesgc;n; d := 0;0; 0, the above two conditions
imply that gc starts to court time from the rst enter of any node v; and the system can stay
the node v for any n time units provided that n - u(v).

Step 2. For each edgee= ((vi;V;);[I(e);u(e)]) 2 Er

Rep ort No. 396, June 2008 UNU-l IST, P.O. Box 3058, Macao



Technique to Check LDI Using CTL 8

+ 1 n=n+1;
gc B?gc+ 1:B+1); gc= (gc B?gc+ 1:B + 1);
=(gc B2+, :0) d=(gc B2+g¢, :0)

ow onN

select: n :int[0; 5]

Figure 1: \Discretising" graph when B is nite

1. E:= Enfeg,

N
m
i

E[ E1[ E2, where

N

El := f(vi;vi)g, and for this edgewe have the guard ' : n < u(e) and the multiple
assignmen , :

{ n:i=n+1,

{ gc:=(gc- B?gc+ 1:B + 1);

{ d:i=(gc- B2+ ¢, :0)
The secondassignmen assignsgc the value of gc+ 1if gc- B andthe valueB + 1

otherwise, i.e. it is the implementation of the B + 1 normalization. Similarly, the
third assignmen assignsd the value of d+ c,, if gc- B and O otherwise.

2 E2:= f(vi;Vvj)g, and for this edgewe have the guard' :n, I(e) and the assignmen
n:= 0,

5

Notice that precisely speaking an edgein G is labeled with a guard and a set of assignmetts.
There can be di®erert edgesbetweenthe samepair of nodesbut with di®eren labels. We call
G constructed by this procedurethe untimed graph of A for D.

Roughly speaking, G is built by adding self-loop edgesin vertex v; and the edgesbetweenyv; and
vj. By assigning0 to d whengc > B, the value of variable d is nite. Besides,gc is bounded by
B + 1. Since RG doesnot cortain in nite edges,the value of n is bounded. This construction
is much simpler than the onein paper [9], which \splitting" ead edgee = (v;Vv&[I(e); u(e)]) of
RG into u(e) small edgeswith the length (weight) 1 by adding u(e) j 1 sub-vertices. Figure 1
givesan example how to build the graph G from the graph RG.
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Technique to Check LDI Using CTL 9

3.1.1 The corresp onding CTL form ula

We now de ne the CTL A; formula corresponding to the LDI D of a timed automaton A
(2) ArHA] not A- gc- BAd>M
We call A; the CTL-version of D for A.

Lemma 4 Let D be a LDI of a timed automaton A, G the untimed graph of A for D, and A;
the CTL-version of D for A. Then there existsa path p 2 P(G) suchthat p 6] A; i® there exists
an integral model %42 M | (A) suchthat %6j D.

Pro of: From the construction procedurefor G, there is an obvious one-to-onecorrespondence
between a path “%20f RG and a path % of G starting from the node vp, that represerts an
obsenation of the systemin the two models. Let "~ (¥} be the length of %2 which represetts the
time of the obsenation, and last(*4) be the last node of %.

1. When (%) - B, the value of gc at last(%g) equals (3, and the value of d at last(Y4) is
the value of the sum §( D).

2. When "(¥) > B, the value of gc at last(Y4) is B + 1.

Consequetly, the lemma follows immediately from the de nition of the satisfaction relations =
for LDI and CTL formulas.

From this lemma and the discretisability of LDI, we have to ched only integer models of the
automaton A. Hencewe can restrict ourselvesto the integral region graph. The theorem below
follows straightforward.

Theorem 2 WhenB is nite, the veri cation of a LDl D by a timed automaton A is equivalent
to the veri cation of the satisfaction of CTL-version of D for A by the set of paths P(G), i.e.
A E D if and only if P(G) FA;.

We can use a model chedker for CTL, sudh as UPPAAL, to verify P(G) F A;.
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Technique to Check LDI Using CTL 10

3.2 When B is in nite

In terms of the graph constructed as above, for the casethat B is in nite, gc can increase
in nitely and d cantake an arbitrary value. This casemakesit impossibleto ched the property
D using the technique presened in the previous section. To bind the value of gc we will use
\ A-normalization" as follows in the graph construction, where A is the other constart in the
premise of the LDI.

De nition 3 (A-normalization)

& +1 if gc< A
c+ 1, ifgc
norma(ge) = i i gc A

Intuitiv ely, the A normalization is dual to the B -normalization. The variable gc is still usedfor
the length of the obsenation. Therefore with this normalization, for chedking LDI D when gc
equalsA, we only needto chedk whether there exists a path along which the value of §(D) is
bigger than M. Now we intro duce a number to bound the value of d.

Denjtion 4 Let V* be the setof all nodesv, in RG for which Cy, > 0. Then we call the value
Q= 2v+ (G 1U(Vp)) the maximum increment of RG.

The intended meaning for the number Q is that in casethere is no loop in a path of RG, the
value of d along that path canincreaseat most Q. In other words, if the value of d along a path
increasesmore than Q, then there must be a positive loop in the path. The graph G* = (V;E)
is constructed from RG = (Vg; Er) in a way similar to the casethat B is nite by the following
procedure. For any v 2 V, we make variable d bounded by updating it di®ererily depending on
whether the coexcient ¢, in §(D) is negative or not.

3.2.1 The procedure for constructing G*

Step 1. This step is the sameasthat in the construction of G.

Step 2. For ead edgee= ((Vvi;V;);[l(e);u(e)]) 2 Er, wherev; has a non-negative coexcient ¢,
do the following:

1. E:= Enfeg,
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N
m
i

E[ E1[ E2, where

N

El := f(v;vi)g, and in this edgewe have the guard ' : n < u(e) and the multiple
assignmen , :

{ n:=n+1,

{ gc:= (gc< A?2gc+ 1:A);

{d=(c, Ad>M?M + 1:d+ ¢)
2 E2:= f(vi;vj)g, and in this edgewe have the guard' : n, I(e) and the assignmen
, n:=0.

Step 3. For ead edgee = ((vi;V;j);[l(e);u(e)]) 2 Er, wherev; has a negative coexcient ¢, do
the following:

1. E:= Enfeg,

N
m
i

E[ E1[ E2, where

N

El:= f(vi;v)g, and in this edgewe have the guard ' : n < u(e) and the assignmen
{ n:=n+1,
{ gc:= (gc< A?gc+ 1:A);
{ di=(gc, Ard< M| Qxd:d+ cy)
2 E2:= f(vi;vj)g, and in this edgewe have the guard' :n, I(e) and the assignmen
‘n:=0,

5

In caseof ¢, is non-negative, whengc, A and d> M, by setting d to M + 1, the value of
d is nite. Moreover, whengc , A, gcremainsasA, sogc is a bounded variable. Since the
states that satisfygc, A~ d= M + 1imply P(G") 6 D, it is obvious that the update does
not changethe veri cation result.

When c,; is negative, the edgeof the graph from v; to v; is the sameasthat of the non-negative
one, exceptthat the value update of disd:= (gc, A*d< M j Q?2d:d+ c,). It is not hard
to seewhy wesetdto d+ ¢, if : (gc, A*d< M j Q): we have to evaluate the value of d
precisely when we do not have enoughinformation for verifying if D is satis ed. Now we prove
that if gc, A~d< M i Q, the value of d remaining unchanged does not alter the cheding
result of the LDI. To do so, we de ne another graph G’ that is the sameas G* except that if
gc, Ard< M i Q the assignmen for disd:= d+ cy,.

Similar to the casethat B is Tnite, we de ne a CTL-version of D, denoted by A,, for a timed
automaton A.

(3) A;:A]] not gc, Ard> M:
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Lemma 5 There exists a path %22 P(G") suchthat %26 A, if and only if there exists a path
92 P(G) suchthat 26 A,.

Pro of:  Notice that the topological structure of G* and G are the same. Each path %=

5iiiivi in Gt correspondsto exactly onepath %2 = vg;::1; Vi, in G. Let v and V; be any
two corresponding nodesrespectively in ¥%and ¥%. Then the value of gc at vertex Vi is the same
asthe value of that at vertex v, . Due to the di®erert updates of d in %and % for the negative
coexcient of a vertex, we know that at vertex v; , the value of d is bigger than or equalto the
value of d at v;. Hence,a path 2= % in G that doesnot satisfy A, then its corresponding

path %in G* doesnot satisfy A,.

To prove the other direction, let %in G be sud that ¥:6j A, and Ystarts from the initial node
Vo. If Y5 6 A, we are done. Otherwise, we needto shaw that there will be a \p ositive cycle" in
% i.e. there is a cycle such that going along the cycle will increasethe value of d properly by at
least 1. We now give the illustration for the case¥:8j A, * % E A,. This casedenotesthat the
valuesof d on Y2and on % are di®erert and there should be a rst node vj+ along Y%2where the
condition gc, ANd< MNi Q" ¢y, < 0holds. Thus, from v, the value of d is increasedby at
least Q + 1 to make %26 As.

From the de nition of Q, in %there must be a \p ositive cycle" along which d will be increased
by at least 1. From the correspondencerelation betweenzand %, ¥ must also have a positive
cycle C. Thus “?is formed by increasingthe number of repetition of the cycle Cin %5, such that

196 Ay,

Therefor we concludethat d is a bounded integer variable. Figure 2 givesan example how to
build the graph G* from the graph RG when ¢, is non-negative and Cy, is negative. The lemma
bellow follows from the de nitions of relations F for D and A,.

Lemma 6 Given atimed automaton A and a LDI D. Then there existsa path 22 P(G") such
that ¥%6j A i® there exists an integral model %2 M | (A) suchthat %6j D.

Now we have our main theorem for the casewhen B is in nite.

Theorem 3 When B is in nite, the veri cation of a LDI D by a timed automaton A is equiv-
alent to the veri cation of the satisfaction of CTL-version A, of D for A by the set of paths
P(G'), i.e. A E D if andonly if P(G") F A..

Rep ort No. 396, June 2008 UNU-l IST, P.O. Box 3058, Macao



Case Study 13

5

n+ 1 n=n+1;

(ge< A?gc+ LA) gc= (gc< A?gc+ 1;A)

(gc ANd>M?M + 1:d+¢y) d=(gc A"d<M Q2:d+cy)

jum e §
ow onN

©=

Figure 2: \Discretising" graph when B is in nite and ¢, is non-negatie, ¢, is negative

select: n:int [0;5]

3.3 Verication in UPP AAL

The model cheking tool-UPPAAL that is available at www.uppaal.com is an integrated tool
ervironment for formal speci cation, validation and veri cation of real time systemsmodeled
as networks of timed automata. UPPAAL usesa simpli ed version of CTL to expressthe
requiremert speci cation. The query language consists of path formulas and state formulate.
State formulate describe individual states, whereaspath formula quartify over paths or traces
of the model. Path formula can be classi ed into reacability, safety and liveness.

The properties A; and A; in our chedking algorithm are safety properties. This implies that on
one hand, we can draw the graph in UPPALL and just click the \chedk" button to verify the
safety property A; or A, from the extra vertex vo. And this is done automatically. On the other
hand, sincewe usethe samemodeling languageand the samequery languageusedby UPPAAL,
the cheding algorithm can be easily implemented in UPPAAL.

4 Case Study

In [11], the Duration Calculusis usedto prove that a gasburner doesnot leak excessiely. That
is, the accunulated time of leakage is at most one twertieth of the time in any interval of at
least 60 seconds. Following the techniquesin Section 3, using UPPAAL, we have chedked that
the LDI property is satis ed. We now use a more generalmodel A shown in Fig 3 to illustrate
our techniques.

The LDI properties to be cheded are:
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X<=3
Figure 3: A Model A
n<30
s b 2f§+1
n=n+1 ge=(ge<=30? ge+1: 31), =n+l, )
=(go<=30? . d=(gc<=30?d-2:0, gc=(ge<=30? ge+1: 31),
32@%2233%;%?”' 3, e ) d=(gc<=307d+1:0)

n<3

n=n+1,

gc=(gc<=30? gc+1: 31),
d=(gc<=307d+3:0)

«

n :int[0,30]

Figure 4: \Disretising" graph A°

. R R R
1.D1:10- *- 30! (j2£ L2+ L3+3£ L5)- 30.

. R R R
2.D:10- - 1! (j2£€ L2+ L3+3£ L5)- 30

Let e1, & bethe in nite edgesfrom L2 respectively to L3 and L4. To chek whether or not D
is satis ed, we rst usethe methods of remaving in nite edgein subsection2.3, to translate e;
and & to nite edges.We thus have l(e1) = 2, I(e2) = 5, u(e;) = u(ez) = 30. Also, in this case
we have A = 10,B = 30,M = 30. The CTL formula C4 for D1 is:

(4) Ci:A]] not(gc>= 10&& gc<= 30&& d> 30)

In terms of the technique in subsection3.2, we construct the graph A° shown in Fig.4 that is
usedin UPPAAL asa model to chek C;. The chedking result shavs that A C;. Therefore,
we have A E Dj.
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Conclusion 15

n<10
n<6 n=n+1
n=n+1 gc=(gc<10? gc+1:10)

n<8
n=n+1,
gc=(gc<10? gc+1:10)

= ? : d=(gc>=10 && d<30-17? d:d-2 ,
82(9‘323‘5 &g&cggggsm) © ) d=(ge>=10 && d>30731:d+1)

n<3

n=n+1,

gc=(gc<10? gc+1:10),
d=(gc>=10 && d>30?31:d+3)

n<=8

n:int[0,10;

p

Figure 5: \Disretising" graph A%

We now chedk D, and construct the model A%shawn in Fig 5. In this case,u(e;) = u(e») = 10,
A=10,B=1,M =30,Q=8+ 3£ 3= 17. The CTL logic C, for D5 is:

(5) C2:A[] not(gc>= 10&& d> 30)

We have cheded with UPPAAL, and the cheding result is that A%%j C,. Thus A 6j D».

5 Conclusion

The examplesin the paper show that the DC formulation of Linear Duration Constraints is
simpler, neater and easyto understand than thosein LTL and CTL. The automata that are
given for the DC speci cation are simpler than those that would be constructed for a LTL
or CTL speci cation. However, the existing algorithms for model cheding Linear Duration
Calculus invariants are complex and have not beenimplemented. A lot of works have been
done recertly [16, 17, 18] for the developmert of model chedking tools for Duration Calculus
formulas. In spite of somemodel chedking tools for Duration Calculus formulas are available
now, to our knowledge, comparedwith other temporal logics, the techniques developed for DC
are still not widely applicable in industrial elds. In this paper, we have preseried a di®eren
approach to the problem. Our approad is to reducethe veri cation of a LDl to model chedking
CTL. This allows usto useor easily extend the techniquesin the current tools for CTL, sucd as
UPPAAL and SMV, to ched linear Duration Calculus Invariant of real-time embeddedsystems.
Furthermore, sincethe CTL formulas A; and A, candirectly be specied in the linear time logic
LTL, we thus can use the model cheders like SPIN to ched the LDI. We believe that this
technique will help to make Duration Calculus more applicable in industry eld.
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