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Fncuỉtv o ỉ Technology, Virtnam National ưnivrrsity. lỈHiìoi

A b stra c t .  Mnđrl <ht'(king ínr Duration Properties of rcal-tirue systcins has bvon iì 
grrat ílcal ol attention íor rercnt years. In some works, cluraiion properties as Linoar 
Duration Invariiints, Linrar Duration Properties, Temporal Duration Properties have been 
chrcked for systeiĩìs, whicli are expressed by timed automata or rcstrictcd classes of timed 
automata. Up to now, one of such properties, Temporal Duration Properties have not 
dealeđ cỉinTtly fnr paralk‘ 1 rcaỉ-tiinc systems. In rhis paper, Wí* propose an algorithiu f(»r 
checking TDP frir such systems. i.r. for systems which are Cíxpressed by networks of timeíỉ 
automatu. Thr algnriỉhm is basod un depth-íìrst searching OI1 the region graph C)f networks 
and rcchires chc<kinf» prohlem to solving a set of linear programming problems. So, the 
complexity (>f the algorithm is acceptable.

1. In tro d u c tio n

Moclol checking tbr rea l-tim e system s. i.e. given a rea l-tin w  sy stem  a n d  a  rea l-tim e  

proịHTty and chcck wheth(T the system satisíies tho property. Instant properties have been 
stuciicd extensivelv and SOI 110 verifving tools have been iiripleniented for checking thein. 

In th(‘ recent few years, (ỉuration properties, i.e. properties which concern to intervals of 
tiine. wore consideretl niore and more. Those are certain predicates on accurnulated tirne 
đ u rin g  o f locations o f sy stem s an d  o ften  a re  rep resen ted  ío n n a lly  by fo n n u ia s  o f D u ra tio n  

Calcutus Ị2 . Chocking (luration proporties is diíRcult because the cluration of locations 
a r r  on thí' h is to ry  <)f thí* system s, cspecially for the  co n ru rre n t  an d  c iis tr ibu trd

n*al-t hne system s.

A so lu tion  in geíHTal casr is given in [3] using  inixed in teger an d  lin ea r p rog rarnm ing  

tcclm iques th a t as known com plexity  o f  th is problem  is in class NP. T o  get e íĩective  al- 

j»orit liins. many authors havo (ỉ(*aleđ about more restricted systerns and/or properties, for 
example, Linear Duration Invariant property (LDI) was checked for real-time automata 
using linear prograinnùng techniques (polvnomial time) in |4Ị. The technique have been

*A preliininary version of this paper was presented a t and published in th e  proceedings of The 
Ị ' 11 si In tcm ationai Workshop for Com putert Inform ation and Com m untcatton Technologies, Hanoi, Feb. 
2003. pp. 18-24.
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£rn<‘ralize<l to chcck LDI for cxtcncicd subclass ()f autoniattt [5] and for parallel com- 
positions C)f real-timr autoinata [6j. Iỉowever. for genrral Cíisrs (timcci automata, networks 
of timrd automata) LDI have not checked hy algorithms with accepteđ complexity.

Recently, discrctisahle ÌormulỉLs is more considered. Those arc íormulas which their 
satisfiablr for rcal limc behaviors of the system is the same for intcger time behaviors. For 
such propcrtics. algoritliins based on oxplorinK region graph will have acrcpted compiexity, 
bccausc* th<*v only search on integral region graph. In [8] authors considered toasubclass<>f 
duration íormulas namcd trmporal cỉuration properties (TDP), and show(*(i that t-hey arc 
điscretisablo. Coinbining depth-Rrst search method with linear programming techniquc\ 
authors proposcd an algorithm to check TDP for tirned automata.

In tlỉis paper, WC‘ show that the techniques introduecd in [8] can he applied to 

solve tho problem for timed automaton networks and propose an algorithm for checking 
satisRahle <>f TDP Alỉhough a parallei composition of timed automata can be vieweđ as 
a restricteđ production timođ autoniaton. but from discrotisable of gcnoral propert-y for 
timed autoiiiaỉa, it is not obviously to deduce that the propcTt.y iís also điscrotisable for 
networks. This is appearoỉi by two reasons : by synchronization of componcnt automata 
and bv durations of ti me are calculated on local locations but not on global locations of 
systems. For cxamplc, Linear Duration Invariant can be checkrđ by linear programming 
for real-time automata [4ị, but it have to use mixed integer programming in the case of 
system is extended to networks of real-time automata [tìỊ. So an cíỉertive algorithm for 
checking TD P for networks of timed automata is necessary.

The paper is organized as follows. In the next section Wf' recall some notations of 
timed automata, parallol composition of them and integral rcgion graph. Deíining and 
proving TD P ho disrretisable is given in section 3. In section 4 wv present algorithm using 
linear programniing technique to rheck TDP for timed automaton network. And, tìnally 
in section 5, we give a short discussion about SOĨ11P directions to reducc* the complexity of 
algorithm

2. P a ra l le l  co m p o s it io n  o f  t im ed  a u to m a ta

2 .1 . T im e d  axitomata Ị l Ị

A timed automaton is a fìnite State machine combincd with a set of clock variables 
X . We use <Ị>(A') t.0 donote the set of time constrains which are ronjunctions of the 
íormulas of the íorin : X < a or X > a, where r  6 X  and (I is a natural constant.

D eíìn ition  1 . A tiineci automaton is a tuple A =  ( S y X t Q ( X ) , E ) i  where
- 5  is a finite set ()f locations,
- SQ  G s  is an initial location.
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X  is a l in itr  sot ol clocks.

- «!>(.V) is a l ìn i tr  M't ot Timr m n s t ra in s  ()f clock variablrs ,

E  c  .s' V <!>< A X V y 2 X y s  is .1 linite set of transitions.

An t ( If\ ,íi. rế . I 6 / (NíMallrđ an a-labdlrd nl#*) reprr.srnts a transition 
Ironi locatiou  .s tu  lucation  s' \villi lỉilii'1 í/: .s and  fi' an* callod so u rro  a n d  íar*»(*t lo ra tion  

ol f \  a n d  dountcd  by scm rcr(r) aixl targ<*t(e) respectivoly. ựv is a clock co n stra in t  th a t  is 

sa tishod  whf*n the ỉransiYion r  is c n a h lrd  an d  r c is tho sot C)f clock variables  to  h r  r r s r t  to  0 

hy ( ’ whf‘ii it takes |>ia.c*€* For simplicit V. in tliis papo r w<* only rotisiclcr ( le tm n in is t ic  

a u t o n i a t a .  i r  H U t o m a t a  w h i c h  h a v e  n o t  i n o r e  t h a n  o n c  a- la be l l f» d  (‘d g e  f o r  a n y  a  6  E .  /1ị 

an d  .42 ì l ì  tìguro l an* an cxam ple ()f Uvo tim ed a u to m a ta .

2-2. P a ra lle l co m p o sitio n  o f  tirned a u to m a ta

In g rnera l, a sy stem  is oftí‘ii <» sot of tim ed a u to in a ta  ru iu iing  in parallel a n d  m in- 

Iimnicating vvith rach oth«T. T hrsr timed autom ata can be synchrononsly coniposcđ into 
a global timeci au tom ata  as f()llows transitions of timccl au tom ata tliat do not ex<‘CUte a 

>hare rv en t  (label) a re  interlraveil and  trans it ions  Iising a sharo  evont an* synchroniz<*d.

D eíỉn ition  2. Cỉiven a set of timed automaton Aj =  (S,, .So,, X , , Eị) (i = l..n).
It (l(M*s not loss generality, HSMimrđ tliat X tC\Xj =  0,Vi /  j.  A systcm can be expressed as 
an paralk*l (Oinposit ion of i4,\s, i.c. an global timcd automatou A = (S, So, E, X t $ ( X) ,  E)y 
w h rn A

- s  =  S\ X Sọ X . . .  X 5„.

- Sq =  (.Soi, «02» • • • * *’0n h

- E ■= Ei U E 2 U .. .U
- X  = X i U,Y2U ...U ,Y m
. <I>(A') = * i ( i i )  u  * 2( X 2) u  . . .  u

With Tỉ -  2. let ( s , , tỉỊ>ịy(ilyr M.s')(/ = 1,2) are transitions of E \ ,E 2 .
• If «1 =  02 then ((.si,.s->), xịj\ U 02*rttr i U r ĩ t í ^ Ị , ^ ) )  € /?. where a = ai =  «2»
•  If Ể E j 0 ^ 2  then  ((.slt .s2), 0 ! , í i ị ,  n ,  (5 j , ,s2)) €  £ \

• f a2 ế  S i  n E 2 then ((«!,.<?2) , ^ 2 , « 21 2̂ , ( « 1 , « 2)) €
Sinùlarlv. W(* can casily extcnd cieíìnition of E  for n > 2. For examplc, the automa- 

ton .4 in íiguro 1 is a part of parall<»l coinposition of A 1 and /1'2 which is roachable froin 
initial location Uo = (ho,ko) ơf system.

Figure 1. Paraiirl ('ompositional automaton of A\ and -4‘J 
tio = = ( ^ ^ 0)^2 = (/i2.fci)»W3 = (^21*2)
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2 .3 . B ehaviors  o f  t im ed  a u io m a to n  netw orks

Let A  be para llel co m p o sitio n  of tim ed  a u to m a ta  Aị .  Lot 5 b e a  location  o f A,  i.e. 

s be a vector ( s i , $ 2 , . . . , sn)t w îere S 1 (* = 1 * tt) is the location of timod autoinaton A t 
that is called local ỉocation, s is called global locatioiỉ or location for short. Kormally, if s 
is a local location which occurs in s then we denote s 6 s. If V is a transition ()f network, 
which transits from location s to .s', then we also use (lenotations sourcc(e), target(e) to 
denote s and s \  respectively. A ciock valuation V is íunction ư : X H  /ỉ, Thai is, V assigns 
to each clock X € X  the value ỉ;(x) € R  We denote ưo as an initial clock valuation, i.e. 
v0(x) =  0,Vj 6 X .  Fơr (í € R. V + (ỉ (time elapse by í/) is the valuation v' such thai 
Vx € -Y. i / (x )  =  t’(jr) +  d. For r  c  X ,  y[r 0] (reset r to  zero) is th e  valuation  v'  such 

tliat Vj € r. t/(x) =  0 and Vx Ệ r. y (x )  =  ư(x). A clock valuation ư is called int.egral 
dock valuation ilf v(x) 6 N,Vjr 6 X .

A State of A  is a pair (5, ư)t where 5 is a location of and ư is a clock valuation. A 
State (s,  v) expresses systein is stayĩng at the location s and all clock values agrees with V 

at that time point. As number ()f vaiuations V is iníinite, the num ber of states of system 
is infinite, too.

Given two States (s, ư), [s',v')  of i4, and a non-negative real d. Then, W(* deíine 

State traiỉsitìon from (5, v) to ( s \  vr) denoted by (s,v)  - í  (s ',v f) as follows.

D efin ition  3.(ã,t;) (sV O  iff : 3e =  (s,ĩ/>e,a,re9s') 6 E,  such thai
- V 4* d satisíỉes ĩịỉe ,

- vf = (v 4- d)[re *-» 0j.

The State transition means system staying at location s in time interval r/ from time 
point / (with clock valuation ư) to = t + d (with clock valuation ư + d), At tiino point 
f', some components of system take transition € with event íly whrn V 4- (I satisRes any 

constraints on a-labelled edge of these components. The system transits to 8f. Then V + d 

is changed to v' by some clock variables are reset to 0.
In order to represent behavior of i4, we iLse secỊuence of time-stampod transitions. A 

tim e-stam pcd transition is a pair (e, t),  where c is a transition of A  and t is a non-negative 

roal numh(T that expresses timo point transition e be take placo.

D e A n it ỉo n  4 . A tim e -s tam p ed  tra n s itio n  sequence ơ =  { c Q j o ) ( e ] , t i ) ( c 2 , t 2 )'"(<'ni,tm) 

(m  >  1) is a  behavior o f  /1 iff:

- target(e,) = source(e1+i ) , Vf =  l. .m —1 (with theconvention target(eo) = source(ci)

= So)-
• 0 = <0 < Í1 <  Í2 < . . .  < t m% such that (ư,«i + ( 1  -  t Ị - 1 ) satisíìcs all constraints in

tỊ>ct, where Vi =  (ư,_! + -  í , - i ) [ rca 0j,v? =  l..m.
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( c oJ u) ( t  \ J \ ) ( f  J . t  >) (<inif rn) is a behavior <>f A.  wc rall s„t -  targc*t(rm) a 
rrachablr location and (ã„,.rf#l) íi rcarhalile State of i4.

A beliavior «7 (f(>. fi>Mm * íI H '2 ^ 2 ) • • • (em, *?n) is callcd integral l>rhavior iff /, 6

N. Vi — 1..//I.

Exainplt' I Lí t u> (onsiíln brhavior : ơị =  (eo, 0)1 (a, 4.5), (6,5.7) (>f network 
givrn in Hgurí' i It rxpirssrs tin* syst«*m staying at initial location (/io,Ả*o) U|> to tiine 
point 4.5 with clock Viiluiit ion 1\) r 1.5 (4.5,4.5,4.5). The rlork valuat.ion satisfies ti 1110
ctmstraint ./• > 1. so thr systrm rxírutrs theevent a and transits to location (h\>ko)- Aft.or 
transition of systrm. tlir clock ỊJ is ivsrt t()0 ancỉ clock valuatioii l><rom<»s V ị  =  (4.5,0, 4.5). 
At ucxt rimr point 5.7. clock valiiation V\ + 1.2 =  (5.7,1.2,5.7) satisfying ti me constraint 
ụ < 2 A : < 5. th(‘ systrm rx m itr s  the rvrnt b and transits to loration (/12»A: 1 ) and Ư1 + 1.2 
Ixroinrs tĩ2 ~ (5.7,1.2,0). Siinilarly, Ơ2  =  (eo,0), (fl, 5), (/>, 6) is an integral behavioroí the 
tu'twork (For short, in the exampk* WP idcntified the name <)f transitions to their labels).

2.4• Reqion graph

Checking a proỊMTty for timecl autoinata, that is in principlo solving problem based 
OĨ1 the corresponding valuation graph, which is in general infinit(\ However, instead of 
using tho va luation  gra |)h , iĩ is suttir.ient to  use th e  region g raph , vvhich is presented  in

I liis section.
No\v. we sununarily prosrnt about technique partitioning the space of clock valu- 

ations which hav<* hvvn proposeđ hy Ahir and Dill [1 ] ancỉ wcll-known. Main idea of the 
trchnique is groupiiỉị’ clock vnluations into regions such that all valuations in a region will 
satisív the same srt of clock constraints. Hence, states of system are also grouped into 
rquivalencc' dasscs whi< h is named a region. These regions will be nocies of region graph 
and the numher <>f noclos is íinitr. In the case values C)f clock is natural numbors, the 
miniber of region is much smallrr than the case ()f real tiĩĩie.

In this papcr. vv<* considrr only int4'gral clock valuation, so W(' rrprcsent only integral 
region graph. Bosiđos. SOIIH’ known properties will be not proved. For detail, the rcader 
can r«‘fcr in ịlỊ.

D efinition 5. Let Vị) V'2 Ihì two integer clock valuations, lct K x be the largest integer 
appoaring  in a clock ro n s tra in ts  n  <  X  o r X  <  n  o f  clock X .  R e la tion  ^  is deíìned as 

follows : V\ =  V2  itr v .r G X  : r i t h r r  ư ị(x )  =  V2 (x)  o r m in (ư i(x ),Ư 2 (x ))  >  K ỵ.  It is easily 

to provo that “  is an luiuivalonro relation. An equivalence class of V is (lenoted hy ỉvỊ 
and called a inỉogral clock rc»gion. Let n  be the sct of all integral dock regions, we have

i n i < r i x € x ( ^ + 2 ) .
\V(* havc SOI IU* folỊowing proprrtips.

P ro p e r ty  1. y ^  v' implirs r satishrs clock constraint ĩịĩ iff v' satisfies, 100.
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P ro p e r ty  2 . Every ciock region 7T € n  ran be characterized by a set of simple clock 
constraint C(n)  of the forrn X =  c or X > Kj .  That is C ( 7ĩ) =  U x€x{x = <n T>x > K*}- 
P ro p e r ty  3. Let v , v f be integral valuations. [f V =  v' then

- V + í/ =: ỉ/ 4- í/, VVi £ N. So, we can define clock region n + (l as [v f  d] with any 
ư 6 7T. Besides, for every X G Ầ, if r  =  c G C(tt) then if c + (i < K x then 
.r — r  +  (l €  r/(7T 4* d ) ,  o therw ise  X  >  K x £  C ( n  4- d ) .  Not.r t.hat ĩ T x  =  7T/̂  4- d  for 

any d  €  N.

- ư|r H* 0| = ỉ/Ịr ►-> ()]. So we can deíine 7rỊr *-> 0] as [v[r *-> 0]| with any V £ 7T.
For every X 6  X ,  if I  G r  th en  X =  0 €  C(7r[r 0j), a n d  if X ệ  r  then  when

X  =  c  €  C ( n )  wc  have X  =  c  £  C(7r[r 0]), an d  w hen X >  K j  €  C ( t t )  we have

X > K z €  C(7rịr oị).
We exterul the region equivalence =  to the states of network A  as follows.

D eíìn ition  6. Two states U\ =  (s,ưi) and U2  = (5 ,^ 2 ) are region-equivalence iff Vị —
V2 - Hence, the set C)f stat.es of networks is partitioned by classes of states, each class 
is charac te rized  by a couple  o f  a location  s  and a clock region 7T. We call <  s, 7T >  be 

a configuration of network. These coníìgurations will be nodes of region graph that is 
deíined below.

Example 2 : VVith timed automaton A (vvhich expresses parallcl composition of A\ 
and A 2 ) in íìgure 1, we have the set. of clock X  = {x, y } 2 } and K Xy K V) K z is corresponding
to 1, 2, 5. Two following clock valuations are equivalence : V\ — (2 ,1 ,4 ) ,1>2 = (3,1,4).
They are in a region 7r with characterized set ofconstrains C (7ĩ) =  {x > K Xl y = 1 , 2  =  4}. 
There are iníìnite elcments in 7T. Each element (a clock valuation) in 7T is a tuple (x, 1 , 4), 
where X > Kỵ = 1. Hencc, states (uo, i>i) and (UQ1 V2 ) arc cquivalencc' and characterizcd 
by coníỉguration < U0 , 7T >.

D efinition 7. (Region Graph). Given networkof timed automata A  = (5, .So, £, £),
the integral region graph IRG(i4) is the transition systẹm (Q, í/o, E, -►), whore

- the set of states ợ  = s  X n,
- th e  initia l S ta te  Ọo = (s0, [vo]),

- the set of labols E,
- the set of transitions -»€ ọ  X E X Q is defíned as a  =  (($> 7r),a, (.s', 7T/) E-> iff thon*

exists  e — (5 , r «>5#) su  ch t h a t  7T 4- (ỉ satisfies ĩị)c a n d  7T; =  ( n  -f <í;[rr 0] for

som e n a tu ra l  n u m b er  d

3. D u ra t io n  te m p o ra l  p ro p e r t ie s

3.1. D eýinition



Chfjckiny parullcỉ ỉrtil-1 utir systt  ins Ịor

\  tcMiiporỉil <lut;itnm p n ip r r ty  is .1 constra iu t fnr location cluraticins ỉor a short tn i r r  

(ti .1 u - i i a in  p i i t t rm . lí IS ' I r ln n d  Inriiuilly iu D uratio ii C alcu lus  2! ỈIS Ịo|Ịows

D eH nition  8 . A trin|>oi;il (luratioii ỊiroỊHTiy ovrr A is a Dunition (';il(*ulus íonnula ol 
t hi' ĩmII)

□ ( [ f s . , i i  ' V :  - r r ^ i i  = * 5 > , / * <  A/)
*€íl

\vlirrr s arr lor.it ỊOIÍS .tliíl Í2 is a imitr ><’t (»1 loral loration.N ui svstcins (i.<\ i ì  

s  1 u  S-> u  u  s„ ). aiHÌ ('s(> *r ilị.  M  ỉirr rrals. For siinplirity, lct us (Irnotí*

/>~rrs„iwK.n - f s < M .
s€«  J

i(D)-\\sti}} -  : ; v  -  \\sik}].

lirnrr, tcinporal (iuiation proptTtv nvcr iì is đenotcđ ii> □  D.  Tho nhovc íoriu of íormula 
is ('X|>r<‘ssc*(l in sv n lax  o í  D ura tion  C a ln ilu s .  Iu th e  sem antics . in lu iiivrly . a tom poral 

d t i i . l i i<>11 p ro p e rtv  [ ]/.) savs tha t ỈU! any  t im r  intcTval, in Yvliich if t l ir  sy s tr in  runs th rough

thr M'(Ịurn<c of glohal Incatiim* ........Sịk. then (luration J .s ()f tiu* local location.s
s uvrr that intcrval satisiir.H tho coiìst raint ỵ^.seiĩr* f  's -  M  ( f ‘s’ WỈH*1I applied tn an
intrrval of tini(\ is tho acniinulatcul timr that the location s is prrsent in thr intrrval, and 
is callcd the cluration oí s ovrr thrtt intíTval). Tornporal (luration proỊHTtics form a class 
of Duiỉition Calnihis loriiniias that an* often encountered in th<» đrvrlopincnt of real-tinn* 
sv s t rm s  using D u ra tio n  Calcuhiìv For pxampl<\ design (Urisions for thí* siinple gas Imruer 

iu [2 |.
For any tirnccl transition srquenn* Cĩ — (e i , / 1 )(c*2> 2̂) • • • ((-'rni fm)i f°r 11 ^  1, 1 ^  0 

such tlia t li 4- / < ///. Irĩ us (ỉonotr l)V a ( ỉ i t /) th« subsequenco ( r tt4. | , / tl * i ) . ..  ( r fl f / , / u 4 /). 

rhat inc aiằS ơ ( u j )  is <1 stihsr(|Uoncr of n from indrx n 4- 1 with / tini(‘(l-stani|) transitions. 

D efln ition  9. For a tiiurd transition srqurncp a — (i’ị. tị )(r2. /2) • — (í’fn^»i)' for any 
u > (I such that í/ f Ẳ- < m, Wf» say ơ( uyk) matches ^(D) (or *)(!)) mat^hes n)  iff
s<Hirn,( r lị+J) =  s ,  for anv  / such tliat 1 <  j  <  k .

S(». tlic f;irt "ơ(n, k )  maí(ii(‘s ^(D)"  uicans tliHt thr trmporal onlrr of the loration
iMTiinriiivs in r r ( u , k )  is c|rfiiH»cl hy *)(/}).

For a subsrc|tH»ii(<• n(u , k )  thai tnntchcs 7 (/?), tho duration of tiu* local location s 
ovcr n{ I/. k)  is (iríinrd

I  s — y !  (^u+j — <u+j- 1 )
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hence, the value Yistn  cs f  s °f over Ơ ( U 1 k) is deíined by

k

0 ( ơ ( u ,  k ) )  =  ^  ^ ^   ̂ Ca{tu+j  ~  ^ u + j - l )  
j = l

D eíìn it io n  10.
1 . A behavior ơ satisfies the temporal duration property OD, denoted by G |̂ ~ n ơ ,  iff 

for any  subsequence  ơ ( u , k )  for ơ  th a t  m atches 7 (D ) ,  th e  cond ition  0(ơ(tt,fc)) <  M  

holds.

2. A time automaton network A satisfies the temporal duration properties DD, denotes 
by .4 \= □ D, iff for any behavior ơ of i4, ơ 1= C3D holds.

3.2. D iscre tis ing  T D P

Dcíinition 11. Lot A he a timed automaton network, and let p  be a pređicate over the 
behaviors of A. p  is said to be discretisable (w.r.t. A) if p  is satisôed by all the behaviors 
of A  iff p  is satisfied  by all the  in tegra l behaviors of A .

T h ere íò re ,  if p  is d iscretisab le  (w .r.t . A ), verifying th a t  p  is satisRed by all th e  

behaviors of A is reduced to verifying that p  is satisíìed by all the integral behaviors of A 
only.

T h e o re m  1. TD P  is discretisabỉe with respect to tiined autom aton networks.

ProoỊ. For any t € R * , let int(t) and frac(t) respectively be integral part and íractional 
p a r t  of t ,  i.e. t  =  i n t ị t )  4- Ị r a c ị t )  an d  f r a c ( t )  =  0 iff t  is an  in teger nurnber. Let 

ơ  =  (c i ,  t i) (c2»Í2) •• be a  real behavior.
Let Fơ = {/rac(f,) I 1 < i < m} u { 0 ,l}  and card(Fơ) be the number of the 

elements of Fơ. So, ơ is an integer behavior iff card(Fơ) = 2 (Fơ = {0,1}). Let 
/o>/i> • • • 1 /<*>/<7 + 1  be the sorted sequence in tho ascending order of alỉ elements of Fơ, 
i.c. : Fa =  / „ / , + i } ,  where /o =  0 , / ,+ i  =  1 ,/ ,  < / , f i ( 0  < J < </). Because Í7
is t h r  rea l b e h av io r  so c a r d ( F ơ ) >  2 (i.e. q  >  0). Let. I a  =  { i | / r a r ( í i )  =  / i  ( i  €

W e c o n s t r u c t  behav io rs  ơ '  =  ( e i 1í /1)(e2, í 2 ) - ( e m , t'm ) an d  ơ "  =  (e i , í j ) (< ỉ2 . Í 2 ) - ( em,* 

as follows.

- 1; =  t "  =  t f if i ị  Iơ

- t [  =  t i  -  / i  an d  «7 =  f, -  / i  +  / 2  ( / 2  m ay be  1) if ? €  I n

L em m a 1. ơ' and rr" are behaviors oỉ A.

ProoỊ. At íỉrst, we prove that if — tị <x a  then so are t* — t[ (X « and í'' -  oc a, where
j  > 1 , ( 1  £ Ar, and ocE {< ,> }. We prove only for the case cx being <. For tho case >, the
p ro o f  is s im ilar.

- When i , j  € /ơ or ?. j  ̂ / ơ, we have í’J -  t[ = t" -  f'/ = tj -  t t < <1 .
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VVhriầ / €  In  i í iu l  J  Ệ  /,T. wo h a v r  f r a c ( t j )  >  f r a c ( t t ),  h o n ce  / '  -  / '  =  — ( í ,  -  / j ) =

n i t ( t j - t ' )  + f r a ( ' ( t j ) - f r a c ( t t ) + f i  =  -Ể l) + / r a r ( f J ) < f l -  1 f

f n i c ( t j )  <  (I vvv h a  ve t "  - 1"  =  t j -(*«  - / 1  + / 2 ) =  — í«) — ( / 2  — / 1 ) tt.

• YVIirn / # /rf a n d  j  6  /,r, vvo have í '  -  í '  =  ( t j  -  / 1 ) -  =  t.j - t ế - f \  < t ; - t í < n.

ConsidcT t .ha t  f r n c ( t j )  / 1  <  f r a c ( t i ) ,  f r a c ( t " )  =  /2  <  Ị rac{ t x) an d  i n t ị t " )  — 

r n t ( t j ) .  So. if — f, <  « thon =  t j  — t x <  a 1 too.

ValiH* nf any  clock J* at timc* point is t j  — t j  vvhere f t is last t i tne  po in t th a t  clock 

variablo  .r tí) he rosí»t. Th<*rofor<\ if ;r satisfies tim e co n s tra in ts  a  <  X  a n d / o r  X  >  b,  at t im e  

point.s t'j and t " . ,r satisíirs those constraints. too. Hence, a '  and <7 " are also behaviors of 
.4

L e m m a  2 . Let rr(í/.Ả ) I)C H subseqtirnce o fơ  that matches y(D) .  I f  ỡịcr(u, k)) > M  then 

eitlìcr 0(ơ' (u,  k)) > M  or 0(cr"(u.k)) > M.

ProoỊ. It is rasilv to scr that subsequences ơf(u,k) of ơ' and ơ"(u,k)  of ơ" match 7 (D), 
too. By the đetínition of the íunction ớ. we have

k

O ị ơ ị u . k ) )  =  E E  ^ s ( t u + J  t u + J — 1 )
J=1

k

i V ( , „ i ' ) ) = E E c-(|,. * r lU - i )
J = 1 s€í4j

0(ct" (u,A:)) = 5 ^  53  “  C , - | )

hence, we easily ealculate:

( i {ơ' (u, k) )  =  0(ơ{u,  k) )  + f i  A 

9(<r"(ut fc)) =  ở((T(«1fc)) +  ( / 1 - / 2)A

where A =  E - € i tj r ‘ -  D i+ iÉ / .  E . e v
Since /1 > 0 and /1 “ /2 < 0, we have either Ầ:)) > ớ(ơ-(u, A:)) or ớ(<7"(ư, À*)) >

0(ơ(uy A')), so lemnia vvas proved. From lemrna 1 and lemma 2 we can construct consecu- 
tively behaviors ơ* hy choosing ơ'  or ơ"  compatible. After each time, card(Fơ) decreasing 
hy 1. and Hnally (after (Ị tim es) card(jFơ«) =  2, we reach a integral behavior ơ *  satisíy ing 

ớ(ơ*(ii, k)) > 0(ơ*(u,k)) .  Hence, if there exists a real behaviors ơ which íails □  D  (i.e. 
0 { ơ { u , k ) )  >  M  then  WC‘ can  get an  in tegra l behavior ơ *  íails □  D, too . T here ío re , if D D  

is satisRed by all intogral brhaviors of A. then it is satisíìod by all (real) behaviors of A.
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By ỉhcorom 1, checking A for TDP can reduce to checking whether all integer 
behaviors of M satisíy □  D.

D enote  th oso t of all in teger tran s i t io n  sequences 7  =  e l x ũ ị 2 . . .  Cịk such  th a t  source(c , ) 

= 5, for ị = 1 ..Ả' (i.e. thr sequcnce matches 7 {D)) by r .  Constructing thc* set r  is easily, 
so we do not present here. For each such integcr transition scquence 7 € r ,  if 7 appears 
in an  integer behavior ơ  th e n  ơ  will be of the  form as in íìgure 2. A long in teger behav- 

ior ơ, system reaches to State s tị at time point tm € N  corresponding to integer clock 
Vâluation t;„ẩ and starting from (st l , vm) system continuously runs along and takes transi- 
tions r,j , r t21. . .  ì etk at time points tm+ 1 , t m+2 > - • ĩ correspoiuliiig to clock valuation
nm, Vtri-ị. Ị ........vm +ịc. These clock valaation satisfy constraints \ị)t i ì , Vv.a* * • • t k'  where

«m+j =  (vm + , - 1  + X j)[ r  ►-» 0j, =  t m + J  -  <  J  <  k ) .  V eriíy ing Wm + _,_1 +  X j

satisRes ĩpc corresponds to  a linear co n s tra in t  C j  on  X j  froin th e  (leỉìnition o f  Ưm + J - 1  

and xị)t  as in algorithm 1 .
There ío re , all subsequences  7 of a behavior (7 a n d  s tax ts  from th e  ỉn tegra l reachable  

location [ s í ì y v )  satisíy  th e  inequality  ]C * = 1  J 2 s(z j  Ca ( t m +J  -  t m + j - 1) <  M  if and  on ly  if 

the optimal valuc for the following linear integer problem (with k integcr variables) is not 
greater than M.

k

s « p £  c s X j

j=l s€sXị

subject to the constraints

c , , c 2 .Ck ,Xĩ > 0,X2 > 0 .................Xk,> 0
%

(hy our convention, the optinial value is —oo when the constraiiầt set is unfcasible). As 
above discussion, vve see that this problem depends onlv on the integral clock intprprrtation 
V of reachab le  location  an d  the  sequence 7 . T h a t  is in teger linear p rogram m ing

probiem which is in NP. However, by theorem 1, we can take < J < k)  as real
numbers, (thus x / s  be real variablcs) to convert it to  a lincar programming P(u , 7 ). The 
results of the two problems are the same.

In  a  word, to  check M  □  D '  vvith each couple ( u ,7 ) ,  where  V is in tegcr va luation  

of in tegral reachablo locations  (SM, ư)  an d  7  €  r ,  we have to  co n s tru c t  a n d  solve th e  linear 

progranmiing problom P ( v ,  7 ) C)f Ả’ variables and veriíying if the rcsult is ĩiot greater than 

A/.

The nuinber of integral reachable states is infinite? so th(* rmrnber <)f linear pro- 
gramming is also inHnito. However, from the deíĩnition of oquival(»nce relation on clock

4. A lg o ri th m
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v a lu ỉt t  iu n s . w<* ca n  r a s i lv  p r o v r  fo l lo \v ih £  I r in i i ia  vvh ich  asse rts  th a t  fo r  <*;uh v a lu a t iu n  n - 

g i o n  ,7 a n d  srcịiirncc* “V, Wí' t o  so lvc  ;»t inost  om* l i n r a r  p r o g r a m m i ỉằ t t  p ro h lc iu  

vvhrn-  r  is i i n v  val i i i i t  i< »11 <>t rr.

í V } ------- S , Ẻ r
rn -t l tm+k

—/

F ig u re  2. Ciciu nil ỉ>< liavio! (‘Uiitaining s t{>stJ........ s Jk. s' targc*t(e,fc

L e n n n a  3 . .  L c t  (.s,t , r ) ,  (.S(J, /•') h ỉ ‘ i i ì t 0f Ị c r  r e a c h a b ỉ p  s t â t c s  o f  A  m u i  ỉĩ =  i /  ( i . ( \  ịí/|

\r l 7ĩ). T h e n ,  far n n y € r  prnbỉonis P ( u y 7) iiiỉd P{u ' , 7) g ivr  th e  Sỉiint' result.

From tho leinina, W(' can combino a region <)f clock valuation zr with a transition S(‘- 
q u r n r r  7  € r  to g r n r r n t r  a liuear p ro^ra in in ing  prob lem  / >(7T, "7 ) inst.(»a<l of set of probloms 

P( vy 7 ) with Ví; € 7r. / ’(7T, -y) is grnrratcd hy algorithm 1 below. In tlir algorithm, wo call 

Cons bí* tho  SH of co n s tra in ts  of r .  iĩ is genera ted  s t rp  hy s te p  along *■) hy rcp larin i’ í‘w li 

clo< k variahle X in constraints of Vv, by .r7 -f if J’ =  <v* € C(tt). lf jr > A'x € C (7r) 
tỈKM1 ronstrnints of t-hr forni X > d in 0C. will bo roduced and constraints of the forin 
X  <  (I 6  1/v will inako p  infeasiblí\ For rxam ple , assumo t.hat ìpc — {j: >  2, V >  4 ,2  <  rt} 

and 7T — {.r =  2,2/ >  5, z  — 4}. th en  Cons =  { X j  +  2 >  2, X j  4- 4 <  8} an d  if y <  4 € ĩpVlỊ 

tỉ 11*1 ì V is infeasibl<\ As usual. \ve denotc Í*[i7ĩ/Ị the forinula obtainecl from u by replacing 
all ( K T u r r r n r e s  o f  X h y  y.

A lg o ri th m  1 : Gencratiug linear pro^ramming P(ĩCị 7 )

C o n s  : { s \  >  0 ........... ric >  0};  Infí'íLsil)le : =  Ị a l s r :
For / := 1 to A- do Begin

For everv clock X €. X  d o  Đ eg in
If X > K j ị  ựv,; (i*e, X = r t ,x € VvfJ) then

For everv ronstraint o Oh .r in 0e, (ỉo Cons := Coris u  Ot[xfx3 4- Cn x\;
E lse  If fch«Tf* cxists a constraint n 011 X in vv the forin J* <  (/ th en  
_  > ~
B eg in

Infeasil)lc trtic: break .
End;
I f r € IV th e n  7T := irịrv j-/0];

End:
End;
If -» Iníeasible then  P ( r o )  -== SUP ỈI Í - Ì  c*xj su^jec  ̂ to Coas;

Idra oi the main algorithm is ÍLS íollovvs.
Bv (irpth-first tocluiiqiies \vr sfM|uẹntially generate reachable nodrs (3M,7r) of inte- 

graỉ n^iơn ^raph Cìf /1 Combine ~ with cach 7  and solve P(7T,7).The proress terminate
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when all of reaohable nodes were gencrated (i.e. A T D P )  or there exists a problem 
P ^ ^ l )  K*ve negative answcr (i.e .4 do not satisíy TDP).

Basic steps of algorithin is gi von in algorithm 2. In the algorithm we use s  denoting 
a stack saving current path ìíVrKỈ to s l ì , II to current nodo ()f region graph of network and 
SN to the set of successive nocie of n vvhirh has been travcrsed.

To find successive node of n we can use the algorithm 3.

Algorithm 2 : Checking TDP algorithra

S :=  {(ĩo,N )} ;S N  := 0:
Repeat

pop(S,n);
If n = (s, 7r) have no new successive node then Đegỉn 

If 5 = 5,J then check P(iĩy7 ), (V7 € r);
End
Else Begin

push(n, S);
n := a new successive node of n;
If n ị  SN then Đcgin

push(n, S); SN := SN u {n};
End;

End; 
ưn til  empty(S);

A ỉg o r ỉ th m  3 : Pinding the set of successive of ($,  n )

Succ := 0: (i := 0;
Repeat

7ĩ' :=  7T +  d\
if 3e = 6 E  such that 7T; satisRes ĩpr
then Succ := Succ 4* 7r'[r *-* 0]:
(1 :=  d  4- 1;

Until 7r' = 7r;

5. C onclusion

In this paper, we applied and extended t.echniquos in (8| to give an algorithm for 
đeciding whether a timed autoinaton network sat-isfics a temporal duration property. Al- 
though, timed automaton was checked for TDP [8], however, it have not dealcd directly in 
the case of network. So, we think that a such algorithm is necessary. Main our extension 

in this paper is showing that TDP is also discretisable for netvvork of timed automata and 
re-arrangement linear programming problem producing from each íragment 7 of behavior 
<7 and each reachable region 7T.
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In lact, romplrxity C)f (HU al^oriĩhm is still high. This (iopends OIÌ natural basis 
«»f p ro M m i A> h rh av io rs  oi sv s ln i i  liavv to  run  along s rq u rn c r  o f g lobal lorations. iht* 

cil^nritlnn liavc to srairh I«kaclial)le inxlrs OĨ1 rogion graph of production automaton. That 
i* itrni wln< h <!«•< id<‘s th<* lỉigh coiiiplttxity <>f the algorithm vvhile linear prograiiimiĩig prob- 
k' 1 1 1 is in < l;is.s of polynomiíil coinplcxiiy proMems. Hovvrver. th<T<‘ is still soinc t<rhiii(|ii<‘s 
vvhicli can !><• uscđ to ndurc  tho <(>!ii])lrxity of the algorithm. For exaiiiple, wc can ap- 
ply tr<iini(Ịiit\s p roposing  by Alur and  Dill í lị for m inim izing  regiorỉ gTaph or t rd m iq u e s  

T I S  íinitc iiulrx se ts ” 111 7 to g en rra to  in tegral ab s trac t  g rap h  which haví' size srnaller 

thau IT̂ ÌDII Rraph. \\v* think tliat. trchniques in [8] (basis ()f this report) is verv us<»fiil 
for rhtrking NOIIK* anotlu*r (iuration propcTties. Especially, we hope combining tochniques 
(ỉiscrrtising aiui linear prograinming for rhecking Linear Duration Invariant in ínture.
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K IỂ M  T R A  H Ệ  T H Ờ I G IA N  TH Ụ C H O Ạ T  Đ Ộ N G  S O N G  S O N G  

Đ Ố I V Ó I C Á C  T ÍN H  C H Ấ T K H O Ả N G  T ư Ầ N  T ự  

B Ằ N G  Q U Y  H O Ạ C H  T U Y Ế N  T ÍN H

Phạm Hổng Thái

Khoa Công nghệ, ĐHQG Hù Nội

Bài toán kiêm chứng mô hình đối với công thức khoảng đã được quan tâm nhiéu hưn 
trong những năm gần đáy. Đã có một số công trình đề xuất thuật toán kiếm chứng cho 
các công thức khoáng như "Tính chất khoảng tuyến tính” (Linear Duration Properties), ”Bất 
biến khoảng tuyến tính” (Linear Duration Invariant), 'Tính chất khoảng tuán tự" (Temporal 
Duration Properties - TDP) đối với lớp các hệ thông biểu được bời ôtôrnut thời gian. Trong 
đó, 'Tính chất khoảng tuần tự” cho đến nay vẫn chưa được bàn chi tiết đối với hệ thống 
các hệ thời gian thực hoạt động song song. Trong baì báo này, chúng tôi để nghị một thuật 
toán kiểm chứng TDP cho các hệ thống như vậy, tức đối với các frẹ thống biểu diẻn được 
bời lưới ôtômat thời gian. Thuật toán được đặt irên cơ sờ tìm kiếm theo độ sâu trên đồ thị 
phân vùng của lưới ôtômat và đưa bài toán kiểm chứng vể việc giải một tâp hợp các bài 
toán qui hoạch tuyến tính, do vậy độ phức tạp của thuật toán là chấp nhân được.


