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1. lNTRODUC;TION 

Hybrid systen1s ar·e syste1ns tl1at i11ter111ix discrete and co11t,inuous compo
nents, typicall)' c:01111)ut,ers tl1at, ir1ter·ac'.t witl1 t.he physic~al world. Dt1e to 
the rapid development of p1~oc:essor· arid circ:l1it tecl111ology, sucl1 syste111s 
are beco111i11g 111ore a11d 111ore c:0111111on in all applicatio11 don1air1s, r·ar1gi11g 
fron1 avior1ics arid proc~ess c:011t,rol to 1·obotics ancl cor1st1r11er electr·or1ic:s. Tl1e 
specificatio11, desig11 and a11alysis of l1ybrid syste111s r~equir·e a syr1tl1esis of 
ideas, cor1cepts, 1natl1e1r1atic:al theories a11d tools tl1at, are ct11·rer1tly spread 
over distinct, disci1)lir1es, 111ost 11otably computer~ scie11ce a11d co1~t,1·ol tl1eory. 
The ir1terest ir1 tl1e forrr1al t1·eatn1er1t of digital syste111s tl1at i11ter·ac:t witl1 
ar1 ar1alog er1vi1·or1111e11t is C'.ertair1ly 11ot new, but, receivE~d a 11ew in1petus by 
the exte11sion of for1nal 111odels frorn cor11puter sc'.ie11c~:e with real-ti111e around 
1991 and by tl1e explosio11 of e111bedded applic~ftt.ions of co111put,e1· tecl1nology 
within our society. Today, t,l1e stt1dy of hyb1·id systen1s l1as gr·owr1 into an 
area of researcl1 witl1 1·apidly i11cr·easi11g po1)ularity. 

I11 this contributior1, we will br·iefly sketcl1 the developr11e11t of this field. 
Also, we will discuss r·ecent wor·k 011 hybrid syste111s in tl1e gr·oup Co11cur-
1·ency a11d Real-tin1e Systems at CWI. 
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Figure 1. The 3D Biped robot, developed at MIT, hops, runs and performs tucked 
somersaults. (Courtesy MIT Leg Laboratory.) 

2.1. E'rr1,becl(ied C'.Ol'tlp'u,tc::·r· c';1Jf,te·r,?,,9 

\rVi t.11 tl1e c'.lt~c~1·f~clse ir1 t. lie size cl.11ci l)r·ic:e of· C'.0111 l)ll t. i11g ele111e11t.s, 11101·(~ ct11ci 
111 C)1·e c·cJ 111 I) ll t. e1·s c1.1·e 11s E'.:\cl v\1 it. 11 i 11 1· <?cl. I- \\re) 1· 1 cl t, ec·l111 i c:· ctl ,1.l) 1) Ii C'.cl.t.i<-111s s t1c·l1 ctS 

i11 c1,vic) Ili('.S' l)l'()('€SS ('()Ilt,r·c) 1, l'(~)l:)C>t ic·s, t e 1 (:•(·()111 lll lllli (~ at, ic>llS a11cl ('OllSllllle1· 

1)1·ocl11c'.t.s. 

I11 <tll t.l1ese "E~1111)c'clclc'cl ~ ctl_)plic·ctt.icl11s it. is sc}ft.,v,11·e t.l1at. clt·t.e1·111i11es t.o et 
l,1r·ge ext,c:11t. t,11(: f 1111c'.t, io11c1l i t.y c)f' t. l1e J)l'C)cl l1c·t.s c1,11cl t. l1a.t off'er·s t. l1e r·ec1 t1ir·ecl 
Cl)rllt:tllli c·s cLll(l ft exi l)ili t:y·. rl'l1 is 111 ctkE'S t. l1e c·o11st. 1·11 c·t io11 ()f' lc1r·ge I'E~cll- t,illlt~ 

e111l)<-~clciE~<1 c;o1111>l1t.c)1• S)rstc)111s <)r1e C,)f t.l1e 111c)st c:l1c1ll(•11gi11g t,c1.sks f'ac·i11g t1l1e 
C'.01111> 11 t.cJ1· sc:ie11c·'.e c:c)11111111 r1 i ty, if' 11c) t t. l1e E:"11gi 11eE:·1·i11g c:<)111111111,ri t.y· ctS cl vv l1olE~. 

(jl1,1r·c1c·t.e1·ist.i<: <1f· e11·1l·)c~clclt:"Cl c·<:>1111)11ter· s'\.rst.er11s is t.l1,1t', tl1ev· c1r·e ,,·t:acti·tJ(:': ~J ~j 

t l1cy cl.C'.C':E~l)t. st. i1·1111li f'r·c)111 t.11(:' <)ll t.sicle v\7C> r· lcl c1,1·1 cl 1·ec1.c·t. t.c) t.l1c)se sti11111li. Tl1is 

111t1 <111s t.l1c1t, c>11e c·,1,11 0•1'l,l!J <lesig11 cl11cl 1·eclSC)11 c1.l)<)11t. tl1e c·c>1·1·ec·t.11E:~ss c)f t.lrese 
S\'St,e111s if' C)llE~ te:1kc~s t.l1E~ l)el1ct\1 i<)111· of~ t.11e Ollt,sicie \\'C)t·lcl i11t.c) c1.c:c'.01111t.. ~A.s ~· 



clll t'Xct1111)le. c·o11siclE"'1· cl. c·c)1111)11t('1· <'(>11t1·<)lli11g ,1 (·l1(:1111i(·.:1l 1>l,:l11t. fi(1 gt1l{11·l:,0• 

t,11(' C'<)11t 1·01 l)l't)g1·c1111 1·ect(~ls Sf:'llStl1· (l,1t ,l. s 11<·11 c-ts t ('llt 1><'l'clt 111·('.' ,lll<l 1.>l"('SS111·(•. 
(~)r· t.l1c· 1>lc111t. BclS(•Cl 01·1 tll(~'S(·' <l<.11,l. tl1< 1 ('()llll)llt(•1· lll<'l)' (l(>(·iclc· t() t111·11 ()11 
<l l1E)c1ti11g S)'St.c"111~ S\\·itc·l1 c,f~f· cl 1)111111). (1 t<·. \\'l1El11 c·t <·lc11tg(:11·c>11s sit11r1t.ic)11 
ft1·ises. f'o1· i11stc1.11c·e t·l1c' l)I'f'Ss111·E· i11 ,t tc111l( gt'ts t.()<.) l1igl1. tl1(_l c·c)1111)11t('1· l1tts t<) 

i11itic1tE' t1p1>1·c)1>1·i;:1.te cl.C'.t.io11. lik<:-. ()J)(•11i11g <l \·<tl\·c•. I11 <>1·cle1· tc) f'c)1·111,1ll.,· 1)1'()\'() 
c·o1·1·ec·t.11css l)l'OJ)E:1·t ies like · N c) (:'XI)lc)sic:)lt \\'ill E'\.(11· C>c·<·111· · ~ t lie 1111cle1·l.,·i11g 
lllcl t l1e111cl t. i c· ell 111ocle 1 11E\ecls t c> <'C>11 t <_:ti11 i11f'c:>1·111ct.t, ic)11 cl l) C> 11 t t, l1E' \\'ctv· i11 \\' l1i c·l1 

• 

tl1e c·l1e111ic·<1l 1·E.:ictc·tic}11s tclkE· l)lctc•E:', t,l1e J)l'E~ssl11·<:: i11 tl1e t;::1111< C1 \rc1l\·c•s. <=)tc'.. 
T1·c.lcii t io11c1ll }', c·o1111) ll t,e1· sc·iE1 111-, ist s t ctke ,1, clisc:·1·E·tt· \'i<::.\\' C)f. t lie \\'(') 1· lcl: t 11 t:>)' 

::-1sst1111e t.l1c1t. l)c)tl1 21 c·o1111.>11tc•1· s}·stc1 111 c111cl its E:11,·i1·c)11111(~11t c·c111 l)e 111c)clellecl 
as cl clisc·1·ete e\·c·11t s:v·ste111. Tl1is clSSt1111 J)t,i<.111 is j 1.1s t i:fiecl ft11cl l1cts 1)1·c1,,e<:l t.o 
l)e \'Cl~}' s 11c··c·essf·11l \C\'i t,l1i11 ft J) l) lic· ctt) io 11 c11·eclS s t1c·l1 cts C)J)E•1· clt, i11g s}·s t e111s c1,11cl 
C"C)1111)11t,e1· 11<::t,\\'C)1·ks. Hc)\\T(:-:i\•t·1·, ,,re SE:lE-:' 111c)1·e c111cl 111c)l'E~ cll)l)lic·(1ti()11s, i11 l)ct1·
tic·11lc11' i11 t.l1E· c11·c:'cl of· e111l)c)clclE:•(l c·c)1111.)11t(:"1· s:v·ste111s, i11 ,,:l1ic·l1 111(-Jclc .. lli1·1g tl1t· 
e11vi1·or1111E•11t. <lS a clisc·1·ete IJl'C)c_·ess g1·(:c:1t.ly· clist·.c)1·ts l'('c-llit:: ,111cl 111ct}' lc•c1c-l t.o 
11111·e lic1l) le c:·c)11c· 1 l1siC.) 11s. Exc:1111 p les i11c· l l1clt:· t lie t e1111)(:•1·c1.t lll'E" i11 et t 11 e1·111 (_)St, c1t
ic·c1l l:>,• c·o11tr·ollecl 1·oc)111, l1oppi11g 1·c>bc)ts (sE .. t' figt11·e 1), c1.11cl i11t.c~lliger1t, ,,el1ic·le 
ct11d l1igl1\\'21.y· S:',·st.e111s (I\' HS) 11 tilizi11g · IJ l,1t 0011i11g • t.ec·l111ic111e. Fo1· t.11<::·se 
c1,1:)l) lic·a.t.ic)11s, t l1E~ c·o 11 t·.i11 llC) llS 1110 c:le ls f'o1· tllt? 1·ec1l- \\'<11· lei clc_\v•elc)l) e(l 1)}T l) 11)'Si
cist.s c:111cl c·o11tr·ol e11gi11E:~e1·s c11·(? t)"l)ic·c1ll,\' 1·11c)1·e c·c)1111)act~ 111(11·c· t.r·c1c·t,c\.l)lt· a.11cl 
111c)1·e ac:'.c1.11·c1t,e tl1a11 t_l1e disc·1·E,t.e ,ll)l_)1·c)xi111;;:tt,io11s cc)1111)l1tt~1· sc·ie11t.ist,s t,E'11cl to 
C'.0111e 11p v\rit.11. Si11c·t· clElsig11i11g c111cl 1·ec1SC)1-1i11g c11)011t sc)f't\\r,11·cJ fo1· 1·ec1,ct.i\:-e 
S)rst.e111s is 011ly• l)()Ssil:)le if' 011e llclS cl lll()ClE1l f'o1· l:)Ot,11 t,11(" SC)f't,\\rc11·e ct11d t,l1e (:\ll

,,i1·011111e11t i11 \V l1ic· l1 it 01)<::1·c1 t,E•s, t,l1is p1·c)\7 icles ,l 1·e al 1)1· ,1c.:t, ic·:c1l 111c:)t i v·c1 t, io 11 f'o1· 
t.l1e cl e\'elc) IJ111e11t. of' et c·o1111) 1·el1e11s i \'e t. l1t·o1·}· c)f l,,;l)lJ·r ·ill ,9y,r, f P 'lr1,,c.;, i.e., s y·st,e111s 
c·o11sisti11g (Jf. c:l 11c)11-t.1·i,rial 111ixtt11·e of' clisc·1·c·te c111c:l c··c)11t,i1111<)11s c·o111po11e11t.s. 

2. 2. Tlz,e rieecl j'o-1· cz. t:Ji.eo1·y 
Tl1e 11eed f'o1· s11c·l1 c1 t,l1eo1·v· 11,1.s alsc) l)E1E1 11 ic·le11t,ifiecl 1:>,r t·,l1e c~o11t.1·ol c·o111111t1-

~ ~ 

11it:,'. I11l1e1·e11t,l}' 1111st,c1l)le cll)I)lic·c1.t,ic)11s s11c_·l1 c1.s fligl-1t. by· vvi1·e c)f. clll t111st.able 307 
ai1·c:1·c1f·t, c·,1.1111ot l)c~ c·o 1-1t,1·ollecl l).)' ,1 c lc1,ssi<-'.al c:·c) 11t 1·01 s )rs t,e111 e 1111) lo:r' i11g a si11-
gle c·o11t1·ol 1·t1le. Tl1e c)11l:,· sc>l 11 t.io11, \\' l1ic·l1 is tl1e 011E' bt1.i11g i1111)le111e11ted 
tociay f:01· st1c:l1 syste111s is a l1yl)1·id S}·st.e111~ i11 vv·l1ic'.l1 cl cligit,c::1.l c.~011t:r·olle1· 
keeps S\\ritc·l1i11g l)et,vee11 ciifl'e1·E·11t, c:011ti11t1ot1s ('.()11t,1·ol la\\rs <.11· c·o11t.1·ol 111o(les 
v·ery l'ctpidl)r. 

Tl1e r·eal-\\?'Ol'lcl is llSllall}" 111ocle:· led l)yr c·o11t1·ol e11gi11et:,1•s ctS CL co11t,i11uOllS 
dyr1a111icc1l syst.e111, desc'.1·il)ed i11 t,l1e lc111gt1c1.g<::· of· t·1111c·tio11;::t,l clllclly~sis. (;011·1-
put,er sc·iE:)11t,ist.s i11vest,igctt,e t,l1e d}r11r1111ic·s of· clisc·1·c\te syrst,e111s, clesc'.1·ibecl i11 
t.l1e lc111g11age of 1r1c1t,l1e111c1.t,ic·al lc>gic·. Si11c·e t,l1e c:c)11st.1·11t:tio11 of lctr·ge e111r)ecl
cled c:0111pl1ter· S}rst.e111s \\rill alv\rc1ys i11,rl1l\'E' 1·e1)1·esc•1-1tc1t.ives of· l)ot.11 c·t1lt.111·es~ 
a c:01111)1·el1e11sive tl1eo1·)r c)f. l1yb1·id syste1r1s is 1·ec111i1·ec:l to ct\roic-1 et 'Io'A7e1· of 
Bc::ll)el. S11c·l1 cl t,l1eor)' 11111st, c·o1111)1·ist' et. Sy'11t.l1esis c.)f' iclec1.s, C'.C)11c·ept.s, 111ctt,l1<:::-



111c:1tic·c1l tl1(•c:>1·ies ,t11cl i"t)C>ls tl1ctt. c1r·t· c·t11·1·t·11tl_\T SJJ1·c~c:1.cl <)\0e1· SC\"E•r·al c:lisc·i1Jli11es. 
lll()St. llOtct.l)l)r ('()llll)llt,(•1· sc·it·ll('(• clll(l ('()lltl'()l t,ll('()l'}r, l)tlt ctlsc) elt~c·t1·ic·c1l E•11gi

llC(~1·i11g~ 111ec·l1c.111ic·ctl E~11gi11<:><:-1·i11g~ 1)11:,Tsic·s c1.11cl C)t.l1e1·s. 
E\rl~ll tl1c)11gl1 l1yl)1·icl c:tJJJ)lic·,1t ic>11s l1cl\'(l l)C'E'll l>11ilt i11 JJl'<tc·t.ic·e si11c·e t.l1e 

l)egi1111i11g c>f' tl1e fifties, it is <.)111,\' si11c•<..l cl f'c·\\' _\'El,11·s tl1ctt t.l1E~ Illclt l1E~111c1tic·al 
st11cly <)f. l1_\·l)1·icl S)'St.<~111s is st;:11·t.i11g t<"> 1·c~c=·<:~i\·c· t· l1El ctt t.cl11tic)11 t·,l1c1t it clE~ser•,res. 
lJ 11t.il tl1E~ c~11ci <)f tl1e St)\'E.11.1tit·s~ 111c)st 1·es<:c11·c·l1 C)ll 1)1·c)g1·ct111 \rt:.1·ific·c1ti<:)11 \\"as 
de,:()t,t~cl t.() t.l1c~ c1.11aly'Sis c)f' J)l'C>g1·ct111s f'c)1· • at1 t.ist,ic·' (i.e. 11c>111·t:c1c·tive) sec111e11-
t.ial l:)cltc:11 C'.01111.)11te1·s. rl"l1E:• eigl1t.iE~s l1ctV(1 vv·it.11()ssE~cl et 1·<:.1 \"ol11t.icJ11 i11 t.11(~ f'o1·1r1cll 
111etl1od <) lc)gy f'c)r· t.l1e s I)l~c:ific·c:t t.io11 ~ vt·r·i fie· c1.t. ic) 11 ~ clll ci (1 E)\rc.:: l<J1)111e11 t of· 1·e,lc·ti \re~ 

pr·ogr,1111s ( cl11cl 11101·e ge11e1·al 1·ec1c·tiv·c' S)'Stt~r11s·). 011c·e tl1e c·o11c•E:)IJt. of· a 1~e
a.c:ti,re svst.e111 \\ra.s ,vell l111clc~1·st,l)C')Cl, it t.t11·11{,~cl <>lit. 11c)t to l)(' so cliffic:t_1lt to 

~· 

l)1·i11g c111ct11t.it.;:1t.i,rE~, 1·ec1.l-t.i111e asr>t.)c•t.s i11t.o tl1c:) 1>ic·t.111•c'.\. Ev·e11 tl1011gl1 t.l1e cle-
''('.llc)1)111e11t. c)t· r·elial)lt~ 1·clctl-t.i111E) syrst.e111s \\rill 1·e111cti11 c:111 i1111)01·t.a11t 1·esea1·c'.ll 
t C)J)ic-· f·o1· 111 clll}r y"ear·s t:(1 c·c)111t'.:l, se\'E1 1·c=1l i111 l) 01·t, c1.11 t. t l1et)l'(\ tJic'.al r·tlsul t s c:t111c·e1·11-

i 11g 1·c1 c1.l-t,i111e syst.e111s \\'(:~1•c'.\ o lJt c=:1i11ecl 1))' 1991. A1·ot111d t l1a.t ti111e, tl1e fir·st. 
t\\rc) i1111)01·tc111t. v\ro1·l{sl1c)l)S C)ll l1)1 t>1·icl syste111s \\Tc~r·E~ l)ei11g 01·ga11ized i11 Itl1ac~a, 
NY, USA c111cl l..1y11gl)y, Der1111c:t1·l<, c111cl t 1·igge1·ecl a 1·ctIJicily i11c~1·easi11g i11te1·est 
ir1 tl1is 11ev..r a1·ea, l)ot 11 i11 c·o111p11t.e1· sc·if~llC'.e c:1.11ci i11 aJ)plic1 cl 111at,l1e111at,ics. 

R.esec11·cl1 011 11),.lJr·icl S)'StE.~111s is l)c11·t of t.l1e ge11e1·al eff'or·t t.o apply f'or111al 
111etl1ocls i11 sof't.,var·e clE~vc·lo1J111e11t. F'o1·111al 111et,l1ods l1ave l)ee11 1111de1· de
velo1J111e1-1t si11c:e t,l1c:1 111icl-19GOs, l)llt, it. is i11 tl1e last. dec~acle t,l1at sig11ific:a11t. 
clevelop111e11t.s l1c1ve e,rtJl ve<l~ c111cl O\"e1· t,l1c_:; lctst f'ew yea1·s i11t,e1·est, i11 for·111al 
111etl1ods l1as g1·0\,r11 I)l1e110111e11ally. Higl1l)T IJlll)li(~ized acc:ou11t,s of· tl1e ay)pli
C'.at,io11 of fo1·111c1l 111t'}t. l1o(ls to a. 11t1111lJe1· of well-k11ow11 syst.e111s, st1ch as t.he 
Dc1.1·li11gt.011 N t1c:lElct1· Fa.c·ilit.y c:tll(l Airl)t1s, l1ct\1e l1tllped t10 l)1·i11g t.l1e i11dust.rial 
apJ)lic:c1t.io11 of' f'o1·111al 111E'~t.l1c1cls to a \\rider· a1..1die11c·e ( see also figu1·e 2). Today 
t1se of for111c:1l 111etl1ods is 1·ec111i1·ed i11 tl1f1 c~o11st1·l1c:t,io11 of' sof't,v,,.a1·e a11d digit.al 
l1c11~dv\rc11·e fo1· C'.e1·tai11 c·r·it.ic·al syst,e111s. A 1·ec:er1t J)clJ)er· l)y v\r_vV. Gibl)s [2] i11 
Sc:ie11t1 ific· A111e1·ic·a11 IJ1·eser1ts I)le11t,}r of well-laid-ol1t. a1·gu111e11ts a11c.l exJ)er·i-

308 e11c·es of f'or·111al 111etl1ods. For~ ar1 o\rer·view of' t.l1e fielcl we 1·ef'e1· to t.l1e Wor·ld 
Wicle \Vel) page 

http://www.comlab.ox.ac.uk/archive/formal-methods.html, 

wl1ic:l1 cor1tcti11s 11t1111e1·011s l)Oi11t.e1·s t.o ot.l1e1· c::~lec·t.1·011ic: a1·c:l1ives tl1ro11gl1out 
tl1e ,vor·lci. 

3. R,ESEAllC:l-I ON HYBf{lf) SYS'I'El\:IS 

t<J.1. Se'111,ct'r1.t·ic r1iodel ... ,;; cirirl lo,qic'.s 
Seve1·c1.l se111a.11t.ic'. 111oclels f'o1· l1y'l)1·icl syst,t~111s l1ctve l)ee11 1.>1·01)osecl ir1 t,l1e lit,
e1·c1t,t11·e. Goocl st.a1·t.i11g l)Oi11t, f'o1· 1·ecic1ir1g ar·e tl1e S1)1·i11ge1· LNCS voll.1111e 
[3] a11d t,l1e rec'.e11t, 81)(~c·ic:tl Issl1e of· rfl1eo1·etical Co111pt1t.e1· Sc:ie11ce [4]. Eve11 
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tr1c tcr11pc1·,1tt11·e rises ~1CCl}l'lii11g t<) tl1c <.lif"lc1·e11ti .. 1l ec.1t1,1ti<.,11 .r = .\·/ l f)~S(). 11· 1l1c tc111pcr.1tL1re 1·c,1cl1cs 55() ,tegrccs. 
tt1rcc thi11gs <.',tn l1.1ppc11: citl1er r<,<l I is pt1t i11t<l tl1c ri:,ict<Jt' ct>rc :1r1d tl1c i.tL1tt,1111.1t<)t1 111t)\tcs tt) sl,ttc ROD I, (11· rt)d :2 
is f)lll itll() tl1e 1·c,1ct()I" Cl)l'C ,lll<.l lilt: ,llll()lll,ll(}ll 111()\'CS l<) S(i.ltC R()I):!. l)I' tl C()r1111lctc sl1tlt<.i(l\\-'!1 ()CCllJ'S ~111(1 tile ttllt0-

111;:1tt)O 11\()\'Cs t<.1 st:.1te SHU'J'D()WN. !\.1lccha11ic:.1l 1·,1cttl1·s 111.1kc th,1t ,1 r<.lti c:.111 c,r1ly be pl,tcc{i i11 tt1e C<.)rC it· it !1t1s 

Jll)l hcc11 ti1c1·c t·t}t· ;,tt lc,1st 2() sccc)11tls. Sl1t1tti(1\\1 11 \Vill t)11ly <)cc.:ur it· 11c) I'l}d is ,t\'~til:.thlc. 1111l1c ,tltt()111ttl()11. \'t11·i,1bles 
(· 1 ,111d ,·:? t11·c t1scd tl) 111cast1rc tl1c li1ncs el,1psccJ since tl1c l,ist LISL" c)t· 1·<)1.I l ~l11J 1·c)tl :2. 1·espectivcly. 'fl1c i11itittl 
\·,1lt1cs t,r b{>ll1 ,. 1 ,111d l·2 a1·c set tt, 2() scco11tis. sc) 1l1.1t i11iti:.tlly ht1tl1 r<)1..!s .. t1·c ,1\•,1ilt1blc. Si,1cc they represent J:Je1·
ti.~ct 1,,gic,11 clc)cks. tl1e tir·st tlcri\':.ttivcs (lt· <· 1 :.1r1<.i (':! v.1 itl1 rcsJJCl't l<) ti111e ,11·c ,tl\v,iys eqL1 .. 1l tt) l. Ct)!llI'<ll roti I 1·et·1·i
gcr,1tcs tt1c <.:tl<>l,1nl ,1CC()rdir1g t(1 the <.lit·1erc11ri,1l ct1t1.1tic>n .t· = .,·II ()-5(); ctl11t1·t)l rt)d :2 t1,1s ,t st1·tl11gcr cfl'cct :.t11d 

rct·rigc1·,11es tl1c Ct)l)l~1nt ,tccc11·di 11g t<> 1l1c <li r·1·ercnt i .. 1! cc1t1 .. 1t i ()Il .,· = .r/ 1 ()-6() . It· the tc1111)c1·;.1tt11·c l1t1s tlccrc,1seti tt1 
51 () degrees. 1l1c systcr11111(l\1Cs hack 1·1·c)111 s1,1tc ROD I clr ROD2 tt) st,1tc NOI{OD, ,111d v,11·i,tblc c· 1 <>r· (· 2 • respecti
vely, is reset 1<> (). ~rl1c C<l1·1·ect11cs.s p1·(lpc1·ty t·tJr tl1is S)'Stc111 is 11tlt <lifiict1lt tt> p1·c1\'C ,111d s.1ys th:tt the SHUTDOWN 
st~1tc c,1111101 l:,e rc,1chec.l. (1"11is ex .. 1111plc is t·1·t>111 Le,resc,11 et 1.11.) 

Core of High Flux Reactor 
in Petten. 

,· _._ .. -:,., 
1' ' . ""'' ••. 

' 
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tl1011gl1 tl1er·e ar·e 111a11y cliffe1·e11ct1.s l)et,wet:-.11 t,l1e approac:l1es, t.l1ere is a st11·-
• 

J)risi11g c~o11se11sus tl1at, tl1e l)el1a,vi<)t1r of' ,1 l1yb1·id syst.e111 is l)est. represer1t.ed 
as cl11 alter11ati11g seque11ce of· i11st.a11ta11eot1s ~discr·et,e, ac:t,io11s a11d 'co11ti1111-
ot1s' pl1ases cluri11g vvl1icl1 t.i111e advcl11ces. \Vit.l1i11 t,l1e C'.<)11ti1111ot1s pl1ases tl1e 
syste111 's variables var•}r {'011t.i11l1ot1sly ac:c:c)1·cli11g to a c:or1t,1·ol l<:lW, fixed for 
tl1e i11te1·val. Via the disc1·et.e ac-:t,io11s t.l1e syTst,e111 ca11 111ove t.o cl 11ew st,ate, 
wl1ere a new c·or1tr·ol law l)eco111es valid. 

Tl1is view of h)Tb1·id syste111s is l1igl1ly cor11patible witl1 tl1e ec1,1·lie1· cor11puter 
scie11ce se111a11tic 111odels for· 1·eal-ti111e syste111s: 1·ot1ghly s1)eaki11g, tl1e 011ly 
diffe1·e11ce is t,l1at wher·e i11 real-ti111e 111odels tl1e 011ly available inforr11ation 
about tl1e co11tinl1ous phases is tl1e a111ot111t of ti111e t,hat, passes, the hybrid 
n1odels allow one t.o use diffe1·e11t.ial ec1uc1t,io11s, etc., to spec:if'y l1ow precisely 
tl1e systen1 variables evolve i11 a co11t,ir1l1ous pl1ase. Due to tl1is si111ilarity, 
111any se111c1.ntic 111odels £01· ti111ecl syste111s ge11e1·alize s111ootl1ly to l1yl)rid 
syste111s. 111 several cases it. is eve11 possil)le to 11se ver·ificatior1 te(~l111iques for 
tin1ed syste111s direct,ly for l1ybrid systerr1s. Also i11 tl1e area of specificatior1 
logics 111a11y ideas ge11er·alize fro111 ti111ed t.o hybrid syste111s a11d logics sucl1 
as TCTL, ICTL, TLA a11d tl1e calculus of durations are bei11g tised i11 both 
settings. 

3. 2. Verificatio'n 
However, there is a problen1. Because tl1e expressivity of the hybrid system 
1nodels is e11or1nous, the verification pro ble111 fo1· tl1ese 111odels is intrinsically 
difficult, eve11 under severe restrictio11s. Typically, verificatio11 proble111s 
that are decidable in polynomial tin1e for untin1ed systen1s ( represented as 
finite tr~1nsitio11 systen1s), beco1ne exponentially hard for t,in1ed systems, 
and undecidable eve11 for sin1ple classes of hybrid syste111s. J\/Iuch work 
re1nai11s to be done to ide11tify restricted classes of l1y brid syste111s tl1at 011 
the one ha11d are sufficie11tly expressive to n1odel realistic applications i11 
tl1e area of e111bedded syster11s, but on tl1e otl1er l1and can be ar1alyzed by 

31 O algorithn1ic n1eans. A very pron1ising li11e of researcl1 here is the work on 
(ser11i) decisio11 procedures and tools for~ (subclasses of) the so-called linear 
hybrid automata of R. Alu1· et al. Two p14 ototype tools l1ave bee11 developed, 
the KRONOS tool i11 Gre11oble a11d tl1e HYTECH tool at Cor11ell. Usi11g tl1ese 
tools, their i1r1pler11ent,ors l1ave been able to verify auton1atically dozens of 
toy exan1ples proposed in the literat,ure on l1ybrid syste111s, as well as some 
practical exan1ples fro111 indl1stry. The key idea bel1ind these t.ools is to 
represe11t infi11ite sets of states as convex polyhedr·a in 111ulti-di111ensio11al 
space arid to t1se st,andard data structures a11d geon1etric algoritl1n1s for 
polyl1edral 111aniJ)t1latior1 to do reacl1abilit.y a11alysis arid r11odel cl1ecki11g. 

Despite the rece11t, suc:cesses, c:0111pl1ter· aided verificatio11 tec;l1niques for 
linear hybr·id auton1ata will r1ever l)eco111e tl1e soll1t,io11 to all industrial veri
ficatio11 prol)le111s: they perfor111 well i11 tl1e c:ase of' srnall tricky circl1its like 



tl1e Pl1iliJ)S audio C'.011tr·ol J)1·ot10L~<)l cl11alyz<~cl clt1 C\VI, l)t1t <ll'E\ 11c)t, desig11ecl t.c> 
f·ace t,l1e i11111-1e11se t,i111i11g 1)1·0 l)l(~111s t.l1cl.t. a1·is<~ i11 l<11·g<;\1· cll)I)lic·a.t,io11s, st1cl1 clS 
C'.011t1·ol syst.e111s fo1· s011a1· a1)pli(·,1t.i<)11s, c1.ir·-t·,1·c1.ffic·, et,c:. Nfl\re1·t,l1eless, c)11e c~c111 
e11visc1ge two ir111)01·t.a11t, t1ses of' t.l1is wor·k i11 cl lc1.1·ge-sc··c1.le cll)l)lic'.,lt,io11. Fi1·st,, 
t,l1e k1·10\\rledge c1bo11t. (li11ear) l1yl>1·icl cll1t.0111c1.t,cl \Vill lJ<:~ 1.1SE)f.l1l i11 a 111a,tl1e111c:1t.
ical fo1·11111latio11 of· tl1e pr·ol)lE.·111. SE)c:c)11cl, t.l1e1·e \vill l)t~ isc)lat.ecl sit.l1a.t.io11s 
wl1e1·e t.l1e t,ools t,l1e111selves Cctll l)t~) appliecl. 

Clear·ly, t,l1e work 011 se111a11tic 111cJclels, logic·s a11cl ,re1·ificc1.t.io11 111et.l1ods 
for· l1yb1·id syst,en1s is j11st, sta1·ti11g. Ir1 tl1e t-.'.aSE~ of· 1111t.i111ecl dis(~r·et.e eve11t. 
syst,en1s, a r·icl1 bocly of closely' r·elated tll(::>.Ories l1as l)ee11 c:r·E:ctt.ecl dur·i11g t.l1e 
last twe11ty years i11volvi11g te1111)or·cil a11d 111oclal logic:s, asse1·tio11al ver·ificc1-
tion 111ethods, I)roc:ess algebr·a.s, a11d tools for· C'.0111pute1· aided verificatior1. 
Al111ost, all of t.l1is wor·k still 11<:~ecls to be liftecl t.o (or at, least r·elated to) tl1e 
setti11g of' hyl)r·i(l syst,e111s. 

3. 3. Perspecti·i,e fro1n. co'ni'rol th.eor·y 
Besides c~or11pute1· sc:ie11c'.e also co11t.1·ol tl1eo1·y pl21.ys ;:1.11 i1111)01·tar1t. r·<)le i11 tl1e 
tl1eory of l1ybrid syste111s, a11d tl111s we see f'or i11sta11ce at CWI tl1at bot,l1 
tl1e Cor11pute1· Scie11ce group Co11cu1·1·e11cy a11d R.eal-t,ir11e Syst.e111s, a11d t,l1e 
J\1atl1e111atic'.s gr·oup Syste111 and Co11tr·ol Tl1eory have bet~or11e i11terestecl i11 
l1ybrid systen1s, a11d be11efit. f1·0111 eacr1 ot.l1e1·s exper·tise. It is i11terestir1g 
to note that the questio11s asked i11 co11trol tl1eo1·y ar·e c1uite differe11t, f1·om 
tl1ose asked i11 co111puter sc:ie11ce. Wl1ereas ir1 co111puter scie11ce tl1er·e is n1ucl1 
empht1sis on verificat,io11, co11t1·ol tl1eor·y co11c~e11tr·ates 111ore 011 sy11t,l1esis: it, 
c1i111s at fi11dir1g sy11thesis J)r·ocedures for· a su1)er,riso1· t.l1at f'or·c:es a discrete 
event syster11 s11c:l1 that, it sat;isfies l)respe(:ified cor1t1·ol objectives. ..I\. well
know11 tl1eo1·y of' 'supervisory c~o11trol' f'o1· t111t,i111ed disc:rete event syste111s 
l1as bee11 develoJ)ed l)y P.J. R,a111c1dge a11d W .lVI. \Vo11l1a111. Tl1ere are a few 
applicatio11s of tl1is tl1eor·y, b11t, 11101·e ex1)e1·ie11ce 111t1st. be gai11ed arid tl1e 
n1odel 11eeds t.o l)e 1·efined befor·e it, will l)ec:c)111e re('.1.lly useful i11 }Jr·act,ice. 
Ir1teresti11g appr·oaches to tl1e co11trol of ti111ecl syste111s ar·e r)1·oposed by 0. 311 

Maler·, A. P11ueli a11d J. Sifakis, a11d l)y H. Wo11g-Toi a11d G.J. Hoffr11an. 
I11 traditio11al cor1t,1·ol syst,e111 theor·ies stability is a11 i111porta11t, perfor-

111a11ce crite1·io11. Here st,a.bility 111eans tl1;:1t, for tl1e C'.011tr·olled syste111, s111all 
cl1anges i11 ir1put c111d releva11t parar11et,ers yield s111all cl1anges ir1 ot1tput,. All 
theories of stal)ility of co11t,in11011s syste111s c11·e topologically based. In the 
design of discr·et.e eve11t syst.e111s it is ver·y diffic11lt to c:or11e 111) witl1 c1 si111ila1· 
notion of stal)ili t.y: i11 softwar·e e11gi11ee1·i11g it is ,vell k11ow11 tl1at re1Jlaci11g 
a ',' by a '.' ca11 l1ave a dra111at,ic: i111pctct 011 tl1e bel-1aviou1· of al111ost, a11y 
pr·ogra111. I{ol111's t.l1eory of cleclc1.rative co11tr·ol is a11 clt,t,e1111)t, to (lefi.11e a 
notio11 of stal)ilit,y for· l1ybrid syste111s, 1.1si11g 11011-Ha11sdorff s11l)to1)ologies of 
tl1e 11sual topologies for· co11ti1111ol1S syste111s. 

Net.wo1,ks of' co11t.i11t1011s devicE~s ha.ve lJee11 st11died t)y co11t1·ol e11gi11ee1~s 



t~c> 1· ,1 1011g t.i111e c:111cl so111E· l1y l)1·i cl sys t.c\111 111 C)Ci(\ ls l) l l i 1 cl cl i1·cc·t. l.\· <) 11 t,l1is le) 11g 
t r· ctc_li t, io11. It. is i111 J)C)1·t a 11 t. t.c·l 1·f1 l,1 t.c' t l1c•sc' 111 C> cl fl ls t <) t lit· cl 11 t.c:> 111 cl.t.c) 11 l>c1s0cl 
1110 clE:1 ls IJI'OI)Osecl l)}" c-:0111 J) 11 t.c:1· sc·ici 11 t. ist s. 

/3. 4. Spt?l'.ifi c·rz t·i <1 J l, <J,'tt, ll i·r11.J) l (' ·r, 1, <:· 11 i<t, t i <> ·r 1. <).{ t> 11 i !Jc~<l<l f:<l ,c, ;lJ,.;; t <~·, r1.f; 

Vi1·t,llcllly c1ll of t,l1e s1>e<.~ific·ct.t.ic)11 l,t11gt1ctg<~s t.11<1.t. c11·e c·111·1·E·11t.ly t1secl l)y' C'.OI11-
l)l_1tc11· sc·ic111t,ist.s to t·o1·111(lll.xr S})(:.c•if'y sof't,\V<:ll'{\ s_y·st,(:lllS llc:l\TE~ c:l clisc·r·c)t.t~ eve11t 
se111c111tic:s ct11cl c11·e 11ot. clir·t·c·t,ly Slli t,ctl)le fc)r· tl1f~ f'o1·111c1l s1)t~c·ific:k1t.io11 c111cl c111al
ysis of l1yb1·icl S}rste111s. (r-:x,llllJ)les of' Sl1c·l1 l<:lllgllclges ::11·e VDrvI, Z, (;QLD-1 
clr1(l LOTOS.) A J)Ossil)l(" exc·ept,ic)11 is t,l1E\ lc111gl1c1ge Ft111111at,l1, fl, clec:la1·a,t.i\re 
f'or·111c1lis111 for· clesc:ri lJir1g syster11s \\ri t,11 bot,11 ftl1c1lc)g a11ci cligi tctl ('0111 l)011er1t,s, 
t,l1at, l1as bee11 clevelo1)ed i11 Nij111t~ge11 l)y R. T. Ci .l\11. B011 te a11cl l1is tea111. 

If orre leafes t,l11·ol1gl1 cl cloc:l1111e11t, \Vitl1 El stat,e-of-t,l1e-a1·t, s1)ec-·ific:atio11 of· 
a11 e111r)eclc·le<l sc)ft,war·e s)rst,e111, 011e e11c:·c)l111te1·s cl 111ixt 111·e of· a1·c·l1i t.ect 11re cli
c1g1· c1.111s, J) 1·() gr· ,1111111i11g t, ext,, flow c:l1a1·t, s, t. 1·c111si t, i 011 t.cl,l'.) l cs, cl i c1g1·a111s l)y elec
t 1·i c'.a} e11gi11ee1·s wi t,11 IC' s, t.I'fl11sistc_)1·s, 1·t:sisto1·s, etc·., a11cl cliag1·c1111s 111ade 
1)y 111ec·l1c111ic·al e11gi11ee1·s i11 \Vl1ic'.l1 t,l1e 111t'C'.l1ct11ic'.al pc11·ts c)f tl1e syst,t:111 c1r·e 
clesc'.r·il)ed. Tl1e 1·elc1t,io11s l)et,vvee11 tl1t: vc1r·iot1s J)c:11·t,s of' tl1e SJ)ec·ific'.clt,io11 are 
0111}' descr·ibecl 1)y i11f'o1·111al t.ext, tl1e1·e is 11c) st1c'.l1 t,l1i11g ctS cl c·o111111011 se111ar1-
tic'. frc11·1·1ewo1·k fo1· all t.l1e clesig11 11otc1tio11s t.l1at, c11·e used. Tl1is is t1nclesir
al)le, si11C'.C i11 t,l1e desig11 C)f. e111bec:ldecl s:yrst,e111s l1a1·clwc11·e a11cl softwa1'e are 
111ore cl11d 11101,e viewecl c1.S i11t,e1·c'.llct11gec:11)le: c)ft,e11 111ec~l1c111iccil a11d elec~tr·o11ic 
i111 ple111e11t,citio11s of 11ew c111d i111 pr·ovrecl f't111c'.t,io11s c11·e replac:ecl by sof'tware 
solutio11s ( a11yo11e Cclll tl1i11k of cloze11s of exa1111)les i11 t1l1e cir·ea of c·o11s11111er 
elec'.t1·or1ic:s). Tl1e t.l1eo1·y of l1y b1·ic:l syst,e111s ,1.i111s at. provicli11g a se111antic: 
lJasis f'o1· a 11ew ge11e1·atio1·1 of· wicle-s1)ec:t1·l1111 forr11c1l SJ)ec·ific'.at,io11 lc1.11g11ages 
i11 w l1icl1 all relevc111t, ele111e11t.s i11 et desig11 of a11 E~111l)eclclec] sc)f't,war·t~ syste111 
can be dt~SC'.l'il)E:(l f'o1~Illctllyr i11 klll i11teg1·c1t,E:.)Cl \Vcl.)'. 111 orde1· t,() bt" cl('.C'.ept.ed 
by softwar·e ar1cl co11t,1·ol e11gi11eer·s i11 i11clust1·y, tl1ese 11ew lcl11g11ages sl1011ld 
C'.011t.,1,i11 ( c:lose varic111t.s of') clesigr1 1·1ot.at.io11s t.l1ctt clrt~ c:t1r·r·e11tly t1secl clS stib-

312 la11guages. Tl1e role of l1yl)1·i{l syste111 t,l1eo1·y \Vill 111<=ti11ly l)E\ or1e of' glt1e by 
w l1ic:l1 cliffe1·e11t desig11 11otc1tio11s Cctll l)e f'o1·111ally 1·el,1t.ecl. 

It. is WE:)11 k11ow11 t.l1a,t t.l1e for·111c1liz;:1,t,ic)11 ste1J is cl 111,t_jc>1· SOllI'c•e of err·ors 
i11 tl1e clesig11 of' critica,l sof't,w,11·e; tl1e1·efo1·e c-111 ir111.)01·tc:111t c:011side1·<=1tio11 i11 
tl1e desig11 of· a specificat.io11 lc111gl1age is tl1e 1·eaclal)ilit.y c)f tl1e exp1·essior1s 
\v1·itte11 i11 it.. Fr·o111 tl1is J)e1·s1)ec·t.ive, tl1e wor·k 011 g1·a1Jl1ic·c1l SJ)ecificc1t,ior1 
lc111gl1ages £·01· l1yl)1·icl syst,c~111s is c1t1it1f .. i1111)(>1·t.,tr1t. 

4. \\TORK AT CWI 
Cer1t,ral t,o the c.lJ)p1·oc1cl1 of 1;11e Co11c·t11·1·e11c:y c111cl Rec1l-t.i111e Syste111s group at. 
CWI is tl1e I/O t1t1t.0111<1,t;:1. 111oclel of N .A. Ly11c:l1 c111cl 1\1. T11tt,le. Lyncl1 cl11cl 
F. W. Vcic111clrager exter1clE:1d t,l1is 111oclel f'or· r·eac:t,ive syste111s to tl1e setti11g of 
real-tir11e c:111d l1ybr·id sy,.st,e111s. Belovv we will fir~st l)r·iefly ot1tli11e tl1e r11ai11 



4 .1. 11i·rr1£'ll tr·c1:11,~c;,it·io·rl ,'ilJ,Sil"rr1.s ,. 

I11 t, lie t, l1E·o1·y of· 1·t~c1c~t, i ve s )'S t,(~111s, et c·c·11 t r <ll 1·0 I c· is l) lcl}rf•<l 1)y t, l l<' 11<)t i 011 <) t· c:L 

t . . (T·SJ A TS' . f. t· l f . . . l 1'(1,'/l;,'Jl,t'l,O'fl, ,'3:l)t-,te·rrl, . .. ('()llSlSt,s () <t, S(•t, 0 .i;tr1,t (:!,'i, c·l Sll )S()t, () Z1l lt/,(1,, 

s t, cl tE\s, a sE~t. c> f' ( tl ·i.'1 C1l't'. t e) ci c: t 1: £) ·r1 ,., ~ ,1.11 cl cl. sc· t, of' ( <ii.'3 ('.·r·e t (!_) t1·(1,'r·1,.s'i t io ,,i.-,, w 11 i c· 11 
cl.re t.1·i1)lt"S 

specifyi11g t.l1c1t f'1·0111 stiate s t.l1e syste111 c:c111 evol v"e tc) st,i1,te s' by t1l1e i11st,::1n
ta11eo11s OC'.C'.u1·1·er1c:e of t.l1e c:1C'.tio11 (1,. A r·t111 of cl TS st.ar·t,s i11 a11 i11itial state. 
Tl1e syst,e111 j u111 ps fr·c>111 stc:1t.e to st,1t.e \ria i11sta11ta11eous t1·a11si tio11s, ,111cl i11 
betweer1 tl1ese t.1·c111sit.io11s~ it, c:a11 r·t~111cti11 c11·l)it,1·a1·ily 1011g i11 a11y st,c1t,e. 

At t,l1e lovvest lev<:;l, ti111E\cl c1.11cl l1vl>r·icl syst.e111s c·,111 l)e cles<:ri1)ecl l)y TS's 
.' lt} ._, 1..., 

wi tl·r c:lS ar1 aclcli t, ic) rial C'.01r1 IJOil(:'Ilt, a c·c)llec·t. ic)11 of t'i·r rt(~'- t·1·c1,'r1J.'3it'icJ'r1 .. ~~ w l1ic'.}1 c1r·e 
tr·iples 

<l I s---,, .s 

s1)eC'.ifyi11g t,hc1t. fr·o111 st,c1te .'3 t,l1e syst.e1:r1 ca11 cvc)l ve i11 cl pc)si t,i vc, 1·ec1l-vc1lued 
a11101111t of tin1e d t.o state s'. 111 t,l1e 111odel of' t•i'rried tr·a,ns 1ition, sy .. ';te·rr2.s (TTS) 
of Ly11cl1 a11cl Vc1a11cl1·c1-ge1·, t.wo axio111s ar·e i1111)osec·l 011 t.i111e t1·;:111sitio11s. The 

first c:txio111 stc:1t.es t.l1,1t if t.l1ere ar·e t.i111e tr,1nsitio11s s · '1,, s' a11cl .s' <l' s'', t.l1ere 
· - · · <l + ( l' '' T l l . l . l . 1 . t exists a t,1111e tr·c111s1t1011 s · - ,5 . 1e sec:011c ax101r1, ,v 11c r 1s cl JI 111ore 

involved to stat,e, postl.1lates t.l1at for· eac:11 t.i111e trc111sitio11 s '
1 

.'31 tl1ere 
exists cl tr·ajec:tor·y, a f'l1r1c:t .. io11 ·it.' t,llctt. spec'.ifies a11 i11te1·111edic1t.e stat,e for· eacl1 
i11ter·111ediat.e poi11t i11 tin1e, s11c'.l1 t,l1t1t, u.J ( 0) == .,-; , 1.L' ( d) == s', c111cl f'or· all 
t, t' E [O, cl] '1vitl1 t < t', 

I 

( ) t -t (t') 'lLi t --+ 'UJ , . 

Th11s a tr·aject.ory describes /1,ouJ tl1e syste111 evolves t·1·0111 s t.o s'. A rl1r1 of' 
a TTS c:011sists of et sec1ue11ce of· t,\VO-pl1ase st,eps. Tl1e first pl1ase of a step 
cor1·espo11ds t.o a c:011ti1111ous state tra11sf'or·r11atio11 desc:r·il)ecl lJ)' cl, t,rcijec:tory. 
Ir1 tl1e sec~o11d pl·1ase t.}1e st.,1te is sl1b1r1itt,ecl to ,1 disc·r·et,e c:l1a11ge taki11g ze1~0 
ti111e clesc:1·il)ecl l)y a clisc:r·ete t,r<=111sit,io11 . . , 

We ca11 c1clcl 11101·e str11c·t,111·e to ti111ed t1·c111sitio11 syste111s by clefir1i11g states 
to be pairs ( x, y) c)f a vector· Lf of di.scret(: ·z;a·r·iable .. 9 a11d a vec:or :fJ of· con
t,inuou.i, ·zJar··iables. 111 cl clisc:r·et.e t,1·c111sit,io11 bc)tl1 tl1e clisc~r·ete a11d c:or1ti1111ous 
va14 ial)les c~ar1 be C'.l1ar1gecl. Ho,v<:~ver·, ir1 a tir11e t,rc:111sitio11 orrly t.llf) C'.OI"1t.ir111ous 
variables 1nc1y cl1c1r1ge. l11 t,l1e ti111ed c111t.0111at,c:1 111oclel of Alt1r· a11cl Dill, wl1ic:l1 
is wiclely usecl for tl1e clescri1)tio11 a11cl a11c1lysis of real-ti111e syster11s, all ti111e 
t,1·a11sitio11s c1.1·e of the f'or111 

313 



314 

F. W. V MNDRAGER 

( - -) d ( ...., ...., d) :1:,y > x,y + . ' 
wl1e1·e y + d is tl1e vect,01· ol)t.ai11c~cl l))l" c1clcii11g <l t,o ea.c·l1 of' t.l1e v~arial)les i11 
vec:tor· y. 111 tl1is 111odel, t,l1e c·o11t.i11t1ol1s Vc11·ic1lJles l)(•l1avc c1.s l)(~r·f'ec·t, logic·al 
clocks, w l1ose Vcll 11es i11c:rt~clS(~ wit,l1 t,l1e s<1111t~ r·at.e clS t.i111e. I11 t.l1e t.i111ecl 
t1·ar1si t.io11 syste111s associat,e(i t.o t.l1c~ 11101·c ge11era.l 111oclcls of· l1y l)r·icl al.I t.c.)111c1ta 
(see t.l1e paJ)er· of Al11r et al. i11 [4] ), t.l1e \Vay i11 wl1ic:l1 t.11<~ c·o11t.i11l1<)1.1s var·iar)lc~s 
C'.}1a11ge C'.a11 t)e specified via diffcr·e11tic:1l ec111c1t.ic)11s. 111 fig111·e 2, a11 exa1111)le is 
p1·ese11ted of a l1)rl)1·id auto111~1t,011 111oclelli11g t.l1e t.e111perc1t.u1·e C'.C)11trol syste111 
of' a 11uc'.lear 1·eact,or. 

I11 [ 1], D .J.B. Bosscl1er, I. Polak ci11d Vaa.11d1·ager clevelo1) c:1 lar1guage for 
the specification of lir1ea1· l1yl)rid auto111cit.a, a11d clefi11e t.l1e se111c:111tic:s of tl1is 
la11guage via a t1·a11slat,io11 t<.) ti111ed t,ra11sitio11 syst.e111s. 

4. 2. An aJJp[,icatior1, 

In [l], tl1e tl1eo1·etical work 011 li11ear l1y lJr·icl syster11s l1a8 <1,lso l)ee11 applied 
to solve a p1·ol)le111 fro111 Pl1iliJ)S. Tl1is applicatio1·1 will be l)r·iefly disc~11ssed 
l)elow. 

F11lly fledged co1111)uter r1etwo1·ks are sta11dard feat t.1res i11 t.oday's c·o11-
su111e1· electro11ics, like the Pl1ilips 900 audio syst.e111 (see also figure 3). Tl1ese 
11etworks 111ake it possible for· the differe11t devices t,o t,alk to eacl1 otl1er, and 
to offer a series of new, useful services to the C'.011su111e1~. A c_:011su111e1· ca11 for· 
i11sta11ce \.vake up tl1e wl1ole syster11 by tot1cl1i11g a si11gle but.ton: t.l1ere is 110 
11eed to switcl1 011 the tuner· first, tl1e11 tl1e CD player, t.l1e1·1 tl1e an1 plifier, 
etc:. Instead t.l1e syst,e111 will do t.his job by broadcasti11g a 'wake 11p' n1es
sage over the 11etwo1·k. Tl1e 111air1 tecl111ical difficulty i11 l)uildi11g tl1e 11etwork 
for the Pl1ilips 900 at1dio syste111 was t.hat it had to be cl1ea1): co11s11r11ers 
are only willing to pay a ti11y bit. 111ore for t,l1e addit.io11al se1·vices p1·ovided 
by tl1e 11etwork. In fac~t, tl1e 011ly additior1al l1a1·dware t.l1at Pl1ili1)s 11eeds 
to irn ple111e11t in the networ·k co11sists of a few t,1·a11sisto1·s, 1·esisto1·s, etc., 
for tl1e b11s i11terface. Tl1e software 1·u11s 011 111ic1·op1·ocesso1·s tl1a,t l1ave to 
be present any·way. Beca11se tl1e clocks of t,l1ese 111icro1)1·oc:esso1·s dr·ift, a11d 
because s0111eti1nes t,l1e progra111s deali11g ,vitl1 the 11etwo1·k l1ave to wait for 
otl1er progran1s tl1at 1·1111 on tl1e sa111e 111icr·oprocesso1·s, tl1e 11etwo1·k protocol 
l1as to deal wit,h a sigr1ifica11t. u11cert<:1ir1ty i11 tl1e ti111i11g of e\re11ts. 111 fact, 
Pl1ili1)s allows for· a toler·ance of 1 /20 011 all t,l1e ti111i11g. 

At CWI, corr·ect11ess was proved of par·t, of tl1e Easyli11k r·eal-t,i111e pr·oto
col used l)y Pl1ilips t,o ac:hieve relial)le co111111u11ic:atio11 l)etwee11 t,11e clevic:es 
despite tl1is ver·y large t,i111i11g l111c:ert.ai11ty. Tl1e pr·otocol is rr1odeled as a 
li11ear· l1yb1·id a11to1nato11, witl1 co11ti11uous vc1,1·iables to 1·ep1·eser1t tl1e drift,
i11g logical c:loc'.kS of tl1e se11cie1· and r·ec:eiver i11 tl1e J)r·otocol. For111ally, t.l1e 
dr·ifting is expressed by tl1e reqt1ire111ent tl1at, tl1e fir·st derivative of' tl1e c:lock 
vc:1riables is in tl1e i11t.er·val (1 - T, 1 + T], wl1er·e T is tl1e toler·ar1ce 011 tl1e 
ti11·1ing. Co1·rect11ess of tl1e pr·ot()col l·1as l)een proved if the t.ole1·a11c~e is less 
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Figure 3. Philips 900 audio system. (Photo: courtesy n.v. Philips Industrial Activities 
Leuven.) 

t l1c1.11 1 / 17. T 11 is \'(·tl llt1 is 1 ,t1·gc• 1· t. l1ct 11 t·. 11 c~ t: (~> le) 1· c1.11 <:(--:i (:) t· 1 / 2() t.11,i t· is ;111<)\v'c~cl 
l.).)' P 11 i 1 i l)S. ...L\ c·o ll 11 t e 1·ex cl111 I) lE1 s l1C)\\TS t. l1c1..t. t 11 c:, 1) l'C) t.c)C'C) 1 f'c:ti ls f'c> 1· t.o 1 c~1· c:lll (··<·s 
g1·c::ictt.E·1· <)1· cJc:1l.lctl t.c) 1/17. 

I1·1 CJ1·clc:)1• t·.c> 11121.11ctgc:. t.l1c) c:c)1111JlE\xit,}' of· 1·eal \\'t)1·lcl cll)J)li<'.ctt.i()llS~ 111c--<··l11:111ic·c1l 

s ll l) J) CJ r· t. is 21 lJS() l l 1 t.t:> 1 .\r essc:> 11 t ictl. T 11 c·1· c:.f·c~) 1·C:1 , 111 l1c·l1 of' t.11 <:' 1•c:,s E1,t.1·c·l1 (:-.ff·c) 1·t. c) 11 
11:,r }) 1·i cl s .)~St,(\ lllS is (' lll'l'() 11 t. 1 }r c.le \T() t.(~c.l t () t 11 (_; cl {;\'C le) J) Ill(' 11 t. (:) f' 111 ('(' 11 ;.1,11 i ('ctl t, ()()ls 

t, llcl t, Sll l) 1) Ol't s l)E'(' ific· ctt, io 11 clll(l \.'(::'l'ific· clt, i () l l. J\. t (;\\,TI' \\!.().I). c; r·iffio ('11 11,1.s 
s 11c·c.·'.f~E·clf::•cl i 11 111 e<·l1,111i c· ctll .'>r c·l1 c:·c· l-i: i11g t 11 e C'.C) 1111) l C:'t· E~ \·e1·i fi c· ,1t·. i C) 11 c)f. t 11 (; ,1.11 cl i c) 

c·cJ11 t.1·c)l 1)1·0 t.c) c·(>l t1si11g t. 11<::· gE.· 11c~1·c1.l 1) lll'l) ()SC t. l·1eo1·e111 l) 1·c)\'i11g t.<)<)l I..J I'). ...t\ 11 
i1111)1•c_:\ssiv·c' c·(.>1111)lc\111c:'11t.cl.1·.'>· 1·(1 St1lt l1cts 1·c!('(:.11t.l;v· l)<:~c\11 c)l)tcti11('cl l).v· 1~.-I·I. I{c) 
clllCl \\!() 11g-rI'c) i f'1·c)lll (

1 
()l'llE' 11 1._r 11 i \'E•1·si t .\'· BctSe(l ()11 t,ll(' (~\:\1·1 111() cl(~' lli11g ()f' 

t l1c~l I) 11 i li l) s l)l'C)t o c·c) 1. t.11 t\y \'E·'r·ifi eel cl 11 i11s t. clll C'E.' f't111 y· c:111 t·. () 111c1 t. i c· ctl l :\,' 11s i 11g 

tl·1c:' fI \'"T l::C' lI s\·111l)c)lic· 111c)cle 1 c·l1c)c:l{e1·, <t11cl cllS() S\•11t.l1c:-:sizecl ct11 tc)111c1 t.i<:·ctll v· 
.,_J ...., ,__.-

t, l 1 c~ lllctXillllllll c:lc)('k cl1·if't C>f' 1 / 17. I11clc'l1)<:11(1e11t.l.')'1 C1
• I~)cl\\~~ ,lll(l s. Y<)\.·i11e 

f'1·c) 111 c; 1·c111() 1) 1 () 11 cl\'(::') al:S() V('l'ifi ('Cl t. l1E~ l) l'C) t () (' () l f'l1l ly clll t. (') lllcl,t, i (' cl 11 .)· llS i 11g t 11 (' 
I{ 1{0 NOS tC)(-)1. 
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