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Ab8trat"t 

~ 
Larg(' systems, such as operating systeIlls and comput.er communication n;t-

works, fan )?;Pl1f'rally 1)(, thought of a~ JiC'tworks of illt('rarting romponcl1ts or p.-

J C('Sf,~h. A~ th(' siz(' of !'.ystem~ inrrNIS(' t.l\{' fOlllpl<,xity of t.h<, ('ompOll<'Ilt inf,<>rad.ions 

oi'f>'?' '~. 1)('c01l1<',., infomprp}wIlsibk. Thi'i, in tum, kadl-> t,o fost)y eTrors whcn informaI d('

!'iigll mf'thods arC' lIsf'd. An ohjf'rtive Jllpf hodo)ogy for tlH' analy!'ils of fommunirating 

.' H('Tt' w(' lm:y,' (·valllat(·d 1J)(, 1I1O<!('liJIg 1l1l(] élllalytÎfal citpabiliti('r, of an nlg{'braic 

tJwory of ('olJllllllllirilting pr<)('('~"('''' h~' aJlplY))lg Jt to a varidy of prohlcIllb. To 

t('Jltilllly !lo\\,('rflll 1001 for tlj(' c!('"it;ll of "11('11 ~y..,t(,l1l" The th('ory wa" found to have 

Il hroild appl!rahllity and If, partifularly ",1'\1 suitpd to Hw HlIaly.,i" of rommunirat.ion 

protocol!'-, 

In nddit.ion, Il)(· f'(lIwt.lonn) nnt urf' of t}l(' t }wory makf's It ll()~sihl(' to 'solve for' or 

's-ynthesizp' PT<H'('t';'PS to satisfy ('(Illatiollally ('xpr('bHed constraints. The synthesis 

procedurt's wen' nll\o automatcd introducing thf' novcl area of automatic process 

design. 
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Sommaire 

L(>8 grands syRt;'nl('~, tdl'> <111(' )('1'> syst.èrn('1'! d'('xploitat.ion d('s ordinatt'urs (>t 

I('s rés<'l\ux de' C01111mll1Ï<"ntioll~ illformntiCJll('~, })('1Jv('nt', d(' fl1<;()J1 génçr:ulr.--i'tr~-
r~"" 

cOIlsid<'rès comIIU' d('~ ré"i('llux dl' rOlllpo~anh 011 dt' proc"'>!-IIÎs mt.<>ructif;"l Plus 
" 

., ".~. ~I ) 

1(' SYRt,('lUP <'!-Il, p;rand, plus 1('1'> int<'ra('tt()ll~ t'utr,,' \,ws rOIllpo!-lants sont cOl11rrl('x('1'>, 

UJlP Ill(\t hodolov;i(' obj('ctiv(' pour l'nnaly..,(· d('~ pr()C('~~\1~ ('11 fommuniratioll f'!1t T<'q-

111<;(' 

Ici, nOI1~ aVOIlI'> (·valué 11ll(' théoril' alg(;hnqlH' d.·., prO('(''''''l1'' ('n ('olIlIllunÎ\at.iou. 

~ 
La lH'rtin('l\('(' d(' ('('U(' t h(~orit, pour l'Hllaly~(i 1'1 le dévl'loP!H'Ill('nt dl' Illodi>l('!-I de' 

CPH pr<)('(''>~lh a (;1(; rrJ('~uf(;(' ('U l'appliquant il la .,OllltioJ! dt· diffr;f('nb tyP('!> d(' 
{t,.r_~ g 

,Ull outil 1>l11'>Sél111 tri'" 11tik' pOtlf Iél C0I1('C'ptloll dl' t(.J., "'y",tl'I1l(,"', La théorÎf> ~'<,st 

COIllUlunÏc atioll. 

La nature' rnathématiqtw d(' la théori(' perm('t de 'rc'soudr(" ou 'synthétiser' des 

pro('('ssus pour satisfair(' def-, ('(mtttint~ cxprim~('s sous forml' d'equlltions. Les 

pro('~dur(>"i d(' synth(' .... !' ont (.t,(. all~il-.p(,f, rga)('ll1N{t, introduisant II' domaiIlI' 

/' 
n'ouv(>au d<> la (,oIlc<,ption automatique' d(' prOC('SSUH. 
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,f?~apter 1 Introduc~' 

,. 

Consider the Ilotion of a prOCf'1S, OIH'rating systems, digital circuits, commu-

~kjltioll protorob, rOllCUrr<'llt {"omput al lOllf> and distributed systems lU gencral' arC' 

commonly p('fprrC'd to a" pror(""..,f''' or (1" l'PlIl).?, composfld of processcs What rom-

mon aspect of th('M' thing~ 1" capl\lrpd hy tl1<' PT<)('('"" abstr,3ction'! Each involves 
) , 

intf>raction'" hetwN'll s('veral dynallllf COIllJJ(llJ('llt", III thi" light, a proc('ss may bC' 

viewec] a!'> an objC'ct which evoh'C''i !Il tlIl1<' throngh intt'ractlOIl with its exte~lIal 
1 

~ f'nVlrOnnH'nt Thi~ intcractlOll impbe,>, III fart, il How or ('xc hauge of information, 

) 

This th('si~ deaJ" with discret(' communicating proccssf'S (DCP's) *hich com

prise a ~ubs('t lf the !>('t of processes This claM; consists of processes that intera~t 
( 

t hrough t h(' (' change of information lU the, form of discref.e messages or signais. 

These me!>sag s may ~sumc any form whatever: symbols, ele~trical impulSès,-bi-' 

nary words, e c. A wide Tange of physical systems can te modcled as DCP'S, ' 

li !pecificaIJ' this thesis is fOnccfIlcd with tlJ(' ('valuatIon of the 'fôrmal theory 

of ~crete co municating processes as deve,lop('d by R. Johnston IIJ. This theory 

is ln turn bru ed on the algebraic id('a~ of SIll:vth [21 and Plotkin (3] and on the 
r 

___ ..... ______ --~ ~~.!o_ 
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\ 
proces/> modeling notions of Milner [41 and Milne [5). As we shaH soon see, this 

formulation has firm mathematical footings and provides a possible basis f~r the . ~~ 
, . 

. objective analysis ~f communicating process behaviour. Since process behaviour is . 
not a physiral quantity, validation of th(' theory can/not be accomplished by empirical 

mcasurernf'nts. Assessment of the Illodclmg and analytléal capabilitiE's can only he 

... f' "t 

achieved through 'application of thf' mode} t,o a .vaTiety of specifie problems and 

comparison of the results obtained with intuitIve expectations 

\ 

Fr0m a practical stand point, the long and 1f>dIQUS computations required by 

the operators ingramed in th(' theory n('('d(·d to he élntomated. Th us, aft,('r formally 

intr(jducing the Dep model, this dorunient proc(,('(b 1.0 descrlbp thC' automation - .-' , 
. 

of the prO("f'bb op('ratorb. During thib part of the work, 11. b('rame apparent that 

the l'qua t 1011 al natur!' of thf> theory mf'an t that aIl nnknov:.n process variablp èould 

be 'solv('d for' or in sOlIle seme synthesi:œd Thi" }('(} 1.0 the drveloprnent of algo::-

rithmfl perrrutting the automatlc gcncratioll of n prO(,('b~ tha t satisfi('d equationally 

expTl;~ss{'d fonstraiIlts. 

In summary, the results werc (1) translation of matl1ematically defined -oper-

, 0 ators into workmg programs, (2) <,valuation of the underlying theory through its 

application to a varlet y of prohlems, ànd (3), development of working synthesis 

procedures. The results were encouragmg in that the answers romputed were in 

agreement with intuitive expectations 

1.1 Motivation 

\ 
. \ 

\ 

In the past systems have been designed, with relative success, by informaI meth-

- 2 -
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ods. Today, however, systems tend to 'lf' larger and h('nc(' involw' mort' C'omplt'x .. , 

interactions Increasingly numerous and comp!ex communication prot.ofols are n('c-

essary t.o implement computer networh and distributed systems [6]. Current spped 

limitations of computers wIth sequf'ntlal \'Oll Neumann lype proccsser!> suggest that 

the' llext, so-ealIPd 'fifth genna1.iOll', eOIIlpl1ter~ wdl 1)(' hi!;hly para Ile] or coneur-

rent machines using many rather thall 11 f('w proc('!>:-.('r~ [7], In the,;e context!> the 

" 
inherent explosIon of detaiJ Oft(,ll r(,~1JI1:-. iI! d;·.,igll ... that exhlbit um'xJ)('~t(>d crror!', 

and llndesIrabk behaviour whirh IlW)' bay<, ac!v('r'i(, economie Implications, 

'\ . 
Thi" pOlIlt<, ta n 1J('(,d 

• .J 
to Tat iOlla!Jz(' t!te d('!>lV,ll prOcf' ...... and tn formaliz(' our 

undrrst.alldmg of mteractmg' Sykt('lll~ The }loU'lltin] il(h-<IIlLlg('" of t}lI~ typf' of 

approach arf' elPar A ,>uitablc'lll('on would jHOYlclc (,Ol1('(']ltl1a,1 rlHrJty for dC'sign('fk 

as weil as t]l(> frallH'work for ilnalv1IraJ ,v(,fifie atlOll" of (}(''>lgll'> TlIl" ln 1 t ('r asprrt 
J • 

could !>p !-.hort CIr< ultpd 

T])(' (,olllpkxlty of system mt(,fiictIOllf, ,'iuggesb that COlllpllt(,f 8Id('d d(,f,~n tools 

il .' will Ilot only 1)(' apPJ;opnat.e. hut rpqlllrpd fOf any pra("tiral d('!:>I!1;n Illethodology. Th(' 

dpvc\,opnH'nt of snch 1.ools i~ a·maJor part of the work r('jJOrtrd he'fe 

·l) 
1.2 Issues 

• 

D('rp at tllf' lIeart of an)' llttelllpt fu formalize qr fatioualiz(' a dIsciplinf' Olle 

finds the ("())l('rpt ,of abstractIOlI or Illodd illg. The purp.osp of abstraction i" 1.0 

distill from th,c ;,uyrIad of dctails th(' faci,s c"ollsidered important Of germanC' t.o 

, a particuJar problem. Through th·is Ill('ans wr ar(' a 1>1(' to frr(' our minds froni 

- .'/ -
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the burdensome task of considering ail tht' irrelevant details and hem'(' art' able 
~ e J 

to aCfomplish morc, A model of a phmomenon IS a representation. Through 

manipulation of thi~ rC'prpsentation W(' hopf' ta gain knowlt'dge without the cast, 

danger ~ or inconvenienc(' of dealmg directly with phys.ical reality, 

Modeling ha.., bt'('n ul-ed TO gr('at advantag(' !Tl alIIlost all disCiplines of science. 

In astrollomy. wlwf(' th(' aIIlO1f~lt" of l'I!prgy an:l th(' tlU\(, ~cal(' ar(' prohibi~ive. 
mode].; arl' u..,pd ln .;;tudy tilt' !m1h and f'Yolution of "tar~ In sociology, Whpf(' thC' 

manipulation of group'" of reRI llluwüi !H'ingo., Hllght cau..,(' ('thi,al prohlcUlt-.. lllodeis 

of hUIll1\n lH'haV10\lr an' IJ'-,pd ;"lat})('Illatlcal ll)()(kl.., <'lIahll' th(' l-otudv of certain . ' 

biological "y..,t('lll'" wh('n' oth('T\\I"(' the qllalltltJ('~ oftlIll(', "pan'. and food wou Id hp 
1. 

ilIlpos~ihk to lllaIla~(' / 

A good mod('1 must encaJ''iulat(· aIl tllC' detail., Thal arc' con~l(ler{'d rdpvant in 

the thi'ng t ha t W(' ",i5h to rpprf'!-.C'Ilt ' In tlll~ C(\"'(' W(' \\ I"h t 0 rcpT<''''('llt lo.y~t('ms. 50 our 

model ~hO\lld r('tam th<' hmdéllllpntai H}Pa thn1 "'y .. l('Ill" IHI' rOlllj)(),,('d of sêparat(' 
~ 

mteracting ,0111]>01l(,1It" , Tl\(' PTOC('!-.'" ah..,tractlOll Illuq ,,1"0 porlr;]}' th(> dynalIlIc 

('volving natur<' of sYC,t('Ill.." and do "'0 wit!Jout partlfulaT ('onCE'f11 for tll(' sp(>,ifi, 

instann's of IIllpl(,IllPIltatioli (lPtaih- Our pfliliary de"lr<' 1'" to 1)(, ablr to reason and 

dtaw conc!u..,ion.., about pro('e'i~ ]whavlOur III a ~IV(,I1 ellYlrOIlUlt'nt 

Therp (:xists. in thE' lit(>raturp, ;\ \\'(>alth of pro,('!-.", IIlodl'! ... too nU!ll(>rous to he 

considerpd in dpfaj) hpr(' Most of thp~('. ho\\'('V('r, fan 1)(' )oos('ly grouped mto two 

j or thre(' (!<'scriptlvP catt'goT!(>!-., 

-( 

1. 



Fintte state machine (Ft-iM) modds were one of the first types to h(' propof.;('d 
• 1 

.... _~, 

for, arnong othpr thing"" the sp{,l'IfkatlOll of communicatIOn protocol" 18) A finit(' 

stat,e machinf' consi~h of a finite ~pt of ..,tat(',,> and po~sibiP tran~itJOn~ IH'twPPIl thclll 

Typi('ally. tran~itlOn..., mny orcur "pontan('oll..,ly or \)(' rouplpcl w!th the tran"'ltlOn" 

of allotl!('r lllélChlJl(' Tlll" COI1"trurt alhm -- ('('rt a III 1lJ()(kJc'd opnatloll" to \)(' 'Yll-

chronized OJl(' of tlll' pr()h)(,lIl~ \\'11 Il F~~l ..., 1-- ; hat 11\1') af!\: h) ddiIlltH)]\. finit\' 

and caunot \)(' lI"'('(} to rcpn''''('1l1 ..,\..,tcm" !t;I\'mg il p()..,..,ihl~· lldiI\J1C 1111lllherof..,taf<," 

the (01)\'('r"'c dc)('", JjO! 1101<1 TI]/' Pet rI IJ('! IIJ(l(kl (<Ill halld], t Il\' !lo ... ..,J l)jlJt) of aIl 
r 

at!('Illpt.., ilt nrC1l!lJ\('lltJllg thJ" 'prohl('JJl throll!C,h (,llh"IJ( ('IlI"Il;-- ftl tll<' ],.1-'1(' lJ10tlcl 

lllod(,)lll~ --( OJ)(' and ,1 Illon' (,olilpact r('}Jf('..,('J1TaliOIJ. l]wlr gl'Il('raht~ IJHik('.., any ~ort 

of forlllal aIlill~ '-1'" ddii( IIlt 

Hig,h k\'('1 programllllll).'; )allg,nag<," ha\'{' al .... o 1)('('1I \ls('~l a'- proc('S~ mode).., In 

thon' ('ll!tn F~\l .., or 1'('1 fi }lI't .... IS] .\ lt h011gh jor!ll:tl languil).',!'''' <If(' rOIl\ (']lH'lIt for 

" ('ont roI .... trurturf''- 18] 01\ t Il(' othn hRJl<L \J01!t F~~l\ Rnd PPTn IH't .... 11flTlJ!, control.. 
4 ..... 

~trllcturf' to t]w fort'groulld A.., a f('''lllt tlH'f(' havI' hPPIl ,,('vnal f'fforb to ('olllhuw 

- 5 -



j, 

• 
ttH'S{' approachf's in an ll.tt.!'mpt to rf'htÏn thf' hcst of both !1l,12J, 

UltulIatd). of r()ur~<" \\'(' do~t wl':>lI lll('r'dy 10 lllodp! thf' l'-ystt'nlS W<',l!.T(' 
\ 

\ 
int('T('''h'd in '-tlldYlIIg. hllt \\ould IIke)10 lH' ahl!' to )H'rfOrlll "orD(' ..,ort of allal~"),, 

W(' would lib, 10 1)(, nlde to def<'fllll!!(' \\ 11<'111\'1' Of Ilot a partlrular (,Oll\lllllalloll of 

~!all)plllallOlI of 0111' Illo<!(,I" 111 d IIIdltI\I'l \\ hl< li corn'"}lO)H!''' tu Ill<' n'.d \\orld 1" a 

-
d('hlll" of tll\' pll\"I(.d T('dltt:- tltat 11 h\lthf\llh r('t(llll~ III th<' jlh~"J(,d "(')('11<\',, il 

q1Jdllt)lJ('~ "Itll l'I11p';î'Î<;d 1l1('d"lln'IIJ\'llt, III th(' (.1"(' (I! Jlll)«'"'' lH'!I<l\,!(lllf tl\1" ap-

I 
1'ro,\('11 1" 1l1'IJlPfll]1lIdlt' ôI]H] ,'"t!l1<lIH>11 \11'( 11111('" III ,0111" "('11'(', i\ -.1I1ljCC1I\(' t('rIll 

\ 

J,3 R(")lItt·c1 Work 

• 
TlwJ'(' hil\'(' 1)('('11 1\\ 0 IlI,till approacll(''' 1 () pn)!'(''' .. alla ly"):-, alld y('rificat 1011 Th!' 

forIII a "'y~t('lIl 1t 1" ('<!l1l\,!l('lll 10 j!,('IH'rat 1 Ill.!, th\' port JO Il of the COIIlIJlll<'d or glohal 

- fi -
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• machine t.Yf)(' Illodrl..,. As!oo('rtioll provin)!.. horrow~'d from prü~ram vl'r1{icatiollllwth

ods, has h('('Jl 11<.;('d in 1 l\(, analy"Jo., of "y ... t('llIo, mool'!('d in hlgh }('\,('l language>" 

A " ... ('rt 1011 Pf()\ III,~ t". 1111]1\111" Il,J\., III (1\' d 11101"1' (lIll"HT"OIIW 10 1l1('dUIIlI/('. éllld 

"'-
th('r(' l':>"b1" dl pn'''I'lJl nu 11111\ .11110111 .. 11< ,,\ "'.'111" 111.11 l'Illplo\ thl' tlJ>pJ'OdClt TIJ(' 

AFrq:~l ~~"t"111 ')(,17 ,dIO\\, .t,,"('rIIO]I" dlle! 1111'(Jrl'lll' 1(11 .. , pro\,'d 111 .III IlIte>ldl-

J 4 DO(,llJIH'ut (}IJI lilll' 

Thl' Il (':-.1 ('hapt('r Illtrodllc("-, Ill<' (11"('1'('1(' ('OIlIIllllllJ('al ion pro('('"" Illode] .md 

provJ(}('''' dH llItuJt 1\ (' JII"t lfjCilTlOlI for Il 



• 

-;:.._--

introdu("tion to the' alg('hraic iStruC'tuTe and pr()C'I''''~ operators of R .• Johnston. For 

fi more ("ornp}('tp f"r('atmcnt of tld1-l Sil bj<'ct the r(,lld<'r j., r<'f('rred to Il 1. 

Chapt('f .J (}<>al" wlth thl' romj>lltatlOIIal 1001" d('\'('loppd 10 automate tilt' an-

curn'Ilt IlllpIPllWllt;ltlOl! of tll/''''~ 1111)(,"'1'" pro( (·dun· ... 

('hd]>l('r ~ I~ llj(' IIll'd! ot 0111 dll('lIlp! ln \alld.dl' th(' D<'P 1Ilodt'l alld ('out a Ill., ,1 i 

Yanl'l\ (lf l'robl('lll" d'" \\( II d" III" 1('~lLlh O])fdlli(,d \\ II}I tlj(' dld of tll(' ('ollljJ\ltatlOllaJ 

,. / 
,1 , 

) 

) 

.' 

/ 
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(~hapt~r 2 Infornlal Ov~rvi~w of the DCP Modd 

• 

, \, 
Rl'tllflllllg 10 0111' lTltllltl\'(' cOlle!',,1 of pr(}C('~"'. w(' lIol!' Ihat frOlll our ('xt{'rJlal 

, 
«",-.p, 1" th]"\)1Jgll ol''''']'\dIIOII of ,h"I]' j,1·b<l1 Il'111 il t\\() PIO«'''''('~ (''\hihll Ill<' ..,élll!/' 

1·:.,tl'T1I.11 1/('11<11 JllIll III' li.lll' IICl Il'<I'''>!I 1(> 1" lW\1 IIt,,1 tbl'\ HJ'(' <11111'1'1'111 l'hl" 1)('-

('II\'II'OIIIIH'lll It \\'ollid ..,('('111 J'·""")JJ"l,/. Ilwl,.j')I( !(l 1'('1/11111111' 1''\1 bdI11',1' of 111"'('1'('11' 

Jlj(' ...... d)!,I'" d" <1 Jlllllllll\1 «\11((']>1 \\11Ll11 1l1lf Illl"lt-i .\'" d PI()II'''~ ('Ioh.,,, TIJ(' ... ('101' 

progrl''''''' 

2.1 Primit ivl' ('olJel'pj h 

;' 

('Ollr ('pT 1l.dl~, 1 JWll. Cl prof 1· ... " oH"'f" dl li )2,1\'1'11 pOJIll III t 111](' 10 ('Xc!JlUlR(' aIl) 



( . 

predE'cèssor. ) 

The ('vents of interf'st,thus, are the f'xchanges of discretf' ffit>ssages whjrh arE' as

sum<,d t.o on'ur mstantam'ously. TIH'se communication ('v('nt" aT(' !urthcr assumed 

t.o bp ~ynrhroni'/,(>d, 11111t i~. hoth thC' .,ourCe' and thl' slIlk of Il mes"ag<' walf, \Intil il 

communication o('cur." and tlWIl progrp<,f. f.llilultall('OlI',ly. Till" vif'w is in acrordânr<' 

with rurrput tn'nd" lI} rOIll]>ut('r lallguagp dP"lgll 120) a" \Vell a" \vlth ('xÎhting math

('matiraI forIIllIlatiou., of tl1(' ... ('m'lllt 1('" of IJlllh I-pro('(' ...... 1I('twork., 121]. It rOll tra..,tf., 

how('ver. wit 11 t!l(' ).';lohal hhar .. d IIll'mon' VI(''' of 1111t'r-pr()('('''''' rOlllIlll1lJlra1 iOll. 

With this I)('r~I)('rt i\'I' III IllIIl!l. \\ (' ( illl f('l'n'''''!ll a procP"~ ]J ah il l'>pt of roruruu

nÏ<'HtlOll ('''('!lt. "'llhM>qlH'lIt pfOC(' ...... p.lIr ... for ('XaIllp!(' • 

JI :-- {< l' 1,1'1 > . < l',,p, >} 

;'\\o1t' that tilt ... h ail lIl!t<'r('lIth f<'fnr"'I"\'(' 11dillitlOIl. procp"f,('f, arp ddiIlPd in t.(,TIU!. 

of pro!'(' ...... (·... :'\ot(' a] ... o !bd! t})('r(' 1'" lIttk or 110 <l1"tl!l('IIOI! 1><'IW('('1I li ... ta!(' alld 

li JJT()(I'~" \\(' 11Ia~ rCpf""('1I1 11 proc('''''' graphicall~ ,\., ... 110\\11 III FI~llr(' 21, with 

a ]loti" aud dln'ru·1l arc ... f('pn'''('lltlIlg fll(' COllullllllicatloIl ('''{,Ilt~. lt'acling to oth('r 

lH)()P'" 

For 11 proc(· ...... to 11(' fillll(' .. 1 al(' Of filllt(' <lilllt'll"ional, the ~('t of pro('t'sses ft>ach

ahl(' frolll It through atl~ PO""I],](' "'''<jII<'II( f' of commllnicatlOn" II11Jst l }w finitl'. In 

OHr )!;rllphl( al r<'prc.,cntaIIOlI t]lI" ('orr(,'Ijlol1I1., to il v;raph \\'Ith il finit.<, nUllll)('r of 

llodl''>. 

At any giv(,l1 t iulf' a pro((>~" IIlay offpr td <'Hllt <1" wpll as t.o ah~orh IIl('ssages. W(· 

- 1 () -
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- Fig. 2.1 Graphlcal representatlon of a proC'ess 

indicate thp difference by appendillg an exclamation mark ta an emitted messâgf' 

and 8 question mark ta one that is absorbed. For instance the process 
\ 

p= {< q?,PI >.< r!,P2 >} 

1] 

offers to absorb the message 9 and resume as proress Pl . and to emit message r and 

resume as proces~ P2' 

Figure 2.2 is a graphical representation of a simple buffer or reliable cODUDuni-

cations channel. The process initially offers ta absorb a message m and then offers 

to emit a copy of ft. ther,eafter returning to lts original stat.e. This process can, a1so 

.&. 
be represented as: 

P = ~ < m?, Pl >}, 
Pl == {< m!, p > } ) 

Note the recursj~e na.ture of this representation when ~iewed as equatio~s in p and, 

Pl' 

- Jl -
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~ , m. 

Fig. 2·,2 Rt>liablt· ('ommunications ('hannel 

2,2 Non-d.-terminislJl 

A proces!> offers it!oo communication possibilities to l.t~envir()riment: our under-

stanciin~ I~ that thp envir~nment selcctR which mt>~sag(' i~ exchallgt>d. Now. within 

. the t.erm!' of 'the mode] it is possible t.o hav(' more th an onf' arc laheled with the 

sanw ('vent cmanating from a partkular node, Tht' eff('C't of the ('nvironment se-

lectin~ such li message is interpreted as the pro,eloS non-deterministically selecting 

8 !mCC'eS50r amongst the proceRses upon which the slmilarly labeled arcs terminate. 

ThIS C'onstruct models non-deterministic behaviour, 

1( 

Non-determinism is Ut;eful when' wc come ta model OU,f ignorance about such 

things as customers with random requests. or unreliable communïcation channels. 

ln addition, wh en two processes are connected or composed. internai exchanges ..,. 
which occur between them are not externally visible and may lead to different be-

haviours. Wc can model this by non-dE'terminism as weil. ln general, d~terministic 

! - lf . 

'" 
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behaviour is considered a desirable property in system design, and is representative 

of the types of properties that we may want to a.utomatically ver'ify. 

An example of a non-deterministÎ<" process is depicted in Figure 2.3. This exam-

ple is a varia.tion of the simple communication channel of Figure 2.2 and represents 

an unreliablE' channel which occasionally lases a m~sage altogether. The corre-

sponding process expression is: 
{ '1 "} p= < m.,lIt >.< m .• p> , 

Pl = {< rh!. T! > } 

NotE' thr non-deterministic transition that may occur upon reception of the messagE' 

TTI. 

m? 

AI m. 

Fig. 2.3 UnreliablE' communications channel 

2.3 The ProcE'ss Ordering Relation 

The notion of relatedness of proces~ is a fundamentaJ one: It is important 

- 19 -
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to he ahle to determine if two process('~ are <,quai or in sorne way equivalent. For 

instance, w(' want to know when a cornplex system can be implernented as, or is 

equal to, the romposltlon of sf'veral simpler prores~es. In a more general context 

it is of interest to know if a procer,s 1'i consist,<'TIt with, Il.lthough not strirtly ('quai 

to, another. When this is the case, ont' proc('~~ I~ ~aid to approximatc tll(' other. 

The rOTlrept of behavlOural approxnnatlOn. or r()n~lstency. j., a natural onE' and IS 

analogons to that of covcrability encounter('d ID th(' ~t,udy ... of finite state IIlachine~ 

122]. It 15 al50 dO'idy a~~ociated with th t' - Ide(l of simuhi"Ùon . \~ ht>re a dynarnir 
- /, 

system slInlllatt\~ anotlH'r if it ran rIllIItiC ail of Ih artion::-. The~{' natnral and 
fI-Y' 1 

intuitIVe' llotioIi" !eRd t.o matlH'IIlaticnl relatlOII'i that arf' rcflcxive anô transltiv('. 

In the <"<H1tpxt of our Inoclt'l. a profl'"'' p approximatp" a pror('.,., q If. Wll<'Il 

repres('nt,('d ~raphically, q ran IH' 'o\'('rl,ud' on [1 Wltl! an'" 1(11)('1<-<1 \\!th the sanH' 

communir at iOIl e\'(,fI h lylIl~ ou t op of 01)(' élllotlH'r :-;lIllila~~ ~,;, c an r<,pre'ienl 

proce,->~('.., él~ IIlfinitp tn'(' ~tru("tun' ... Wltl! the root Ilodp rpIHI'~l'lltiIlg tlH' lIlltiat state' 
~ , 

and labe)ed hranche ... IlIcllratmr; (omIl1UI1)rill IOIl (,v<'\lf-. leadmg 10 ~ucc('ssor state') 

, \ 
~('re p approximat(\f:, q if q I~ a .,ulJtn'e of p ln <,itlH'r caM' w(' say p ~ q or ]J contams 

q. 

Th(' thrust ofthi~ formulation is rlear: a proceSb p approximates another proces~ 

q if it offer~ a ail of thf' behavioural possilnlitips of q. and perhaps more. In other 

words <,very, po<;sihle "equenr(' pf cOIIllIlunirat.ion events that ca~ be Qff,r.rf'd by q can 

also he offeTed by p Clearly this rplation i~ reftexlv(' and transitive and 8.'-> a n>sult" 
l, 

will define an equivalence relatlOn an;oIlr;st P~OC(,bM'<;' r' 

- 1~ -
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This equivalence, mdicated hy ==, will partition the Sl:'t of proresses mto l:'qUivalence 

cla.s:>es. Thus two processE'S that have different representations will he ronsidered 

equivalent if they belong to the same equivalence cJass. The equivalence relation 
/~. 

is intuitively pleasing; if process p offers ail the behavioural possibilities of process 

,q, an'd the converse i<; aIso tlue, we would certainly want to consider p as ~cing 

. / equivalent to q. 

Patently the large~t process in thi~ o~dering is tht' one that offers to exchange 

no messagt's with the envÎronment 
{, 

This speel.al proce~s will <;offi('times hr rcferrrd to hy the symbol •. 

A<; an ('xamplr, let Ub ("onsidC'r the two simpk communication channcls modeled 

previously: 
'p = {< m?,Pl >}. 

.p) = {< Trl!,p >} ) 

q = {< m?q) >. < m?,q >}, 
qJ={<m~,q>} " 

" 

Ali of the ~chavioural possibilities of pare r1early rontained in those of q 50 we 

have!q :s p. On the other hand q can offer to conti~~o~bly a~(lpt messages without 
/~ 

emitting copies, a behaviour that p cannot emll~ate. Hencf' q is not equivalent to p. 

2.4 Pro('ess Operators 

So far we have dealt exelusively with an abstraction that allows us ta model .. 
dynamic systerq components in terms oftheir communicatio1}. behaviour. In general, 

- 15 -" 
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!J.owever, components are physically interconnect(>d to implement a specifie system. 

Fro~;~ng point ofview, there should be no reaJ qualitatIve differenee between 

such a system and its components. That is, we should expect to be able to model 

a composite system as a DCP if the same is truC' of it5 components. In this light 
. 

. it is possible to enVISlOn a process operator, or functlOn, whose application to two 
/ -

DCP's will yield another DCP that is a falthful ahstraction of the system that would 

resuf' from the physical interconnectic;lll of tlH' mod~led entitles. ~n the next chapter 

suclf operators are defined after we have placed the model on sound mathematical 

footings. 

/ 

.. 
- 16 -
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.. .' ." MathematÎcal Fornlulation 
" . 

.. , 

In a's.t~1.se:8(, w(' rannot. ~re:~ ~rocesses m('reJj: as sets of com-

mun.ication 'ev('nt; subsequent pro<:<:'ss P~l1's. T~ see why this, is so consider the s('t 
l' ~ t> _ 1 .-.." .. ~ \ \1..) \ 0 r ? 

PE. of all:procQssel'i that cxchange Ille~sag('1'i from a nnit<' set E: If any. p È PE is a 

set. of orâered event.J>~oress pairs, we, hav~' 

, , , 

p = {< Cl, Pl>, . , . , < (' fi' Pn >}. .... '"'(' 
" 

1" 

.. and dearly p is a sùbset. of the Ca~te~iall produrt E x Pr.;. ·So, ' 

P E P(E x PEl 

. , 

where P is the power set '~perator, 'Sinçc this is· ~o for any pÉPI' We havé 

, ' , 

~ , ""\ 

. -' \. . '.' . . . .. 
Conversely ~ny ele,ment of P(E.'x FE) 'is a set of event-pro~~ss pairs and, intùitively, . : .;) . 
should be a pl'ocess; that is, 

: ~,J 

, " l' . 

,1!~ :~i~~ :we ,would de~uce: in defianee of Can~o:'s The~re~, that. 
• ~ IJ l 'f 

. " 

.r 

:; 
o 

- 1 
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rhib ·is an equattoll that cannot hE' satisfi('d for reasons of cardinality. hy any PE' 

'.l'.., • 

What fo11oW8 15 a brief outline of the constructÎon of an appropriate mathp· 
.J 

.matie al !->pa("(l whose ('Icm~n:s corr(>bpond ,to t 11(' intuitivp Ilot i~ of proces!- wc hav(' 

alrcady disC"ussed. This is a constructIOn that wa~ propo!>('d by R Johuston. RC'ad-
, 

ers intE>rcst,E>d m a dE't.ailed ~cc()unt are referred to [1]. 

3.1 The Proct'ss SPllC(> PE 

An approach t.o rt'solving the problem of cardinalit"y raibed above mvolvesreduc-, 

mg the number of elements of P(E x' PE) by rC'd<,finmg th(' powerbct operator to not 

include ail of the possibl(' su bset~. A ma t hpma tic ally SUCCInct way of accomplishing 
0> 

this is to partition the spt P (E x PE) into equivalence classes thus obtaining a quo-

tient set. Such eqUlvaleilce r1a"se~ can be lllduced by a partial ordermg. The' reader 

is referred to Manna [23] for the definitlOJ\!I aribing in the theory of partial orders 

Plotkin 13). Smyth 12]. as \\'('11 as Johnston Il] empl<?y this approach. although th<, 

ord<,rinj!; ubPd b~' Plotklll seems unnatural. 

Th(l clpments of the ptocess space PL' can b(' thought of as tre(' ~tructures Th(' 

"srace contams both finite length trce~ and infimt(' length treps t.hat are morp or 
'-, 

leos analogoll~ to ratIOnal and IrratlOnal numher~ m thl' set of real numb('r~. The " 

ronst ructlOll of PE Hlvoh'e~ a ,>equcllee of a pprOXIIIla t lll~ "'pRC('~ W hosr hrni 1. 1Tl "onI(' 

. s('nse. j" the d(,.<"\T(,d spac<,. Ea('h of t11(> fillltp mt(,rIlw(hate "pare..., pl~) 1" a partially 

'. ordeT('d s('! WhOfiC ('iC'm('nb can be thought of a~ trees of a! most length 1 The 

1 
~ limitmg bpa'ce PE IS also a partIal ord('r that eontams a bottom element .i. and 

has a top c!cment •. reprJ'S('nting the null proces!> .. It IS compl('tc In the sensp that 

. 18· 
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contained wlthill Pl-: H<'rp 11 <brerlc'd .,et I1J('iUl~ a "pt III \\'lïlrh any two demenh 

have a.n Upp<'r houlld ln tll<' "am(' he! Th(· I('é!',t llJllwr bound of il thrpcl('d spt D is 
\V 

indlcat{'d hy 
:' 

Th<> bottoUl <>!e!11cn t .L r('prl'''i('nt~ t lU' romplète)y und('fillpd or uncoIlstrain('ù 

procC'ss. Convers('])'. tl)(' null prc)("(',,'" e, can bl' intcrprC'tf'd as tlH' rompjcot(')y dpfiJJ('d 

or constrain('d proc{'~" wit Il HO d('gr('('t'- of fn·('dom . . " .. 

Tht'r(' Hrp Iwo fUlldallH'llt fi 1 opc'ratiow, Of fl1IJC'tIOII'" Ihal are dpn]lpd 011 fI:' The 

firht il'->, I,n far!. thl' cla~~ of funC"tlOll'> (, Pt - l't' ",!tere ( E E, \\'ll1ch prf'fiX('h a 

pro('('~" wltll tl\(' ('\'('nt c. III S('1 llotat~Qn lhb rorr('''il)(>Ild., to 

c; JI =:: {< (~, JI > } 

Thesr funC"tioI!s can b(' shown to 1)(' mOllotolllC and ('ontinuou<;, that i!-l thry pr('serv{' 

ordering and lower llppC'r hounds. If D i~ il dir(~rt('d ~('t of prorf's!-'(':-' hr)ongillg to 

PE the Il 

e:UD = Uf;D 

whf'rf' c: D =:: {e; d 1 d E D} Thf' ",('cOJJd oppratioii + : PL' x Pt; - PE I!-. il hinary 

[nnctÎOIl corr('~p()ndJJlV; t.o the aggn>gatioll of l)('havJOur... It caIl 1)(' :-.hOWIl to 1)(' 

lllOllOloBJ(' and ('()lItJJlUOll~ Witl! rç,>pc('! to hotli arguIIlcllh III tlH' :-.<'1 llolatlOll Il 

r<,turning a proccss that'has ail th<' COIllIllUluratJOIl p();,slhilif,I(,~ of hoth ]J and q, 

. ln -
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tllC' partIélI or<!('r ..,tructUT<' of FI. The'-(' projl('rt 1('''' wdl he' f-.tatN! \\'11hou! proof 

Rt'adcr;.; wI"hiug ln pur:-'lH' proof" an' dgam rp!prn·d to Il] TIl(' !'ollowiug J>f(lJ)('rt j('.., 

(ii) JI + . ,+ I\ < f::q co:r, < f':q for .,Olll(' i 

(in \ • Tht· !-\f(' a t ('}" lo\\,pr hOUllll (glh 1 of aJl~ ~1'1 of procl'''~(''' !'xl:-b. III particular 
for: IJ,/f},W}](,fl' Il, (/ E 1',- it i ... gl\'('IJ liy tlJ(' pro('(.' ...... jl i q. 

H:-' 11 finit (' "'1l111 of f']I:IJII'Ilh or t h" fOrJJJ f Il f Tl" T1Htt )'" 
\ 
\-' 

jl --- --' f < ' (l, 
1 

-
for '>OUI(' nuit(, s, ~uppo ... (· thdl (',.(j/ < (J,II) for "'()lJj('-/ ëllld J. tlt('Il by df'flIlltloll 

( ,. If, 1 (J If 1 V,:I 1 

and ~('t~ of ('\'('lJl-proC('i'>'" pairi'> :-0 il tillltl'h l/rdll( hlllg pro( ('~"'('~ ha~ il (dJlOllH al 

[OTIll or ('xpr('~"'l()ll a",,,,ocl<lt('d \\ Il Il 11 

• ,.!U -

"'/ 

--~--- ---

1. 
1 
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(aIJr·d fi1ll1(' dJIlWlI:--JOJI,d 

lll()(h'h'c] pn'\ J[lll"h 1· ... JJ1).:, ,t1gt'hr;ll( Jlot.!t JOJ] Il (' bd\'t 

PI III" JI:' t lU'" JlI, 

Pl. III' fil 

F()rlllidl~ tlll" (aIl 1)(' llIt('rplt·t,'d lI-- .t "d (,j 1\\() ('<jlldtlOll'- JJI\oh Ill).!, tlll' 1'1'0('(' ...... 

or. 

! lfi) 

cc 1 

t "' ' 

/fI 

J' ~ F,l' 

"h('TI' r i ... ;1 t\\1l dIItJ<'lh\Ollill tlJII( 11011 l' 

, III 

fi .!. 

'1 

:'\ 0\\ r 1" COl11 po",('d 

\ 

of t!l(' prlllllll\t' OP('lcllJo!l" 1 < \\ 11]( lt ,,]'1 J110!I"J(lJlJ( i111cl (OIlTlllIHl\I'- ~-\ "'1 a 
~ 

~ . " 
T(H,nlt J 11",(,11 J'- d IJlOl1otOIlI( <Ill"] ('jIltJlIllIIO'" tUIl1 tl"ll 'lll l'r TIll' (,olllp!l'lt' pHTtlal 

"" ()f(h'rlllg of 1') 1" l'xt('ll!ll,d tu JI}' J]J illl )"llll" JI 1;':' JJ1dlllll'L 

op 

(f'l' ,flrI) " l'/t Il li 1 .- Il, 1.11 

~ 

wl!er(' F'1!2J = FIF' lin]]. i1,ml n =: (l,l) Dr ddillltlOll Il S FIOI and "11}('(' F l~ 

- ! 1 -
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( 

" 

.. 

F "11)('(' hy (,()lltJlllllr~ 

'luit Il J 

1 III' )(,i\"1 fix(,tl p(lml of 11)(' opcrnlor F hn'oklllg nXI'tl JlOIII! 1 Iwo)':' 1:?3; 
/ 

.. 
('OII"('qll('Jlll~, filltt!, "1 dit' ((lI JIlIIII' dllIWll"'l'lll,d\ l'roI ('"''(''' 1 illi \)(' lllJ)(J1H'h' "'1'1'1'-, . 

Ificd "" li'l'd l'01111- o! (0111111 11011- 11I1I11 }·dll) 1('II"dOI),11 "/lIT;lIo!" III pl ,(rt jn' ! III" 

]1 ~- 1/ 

\ 

c , 

li 

1/ -

\ 
\ ' 
~(I,/J, , 
\f 

\ ' _ r/,(/, 

1 

~ 
wh('r(' (, li ,r 1/ IIldwét1 ('" ! Il1lf <_ (, JI > 1'" tI 1J1l'1!d,('r <lI tlj(' l "lIOUIC,t! ''l't n'pn'-

~('nta..tlOn of thl' jlr()Ct'~" Il Thl" H'ell),"!\!' denuIllOlI of < 1" gro1JlI<!erl "ilj('(' JI and 

, , 

f" 
1 



• Î 

rOlllpOIl('!lt of t hl' 1<>1\<.;1' tixpd pOlIlt" of ... OUI<' oJH'rator ... P Hnd (,' 

tlll'" fI'cllr"IOIl 1'" 1101 nllll!' III lléllllf!' 

J' FI!'] 
() -" (.'!Cd! 

1 )/, 
1 . T'l )", ct pr())('( llol! lllll' t 1011 IlJclPi'lllg (/', 

, 

) '1 li ,/1" (JilIn 11-, 1 

rOlllJl('Il('II' l', 'l'II!' fllill tll)ll I}I, 1" 111,\ )('ll"h 1l1(,llill(lIll< .Ill.! (Ulltlll\IO\I" ('orn'-

"!HlIlIllll!; to tllt' -"'<]11(')1(' :r':!!i) 111 l'}' 1" 111< "1"111('111' :~I,(J' Ill). \\III(.!1 fOrI)l" 

il dlp'( 1('t! "('1 III T'; TIJ(' ";1]1](' l' lrlll ,,1 11lt '" 'Pl< ]1" : \1'1 (,' !~ 1: 

1}',[Ur(;'llI!:)III(')I()\\~III,>1Il',(:J'/JI!! :1' 1}1,IU: 1 ,"111::llol ,dlllctllcllttW'/'llI.t1 

l}'jIU:(,"!I/;:II"tllIlll'I'('IIH11111t!oltlw-"('(jll('ll«' :w,I/':ll:): '-,O\\"!lld\ (()IJ(!JIlJ(, 

Iii, >1 

// 

, 
Tll1ï" 111 ord{'r 10 d('1!TlJlIIIC l11dl JI < /1 Il 1" ()lll~ llC'('(' ..... "ln 10 ,,}u)\\ 1ltal 

III al).!.!'hrnÎ<' Ilol at IOll tlJ('Y (',\li 1)(' 



" 

.. 

/ 

PI 1TI?~1'2' 

11'2 :::. 1;'!; PI 

'(11 =- 1/1'/, Q'2 + 111?; ql, 

Il'2 = 1''''; IJ, 

P =-- F[P] 
Q ~ (;Iqj 

~l1l"'('lJlII'1I1Ir I)~ "dI1H' 11 ... 1:<1 10 fppn'<"Plll \VJ(F'llll) :lIld Il~ to T('prp<"('llt \V, ((,"IHj) 

TIll' folio" 1I1g ':H'p" <If(' }H'l'f()f11J(·d t() pro\ (' Ji, <: IJI 

d 

~o \\ (' hél\'C 

, < 
, , , 1 <, ,) l' 1 

IJ, /', ~, n, Il.!. -t '1/ I} 1 II/ , , fi'!. 
, , ... 1 'V ' , < 

, 
-,' Il'1 I)'!. 1/ r fJ'l 

tJ2 < l)~ .:::: Iii' /, ' < /1)' 1/, 

':c" (/\ ' < ,l', 

<' ,,1 1\ ,,1 < 1 
..;. P'1 1 \ (J 1 • - JI 1 

Clparl5 for 1':= 0 t h(' rl)!,ht hllIld "'HII' 1<., trt\'lall~ trUt'. alld ..,0 Il, ':S l~ 1'" tnH' for ail 

, 

Thl' ..,tiltPIJII'llt /):s: fJ I~ rq)T('''('lltatl\'(' of tlt(· (OIR"", of adIIlI ...... lhl<' ... tat('lIl('nt~ A 

'-l;ltl'IIJo'nt ;--(/1) 1" ,-,'Id 10 ],(' ddllll,-"J1t1(' If and tlllh Ji 'T(T"' ;0]) 1)('lIlg tn\(' jo~ "Il /1/ 
, 

tltai ('\('r~ "tdt('IllCIlt of tll<' forlJl 

\ 

rr(p) =0 A (o,IJJ] ::; ,;,Iq]) 
1 1 

. J4 

• 
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whC're 0'1 and /;1 an' contmuous fund.ion~. i~ admi!>sihl<'. TIl<' validity of an admis
~ 

siblf> stélh'l1lt'nt 7T(p) is logl('ally IrnpbNl from the validity of the stat.erll('nt for ail 

fini t.P approxima t iOlls t,o ]J 

3,4 Pro('f"ss 0PC'l"8tOl"S 

o))('rillor", of f1l11ctlOll" tILat corr(,"}J0lld to Illtul1]\'(' llotlOIl" of ]>rOf(,"~ illlpraétlOll 

TIll' fil Il ( llOl1" \\ III h(' f('<j111r('d 10 })(' 1l10110tOIlif dUel rontillllOll" III ordpr 10 g1lar-

III 1 c'rprl'1 ,tIIOj,1 1'" "'llllply t !J,11 of d ll-dlJJ]('II"']OIl,!l fllIlCI]Oll lllappllli!, prOf(''''''(''> mtn 

plOt P""(',, .\ "1'( olld <11111 IlIOI'(' .,l}('flIlCl fo]' o1lr jlllrpO.,('-, Ill\ oh'('" \'I(,Wlll).', tlw,,(' 

1 

Till" !;illpr \ lI'\\ 1" Illon' lr;\I t,dd(' dut, to tll!' HJllt(, l1al11]'(' of tli<' 

, Ppl'hap-, tilt' mo.,t intUltl\'p pro('<'~" op <,rat or 1" prOf('S,", int<'r('oTln(,ft.IOIl \\'ll<'Il 

two pro('('",,('''1 ilrc lIltf'rfOIlIH'ft<·d OT fOIllPO.,('d. It 1" po""ib](' for Hlf'Ill t.o cOIlunUIll-

('atc \\Ith (';\( h olh('r through the ('x('bang!' of'lll('""aj.',p,, Tll(' goal of fi IIl1lth{'Illat.I('HI 

('OIIIJlO"'IIIOlJ 0jlcr;l(o)' 1" 10 pn'dl< 1 Illc' ('.\t('nldll~ oh"('l'\'ab](' hph<l\'!OllT of (OIJlP(hl1e 

jHo('l"(,,, The llllf'fi OIllll'cllO!l ('1J<'r<itor. d('\wtl'd ~. 1" (kh!lpd IJ] two ~t.(']>"" Tbe 

fir." l" tll<' ddillltioli of thl' total (0l1l!)().,!t101l O]H'I'ator II Thi ... I~ il hlIlor)' funhlOii 

, that r{'lurIl" a pro('('!',,, T(·tallllIlj.; th(' <'xt{'rnal {,OIlllIlUIIl,atlOn ('apahihti{'s of ('ach of 

t11(' arguIlH'llh h1lt wlth mll'TIIal ('Xc}l<lllg('!', Haggcc! wlth th{> trac{' ('vent. -. 

- ~.) -~ 
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Before proceeding with a formai dt>nnition of the t.ot.al composition operator, it 

will be advantageous to darify som(' of the notation al conventiom uspd Suppose . 
the p'Tocess [J E PEl and p E PE

2 
ar!' to he composed, In order to p('rfoTm the 

• 
composition the ('venh whl('h p and q cali ('xchangc mu"t ,he knowJI, Th(' ,,~EI 

and E2 maycontain IUput ('\'PIltb and output ('\'pnt". s~)('rIfi('d hy? and' f('f-,p<'ctlvdy, 

as w(>11 as po;,slbly t.he tract' t'vent -. Lpt E:, \)(' the ..,('1 of ('venb En wit 11 t11(' tra("(' 

<,ven t rpUloved 

E:, = ElI - {-} 

whpr!' E = {(' 1 e E E} aIl d the fumt lOI] 

for ( == c') 

for (' = c' 
for ( = -

;,imply chaug('" dB IIlpul ('v('nt mto an output ('''('ut and vire V('TSé!, Similarly the 

T}l!' ..,('1 of ail COIIllllU!llCatIOIl ('v('uh El ' E2 t11at Illay po<,..,!1>!y be ('x~hanged 

betwPPll JI alld q i" gn'C'll hy (E; ....... E~) U(E!) ~ E;) Tll(' '..,('1 of COIlllUllIllcation" 
~ , 

availabl(' ta the externaJ ('Il\'lronIlwut 1'> lE; U E~) - (El: E 2 ) Tht, total t'vent set 

of th<' rompo;,lt (' 1:-' 

Now tlw proceSM'~ p E Pj<;l and q E PL,:! can 1)(' ('xprE'sst'd a'i 

P = L c,;Pt + 2.= a);Pj 

J 

q = L ("tri; qm + L un, qn 
m ri • 

-a - 21; -

--'----'---
t. 
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" 

" 

for somf' eJ,clr E EJ 18 Ez. and a J , bn E El (~) E2' Thf'. total t'omposition operator is 

defined recursively as 

" 

).n 

aJ (l" 

hdw(,f'Il p and th(' ('xtpTlIal pnVlrOIlIIJ('llt \Ont 11 the fomposlf<' resumini!, a" Pi 0 (j Tll<' 

ail mtl'rnal ('x<:h,l1lge llll" tran:-'!>lrcc! 1>cl\\'('('11 II awl li "'Itb thc C01llpO"lte r(' ... qlllm~ 

as PJ OQ71' TIl<' total COlllpO"ll(' corrl'''pOlH1" 10 ail ('Xhall"ll\'(' ).!,('J1pratlOll of the part 

of t}l{' comhuH'd ... tat(' "par~' of fJ and q III whidithe C01I1PO"If(' Célll ('xi"t 

Due to the mfilllte nature of II and (j, the' rf'Cllr:-'I\'C ddiIlltioIl of 0 appears to 

1)(' Ill-ddilH'd "uch ddinitlolh an', III facl. w('11 ddÎlII'd If wc cono.,lder a recl1rsively 

hanall, on tiTllte dml('n..,lOnal prof(':-':-'C..,. aJlrI 1'" il pow('rf1l1 rndhoe! for anillysmg "'lJch 

funrtions a ... statif mathernat)('al ohjeft.." An altnnatn'f' approarh. 1'" to f('gard lhe 

Tt'CurSlve d('finltlOn a ... an algonthm for th(' ~f'IH'nttloIl of il ..,('t of pro('es:-.' equation:-. 

from those of th{' arguUl('Ilt..,. The net df('ct IR that of à functlOIl that maps tIlt' 

proc('~:-. 0Iwratorh. whidl d('firJ(' p and q a., thelr Ica .. t fixt>d pOlIlt~, onto él similar 

opf'Tator t hat ha., the pron' ... .., pOq as iti'> ]pa'it fixed point Smc(' the pro('t'ss equations 
, J 

art' fimtf' III tlWlr exü'nt, thp algorit lm; 1" wpll d('fiu('d 

The total composite operator tan b(' shown to he- commut;lt.ive and associative 

- 27 -
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, ' 

un-der the assumption that proc,ess('s cannot exchange th(> same messag<' with '1llore 

than one other procE'Ss. These are properties that, intuitively. we would expf'ct to 
t • .. ., 

hold for composition of processes. 

,; As an example consider th{' ("asl.' of a librarian who works at. an unas~urnlJlg 

library that has two booh t.o }end to lb two meml)('rs The books constJtut.e a 

two volume sd. and t.o 1)(' falf tl1f lihfary ha" instltutpd li rllle 1.0 the effect that a 

member may horrow at lIlost Olle hook élt él tinH' The Jllembf'r<; are capriciolls and 

on any glV{'Il day It I~ impo:,sihk t.o tdl whi, h \'O]Ulll(' t IH'y lllig;ht hk{' to n'ad, hut 
.. ~~ ..1 ~ 

initially they both \Vant VOIUIIH' on(' M~mhN i I~ Illode}ed a .. the non-ddermmistlC 

procf'~s. 

/~~ 

m2t = v21 '1: 7r/2, 

mIt = rli!' TIll, + rlt!, 7"2t 

m21 = r2 1 !, mI, + r2t!; r!121 

where vII?' v2t ?, rIt!, r21 ! represent requests for volume OUf and two, and the re-

leases of volume onf' and two respective)y, Figute 4 depid!-i the finitr state diagram 

for member 1. Note that member i Ilon-def,ermimstlcally requp:-,ts volume one or .. 
two upon returning ei1.her. 

The librarian initially offers to lend either volume to either member, but after 

having lent one volume, offers only the..-other volume to the other membcr. The 

- 28 -
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Fig. 3.4 Transition diagram for member,i 

process exprt>Ssion for the librarian is 

v 

Loo = vi).!; LlO + t,'2)!; L20 + '''I2!: LOI + V22!; L02 

LOI = "2J!; L2J + r12?; Loo 

L02 = vIJ!;LJ2 + r22?;Loo 

LlO = V22!; L 12 + rl1 1; Loo' 
LJ 2 = r22?; Lw + Tf1?; L02 

L20 = vI2!;~) + ;'2) ?;Loo 

L2] = r2]?;LOl + rl~"?;L)() 

, 
1 

where vIi!, v2i! represent the Îending of volum~ one and two to Jember i and 

rIi?, r2. ? represent the return of volumes one and two {rom member i. 

- e9-
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Fig. 3.5 TraW'>ll Ion dlagrarn for libranan 

The tOTal compo!->lTc of rnem)wr l wltll the liùraTlan is' 

1I1l} oLoo = -: 1111] oL}Ü + "I:?!: ml) oLo] + t,22!. mIl OL02 

Ihl)oL 1o= -;mlloLoo+-:m2joLoo+t'22!:nlll0LJ2 1 \ 

ml) oLOJ := rI2?:ml] oLoo 
11711 cLo:!::: -; 77il) oL J :! + r2:t" 1111J oLou 

<". • 

11L2J cL()o ::: -: m2] oL:w T t'l2' 7U~) oLu1 + t'22!; m2] oL02 

T7IIJ oL]:! ::: -;-: ml) OLO:2 .J.. -, m2j oL02 + r2 2':': mlJ,oL lO 

11/21 oLzo ::: -; ml) oLuo + -: n/2] oLoo + v12!: m2] OL2)~' 

m2] oLoJ = -; m2] OL2] + Tl:!?, m2) oLoo 
m2] oLo2 ::: r22?; ~~] oLoo 
1ÎL2] OL2l = -; mIl oLOJ + -: rn2] oLol + rI:??: 1h2} OL20 

!-t'" 

, ' 

. . 
The total ('orüposite, pDg ret.ain~ the "f'stiges of internaI communication ("vents. 

and hencf' docs not de'icribe the composite pnrely in tenns of its external behaviour 

InternaI transitlOn~ that lead to prOèf'Sbt'S wlth equivalent external behaviour pos-

sibilities should be suppressed in such a description, On the other hand, trace 

events that lead to inequivalent behafioun'i are det.ectabl~ externally and should b(" J ·90 - < • 

o 
_il • _____ 1 ..-.-t. ........ _______ ~_~ 



, \ 

Fig. 3.~ TransitIOn dJagrarn for Il?cmbcr-librariall composite 

Th(, reachabilIt~· function R ,PI:. ~ P/::. '{ _ } Tf'turIl!> a proc<,ss which i~ the SUIIl 

. ' 

?'of,the <,){ternally \'isibl<, bchavlOur ... of Its argulTIE'nt pro('('"" TIJ(' trace tral)siti~ns 

arc Illrrl'ly replllc('d ,wj,th a li the' exl <,rnally' Yl~ibk tranf,lt ion.., t hat arc rrac habl<' 

t hrough t heIll, Formalh'. . . 

w lîcr(' 

R(p) L r((;.q) 
" 1',q.E.p 

_ .) _ r c. R( q) 
de.q - l R(q) 

for f f -
fol' (' =: 

.. 

Rpcall that hy /': q .E, P wc' IIH'an that < e. q > 1" Il fIlPlllher of th(> canonkal s(>t . , 
rcpr('sen ta"t IOIl of p. 

Thr rcachabilit~· operation apphed to the total compo"lt~of the libranan and 

- 31'-
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.. 

: 

, 
member 1 is, after simplification . 

R(ml] oLoo) = v12!;R(,h2] OL21 ) +'V22!:R(m2}OLo2) 

R(m2]oL21) : r12?:R(ml] o Loo) 
" 

,1 R(m21 OL02) = r22?; R(ml) oLoo) 

Fig. :h,7f-.J~ReachabJc hrhavlOur of f1w nH'mbcr-librarian 
. '. composir,(' -

Externally, aIl 111 Tema] t.Të.lf't' {'''<,n t J ... ÙPl ('(" t.a hIe if it changeb the composlte'~ po-
<1 '.., 

TemiaJ InteracTion'i. Formally. lor prO("(>h" 11 ("ontamin~ a tra<:E' transition tO$des:, 

.PT) thb rorrespondh to R(pj =t RIP, J. Th<> mterconne("tion operat,or * is similar to 

thE' R operator) except that it fiags vanations in the potential external interactions 

hy TPT.aining the trace transition. 1t il' defined as follows: 

where 

, and 

P" q = \)(poq) 

\)(p) = 

{ 

e; ~'q) 
ï(e,~)? 'V{q) 

.. . _ .1 _: '\) ( q ) 
\ 

,\ 

). ')'(e.q) ....... 
e;q.E.p 

for f 1 -
for t = -I\R(q) == R(p) 
otherwisf' 

- 92-
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Th<:> inf,efconnectio'n op('~ator * can he shown t.o he' cOIIlmutative and a~!!>ociativC' 
. 

under the same assumptions a~ for the· total compobite. A cOIupositp ]J * q that 
o 

does not contain any trace t'vent!!> is sald to 1)(' stable. It is easily !'.('('Il tlint if a 

composite IR stahle' then p .. q == R(pDq) Stahility is an important èOJl("ept. and 
~ -

li dcsirahI(' proJlC'rty for il ('OIIlpoi;it(' ;-y'iteIll to ('xhihit. A composltf' l'TOn'"" t hat 

li> 8ta1>lp in df('ct I)(}~!!>(>""M'S a st.1ltj, d(· .... rription of ltb visible lH'ha\'iollr In sllch 

au inst,all("(, intc'rnal t rari .... it ion .... arc flot th·tN·ta hh' nnd h('IH'(' af(' 'irr('\f'Vallt t \) t hl' 

('x{,ernal dE'bcriptlOll. Thu,> the> lIltcrIwl foill1lll1JUllIcatloIl" of a .,tahJp ..,y ... t('1lJ t11at 1'" 

~ ('(HnJw'i('d of t)](> intc'T(·o;u]{'ction of h(·veral COmpOll('llt prO\("·.M·" an' tran!->par(,]lt 

An IllSp('('tioIl of tll(' init'f('OllI}('ctioll of the librarlilll aIld lIH'lIllH'r 1 

IId 1'" Loo';' 1'1",!!./tI2) • L't) + r2:t!. 11/2) • L O'2 

IÎ/2) • L21 = r1;/. II/l,'. LOf! 

/112, ~ L]l'2'= r2/:: 11/1) • LOII 
() 

Allot!t(·]" iIll]lOrtant proc'('.., .... o!>crlitor J" cOIllplntl('IitilllOll ('(J Pl - PL Thi.., 

f\lll<'lU,l1l "lll1J>!Y T('tllTlll'> Il ... ar~ll-Illl'Ilt \\"it11 aIl mp1lt (·\'c·nt-. ",wltrlwd to outpllt ('v('n,t ... 

and vicl' v('nw. 

('0(11) = L (': ('o{ IJ) 
~ ·q.E·I' 

" . 

The ('0 fUIlct ion i~:Jl(;t.a hl(' in that. for any pro('f'S" p. ('O( p) 1" a pro('('~~ th~t wh(m 

intercÜllllf'ct<'d with p r('~ult" il} thl' Hull procP ..... : P' rot!') == '. 

cxpressed in the form 

. 
p = e.l'l + e:p'l + 

- :,'1::J -

\ 

) 
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1 

" 

/ 

" 

, and PI Î" flOt. rclal.<'d to ]12 
t 

1 

Although IlOIl-ci<'t<'rruÎni-;lll Î~ (,~H('lltlal for llIoddul,f, 
1 • 

ignoranc(' ahout possihle }JC'haYloraJ M'qlH'IlCC'" it i..,. for h(lIll(' typ"'" of ctIlalysl", 

advautag(·ous to .rc'plan' Iloll-d<'tf'rmini'it,\(, trullsitioll" with (kh'Tl1l1l1htic on('~ Wlllh' 

H·taining ail of t}](, ],('}wvJOral pos ... ibibtlc, .... Th(' def functlOIl accompl!"hc'''' thi" For 
----------------~--

11 PTOCP:-''' JI (" PI: the d('/ fUTIctÎoll i" ddilH·<111" 

. Î 

d",(p) =:: L p((') 
,. 1: 

\\ lH'f(' 

f c'dfi(\' E- /'1) 
Il,(f'):::''I.' """""1,· ./' 1 

forc' \\ olJ]d YJcld 

dll(lll 1 

d / t ( /} 1 i fJ'2) =-

for Il ~ f,. 

01 hITWI"'C· 

A ... "Il ('XillIlph· of the' i1pplJCiltioll of tl)(' pro!'(',"," O]HTilfor" \\(' OIH'(' aglll/l tllrll, 
\" 

to our ('r-..t",hd<' hbrarian aud t Il\.' prohkll1 of ('\,aluil' mg , II(' "Pf\'j('(' pro\'J<!c'll h~ 

\ 

-------" and Ull'Ill\'('f l ... lloulcl off('T dl(' compkUJI'Il1 <ln )H'llil\'Îour TJ~,rr,01j(' 

l' 

"!I) ~ Lon $ ('o(dr/(1Il1;!)) 
,J 

T 

" \ 
'r 

. , 

\ . 

---'~~ 
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.' . 

. , m. 

.. 

A , m. 

m? 

Fig.' n.s A non-determini~tir (ommunlcatjons channèJ p alld ,t 

det(p) 

which Wè can \'erify. Fust Wé cakulatt' i = ro(o'ef(ml'2}) which'gives 

, 
co(dcf(mlzl) = t'lzl.co(det(r;d:z)) . " 

co(det(r1l1zJl = r1z'!;co(det(rn12 + m22)) 

co(d€t(m~ .... m22)) = t'l z l.co(def(rrzl2)) + v2z!,co(del(m2z)) 

" , 
,- .'15 -

..---- ---"- - -- --,-
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-----
~('xl W(' J!crforIlJ tltt' f\lIIO\\ Ill!!, ... 11'1"'" 10 ~ll!l\\ tlIal /Id 1 • LOO~: fo(dd(lIIl:!}) • 

11/1) "" LOO < ~()(ddl rlll:d) .ç:-. l'l',!~ 'Î12) > L'21 + 1 :.?2" 'I/:.?I • Lo'2 S>l'l:.!' fo(III"(I;I1:Il) 

c, l'II:! 1 • L'21 ~ fo(t/d(IÎd'2)) 

11(2) '" L'21 < fo(dl'l(lItl',!l) .-::: .. r:!~·'./l/~I' LIli' < r'2'2" fo(·dd(/III';!1 1//2'2)) 

II/II' LOI!" (oldff(/III:! 1/1I:'?'2)) 

mIl • LOll < fo(dd(/"l'2 -! 1112:.d) .;-:. 1'!'2'. ';I~I . L'2/ -1 1'22'./1/2 1 , L(I:! < 1'l/ fO(t!('/(/,!l:,!l) 

-\ 1'2';!': ('o( (h J (rÎ1'].'2)) 

.,' 

ç, /II:?, 'l'll :::: ('(J(dtl(IIII:!)l!\ 1112, • Lu:!. <. ('o(dr'/(IÎI22 )) 

m2i" 1.,'1.1 < fo(t/r/(/id:!)) ,,' rli' 1/11 1 , L,I(! <, rl'2': r(}(11I/(1II1::--+ 11/2:11) 

.;: fil 1 , • l''IJ " l'(d dr 1 ('lI! ';! t I//:?',! 1) 

/1/2) • LI)',! <:: fO( drl (}'/J '2'2)) .:c.:. r2· ... '. 1111 1 • 1. ,111 ' r2'2" ('o( tlr/II/Il '2 -l 11I2:!!) 

r II/l" 1. 1111 <. 1'()(dfl(lId'2 ! II/:?:dl 

- ."I(j -

--- ---'- .. ----------,-
:--------,--------.. 
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Chapt ('1' J '# 

J 

Ani Oluai illg' 

t 11 (' A Il al,v t j (' al 

. Pro('(\( 111 )'(\S 

()1I1' iljJpr()i!('!I J() 1111' d<'\ ('J0J!lIlf'lll (Il < Ollljl1111'f ,lld('d ;I~j(t]~ >-'1" of 1111 ('1'.1('1 Ill)!. pl'O-

.' 
Il li t" t}J(' ]lI ('d 1 (' t JO II () 1 !} li' bl' h d \ IOUI 1) j III t ('1 ( () Il Il ('( h'd Il<' t \\ 01 k" of P 1'01 (,..,,,( ',", :1'"' w<'ll 

,j'" dl!' \ ('nli";l1 10 li of 1 !l,Il IJp!j,n 1'11ll d)..!.dlll",t " "JH'( di< al101l 
Ir 

4 l ( 'JWj('f' of LlIllgll/lg!' ' 

"'Th(']'(, "Ti' .... '\(Tal Ltctol'''-tllilt \11'111.111\ dICtal{' tll(' progrillllllllllg LlIIg11élgc' lIJ(hl 

C'OUllIlllfllCaf(' b~ (').Chilllgll1g ":-;1111'0]'" .\11 "ppropnillc lallguage "oult! !H' gcarcd 

to\\ard .. tll(' lllil1llpuldt JOI1 of '-! Il1ho)'" );1lI11('flC (01l1jlllt aflOual alnlJt) 1" not aIl 

-------

, . 

,> 
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ÎI'l:-'lH' Th(, alllhly to ('a"l1~ n('atp data "lrUc.tm('" allalo)!;oll" to tr('(' and graph 

Ail (lf 1 h(,..", «()rJ~ld('lrlll()rl~ pOlld 1011](' fdlJJrly of prOj!,ralllllllIl)', lall)!,u<I)!,('''' typ-

llllp!t'lll.'tli d11(IIt 

, \ ~ ) 

Th., Irq "t),11('ll1l'(', 111 1 UrI!. n'l'n'"pllt" t ]11' 

1 

1I011-d.'1('rr111·Jll~11< '011l1111IIII( dt IOlh IlJdJllj('1 

l' ") 
fJ 1 ::c III. - /I~ -1 /II - /11 _ 

Il'2 = li,', (II 
ü 

(setq ql ,( (ql ({m? 

(q2 ({m- 1 

q 1) (m? 

q1))))) 

/r 

.( 

q2)) 

The LJ-':l' fUJlctlOli setq \\onl.! tlj('1J (1"<-;,1(' dll ;110111 ql \\ JIO-'/- \nllle \\0111d IH' tlte 

(ql ((m? 

(q2 ((m· 1 

ql) (m';' 

ql»» 

r<,prcs('ntlIlg the pro('('s" ('quatIOll" dbo\ (' 

-----~----

,:;'-' -

q2)) ) 

• 



4.3 Op('rstors sud Pror('dur('s bup)<>Ill('nh'd 

AlI of th<, oIH'rator<, <!t"('u<,,,ed \Il Chapt(,f 3 are Implcmcntpd fi!:> LISP fun('tlOn~ . 

• 
(det q1) 

",,0\1111 rI'! \lnl 

({det_q1}«m? {det_q1_q2})) 
({det_ql_q2}(m 7 {det_ql_q2}). (m,1 {det_q1})))) 

/ 

TIll' Illat!H'Illit1)( ,II hllll"tJ()Jl~ [J Il f() dlld dfl (()rr(,~p()lJd 10 tlj(' LI"P fll11C-

argllllH'llh JI dll!l 1/ ()I"n,,,polld~ tu (\,dll,dl{Jll (,j tll<' Lh!' ('XIJ)"~"'I(l1l (x p q). TIl(' ... . 
IIJt<'l"rOIlIl('( tlO!l (If l'I"()( ....... (." P !Inti q JI' IJ (dll 1", (,d. \l1tt1l'd 11:- ('\'dlll,l1ll1g the ~l':iP 

"XP[('''~IOIl (V (x p q)) TIll Ll"f' 1111l< 11"11 • =- ("II 1)(· Ih(·d tu d(·t('rIllIll(' \\ bdl!('T ' .. 

Of !lo! t\\0l'I"O(I· ... "(·'" .lf(' [('bter! Il l" IJ tl)(,ll «= p q) \\"0\11<1 n't1HI1 If. 011 t Il(' 

III acldltlOl to t JI\~ ('or('. t !J(' LI"P fUIl( t 1011 ... slmpl1fy alld canon have 1)('('11 de-

- ;1!) -

------J, 
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___ ~ _______ ~--, __ -t-..-.-___ _ 

Summary of LISP Funrtions 
--- ---- - -~- ~ - -~ - - ---- - - - --.------ - ------ --

Lisp Funrtion Pro("{'$sO?eratm l~:~_c~i~tio~ ________ _ 

co 

det 

x 

Fig. 4.9 

(0 1 Rt'turns th(' complement of 
1 

dei 

o 

a proc{'ss 
+- -- -- - - - - ----------

R('turns th(' detcrministic 

, vpr!-.ioll of a proccs., 

, P<'rforlll" th<' rOmpOi:'\ltlon 

, of two proc('~s(-''' , 
AppliC'.., the TCé!C hahtlity, 

o})('rat or t () a pro("(',"s 
, 

Applw.., th<' \·\..,illll!ty 

o}H'rator to d pro('p.,s 

IIllph'llH'llt.., thC' h·.,,, t1lall 

or ('qual \(, prp(l\catP 

• of a p TO('('''' 0., 

Rd1UlI .... cl h(' C;ollOllJCéll n,pn''irntation

J 
, --

Rdl1rlls il PTOC('.., .... wltl! 

pC}uÎyaknl "tal<,o., f('lllü\'PO 

SUlllll1ary of LISP fUIl\tlOIl" 11l1jJlcuwntt'd 
" 

t}1!' latteT rrtl1Jll" tIl(' Cf\llOlllCHI f('pr<''''('1l1atlOll of a JHOf('),S. 

, ' 1 

" 

~ - ----------,... 



, . 

( 

Chapter 5 Th~ Throry of Process Synthesis 

In the lal>t rhapter wè dealt npeClfirally wlth analy~is, where we w<,re con("crned 

thell if = 'ru/' TYPI( ;t1h the prO]H'rt\ Ti ,,<1" ;t pron'"" pquatIOlI involvllJJ!, eit}wr all 

1Il('qllAht~ «) or aIl /''111ah1) (o·) III 1 hb ( lli\pln wp ('X,illlllH' the rdatpd prohkm 

ron"ltramt or /'<jUéltlOll tlI,tt 1" to hr' ",o!\,(,d for JI AutomatlC syntlw'>l" of pro("esse~ 

h a pot l'Il t](t II) po" l'Tful t 001 lor ") ,,1 ('Ill de"lgll('r" 

5.1 Approl)("h 

In gencra! the set X1f of ail proc('sses E PE tha! 8atisfy the constraint 11" will 

1)(' a non-eillpty su h"et of P E Ill' t hi.., I><'ww the constraint 1T do('s not nec('ssarIly 

POSM'''''' il llllHjl1(' "O!lltIOI! 11 ma". ]JO\\('V(>f ha\'(' a tlluqur llllIllIual solution Rpcall 

glb of t}l(' f,01Ul101l ,,<,t X 1r 1.., Itf,('lf a lllPIll!H'T of Xn. Il ran he considcu'd the optimal 

ffimlITlUm pro('(''i'i satlsfyin~ 7T. The pro("{'s~ ~ X rr is optimal in the sense that it 

contams ail of the possibJ<',hchavlOurs that satlsfy the constraint'Jr, and a.<; such 18 

f,' 

• 
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~--

... 

the broadest or maximally parallel process consistent with 7r In sorne, but not-ail, . 

cases we will be able to guarantee that 2.: X 1T E X n-. In any case our approach will 

he to cakulateL: X 1T for a specificatioIl stateIIlent 7r and If L: Xn- E X 7r , It will br 

ronsidered the optimal solution ", 

5.2 M8thematiclil Foundations 

l' 
A continuous proce'i~ functIon F i ... additive if 

Vp.q E PL'- F(p + q) = 1;'(p) + F(q) 

/ 
Let . .,·1Tl}l(~·tlLc solutIOn ~('t for the slluph, !o\,\,('f cOIl ... traml X(I) == (ln ~ F(T)), where 

Ll) i~ a givCJl proce.,,, and F If, an ad(l!tiv(' fUIlctlOIl ]\;0\1\' lf.rl l'!. E ,"il[ then we hav(' 

7r(.r.) 1\ 7T(.rZ) => (ln ~ F(:rd)l\(lo ~ F(I'!.)) ~ (l(J S glb{F(Id.F(.r2)}) 

~ (l() S F(.rd + F(.r:.!ll 
{::;. (If) S F(I, + .r2)) 

the sum (or glh) Il + :r2 of any .,()llltJOIl~ II_.r']. E . ...,'rr IS al..,o a ~olutlOn. 

A finitely based set of pr<)('CSM'f> 1 ... Oll(' who!'>(' glb i" exprf'ssible as the sum (or 

gIb) of il fimt!' number of lCS {'lement~. That lb. a set Sn- of processeb is finitely 

based if and only if for Rome finite IV and I, E "";7f 

il, 

2: S7r = 2..= :rI 
, ,1 

Note that thi5 also means that the glh of a finitely based set is a finitely branching 

process: The fact. that the processes wc are i~ter('sted ID are finitely branching has 

- -I:! -

• 

-, ..... '-~-.....- _.~------ .... 
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been a tacit assumption so far. lndeed it is not clear what th<, physical counterpart . , 

of an infinitely branching process shotlld be. 

The additivity property 15 one that will guarantee that the glb of a solution set. 
~ 

is itself a solutIOn, provided that the solutlOIl hct is finitcly hiŒl?o. 0 see this, first 

assume that ail solution f>ets are finitely based, then 

) 
for sorne XI E S7f and fiIlltp N Due to additivlty the solution set is c1o~ed l!nder 

-------additioQilnd ~o ~ """1f E ,c.;1f < We rnay therefore ronclude that L S1f 15 the unique 

minimal solution. -U~ stralght f~r.~ard matter to ('xlmd tJlIs relSult to the solut.ion 

of a finit(· c<?nJunc\ioll of himple lower COHhtramb ,... 
- ,Il -

, 
Th(> aetua] procpduT(' for calrulatmg ~ Sn rests li('avIly on th(" Gll> Expansion 

\ 

TheoreHl of Johnstonllj willeh ~tat.(''' that llndpr r('rhun rOIldltlOn"i th(' glb Ï'o of the 

,;ollltlOIl ,,('t of a ~ilUpk lo",.'(~r COIl'itrllint raIl J)(, ('xpr('",~('d a" the fillltc ..,mIl of ('v('nt « . 
huc('el-.Sor prOC('l-.b paIn, w]Wf(' the.., ucrp'if,or pro('('",,,e.., Î"/ are t hCllls<,)v('.., the glb 'il of 

the foIo11ltlOIl ~('t~ of othpr ~lmp)P Iow('r rOIlstrcunt:-, III partIrular if Fu IS a ('()ntinuou~ 

N 

Xo = L c!;x1 

t=O 

The Glb Expansion- Theorem suggc!:>ts a recursive technique for th~ computa-

tion of 5:0 i~volving successive generation of simple lowcr constraints for successor 

processes . There are two mam problems with this approach. The first is insurin~ , 

----------------------~--_ .. _----

----

.. 

,. 
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~, 

• 
, 

that the assumptions of t~p theorem are valid and the second is the question of 

termihation: Does the.recursion stop and if so how? 

----------The assumptlOn~ of the theorem can he satlsfied, ln part, by placing the addi; 

tional constraint that Fo he an addltiv(' functioll In this case, as we haye alr'eady 

seen, S''lrO will he clo~ed under + and ("(lllt.am 5;0 its glb III practice for the types of 

, functions that we will be lDterest.ed Hl (co,n,F ,0,*) we will fin? that 

N M 
7f,(x) = (Lo S Fo(ez: .r)) q (1\ ( V (l),k S Fo(.r)))} 

J J k J 

w}}()re faT {'arh J ana Ir eithcT {o = + c, '),k + .. or 10 = 'J,k . This means that th(' 

slInpl(' COllstralllts for the sU('('('ssar IHO('C~f,C~ mhcrit tl1(' adchtlvlty of Fo and as a 
• 

T('sult Wf' aJ.:E' gll3rantppd that a11 the ,"'n, RTe ri Of-, pd ullder addlüon The assumption 

of the '':;1[, bemg fiIllt.cly bat-cd 1" Illon' dlfticult to JUhtlfy lt Îs clear, however, t.hat 

th" S" 'nufut 1", fimt,ly h."d for th, .;Olut.OH ;-0 to 1", w,11 hehaved '" the ':~~~~ 
t'hat It is fi;lltely branchlDg ~ _------r;-

, 
A~~~rete PXrunplp of the SU(CSSIVe gelwratlOJl of new simple 

, 1 
\ 

constraints for successor processes IDlght he hclpful Conbidcr t,hi> prohlerl1 of finding 

a minimal process sattsfying 

where 

L -:5: Jo -

(co(detCtJ) -:5: ;r * C2 

(CO(detC2)) -:5: ;r * C] 

L - T .,. L + T ? L j - )., OJ 2, 1 01 

C) == TI!; c1"+ 
C2 == T2!; C2--/ 

_ L. 
---------~_ ........ --~'----"" ,.,,_. -----'--~-

- ...... ,,) -----_ .. ....' . ~ .... ,,~, ---" ...... - -~ :- -
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'd P 'th E - { ? '1 ." ,? , ,,} A h < l? 1-an ;r E E Wl - Tl" 12" '~I ' "~2" YI" 92.. hSUIlH' t at :r _ T •• .r, tll('11 WC' 

hav<, 

, 1 

h ?~ LOI + T2 '?; LOJ ~ Tl?; id {=> [Lo] ~ Xl] 

[rI?; (co(det(c)+))) ~ T)?; (x) >1< ('2) + T:2'; (.1' '" ('2-1)] {=> [(c~(det(c), ))) ~ .T) '" r.zJ 
[r2'!; (ro(dct(rZl ))) s: -. (.T) >r r) ,l)]'{=> l(ro(det(r2~))) ~ .Tl'" rI.] 

The su('cpssor prOCPh:O ;rI must t}H'Il satlsfr the' (,OIlstramtfl 

LOI ~ ;rI 

(co( det (c) . ))) ~ .1', ~ r'2 

(co(del(c'2' 1)) S .r, ~ (') . 
'·-r 

1 o 

T.}lf' queb tio of th!' t prnlÎnatÎoIl oj 1 }}(' rl'( llr~lOJl Ih a 1:-.0 éi tri<" kr 011<' In tlw-

ory. the' recursioll ü'rruinatp"i W!H'II al! 111(' }\('\\ (,OIl,,1.ralllt'- that are ?,c'lH'ratpd hflY(' . -
a}r(':rdy b(,C'Il ('Il('01lI11.<'r<'d dllrillg th(' ('XjHlll"lOlI pTO('('''''' In otlj('f word,,', If the' COJl-

stTaill~ 7i1 (T) == (I() 5 FI (T)) ];, gPJleréttl'd aud thplI -~'ilI1J:-'(lqlH'Jlt}) ÎI)'{.1') == (/0 S 

F) (.1') ).1. ~(lr;' Cl = e J' duc t.o the' ~llliqu(>IlP"" of t!l(' l1lill1111~] !:o;>]ut 10;; 11 followh tlwl 
t.. • .. , ... 

" .1'J" WC' cannot, in thC' gpll('ral ca"<,, lllSUTC that at SOlll(' pOlIlt no n('~\' COIJ-

straints will bl' &rnprat(·d. In practÏce. when the con..,traint" that wC' arC' solving' 
~ 

an' ('xpresspd uniquel)' 111 tcrmb of fini,te diru<,nsional proc('..,~(> ... and fUIlctlons thôt 
, . 

pre~.Çrv(' f!nite dimemionality, t.ermination of tlw re(,UT~lon 115 ('vident froIll thr finjt<> 
!l: 

1 / ' 
number of ('()llstraint"i that ran bt> generated 

Ali of th~' above results ar(' cxtendah!C' 1.0 thr ~tlOll o( tllp conJunctioll of il 

finite number of simple lower constraints. 71"(x) ="I\~ o(lt $ ~ (x)). wherC' tllf' ~ 

.are addit.iv<, functions. 

.. 
. / J5 . 
.1 

-~.-
f 



Severa] ipteresting question!') relUaill unanl.,;wer<'d. ",'hat aT(' th<, ll('(-(''\sary ("Oll

ditions for aIl the S7r. 1.0 he finitely ba"f'd'~ What c1ass of constraint~ yield" a finit(, 

dimenslOnal solution? Can a IDethodo)ogy br found for ~ol\'lng constramt::- i1\volvin!!, 

non-additive functions? b it po..,~ihl(' to !-lol\'(· comtraint" InyoJving morC' than OIH' 

ocrurren("(' of th€' prOC('!-l~ ullknown (Ir. 'n:S: F(F) (.rI. F2(rl) and if ~o undpr what 

conditiow,'/ 

• 

\ 

- ';6 -

-.---- -
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Chapt ('r () 

6.1 QU8lifi('8tj{JIJS 8nd R('strictioll~' 

A ut OBlat illg 

the Syut l}(\si~ 
Procpdl1r<-'~ 

~·Th(' eXI'itinf, Îlllplrm('ntatioll allow.., t h<' aulo111atlc g(:IlPratJOn ,of thl' mmîlllai 

, -----
, ~ohJtivn sati'ifymg; il hm..,traint Of!t}H' forlll 

fI 

ir ('or) _ 1\ (lI ~ ~ ( .r ) ) 
1 1 

, ,~ 

\\" }wrp t II<' '1 '" an' finit (' dilll{'ll~lOllal and t Il(' l~ '.., 'arp addit jve fUllct1'mt..,. T/us lJl",un'''' 

,that tll(> solution "'<'1 S)f i~ c!os('d under addition and th('refo.T(' that tht' glb of S'Ir Il> 

also a solutioll 

" 

, 

.. 



ln practlfl' t}w FI'" are made 111' of éI ('OIlJ1HllaTiOll of lh(' 0j)l'rator ... co R,HIlII L 

COlJ"! 1111! prOfP ..... (Ir ,. [: fJ TIll' fnm f J(jl, {Iff' ". r" f 1" add JI J\"t' If tilt' cotl"llllJ! 

---~----- ----- -- ---,--------~ 

" 1 \ ('Ill- y}jI' ,>(lIIIII"I] proc!" ..... II (dll 1':\dJilll;.!.! 

,O]HTitlIO!1 

</ 
,L(I' (11)(l r llf rTrlCt ln'" tillil/,~dJI1JI'II~J(lll;"j-jlr.,,~·~ ... "'" 14H:' :11<- ~H+i''tl,H:l''',,:+;r,--t''''''·'--'"7'------

for 1.1)(' (·0l1-.traI1l1 

-;- _ (1 -:: r . fi 

/ 

- -~-~ 

II all;-îJ~I~ lilTtI'T "câÏldillorf tr;tll ... l;tTI· ... to r C Pi J C l', ;lIlIl L, .. ' Er . Lr rllr 
\ ' 

any j' "ati"fYlllg, lIlt' C{)1l-1riùllt, the COIHl'0"'ltl' (".I lllll" ])1' tr_ICI' if PI "111'-1' '-1 .... 1 rdf 1 

Ih~ funrt IOn R (r 'J.r) i!- addit h'(' "inre it \" rotll!Hl"(,'cl of addtt n'c' fUI1('tion~ tIDl,lYlll}!. 
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( ' •• 1 ::; 1. 

~('fY{'r , ... ' T}J(' l'ro('~'-. ... "JIll ... TI'CJ\lIr('d 10 "'<lll~f~ 11 \'irll1ahl'iltlOlI prllJ('ipk with 

lor 

,L' -,,/ 

., , 

d, "j_I" r, :,ujL' ,,1 \ l'" It lll,!\ Ill' 1.(",;.:.. Il! rIt! III n .. !tllrt III ,j.,1dltIOIJ il "'ollltlOJl Ji 10 

'~I \. :"'f<l!"'! l''JlIl(,'' 1:' ,ndJl]ldl1I,/ .qlJ'P"'P' ('·/I((lJll.tJlI"'po"':-11)ktra~,-

1" 1 1: " l' " " l'J' '!' ~d t 1,1 il! t. Ir:, l' ro. (" TIl' lJi"1!!2.!-~()1"'~W-ttl--..-rrTIf)0 îIï\:;j~ ... t II<' 
1 

r'lllln,,] of ("II1IJillllll ,,1 IOll • '."'Id, \\ h,,~; (11'( I1r T I JII .... )('tI.} ... Tu TIJI' ilfll'lllllllg d('<I,<1-

451 .J 

/ 

-
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R.psults 
1 

• 

!>robklll" and llWIr fOrJllu!lllioIl~ wltlllll the fenil'" of th .. D< 'P lIH)(!(,j w(' are ahk 
, 

to rOlllpàn';1"J)(' r('"ult'! with in,fllitivf' ('xj)('ctatlon .. and l!tl1" in "'OHl(' "pU"'(' <,vall1af(· 

\ 

7'.1' AU81ysis 

7.1.1 Simple> Re>sourt'(' AIJot'8tor 
~ 

COJlhldpr cl "Illlplc' rPMH1f«' allocalor lhal routrol" 1"0 ,identical f('~qUfCf' I1llit~ 

and d('al~ wl111 two Cl1stornC'f~. Each CllstoIll('r llon-det<'flIlitlisticallv requf''ib Orle' , . 
urlÎt and T('turn~ 1t or ~('q\leJltially r(·qu<,.,t~ IWO Hml:, hf'for<' rdC'a. ... ing 1>oth Cu:-,-

-



, -

• 

{ 

tomer, is modeled ah 

1 

\-' 

Fig. 7.10 

C t·C'/· t = r,., j,~ 
CH == 9, :. CI 1 + g, ?; C, 

C,_ = "',I:C, 

CIl = r,I.C,I _ 

Ctl .., = !J,". C,2 

CI:! = '''I~:C,-

TransitIon dlagram for custoruer i 

where ri' g, . . Ir, correspond to t hf' rf'qu(>';t. grant. and surrender of ont' resour('t' 
o 

unit for fustorncr 1 

The allocator initially offers both resource units to both customers. but afte::-

havmg granted one to customer t. offers the second unit to the Saule customer until 

- 51 -



hoth unit!:. ar(' retuTlwd, The allorator i1-> lIIod('lpd al-> 
( 

A:::: r,'!;A, () + r2'!; ..10" 

A, ,0:::: Yl!;A'I,O --------------
__ ----~----------------IlAl;l~,(~)~rl'!;A,. ,0+ '~I'?;A 

( 

AII,O:::: YI!;A2 () 

A 2 ,o :::: 81 '), A Il 

A (l::::'~ l '!; A + r2 '!; .4 
, "' 

Ao,. :::; Y'l!:Ao J 

AO,I = 72 '!; .10 ,1 . + ,";1:': A 

.... . .'10 " :::: !l'l" Ail :.! 

Ao,:) :::: l'''i: . .1 0 

Ao, :::: ·~2':.A + ,,': . .4 

.1 :::0 4," • .4 0 +!l'2''.4.,. 

A . :::.. '''-2 '!:}4 () --i !f": .4." 

A •• ;:::: '~I",A(ll + .,'!.'.': .4"1.11 

th<' r('!'lourn' d('maIlâ: of (', III fan. "111('(: (', 1- 1l01l-<!C!f'TllIilliQw, .4 • (':! IllU"of 1)(, 

ahl<· to rOll11'1Id wlth tl)(' "11111 of t1l(' ]H'}ld\ !Om,l] jlO .... "tllllJtH.· ... 01 (', i1~ TI'pr('M'llfl'd 

, , 

A,. (''!. r, ') (.4. () ,. ('2) 

A.o·(':!:c-y,' (A 10 "(''11 

AI 11 ",('2 -- r,') (A, (j.(':!).l- "1'/'(.1 '" ('2) 

AI· ,() » ('2 = !II'. 1 .4 'l (1 ,. ('11 . 
.42.()'" ('2 =- ",') (A Il ,. C:d 

Il'' ('2) + '~I'!,(A '" C 2) + -: (A.,." C2d 
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J 
Fig 7 11 TranSldon dlagram for ~lmplt' resource allocator 

E\'aluatJOll of th(' LISP expre~Slon «= (V (x (A C2))) (co (det Cl)) returns t, 

verÎ'rymg théltt • Cl mdeed satIsfit' .. ail of the reqUlrements of CI 

ThJ!- example 15 a partlcular lJ}<;tance of a rentrai server configuratIOn In gell-

eraL. a central server process A "'III b(' requlTed to satlsf~; a fimte number .1\; of 

(pos~ibJ~' lIon-determmistlc) cu:;toIner pToces5es Ct,r = 1; l'l,' The central serveT 

- 5:1 -
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may control shar('d rf'SOUrreb and arhltratc bf'tw('€n thf' rustomf'rs in a manner so 

that they do not intcrfen' wlth parh othf'r Ail approprlat(· alloratoT mu"t satisfy 

a vlrtuah~ation pTIJIClplf' wlllrh btatr..lt\at the lIlff'TnmIlf'ctlOn of th{' alloratoT and 

a1l titI' rustom<'T" other tllan C, mu"t ('ontalll th{' l)('havlO\lr of ro(o('I(',) Thi:" 

rondit ion llI..,un'", tha! the ("Il..,toruef (', J'" Ilot hlo("kpd IIlcldiIlltply. 

Î 
7.1.2 Alt('rulltillg Bit ~rot<)('o1 

The malll o},.J('C'tn·C' of altc>rnatlllg hu PTotO("Ob,.Îb to provid(' a rdiahl(' cotnrnu· 

10..,..,. VariatlOJI;, of du" tnH' of pr(~ro("(~1 ha\'(' 111'('11 dhrU.,..,(·d hy LYIlrhI24]. Dartlptt 

('t al (25]. and DO<!.llIlanu!26] among o'thN .... TI\(' ('..,~('Jltlé11 )(lh! of tll(' 'protoC'ol j" 

the nght "';'fl1)('11( e TIllJllh('r ,-- TP( ('1\ (.<1 d 1)('\\ 1111'--"")2,<' \\ Il li tll<' --('(!lH'lIn' IlIlIllh('r 

rOIupleUH'nted 1" ..,('Ill (h<'Il(,(' t hl' 1Ic111l!' of t Ill' prOl})('u!) 

U11""IOIl ('TrOr" afP «()lllj)('ll--dtf,d for througlt TitI' l'Ilt('IlTlOllal tran"'Illl"'..,lOIl of an mror-

would. Iikr to v(,Tlf;. t bat the protorol do('.., UH\P(·J trau!-.form an unrehable channd 

mto a rdiahk onl' 

- 34 -
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The unreliable communications channel either dehverb a message correctly, in-

troduces a'detectable error mto the messag('. or loses the message completely lt js 

modeled by the non-deterministic process 

Cm = L (u'!, Cu + u?; Cu~ + u?; Cm) + L (T o?;('" + II?; CV, + f"!; Cm) 
ut: (! p,' ~ 

Cu == û!; C f1i 

\\'heft' [f = {Tl/o. TIll } rOIlloistc; of m('~"a1!;('!oo froUl t lH' "pllder \'I.'lth a 0 Of a l appended. 

signàh, û~ and Î'" ("orrt''ipond to effO!H'OU" trlllhIJJh"I011:-'. 

So = nI'!. Sm" .,.. '.'" ,). ~'). '" ., . 
, fit, = trt(}., '''i1" + IIp •• ,Sm" + (JI .• 1-)11/" + ao ..• "ll 

.... - ') .... . ') '-; ,').,. ..) .... 
"âo :-: U e ··· TlLu + (lI " m,. + .' ml' + aU ; '''1 

.", = Tn·'. Sm, 

Hml 7rl,';·'-'û, + ûp ·, .. .,·1111 + iio·' .... ·;tIIl + il,'!.S() 
... • " ~. ")' f""" .., L' 
'''Û I U,. '''ml + lIt) ""'ml + ; '''ml + (lI " "0 

where m j" Hu' IIl('!-.!-.ag(> to be trall'>mlth·d. Il 1" du' arknowledgement. and t II> a 

time-out slgn~l .,eIl t hy t ll(' tirrH'-ou t pron'''''' T 

T = t!;T 

•• S.5 -

-----,- --.----------_._-------- ~.~---. --- .. 

• 1 

J. 
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Fig. 1.3 The Sender proct:Ss 

ThE.' Receiver procf'SS is modeled as 

If the protocol works as it is supposed to we would expect that the intercon-

nection of Sa, T. Cm' and Ru would be equlvalent to a simple one element queue. 

Mathematically, this amounts to verificatIOn of the equation 

- 56 . 
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Fig. 7.4 The Receiver process 

whel't' by Qt we mean the single element queue defined as 

", 

Qf = L x?;Qf(x) 
xEX 

Qf (x) = x!: Qt 

Calcul~tion of So '" T '" Cm '" ~ with the aid of the automated analysis sys~em indeed 

X yields QI . 

- - -_ ..... _-.- ~-_._--
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7.1.3 Dekker's Algorithm 

.. 

Dekker's algorithm is an ingenious solutlôn to what is known in the references 

as the fritlcal section problem. When several sequentlal processors may asyn

chronously lllodIf"y dat.a 11l a shared IIlemory space It 1" JleCf'ssary to prevent si-

Inllltaneous acc('s~ and changes by two or more of t,JH'm If tlll~ protertlOn is not 

provided there i~ no gllarantee that the dat.a wIll falthfully reftpd. tlw mt,ended modi-

ficatiollS. The sectIOn;, of the programs rllnIlmg 011 t.he varJous proc('s~or~ that accee,s '\ 

the COIllIllon data st.ore are ralled cntJcal ~('ctIOllb TJl1l~ 1.h<' problem li-, 1.0 insure 

that. al, mo,>t one of the' prograllli-> hai-, ()ll!('rpd 11.s crit1cctl sectlOll at any Olle time. 
a 

In order to cffect thi~ TIlU tuaI eXdUo,IOIl, 111(\ progrmn:-, C1l11 ronllImnIcat.e t.hrough 

common varIable" kcpt 1Il the shared UlPmory ;,pace Wc' ran ili-,i-,UIll<', without lo~s' 

'of gelwrality, that the program~ are rydir Further dl<' following a~buIIlptions arf' 

• 

(1) Wrl1.ing to and reading from the d 
operationb. 

ta ~î are ,onSldered 1.0 b~ indivisible 

C 
(ii) Siul1l.1taneous acce~s to a com~on data location t:esults in 'sequcntial access 

,of unknown order 

(iii) No assumption~ cal! be madt' about. th!' relative ~peed of ('xecution of the 
programs 

ri ,1) 

(iv) A program may haIt outside of its critical section and this must Ilot interfere 
with the othcrs. 
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Fig 7.14 I~'all.Lf'd !\1utuaJ ExcJuf-lon Procps~ fJ 

'I11P solutIon r~" tl11'" proù)(,lll \\a:- r-o f'lUS1,,{"thar "orne rescarcller~ doubted that, 
. 

J't ("ould oc ,",oh'ed at allj2ï] III order to appre~iat(' th(' !>ubtlf'tl(>~ lIH'olvpo conslder 

. the trial solutIOn for two sequentlal prOfesses expres"t'd belo~ ln pseudo-ALGOL 

hegin boole811 (" l'. c2 . 

end. 

d := c2.= truc 
Pl:begillAI rJ ·~/al.~c 

LI if not(c2) thell goto LI. 
cntlcal sertlDll l. 
cl := true: 
remarnder 01 program 1. 
goto ~l 

end, , ~ 
P2; begin A2: 'c2 := liûse: 

. L2. if not( cl) then goto L2: 
critlca! section 2; .. 

end 

c2 := irue; 
re'mainder of program 2: 
goto A2 

1 

Th'e idea here IS that the vanable ci is l>et t.o true when P.i is well outslde of its -----critical section. Before ent.ering' Its critlcaI sectIon Pl checks to. make sure c2 is 

: truc before proceeding. If c2 is falsc. indlcating that P2 is in. or about to enter. its 

cri tic al section. Pl waits until c2 IS reset. 

- 5(1· 
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An approprIatr "'Ü)utlOll IUll'-l gllaTétllt('(·. aJlwng ut1H'T thmg'-. thal (k<l~iIo("k 

clop; Ilot ()('ëur and thal mutllall'xrlu"lUlll'- l'nfoT('('d. Prp..,tlllllllg th111 wc raIl falth-

fully mode) thl' rOlJCUrT('nt prograIl1" P,j .P2 hlJd t}w YarJll!Jj(>~ cl ,r2 a",· thl" DCP'" 

PI' P'2' rI. and r2 rf'''J)('cli, p)y. (!t·ad)!>.};; ChIJ hc' l'il ... dy dr>tf'cf(·d lJy t1J1' PTP"'('lICf (lf 
f 

" 
tlt(· Il 11 Il pro("('''''' 1ll dl!' C(llllpO"o111 FI • r] • r? • P:! or 111 PI od Jr'2c;,l''2 ~11li1J,11 

.' 

Il !II III - U:: l' ~ 

j 1 - • 1 }' 

\ l'': }I 

..---...../~ 

b t 11 1) t rtll !lI\I tL 1 t (J \ (,Tlf: 111;" • Ht Hull lld; 
, 

1 :' ... ( j 11' If l~ • f o:idJljU} Tl j- ), 

and pf'rhap ... k ... , rOIltTl\·pd. appToarll 1'" 10 IIJod, J th! rOW'lIrn'JjT pr'll:.:riil1J'" a~ ru·,. 

" ,'; '-oiolll('r~ ""yl1l~ for il---Bllll.pH' Tf>"'OUrrr JlJalli1~/ Il !.\ "orl,/ a),qnl!O[ ... 

, 
enter It~ cTJtlcal SfftlDn. arcept ... a grau! Iy,

o

,,/ from th(' al1ocator !'('forl' pn)('(·(·dHlJ,:. 

fj() . 

's 

-



',,,,,,1;" ,... 

Fig. 7.6 The variablE' à 

gr an tmg of permissIOns wO,uld be in fact the ln ter<"onnectlOn of the process~ (c 1. c2) 
\ 

reprE'sentlIlg the shared vanables and two other processes (P1 .,P2) that acres!> thesf' 

vanabJE'!> accept requests and surrenders and Issue the grants Mutua:1 exclusion 

wou}d be guarAnteed if the equatlOn 

. , 
wherE.' the process 1-1 J~ defined.as 

1 ~ 1 t' , ,?' 
1-1 = 91 ,1-11 ~ Y2 ·.1-12 + r! 1-1 ~ "2' ·11, 

, ,?' 1 ?' 
111 = oS 1 •• j.l ~,. J 1-1) -t 1'2' • 1-1] 

. ," 
1 ? 1 , ?' 

1-12::0 $2·.1-1 + 1'JI-l2 + 1'2·;1-l2 

could ~ shown to be truc Agam thls ("onditIon will hold only i~ matchlng grants 

and surrenders are not mterleaved. 

TheM' examples demonstrate the fiexlblht)· of the DCP mode} and show ho'" 

the same problem can be forrnulated in ddferent wa):s The approprtate formulation 
, , 

depends on thE' interpretatlon that w{' chôoSe to assign to the ab-stract models th~t 

- 61 . 
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ri Il) - R r, t 1 )' r, Il' • l,' ri " 1" (" 1 ! t 1 - 1\ rI 1 fi" r 11 ! 1 

nrf: - Rn[jl' ril!1 .n"ifl" rllII + l'nIt)" 1"1(11 

rI l' ri (l" f' lrh,rl 

P1cI.,d =- fl,.'!1 t," Pl v< - Rr!i!''', FI'dll1 

Pl<1' ::. 9 1 " f'l'u rr<;,,',ùr 

)11 .. fi r f" t fi dl' ' 1 .. f' J Il T,/!nd 

1'11.1,,/-"'''' " d 1 ~ 
1 f'l 

J'l'j'Ilt ::- R,,,!lI' l' 1<1, 
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.. 
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(1) P2 ;..('t-. r:! to ftlJ.~( 

\ 

(li) P J .. (>t .. ,.1 Id [ah, . ' 

.. 

11\ 1 P2 f'Xilllll!H" 1',1 1111d fiwl ... li Til 1 ... /11/8' 

, ." 

.... 1 . 

\' PI alld ":P2 (~dt 
tr;'-it ~!li f,t!lfrl""IJl 

• ' ~, • ,: > 

1 1l! C k mg ;'l'Tl<d Mf· ... r:! ,t!ld- rI .n ... JJPrt 1\'1'1) . pari! 'h.-b"VIlI).!. 
i'- c::ntl('al"l'f!IOL 
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Dekker's algorithm ran 1)(' ('xprE'l\:"cd in pSf>udo--ALGOL as follows 1271: 

------

begin boolE'll11 d. ("2: 
int eg .. r tu r1/; 

cl := ("2 := truc: turf! ;::: 1. 
Pl: b .. gjn Al. rI .= In/St:: 

rnd; 

LI. if ,10/("2) tJu'n 
brgin if , ur" =: 1 thf>n gotô LI: 

rl".==Iruc. 
BI: if tUTTI == 2 then got.o BI; 
goto Al 

nil irai .~crf;01/ 1. 
rI = (rllt. IlIrtl'=: 2: 
rrTl/flmdf'r 01 program 1. 
goto Al 

P2: hf>gÏil A:? ("2.= fal...,. 

("lId. ' 

L::! if 'IO/( rI) t h('JI 
hf>giu if 'lJ r1l ;::: 2 tb«>J1 goio L2: 

("2 . == 1 r1Jf'" 

Il:? if lurH :::: 1 th("JI go.o H2: 
gnto :\2 

(·ud. 
rrll,ral .'l.re/IOT' 2. 

-. --------..f2·= Irllf. IlIrll';::: 1: 
N~ff·~-l)LpmgTl/1II 2: 
goto :\2 .------~ 

\Y(, o.;hall attl'Ulpt to "('rify Ih rorr('ctJlC' ..... y. it il Tf'''I)('ct ln lllutuai ('xdusion and 
, 

ah"('ll<'(' of (h'adlor k To ilrl'tolllph.,h 1111" w,· h"):;111 \1\ moc!elmg t 1)(' vana hh'" rI and 

r2 a. ... befor(' The vanabl!' IlirTl ) .. IlI()!)(·I .. d "'lIll1Jarl~ a." the' l'T()('('''''' t(l) 

1(IJ;::: Rl(l)!.f(l) + R;(1)':1(1I- + U',(l)":t(l) + "",(2)".1(2) 

1(2):::: R,'(2)'.1(2) + R/(2)':I(2) ~ H't(2)".tI2) + W,(l)".f(l) 

~ 

wheJ'(" the Hignals'R;r n)'! Teprt>!oI('nt pro('('!>!-I 1 f(~tiIlg thl' valut' of turn. The program 
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PI hLmodeled as . 

~ 

Pl =- "'rI (Il!: Pl('herk 

P lcht:dr ::: R('2(1)'!: P Igo + Rd (I)'?; f!l turn 

Plgn ::; gI!: PlsurrPfldn 

p l~urrf'ndf'r ::: .~1·'. P 1,.0.,( 

PIre",,' ::: U'd (/ )!: Pl,url lum 

Pl nrxt turn ::: n·d2)'. Pl , 

" 

Pl/urt!::: R,J (I)'!: Plrht'rk + Rtl (2)'!; Pl,.t'sf'l d 

and progralll P2 1" 1lI()(lt'!pd in Il ""lliJar mallJlPr 

~'aklilatl()Il of PI' d(t). c2(1)· t(l) x P2.yj()lcl~ fi Iloll-.,tabk proc(',,>:-, that i", 

rkadlock-ff('(' The pw('('., .. \,'- R(PIUrl\tlC1r2(t)O/(1)OP2) j., dt'scrilH'd br tlw 

fix('d pomt ('quatiolll'l 

7,1,4 

X ::::: YI': XI + Y1!: X 1 

X, _-:' ",':.X 
,.\'2 =- .... i'· x 

puriJlg N .. twork 

---.~ 

f-

A 1 ypical (,Ùil~r(.nrm!; rlf'twork C'()nSI~t~ of l\ n undlf'r of id".n tirai 1 f'TllIUU,I .... ('011-

1l("C't('d in a liIt ar c~Jlfigurat 1011. t hrough a COIllllIlII1lC n fi<nt~ldg,(' Til!' hridg.· ~('-
'-- ,,,.. ~ 

rializt'S the park(·t",sput ~roIll 'tl"rmmab br tlU~(' of arm'al Th(, p~g('{~~hl"lI 

'rehroad""" hl' th.,hrul •• , '0 ail of ü ... teruunak ln ,h" rnanner .ad, ,e~m~~ 

• fit; -
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prohkIU is,,'o. how('v{'r. wh(,1l it l'i 1lf'<'.C''''oary to traIl~mit il "('rlC'''' of UllintcrTllpt{'d 

pa<'ke'fh. Th(' Il rkeh may rontalll. fnr IrhT8nfC'. ~rap}ll(," prÎullll"f>" rhat Illu~t b<.' 

\ ' 1 

'rruph·d fa..,}1I0Il to produrp a fa\thful di ... play at f'arh of th" 
, 

lIIJJodafl' t}lI" pO""lhdJty l',,dl f«.rlllllléti wu"t 1)(· abJc. To 

. , 
gain l'Xcllhl\'I' ('ontTO) of t IH' r d~(' 1 h1\'- m"'lrmg 1 hat t !u' parkl>t .. that il "plId" will 

, , \ 

~lOt 1)(' inIPf!p,I\'('d wIIIl otlwr'" II' l'rohlpllI ~ .. to d('vp)op a "\Jltal'J-t(protocol that 
~-' 

tPTlllina] ... and 11 lllilX1I1JIl1I1 of 1\\0 park",,, 111 tran"'l TIl(' "tratl')!;Y 11,,('<1 h~ tl'rIIIlllltll 

TIll'" l'OI\lt Thl tl'rIulII.s1Ij.!,lIorc .. rl·q1le,.,'" frOiIl 1111' oth('r !l'f111l1l.d and gO('" ahout il .. 
'\ 

hu .. IIlI·., .... III order 10 TI·lllIqlll ... h control of th!, hrlllgc qll' Tr'T1I1IIi111 agalll l'IlIi", thc: 

tt'(jU(· ... t "lgnal . On t III' ot }wr. halld .. lf H fOff'lgn fI'qlW .. t 1'" r!'('('I\ pd ppOT 10 t II(' ('('ho 
'. 

, '" 

oflt<., OWll rPlllw"t T!~(' tI'r1llillal a~'llIlH''''lhat allo!lll'r tc'rJlllIlal ha ... ("())ltro! illld,walh 

III orct('r to \'('rif) thal Ill(' proto('o! prop0<"('d aho\'(' dm':, ind('('{l guarantN' lU\}-

~. 67 -
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lPode)('d by th€' proc('Ss t l as definf'<l h~ 

1 

tl = rI!: O'ratt't/ + r2,'!; fIulalt 

tl/ut~n = riJ'?;tl qn + r2):l1 u'alt_ 

I1go = yl!:tl uM + r2)'!.tl go 

t l u&( = .'1I?: f Ir(hnqtJ,~h + r2) '!: l1u6t' 

ll,.rllnquuh = rl!:tluha + r2,.tlr('llnquuh 

l1~chn = rl)'!: fI + r2)? fI re /1CI 

tl...,alt = T2) '!. t 1 

tl uat'" = Tl)'?tlU'Qlt + r2 t '!· tl l16,w 

Herf' the signa:h .. Tn , ? correspond to ech~(>s of request!- from the n,h terminal sent. to 

the ith ~ermmal by the bndge n;e ~;'m bol~ 9 l'and sI?" are the externally visible 

signais mserted to mdlrate when the terminal as!>um('~ that it hab>eontrol of the-

bndgp 

J 

r217 

,.21 7 

Fig, 7.8 TraJl!-1 t IOJI dlagram for termmal t 1 
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The bridge is modeled as the inteN"onnection of a FIFO queue of length two 

.( ./' -
a,,(d a broadeaster process that takes messages from the queu(' and sends copies of 

.. 
tbem to both of thE' termmals. The-queue aets as a buffer and accomplishes the 

task of serîalizing the messag('s lt is defined by 

Î 

Ql' = L r'!, Q2\ (.1') 
T' X 

Qi' (l') = .i:!; QX -+ L r"!; Q2~ (r • .l") 
T', X 

',. 

wh('re X = {rI. r2}. . " 

Fig. 7.18 Transition diagram for Qf 

• Og· 

.. 

. , 
--_ ..... """---~--""'------_._""'.::, ..... "''''----- - _";;'-'."~_' --............... ~"--.... ---~ ___ - __ -.l"It, ____ ..;. 
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The fixed point equations for the broadcaster are 

B = rI?; BI + r2?; Br2 
Br] = rIJ!;BrJ:z + r12!;Br]1 

Br]:: = rIl!; B 
Br]l = rI]!; B 

. B r2 = rZ2!' B r2 ) + r2]!; B r22 

Br21=r2J!;B 

B r22 = rZ2!; B 

.,.-' 
NotÎ<'f> that the bruadcastcr 1" ,flexible in that thE' duplicate messagt'S are not always • 

scn1 tu tll(' 1 f'Tmmal", lJl the sanw order 

Fig. 7.1g Transitlon dlagram for broadcaster B 

- 70-

... 

1 
1 

• 



, 
Using tht> automated analysi~ system to calculate t l 'l'QI *B*t2 we discover that 

the interconnected sy~teIU 18 dehdlock-fr('c. Cakulation of the reachable behaviour 
, \ 

of the composite yields a process tha t ib ('quaI to t~e idealized mlltua} exclusion 

prOCCSf=> Il indicatmg that mutual exclusion I~ enforced by th~ protocot. 

7.2 Syuth('sis • 
. ' 

7.2.1 Simpl<' R ('Hour('(' Allo(',ator 

ln thls ('xampl<' we examinc tll(' probklll of dl'signing a simple cpntral ~prv('r 

l'rocp.,,, that lllanage., two Idelltieal r('<.,o \1 r("(' IllJlh h<,tWN'Il two ("lli--tOIIlcr<., Each 
\ 

CI = r, '; ('1 ; 

CI' = 91 '?: C tl + Y, ? Ct -

C, = '~1'~ ('1 

CzI = ri!; etH 

CIl' = 9, '1: 012 

(;t2=81 ';C1 - . , 

It I~ the a!lo,ator-, job t<: acc('pt Tcquesh. is",ues grantr" all~ aecept re}ea8('5. In doing 

so It must not violate the physic,al COI1stramts of the situatIOn. ln oth<'T words it. 

---------______ Inust only lr"SlW a grant. Ln fespons(' t,o a f('quest from a cuo.;t,omer, 11. must, Îb~u(' at, 
----------~ ~ _ ___.........___ 1 

most one graI! t peT ref=>OUf<'e umt, and it must k('ep track of the available rcsources. 

These physlCéll constramb are illustrated graphically III Figure 7.20. 
--~-~--

...--..~----~~ 
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un its ~lIoc~ted 

Cons(,T\."(j t IOIJ of TI t'bouret' Ü niT!" 

, The allocator may exist in each of the st.ates indicated on the graph. A request 

frorp a eus tomer effedively increments the number of queued requests by one while 

the surrender of a unit decrements the same queue. A grant simultaneously decre-

ments the request queue and incr~ases the number of allocated units byone. The 
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L TI".Lul + T'l':' LOI 
~ 

LI il = TI '1 LI 1 + T'l'!' L Il + ." I? L -'- .,,:!., i 

L20 = TI '1. L .. n + rz". L21 --r ." l':' LJ\) -'- ''''2'' LlO 
\ 

LOI = TI" Lo:! +":/' Lm. -+- YI: Lili ~ y'.!' L\'\ 

LJJ~ TI"·LI:.:-t T'2" L I '2+Y" Ul1J-y/ L:!(JI+·"I"·LflJ~··,,:!:LIII 

L'lI = Tl't.L',!',! -t r'2·'.L,!'2-+- ~I'! LI) + '~'2":L11 

Lu'2 = TI":L II:: + T',!·'.L(J:\H !ll'·'L]1 -+- Y'2' LI] 

L " L ., L' 1 L )'2=TI 1::-1 r2' I::· .... '!I,· :!, 

L'1.'2 = .~) '! LI'.! - ":/!. L, '.! 

Lo:\:::::. T,':.Lol-t r:!",Lllj ~ !l,! LI''! - y:!': LI'.! 

. 

!/J', Ln - fi'!.' L'!.~ -1- "1" Lu:; -r ·'·i'·L(j:~, 

!I J' L 1:\ ~ !1'1' , LI:: 

, • 0 , 

tu l'Hel! ('11,,101(H'r J'hu .. tJj(' aJl()( dlo) A " ril1J .. r "'j;jJ-I ... t~ ;!J( (Oll .. trall!l 

: 1\, 

Th~' fillltc ~lat(' dJagralJJ for tll(' ~'oJlltlOll }))-o('(''>'' A' pr<)ù1lc(,d hy the au(oIUati(' 

\ \ l '" 
~ .., 

SYlltla,,,,j ... progralll 1" ... hown in FIguff' ï .21 l'bing tll(' autolI1atpd éinaly ... i .. ajd~ W'(, 

. . ~\ 
can n>rify that the (,OIl"tramt .. an' IIl(l(>(,d ~éitJsfif>d L~ thi~ pr()('e~.",It 1'" 1Ili('r('~tlllg 

to ('ornpar<' thl'" aJlocator to t]w OII(' df'rl\'rd IIlélnllally mtrodu('('d III t 11f' anaIY"'l!-

factor of tl\(' autOIilatJ('ally ~('ll<'rflt('d -"0111t10J1. 11 contallM> IlIaIl~ won', po" ... Jhk 

h<,hayiour patterm Thi" I~ 10 })(' eXIH>('th1. how('\'cr. a!o\ dl(> automatKally d<'rlyed .. , 

allocator sho1d aftf'r'all,lw the mlIll111Um prO("('HS sat.isfymg th!, constraints. lndeed 

a ,quick cher k V('rItiPb t ha t ,A 1 ::; A ') 
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Fig. 7.21 Minimal Solution Process A' 
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'; 2,2 Train Di~patcher 

Thl~ IS another rentrai ser'\"~T type problem wlth thf' iotere5tlng n'I1atlon that 

a tralfl dl"'patcIII:'T tJlht alJ()('al~ 1rhl"t ""'gmpnl'- 1u Va.!"IOU'" tTam~ whu nf'f'd ÜWrI; 

T(\ rOIllpl(,tf tIJCIl" JOUrIjf'~'- • Ir/tl:"'" ra"" 1"0 Tralll~ tnS\'ell1: Opp<r>lt( dlTE'l"tlOll" orl 
" 

four trao. "('~l!j('t.\ ....... )th Iwo C'TOS!>OYPT POint, ,-.,PI Flgur. -; ::!21 Til<' tTal,*, aTf 11U: 

f, 
1 

" 

• 

Fig. 7.22 

1 

Trains A and B OD the teks 
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gTi1111'- fTow lllf dl"'Pil1dl' r JOT 1!J. lll,!rj{ 1 ri1f k .. ,'gUJ/'llt IY!1. ') or dl(' ollt-'ld, trll( 1-.. 

f/ lil '1 

\ } 

... , ~I IHIJ'~ ~ : ),dl \\.U '01 fr'qlllri d \'.. lllf/dd Tr;ll:l li il'" t il' lIo!l·d"t, rIlJill1 ... tl' l'TIll ('''''' Il 

-. 
, ,-

Il !II, " Il . 'II, 
. 

Il, 

)-
1 

JI 'II, 
1 

" 
/1 'JI,,, 

1 .h 

" 
') 1 

!II." . J, !II" 
., 

h, 

:'\otl Thar aft('f 

: 

track :.egIllcnt!'> a~ wc]] a~ thl' r(>quln'Ill(~lt thal thC' tralIl~ raunot "iwulta'u('on ... ]y 1I~(' 
1 

- 7(j -



\ 
\ 

.~ 

'. 

1 
<lU> f>llJhOdH'd III t lu proc·( .... i- L .. ", . 

L"'ln 1/(/ -:. LAI, .. Ih, t Ld ... 

L,,'I '//1':' L". .. 
IJ/" '. L"fJl 

L .. 1 Ld;), 1 

Ld" / 
YUII 

~ !I (JI 
~ 

1 

L ., 1 1. dl ) ~ !J,,, 
1 

Ld", !J Il j' 

1,." I/u '. > L" " 1.." l' - 1/11 

L" !Î(/, 
, 

L"!I !lOt ',,: L d/. r . 
L .. ;! 

.) _ L" ~ !I/., ~ Ld" '/<1 , 

L •. !I,,/ 
! 

Ld(Jjl - !lt'''!' L.{". 

1.1", IJI) ,~ L r1r & 1 " Ldp1 
. III, 

" 1:./. !lIJ (1 

1 
L'''OI 

. -, L d'J II/" , 

,L"", IJII 
) L,J, - !/i., 

, 
L""I , 

1. ,f !Jill' 
t 

L~"l/j . fil, '. L., 

1>./" '1,1 '. Ld, ~ 

., 
L,/t, <r 'II ... 

L", !I". 
1 

1~"'If1 ~ 
., 

Ldl III" / .. 
L"., '/ .. ',L,i, 1-

.... 1 L 
-!l&" " .. 

L,J, c:: 
!l'l' 

1 
1"4.1(! ..... !hl.:·L'1 

" Ldll 1/" "', L;/; - (1/" ": Ldll 1 

L.JI !1f/p L L',,,, 0: :t (J/., ';' L,t. J 

L,," r.";::: '1.1 
,/ , Ld, . !II". ! L,rH 1 

Ldl " L - , 
L", , Yci.,;·" "'0'- !It;" " 

''''''Pl 1/11 ": LdL if/li 
" L" .. , , -t 

Ld .. !1 III 
, 
.L""p -i mn ':. Ld .. .t~ 

" 
,. 

" 
Lduo- lj,,", L,J,' 

" 
-t- !/f,/ ~ L \(JI 

Ld" !/U/ 
, 
, L~,(> -t !I/JI 

, 
. LH) (1 1 

- y/.,,!, Ld", 
.. IJI., ". L .. tH 

III., L~ .. 1 

!II" 
, 

I,f, 

If J, , L'l" 

'11" L., 

- !II .• 
1 L,fll 

!/I., 
1 

- L' fl ... 
" . 4/:, ., - Ld"1 

... '}I.(. 
-. Ld .. 

11/ 1 'J. Ld,,, 

-t 
>, 

L,ft If/" , 

'//,,, 
'l, . Ldrl 

..... 11/., ':: Ldl " -
• 

t 1// .. ,':'. L,f"" 
~t %,,". Ldo." 

... 

qtm '/, L ." 

!I/" ',Ld, 

'lb ", L" ( 1 

[111 tlll' --dll)(' .... HIt- of th, tr<1f k dldg,r'ijll (d<l.\<1(,(,111 "('~Il1('111--) or ri .... 1\{,Jl 1l!(,\ an' on 
~ 

diff'pr<'l1l :-1,](' .... (llOIl·tldpl( l'lit "l'gUJ('Il1--) TIl(' ",>,,('olld ilIl,] t}lIrd .,llb.,rnpt'- dPply to 

outside trark (0)' A '+' I~ apIH'I1d('d to th('~(' If th(' tram ha~ rc'a,cl!('d a JundlOH and 

ha!'> r<'qu('!->t ('(} aBot IH'r i'!('gIIlcnt Th 1l~ t li(' pro('(':-,,, L ",11' dPélb wit Il the situat lOy 
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"" where the trains arf' on adJitCf'nt track M·glUent!>. Train A on th«' outside tra("k. and 

Tram Don th(> imndC' trad havm~ alrC'ady rf'qup<,ted anoth(>r "pgment. This pro("e5S 

j" th(',.minimum behaviour for a dispatdwr romq~t('nt with the physl<,al <,ollbtrainh. 

ln addit!0I1 w(' ,,'III reqlllrc tll(' di..,patr))(·r 10 ~ati~fr il yanatjoJl of th(" \'1rll1al-

IlmtlOI1 prinrlplt' Wllh r('~pf'("~ 10 f'ilrh of tht> tram!> Tht' dl!o.patdler D mu"t Ul(>(·t 

'" 

" :::: (L~(), < Dl !\(ro(dd(a)) 5 R(bCi Dl) Â(ro(dd(b)) ~ (n " D)) 
(. 

TIl(' ,litfl'Tf'Jl<'I' )WTf 1" t ha t tlll', H1TnTl·OlllU·("t 1011 of t l/p (1 j .. )tH t duor with Traill TI l!o1 

not Yf'quln'd to It(· "1allt<- TllI~ ill "ff,>rt allo\\'- 111(' cll"patrlH'r to dliln~t .. mind 1\," 

to whl('h 'rark If will offer Tram A ",JlIdl , .. tiII!' "1lI("P Tran! A dm'''II', rar(' whjeh 

1rark If tra\'(·I .... 011 

"'YII!È;'''I'' program j .. dqnrt,·d III Flgllre Î 23, {"pOIl \""nficatloll tlll!'- pr()r('~!J is !'>('('n 
, . 

., 
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·Fig. 7.14 Train dlbpatcher D as synthesized 
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Discussion 

Tl\(' Dcr Illodl'I 10; a "black-box" lIIod('1 thot n'pr!',>{'nt .. a .,y ... fl·111 Ily If.., ('xtC'r

nally oh"(,T\.d,j~Ia\"IO\lr ;\0 """ll111ptl()]l~ ,Irl' II);1. <! l' abollt tll!' IIdf'rIlal ... tnll'tlln' 

alld tlll' ''l'(olld 1., ('H.,!' of allclh"l"- III )!,('1\(Ti11 t!l{'r(' 1"" Irilde' oH hl'rl' \VIth Illcrp"",,,t! . . 
, 

II10dPllIlg power IlllplYlIlg T('dll('('c! i1llal~tlc(jJ d!Jdlt~· and .... IC(' \(T"a bld(·(.d Il \',Ior 

thi~ V(>TY TPi!"Oll t hat \\'1' lla\'!' (OII('('lltratpd 011 nn]tc-dlIIlPlI"'lollitl pro('e"M'''i .. 

Th!' mor!' Mit uatlOn.., that a lUodd cali aJpql1atdy ab;;tract. tll(' hetter. A~ Wc' 

.' 
h~tV(' M'Pli conurlllnicallOJlh proto( 01" and f('o;OlUf(' allocatIon Sy..,tCIIl.., can be readil'y 

. modC'ling of CO!lCurrcnt "'y"'U'IIl" éllld 1.., perhap:-. 11l0~t approprlate for the Ulode]mg 

of computC'r network protocols . 
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Th(· TPal advant agf' of t}I(> ocr llHJ(kll'" it ... Tl~OroH'" lUath('m~t lf'alJoulldat ion 111 ' 

formai pr('dif'tion and allaIY"I~ of ... YQ(·II1,lwha\·iouT \\·,tlull tlll!'> fraul('work analy ... i ... 

i ... fondahl.(·(\ a ... Ill(' Yt'T,tirat.oll of llIè1lll1'lIIat.ral propprtu· ... Thl!> ÎII Illm 1II1·an .. 

'thal a\low,", pre·,'J"'( analy",.,- ,,:ltt'f(' 'ot }}('TW."t' fOIlljll't>xlfY ,\mtld 1H' pÙl}UlllllV(' 
/ 

lt i" informaIJ\'!' 10 IlIt!'rprl'l t!te i!C'IIOII'" of t}\f' total r()lIlP~)..,'ly am) Îlllpf(OIl' 

A" \\(' lIa\l' (I1T1'ady 11ll'1l110J)('(i, t}l,(' IO!ld ('OlJJpO,>,'I' ('orr(''>IH)!lll" ln tl)(' gl'!II'ratioll 

~ 

Tite lllll'fI Ollll('( 11011. 1)('111):, 11\1' \ I",.hdil\ opl'rHlnr 'lPI'II"(~ 10 tlJ(' 101i11 ('Olllj)(),,)t('. 

111111lg Ihl 1111 l'TI 01111('1 110)101 "'('\(Tal pr()(I'''''-''''' To .,('1' ho\" 1111'" J'" '-0 IOIl"ldIT IJ\I' 

I1l!('f('OIlJJI'cll()1I of thn'I' hnll,'-dlllWlI"'l()ll,d PTO(('''''''''''' fi.!' ,lIId ( III OTd"J III "Tn\!' 

al tl\!' IIlII'TC01J111'l'tlOIl \\1' proll'cd h~ (,t1clIl,II111g Ihl' tot,t! (O!ll]>O"'II(' fi, il dJl(]I}J('1I 

folh>Wl't! Il} d 1 Olllpri'..,"I()ll of I}II' 1\ 1)(' 11H'llt)()JI(") ,!1JO\'(' \\p t}H'I1 1II1('rCOI1ll('cl thl'" 

pr~,c('.., ... \\ It il 1 jl(' pnH ('''''' f' follo\\'lll)!, 1 hl' "dllj(' PTO( ('d1ln'''> III d~)lIl)!, "'0 W(' !\('\'cr 
1 

ever pO~"lhl(' to do thl" by ('xpllCltly céll( IIlating (J 0/'01' To ~OIlJ(' <,xt('nt thl~ ('ff('ct 

couIltpr" th(' probl<'l!l of ",tatp "pd( (' ('xplo",IOJl llonually plH'ountf'H'd 1Il thl" type of 

ana}y~l'" 

The model at.t.cmpts to retam the rell'vant mformat.ion abault a physical sit.ua-
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tioll. but thi~ ~of'!ol not'wcRr; that is'Is alway!> ~u("("cssful in doing ~(), SOIl}(' situatioIl!'> 

("aIl Ilot hl', adf'quatt'ly df'alt wit h III thf' rontext of the ruOdE'). Caution must 'b(' eXf'T-
• 1 

d~(ld in d .. termming what tlH' vhY"'lCallIlt('rpretatIJn of an analytlcal r('sult !>hould . . 

1)(' To Il1ustrate thi~ pomt wc...Ict.urn 10 ,allottwr trial solutIOn to tlu' problem !>\l("-
.. 

('('.,.,tull~ .. oh'pd hy D('kkpr' .. al~orJthlll Il l'an IH' (·xprp.,!.{'c1 ill p!>(,IIc!o-ALGOL a. .. 
" 

Iu·gi:n hoolt"ftll (' 1, r2, 
ri = ('2 ::: Inlf 

Pl; hegiuLl ri ::; JaIM. 
J if "o/(r:?) tl)(,11 

1 wgi Il l' 1 :- (r 111. g~)t () L 1 ('l~'d. 
rn/lrlll ",rI/o" l. 
l' ) 1 fll/ 

r, III/III/d, r o! "roljrl/ Tf1 l 
~()t() LI 

P2 hi;gÎu L~ r~ flll .... ,. 

1 

if T/II/ (( 1 1 dU'1I 

lH'gill 1'2 - (nu ~ot(l L2 ('lu1: 
l'rlf/I'ul .'1 rI/IH. :! 
r2 IrlJ,. 

r('I//IIf/tdt r o! JIWYrIlT" 2 
got () L2 

TIll!'> "'OllltlOlI é1tt('JlJpt~ to é1void tlH' d('adlork that W{' oh ... (:n·('d 1Il thp tirst al-

gOTit hlll that \\ (' {'XètIUlIlPd by haYlllg 11lf' program ...... 1'1 and r{'~1'! 1 helr ( yatlahle 

whllc waltJ1lg for Ilw otheT ln l'Xlt frolll Ih cTltlral "'('ctIOIl TilU., tll(' ('ondltlOn 

Il 

wIll })(' n'~('t fi! (rut' th('r('},~ CTcatlIlg an opportllIllty for Olle of th(' prog;ralll'i to pro-

('('('d If W(' p<,rfoTm the !>arrw type of analY"'J'" a~ 1J('fore w(' tind thal th(' roIllP()~lt(' 

Pl '\' cl (1) " c2(t) * P2 is dcadlock-frcc in the' ~cnse that It dops not contam any tranSI-

tions to thl' nul! process. ln addItIOn wc ran venfy that 1-' = R(P) Ocl(l) 0(2(/) 0[>2) 

- Ri'! -
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insurîng thaf mutual exdu~ion i" enforrf'd. 
1 

• 

It is. how('ver, still possihle for the pro('('sses to rycle indefimtely. earh resetting 

and hetting' it '!o. c vaTlablP hefore t}}(' other t'xaIIlIIJt's iL For the algorithm to hl' 

consld;'Tf'd cor~eet Wf' are foreed to makI' \('rtalll as~ulllption~ ahout lthe Telatlve 

.,;pppd'i of the pror('~~eh. whirh III the COllt('xt of thb problt'III an' ,not JU'itlfipd 

Il i~ dpar tltat thp tn'" of alla!Y~I" titat \\(' han' !H'rfOTUwd <Ill(''' Ilot hrmg thi!-
1 

I~ 
allOlllaly t 0 t Ill' fOfq~rollIlc1 TIll" dOl· ... not lIH'illl t hill fl!ode 1 J" [)('("(· ... ~arily ddic WIll. 

, , 

hut ratlif'r tllai \\/' 1II11-.t 1>(· (arf'fll! III o1lr llltf'fpr<'!,AIOIl ()f th,· r(·!-tlit.... In faet 

tll!'- h"!lil\ JOIIJ' cmdd b;1\ (' d,'r .. , 1(',j thro1lgIJ Th, 1·'.IJJIJlJ:,IJOJI of Tlw total COlJJpO"ltl' 

J'"lilll1 ,1 Ira'l' tr,tlI,,'JtlOIl fo tlJ(' JI1dl l'fl)(!' ...... JIJ T1IJ" "llllafJOIl 

011(' 1l11ht Hot lo..,{' "I)!;ht of Ill/' 1'<1('1 'thut th(' "{'lIlantl< .. clfl"(' frolll the lIlterpT(,-

tation that W(' dlOo",(' tn iIllpO .. (' !)('lWI'PJ} tlll' ,ah ... t ract 10 Il and pbY'>I( al rl'Rhty. 

.. 

Om' of t}l(' lIlO,>t ('x,Îtmg a'>IH'cb of the f'quatlOual t}Jt'or~ of dl'>('fcte rommuni-
f\ 

réltmg proce"r; IS 1 he fOTIllal haslh 11 pro\ïde'i for proep~s syIH h('~h- -Thf'Tf' arf' st III 

many é\YPlltll''> to hl' pxp]of(·d in tlll" COllt('xt Ther(' 1" al..,o "OIIl(: q11('<;1IOn a'i to 

wlial the llllIlllllal ",Ollltioll to él .. 1'1 of (OI!'>Iralllt.., artually f(·pn·"I·Ht.. III !!,Plwral 

suell li ,>olutioil I~ !lot th(' oHly prOf(· .. ., to '>rltl'ify the ronstramt .. , It C,lIl be \,1('\\,(,<1 

as the most aceommodating solutIOn prOCf'h,'" In that it will !lever refusc to exrhange 

a message that do('s l,lot rf'hu!t 1Il il stnet vlOlatlOn of thp rohstramts Coneeptually 
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it is thf' least bloC'king procf.ss in the Sf'nlo.(' that it I1eYPT nf'f'dlessly block ... a process 

thatït interacts witl! by wlthholdin~ a ("OIIUlluuKatIOIl ('vent. 

~ , 

A practlC'a) sy.,telll for t}l(' au 1 OImt! ('<1 ~) Il th(,:-'l" of ,pro("('f/s('lo. would provldl' thf' 

sy.stl'Ill de~IJ!,Il('r wIIll two IIllportallt PI('C('" of mformhtlOI1 III a typlfal apphratlOll 

the d(,sl~nër wOlIld l)(>glIl b~ Irlo(kllIlg clll tlll' rdt'YaIlt C0I11pOllPIlh !Il tpfIll" of tlwir 

dISfr!'tf' hdJaYlOUr, fOflu1l1atl' tll(' prohl('lll "tall'I1H'llt III l<'TIU" of the dppropnalp 

') "m"l """l'. ",,,1 1 h"H "". 1 1", ,,'1 ,'m 1" ""H"C. Il' 1 1".' m """,,,1 ·j""H Th h WIll 

1 IIldl( al(' to th(' !l".,lgllPr , .. IH't])('r or Ilot .111\ "OlllliOlJ (':\.I"t" to hl" prohlclll "('colld]). 

of (l!r('lf 11.,(' to the d('"lgI!('r but If Ilot ,1 .,<ltl' .. fact()r~ "nlutuw cali l'robab]y ])(' , 

arTlv('d at 1 hro\l~h Jl\(!J('JOU" prllIllllg 

• .-

r .. 

\ 

\ 
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" Chapter 9 Conclusions 

\ 

\Vf' haW' atl,<'lllpt(·d to f'vaJllatf' th!' algphral(, th<'ory of Der'" through It~ ap-, 
, .... 

phration to .1 \'élri(·ty of prohl('Ill" The r('.,ult-, arl' PlI('oura)!,lllg Thl' thpory "'{'l'Ill'" 

to hél\,(' il hnwd applH él hdlt~ It!" jJdTtlrularly ,,\ t('<1 to dI(', l1!od(']lIIg illId llIléll-

) "I~ of (OIllllIllIllratlOll pToj()('(!I" III ).;('llcral It n\.Il 1)(' \1,,('d 10 objt'( tl\'d~ "j)('cify 

dp.,irpd 1whilY!OUL PT('r]Wf tll(' l)('h;!\'I~~l~ol COIlIpO, If' "y.,tf'IllS ;)IU] V('Tlfy j'hat "o\l('h 
l '-." 

il 'iystPIIl ('XI1l111h-certalIl propertJt'~, ~--~. 

\\(' have .,hown that the élJ\1l1ytJnt! pro('(·duTt,,, .:;ugge"ted by,t}H' tll('OTy l'aIl he 

éHltomatpd r('~ulting 11l analytlcéll capahllit,J(\" where oth<'rwi.,('coIllP!c'Xlty would 

IH' prohihltive, Th('s(' ciutoIIlatpd tooh ... III (,OIl.lI1IlctH.m wilh tlH' tllPory providp 

a posslbk ba'i!'> for au obJcctiv(' llH'thodology for the analy"i:-. of commullicating 

proreHileh in gCIlPral and cOluffiuniratioll protorob 1Il partlrular. 

Th<' novp! area of process sYlltlH'!:>is ha<; lwen mtrodu('ed Herp wc have d(,lllon-

stra ted the fpélsibility of au tomatmg the sYllthesis proC'edur('~ t.hrongh t.he' iqlplelllclI-

tation of a system that generates the mmimal pro('css satisfying a set of ronstramts. 
~ 

Thi,s is a subjPct that requires more rebearch for a better and more complete UIl-

\ 

" 



'. 

derstanding, 

At present. rapid state space explosion rémain~ a very real problem Systeffi~ 
r 

that contain queues of rcalist](' lcngth or proto('ob that U~(' paranwtri~ed ll1<'Ssageb 

to affect sy:-tem bphavlOUT an' .I11:>t t.wo exarnph·" whc:r;c dm'('t IIJodehng willlead 1,0 

an unrllanageable state "pa('(' (even for a ('omputer) F11rther lTlVp,>tlgatlOll of pro-

cess hOIllomorplll<;IlJ':i tllat effc('tlve!y ('OIllpn'-,-, the ~tat(' -,pa('(>s Illa)' yICld a solution 

to thl>'; thonl} probkm The vlsibhty opcrator 10., aIl pxamplc of su('h a homornor-, )- ) 
phism Another possIble dlr('rtlOIl for furtl!pr rc::,car('h 1.., t,he Optlffil:q;36n of the 

computational algorithms wJth a vww towar<i-, dr\'elopmg a practl('al CAD system 

for the analysls and desIgn of ('ommufilnltlon protocob 

~ .. 

- 86-- • 

• 

-:'-------~----j- l 



\ 

4, 

. , 

-.' 

Ct 

REFERENCES 

11J R. de B. JoJ:mston, "Dùscrt-te Communication Process('s." INRS-Tel<'Commun
ications Internai Report No. 84-07, 1984. 

" 
121 M. B. Smyth, "Powf'rdomaill!'o ., Thf'ory of Computation Report 12, Depart-

ment of Cornputing S<'i("llf(', PIll\,('r:,ity of Warwick, 1976 . 

13/ G. D. Plotkin, "A Power DOlIlltlll Con..,tructÎoll." Siam .lou~,!{d 011 COt1l1J11f. 
jrlY, Vol. 5. pp. 452-:187. 197ü. 

[4/ G MiIJl('r, "Concurrcnt Pro('(" .. ..,(·.., and Tht'Ir Synta..x" ./.4C.\1. Yol. ~ü. ~() 
2. PP" 302-321. April 1979 

o 

[51 G. ~·1ihH·. "A. ~latlj('1llat\('al ~l()dd of ComuTrt'n1 ('omputatlOn" Doet'oral 
di:,sf'rtatlOlI. l'ni\"('r~lty of EdlIlburgh, 1977. 

!61 G. Y. Borhmanll and C. SUllshin(', "Formai !-.1f'thod ... III ('Ollllll1lllicatlOn Pro
tO'col Design." IEEE Trllmar!Ù)//b <li! ('omtllut/lr(lIJ{lIl~. \'01 ('0111-28. ~o .t, 
pp. 624-631. April 1980. ~ 

17] A 1. Davi::-.. "Tomorrow\ Compuh'rs: ('omputpT Architt'c1.ure" .sJlertr~um, 
Vol. 20. ,:\lo. 11, pp.94-99, Nov. 1984. 

[8/ p, M, Merlin, "Specification and Validation of Proto('o!::-.." IEEE Transartions 
'" 0" Commun;rations, VoL Com-27, No, 11, pp. 1671-1680, Nov, 1979. 

[9J J L. P~terson, Petri Net Theory atl,d the Modeliflg of Sy.~tems Prent-ke Hall 
Ine., Englewood Cliffs. N. J., U.S.A., 1981. 

[10/ F. J. W. Symons, "Introdu,ctio.n To Nurnerical Petri Nets, A Genera) Graphi
cal Model of Concurrent Processing Systems." A ustralian Telecommunications 
Research. Vol. 14, No. 1., pp, 28-32, 1980, 

- 87-

( 

_~_......-__ • $ ..... ___ .... - .......... ------1 



• 1 

, . 

III J G. V. Bodimann and J. G('(":,('i. "A l1nifit>d Mt'thod for th(' Specification anel 
Verification of Protocols:~ Prot'tf:dings of IFIP Congrt'ss. Toronto. Canada, , 
pp. 229-234. August 1977 

112}" P. M. ~1('rhn and A. St>ga)l. "A Fallsaf(' Distrihuh'd Routin~ Protoco)." 
IEEE TrtlwlUrtio1/.'< 071 COJ1l11/u1/ira t iom. Yo) COlll-27. pp. 1230 .. 1237. 19i9 

113J H. Rudill. (' H. \\'I·st. P ZnfiTl)!·>tllo. "Alltomat('d Protoro) Ya)idation: One 
,Cham of D(,yP(0pIllPnt" Pror/'t'dI1lYb of Computer .Velutor/..· Protocol.'i Symp .. 
Lirg<'. Bl'Igmlll . Ft>h HIiS 

I14J C. H. \\;l':-.t and P. Zafiropulo. "Autoulaled "alldat 1011 of il ('(}lllllmllÏ<'ati()ll~ 
Proto('ol' TIl(> CCITT X21 R('('oUIllH'w!atioIl .. IB.\! JO!lTl1/l1 of Rf'sf'arrh (Hui 
Dn'elo]JI1/C> lit. \'01 22 . ~(). 1 .. lan 1978 

1151 P. Zafiropulo. "Protocol Yabdatlon h5' Duo)ogul' ~lntm. AlIalY~I"" R2816, 
IBM Zunch RI'!'('arcl! Lah~ratori\·.,. 8803 Ih~<;ch)ikmll. ~\\·il".pr)aIll1.1977. 

116] D. H. ThoIIlp~OIl. C. A Sun .... hlllf'. R \\' ErIck .... Oll.~. L (;f'rhart. D ~chwal)(', 
"Sp<'CitkatioIl alld YentkatlOll of ('Ol1Jlllllllication Protorol" in AFFIR!\1 lT~ .. 
ing Stat!' Tnm.,ltion J\1(~(kl.," ,lSI/RR .. 81 .. 88. Information Sc!('ncf'~ Iu"tit.uh" 
4676 Admirait\' Wav, :"larinn dd R(>Y. Califorllm. Mar 1981. ..... \ 

117] D. Srl!wahf', "FormaI SpP<"ificntion and Verification of a Connpction Es
t ahlishu)('nt Prot.ocol." ISII R.R .. 81-88. Information SClenr('s IU'itltutt>. 4676 
Admirait y Way. Marina dpI Rey. California. ~.far. 108l. 

118] P. Zafiropulo, "Toward~ Allalysing and SyntllPslzing Protocols."· IEEE 
Tra'lsa(f;ons on CommulI;ration.~. Com-28. No. 4, pp. 651-661, April 1980. 

119] P. Merlin, G. V. B,ochmann, "On th(' Construction of Submodule Specifi .. 
cations and Communication Protocols." ACM Tran.9ad;ons on Programming 
Languages and Systems, Vol. 5, No. 1, pp. 1-25, Jtl.I~. 1983 . 

.. 88 ~ 

~-... 



1 

( 

, 

I~I c. A. R. Ho8.rt', "Communirating Sequential Process('S." Cii"ïm-lmicatiol1S 
of the iteM, Vol. 21, No. 8, Aug 1978 . 

. . ' . , 

1211 R. Miln«'r, A Calru/u.'! of Communirating Systems, Springer-V<,rlag. B<'r1in, 
1980. 

-
122] G. Birkofr'and,T. C. Barh'f', ",todt'nI Applied Algebrtl. MeGraw-HilI Book 

Company, New York. 1 97(f. • 

\23] Z. Mauna, Matllt:ma/iral Tht:ory of Computa/joli, Me(;raw-Hill Book COlll

}>an:.\ N(,w York, Chnpt,('r 5, 1974. 

124) W. C. Lynch. "Reliahl(· Full-Dupkx Trnn.,;missioll OV('~ Half-Duplex Tele
phoJlt' LuH's" ('ommfllliratiom of /lit A CJf, Vo!. Il, No. 6. pp. 361-372, • 
,Jun~ 1968. 

125] K. A. Dart.h'U, R. A. S('alltl(·hury, Ilnd P. T. WilklllSOll, "'A ]\'ot(' Oll R<'liahlf' 
Full-DuiS1<'x Tranmissioll Oy<,r Half-Dup}('x LIIl('s." CommlwiraticH/s of the 

• AC.l\-'!, Vol. 12,' No. 5. pp. 260-261, ~1,1969. ' 

[26] G. V. Bochmanll, "'Finit.!' Statf' D('.,;cript.ion of COlllIllllIlirlltioll Prof,ocols." 
Computer Nciworks, Vol. 12, pp. 361-372, Oct. 1978 t 

1271 E·. W. Dijkstra, "(~o-operating Sequential p}ocpsses." Terhnological Uni
versity, Eindhovm, Th(' Nf'th('rlands, 1965. (rf'printed in Programming Lan
guages, F. Genuys, t'd., Acad<'mic Press. N('w York, New York, 1968). '" 

- 89-

, 
'l, 



., 

.. 

" 

.1 

. 

. 

. 

Appendix 1 

Samplf> LISP Programs 

;The fol1o.~g function definitions are designed to iapleaent 
; the lessthan or equal to' predicate function 
(defun <== Cp q) 

(prog (stack top) 
(setq top (li st (can p) (1aar q») 
(setq stack (cons top stade» 
(return (=<»» 

(defun t:< () 

(prog (result pif qO) 
(setq· top (car stack» 
(setq pO (car top» 
(setq qO (cadr top» 

C (cond «not (subset (eset qO q) (eset pO p») 
(set-q stack (cdr stack» 
(return nil») 

(setq result (=<$pO (epset qO q») 
(cond ((not result)(setq stack (cdr stack»» 
(return result») 

(defun'-'=<$(pO epsetqO) 
(cond «null epsetqO) t) 

«=<$$(epset. pO p) (car epsetqO» 
(=<$pO (cdr epsetqQ»») 

, . 

(defun =<$$(epsetpO epairq) 
(cond «null epsetpO) nU) 

. 

« =<$$$ (car epsetpO) epairq) t) 
«=<$$(cdr .epsetpO) epairq»» 

(def\ln =<$$$ (epaup epairq) 
(prog 0 

(cond ((not (eq (car epairp) (car epairq») 
(return nil») 

(setq top (li~t (cadr epairp) (cadr epairq») 
(cond «lIIellber top stack) (return t» .... 

(t (setq stack (cons top stack)) 
(return (=<»»» 
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