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THI LOGIC Of. IYITIMI 

by 

"~'~'--" ~ : ' ~o ' r • ' -:., 

We pment a theorJ about the -.a1 relaticmhtpl lllOdl91d With 1J*m behavior. The 
rules eov-ntnc the behavior of a .,_. .,. _,...nd a., a !Ill• A llt of ... ,.... atMIUt 
the modelltng ol a,,_.. pll'MM ua ID...,... a,_ llda1•111' •two cms1p1ntnts. what we 
nf'erlDuW ... andM\IJ. .... PFIU e.1t ..... •G.ttMC1._dleJ.,. 
...... CentNI .. ...... .... ....... J 1111' ,, ..... " ....... - ..... that ...... &.,, ...... 

We develop a c:anapt of iftfannatioft that II ................ It ii not inc:onliltent with 
Shannon'• approach. but ltfnply pnnuLI• from a maN ... W.: It· cllala With 1111Abdltiel rather 
than ,,,...,,.... Our .,..... •nt.a111 ,., •n••• a1111n1 about infartMdan: (I) 
lnformadan cl ....................... (t) ............ (S) It .. b'MIMlU9d and 
transformed watlUn a 1J••111; (f) I.,._ ... .., ..... ,.., • ..., c-_, ar pa•d ... )and ........................... •·•••N. ...... 111•1·-... at ...... ...,.. ... ... 
lllMr ..... at ..... ,,_. Md•• t11mllftl• 1ll1n •• ,... ........ a.,_. 

The c:antrol cornpanmt of IJ*m behaviar 11 ....... by a .,_..,, 9"' mucgp. 

:::.:.r.•el.'Dfz"".'~tai&'~·:;~!,~·~-"' ~r .. , .. ~.1 .... •·, 
" • '·· _ •• - 1 •• ,. ..., • :· 

When c:anlidend ........,, the t._.. of w....-.. IAd control are of limited . 
applicability. Whtn "'°"Cht ......... dliaJ ...... a 1111l1•f1• ,_ prdil:tl 1>1 and p1•illctilll 
behavior. 

Them Supenilor: Suhu S. Patti 
Title: A._., Pftif ... fl .................. _. e.npu1• 8dlnCI 

_,,·. 
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CMAPTIR 1 

.·~:'••. ; . 

"~;'llii w ·m , . ._._ .• :_..., •• _. .. , 1
• 1a••••t•r hn un .. q .. ...,. .. 

· ·'-...... . .._. .. , •• "w11J:W.,....1ti••·•rm ·'rt••·' r 21;•· 1, rt· ... 
.. < .... ~ dllkt•••l;llli ......... ,_ ...... ,, •• ,...... ..., ........... 

. ' . . 

... Ca? a•.., ~!w.,!!~!!,'.~~~~~~~~~~:~""~',,!!~=:r=~i!tln •n 1~~, .. 

(It) a flllilll .. •clllM 
. ~- ~ -i::·· ~- . :"' . -~~:; ', ~ ~.; ~- ~-:;-f '(~ 

(c) a• fl --•• 1d• n1UIRI .......... fll ............ If 'IJU•• Dynmla') . 

~ . ''/' 

lldt tJI thell hu a ......... ...,_M,Jt'~.~ 'Aletpfl .......... .-., .. 
. . ~· ('·-'1 

wlCh ii ... ;lallJ appNpl'llllll for .. .,...-~ .... ? 7' rnn - It 
;: ·. ,./' ·' 

tv_, .. _.. two.,.,..,..,._~,~ ....... ••• .. ., ...... , •.• ,.. 
a putkUlllr a,-.•• a ..... Mt ti nda .,,._...•a..._,.... II ,, .... ·A • ti 
cltff'.•~-~ :~ * al1&11k aad -.a•c W-tJ:tUI ,., Ii!'·• ••llfle .... % 
11•'WiCM1f1""11'17 Jl~•ii'Wilf lll•u•t ......... ,,. 'fflln• ..... . 
the~•...,u--.••t•1MMc11u ...... 1111••••· .m";'!'\s: .'.: ''~.:· <q~ ... 



• 
1.2. Pml Nets: 

b.tl. !!& are a dua of apttm , .. .....,. ·*'•lrtt three lJtMI of models mentioned above. 

Petri neta are fBRI ......_ lftd theJ ......... •l _.,.Of ,,_ behavior. HOWP•, 

unlike a let ol dlff....a ..-... Pttrt IMCI .,. ..._, and •ly flnltlry mlthcadl an 

employed. Unllb , ............ mamtn.. Part-. mlU,. 1 .... ID clelak .. ,Q~~-~-of 

a ... ..,........,...1 .. .. A ... ' ... ~ ~ ....... ,..,.,fl'W jft which 

. ..., .......... ~ ........... ~~- ..... ~ ................... .., f~iP'' 

....._...., Ntlilt.~r ,11s••M1111.-r4..,_...Jl,~"9~~· .,...,.,.., • 

............. •.la .................. " .......... I(,.,..··*"; ........ .... 
primitive c:onapta and, tt.efore, permit a nae IJllW"altM4 ~· . 

A Petri 111t ii limply a biparUle. · dtnc:t.ed .snPh ...._ Ywtkel an called !!!!I. and eY!!IJP. 
; , ... ··:-.;:-, . ,.;"-.: .. ,<:.~-i·: '' ;.~ _.,,: .;i r:,·-r-!".<:.:,~) i.Jif· . z .. ·-"-. :'-~t . ~<.·· ., J,!;J; .... ·~_; 

<TM ..,.. gp;111on u lnfllld:..,... ..... '*"·> i. .. pap1uca1 ,.. ...... ot a-.•• 
are drawn u drdll and IYlftll u......... "9 ...... 11 p... .a;·,apretit : . , 

1 

b 

3 

e 

5 

.f 1n,... ............ ._ .. "....-, •.• ,.~.uu•.~.tt .•. and ........... ..,.... •. . ' . ,, .· ..... . .. 
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. W• •J·that ..... , ii a.,.... .,.1._' lflftd .n, lt"MllN 11 'an art Wing ''°"' 1 to'· 
'SltniladJ• st. I ii a· 1·111 ~~--~.el EYent 1 ti and dftlJ·lf ·tfierl U. ah:· lacllftg ~'~ 116 s. 

Tiius, 111: .................................. ::tif IWM f:!•JI•--- •'llW· 1'*8 the 

Wen w ... •a• •. .._ .... .,.. . ...-.... wtndlt'twi'1dllla k. Tftll II.._ 

'cbJ'dNlllMl ...... ··-UMllll.-'Te..fiaat·eMi--wfellLei•a·papldl:aU, ..,,...., .......... , ...... 

-:; • c 

...... , lvtlttllldllll ...... 
··;.; , ... 

Thi ., ...... ,..., ,.. ,..-,~--·......, ... wMW1*lf fflllil•'·tt ..... !111111. 

(canlllnl .a .... ) a.a ·dliat'..,.*J' 111!.t (ftre);· Ta.·...Wa.-.'1
"_ .... holsmc tll 

(awnovea a IOken from) wh pslCllllClldon and WM!IW a holdtng ol (pllcea a toUn •) each 

p11111nc1-.. ~that;;-. II a ·wy f9dl1 . .,....,/llif•-r . ..., thil. tWnt;a.t a. 

preconcHtianl and poeec=mmwa .111..-1. thlN-nily'MM··----'fana·~ 

' .. '· . '~ 



·,.- .£• ,· 

• 
, T~,if:cl ~i-""'~ -~:~~ .... .,......._,, 

~~,<~r~~h.ti-'"•"*""'"'''''~~~tlalll ~.,-.t ... 'two 

. ~M"~ ~Jtl. 8'Uli: :,~ •!f'.,_Haltll8'1WP'llA•Mlll*94.._.._.. ... 

and, therefore, the OCCUl'llDCll ot ..._ ...- ... •* 1111 .... In ,....,. 1.2,:;liusa•il.· ... 2 

~Jn .. ..-. ...... "~tfW..,,. ,IA.lt#~.LUJUIWtl•.•J:•W•d .... ............. .. ' . . -~ ... . 

't"•i•~Jf'.,J\tM1,#l~ttR1itWP-.i.-t1111•t1 •1•1r-.•··~, ........ ~ 
another 11t ot holdtnca. It lltcUd be apparmt that ..... ue.•~1111ta1J~--Jc.t M t•1t1foe 

......,lationa of a lllC (and tM.t. In ....... *-1i1111IUllhl _, M •11nMd ..., ..... ,,_ 

LS. Th! Pmbl!m: 
;-,-:< -. ,.,_t'!!' 

For .the ......... w1 11m·f6 ...... •J•nt-f• the - th IUCh 1J I 1n11t the 

bait of the c1a,_., .......... '';;.~,z~~ ~ ,. ..... ata.at .. Id .. 

, ,.~· ·:. \. r· 

(I) Under what canctw... ~··~ ........ be pc ..... ? 

(2) What are the con..,..,. .. ol a ........... Willdll.dle 1)1lt111'1 
c --:- --~' J >.\ ;> ,,. . ·1 ;;."~, • ..,, 

(S) What are the lff- ti a .,... mo.teat.? 

(il .... ~· ........... .,(1 .................... pri ' 

~-H!r-"'*. t•Pf!••·•~.-it••····· ........... ~ th«flfUJilr,· . . ' 
• c ''., ~ 

. ~~~ VA1f1 ltUtt ¥Sn•,_.,..,.... ,.....,.,,,till' 1111111,.tl• ....,.';••• 1 11111t 

r.:·~,...,.~.~--.n•.,~•••• •ua1t11.::r:.: ... ,. l'.'f · 

The pn1111t..t _.. • •• •r • ••rr111 • i111 ••t• t• •••!IJlQ.l.:@l?Jr• :A 



;· •.. 
.. ·Mrt .......... •••1'•"""1.,.... .... JU 11'11fif1'Nff-•ldl ···-;------· 

find a way el d1e11Mln ... the 5Cmt7 that a ........ ma the aalll'IWlll·el•JllllltUlat· 

. IUbllC at·-..a. 1fW¥WIW.,.....tl •• r•11··--Cllllll-·•----._ thw 

~ .- ' 

lft thla way we can urm at a ............ fl the •MD'·....,.., ol the .,_.. - a 
!<""t) ·· ?'.·. · .~ ''f/.: .... ,,. ~.~:~ n~: ·.: .. ~: ,~~t.:,l-.i ~;: .. . 1~~.~ -.~ ,;·., 

c:haradlrtlatlo that ii .......... " thl ......... •'?PIP .., ...... that .......... II 
>;i'' .'f .D ~,·'~'\' ~ '> ·~~~~ ... ;~·: ,·-~.~·)q~,- :r" ''1. ~-,,' :r;., ;' .. ;·~.'..-~~·~ .. '; 

nenta ,..-111'* an--. ID pt ••J fnn &he ••iclift ...... ar· • .._, ...... 1ar u a 
•c •• ,. 

functlan fram.'lnputl' ID 'ou .... '. 
J·• 

n.. it, el cmne. a W&J o1-1n1.., "111t J whttrtwll' ..... ,.,. ...... el a 
~-~-~:~ "·. ~ ': '.'.,~1,.: , ~-- ',?2)_:; t~; ;".1_/~'Jfti i;4f!1~-~f~: '_/•w' >::,¥; -~ .: ,~~-;~~<(f~~) 

(boundld) ., ... I! ................. TMa .................. the ., .. ,....... ol 
: ' r - t~ :-;J ,j.~;1· ~:! J:..~~--,. ~1·~,~~J'ft~~JUI ii,1-J.t YL',~ .-.-,,, ~-t ,j:, ... ~;l'!·.', 

behavlar. Far vsy .... ., ..... thD ii a pqctlcll lff_. _. II. Ill fact. the _. apprwh . 
. dt:.:.:·~ . ·~, ·>t~~?':· ,". ~:--~ ·>r.~::' ~1:1 +'-·~_-:':·i,q~- ·~ ~ "-':;"!., ;":-f'~ .: .. ·v;, •f-

H~·• it bemmea paWully dar that dda ..._. ii ... ..., .......,., far anythtn1 but thl 



IO 

" .............. ; .. ...,~··-·) .. ,j._., •• ~ ....... ;#J.~~JfOI"· 
Reduced to ltl ........ ~.~_.. .... , •••••• ! .. \lllll·*·"" .-.c ...... 
Wluengd anadllr. Ill a Pttrt net. a ..._ta ••11•••11 ltJ a ....,.. ....._ fw _. ,...,.. ... • 

cand ...... 1t1tii1111SlilllJ-,,.., ............. , I gt¢p'2 

... , - . r~ 

·"-· :-.1.'r 

~ -~·· .. . -.. ., 

(a) sx-.1. ot rr•• Clfoic• 
;""\; ." ·~ ·. . . ~ - _, 

(lt) h ... l• of coutrained CbOioe 

._... ••• OtllU 

In the r1nt case. the net in no way specifies how the chokl ts tD be 1llOIYed, and thil ii how 
<· '1.t ~~~ '~L~f~~r~~~~1!·L \! 1

; ;>, · .: i;> 1 

la •••Md. In the ...... --. a holdlft&' ol the lhancl state II 
_ .. _~~~.rY r:' ~~,; ·;.·'- /\~· ~ t- / -, < ,.,, .,.,.~ r: .. ;y~,::·:~~ ~~1J ~~; -~;·:£; ~'~~- ,···<~ ... ,, .--. ·~~ 

palnld With a....,. 11 w ol lhl twomltaide .._ •r•INIM..._ ~on..,..._ 
~ S';;-·-~~· '"~· .-'!i'"~. ~-r~·. ; '·71·;,, 't-!I~WA a;:- ~"' ':.i·-· -·,-_.:~ .. ·- {,j5. ~:.;~tt~t' \~· :"": 'l.1"'" 

the left er ncht hand Slate ........ a ............ tM Wt .• rtiht hand nent wtl 'fire'. (We 

·.". -l>. ; . ,$.~ ., :·7·:-*~=--· . . -·:, -~· .. :, :<·-' -~::.-:~-·.¥:-~• lo -~.:~~':1 :r !·t;~·l.J'' 1 --~"'- l.;r. ~ , 

cllOiCm are, naaurdJ ...... known U (msb.tlllfld. •. Tttlr U1 Yt1tJ ......... ID Wlp8 

and their pnlpll'dll are ..a_......._ TWa 11 ... -. lft a trw dlalce net. no chaicl IRflllmml 
.,< ~h·: -,,.v;··,t" ~~ ::··_<~~{~~~y·-~.:~~,.,~-,;w+ ,.,:; ~ .. -. '-:.-:.:.~: .. ·,_ 

;~· ;;:'',, __ ~~/ -~!,·~ .t.,._~ . -0 ,. > ;'.:;_\"t;; ... ~~ ,:~ ,'°\ -~-

At a~ chaM:e. how a....._ b·11111ft11 .. 11.,llld..,... --·prevlaul,...... 



fldtd*"'••frlechalmw....,·cililleMMdf••',.._illl._•·.U,•,.,•1r1••• 
dependtncf. The ............. ....,l ....... "" .... ,.. ...... ;.Wltllhl•••:--­

.. l'lf•llllil•tl91 tHw'at1M._..._ 'Ttll . ..,; .. 1ff...,Mlt'11utb.-._' .. llldaanllm 

atld tlMM Wal ft9'WJtlf ................. ~, .... :W••ftnd·••Gf 

Nlb'lctionl ~ .pmi...S UI ti tqa the flow of ,...,...._, while ltdl .............. If. 

'f' T....,. ....._ .. ,.. ........ ;..., ... .,... --.ri•••r••' _.1•1•·~.1••••"·~ 1t1 

.t 

Lf. .. fmpd: 
<..:' 

Petri n1t1 .......... - die wart ot Cul Mam ... wllo p••M• the ........ , ,.,.. 
_, ' ' . .'., -~·; >.:~~~- L. ~-~ .;, i,''t.,' ~ :' ~r· ..t!'-"'~ 'l~~ ·~ ;t>r.:~ ~~- "': ', ;. : ~ 

'"""''. !Ill Al• ,., .... The madtl ...................... nflMd by AnUal 
:·· ... ,.,<~; ,' ·"(1 ~:-.',,,,·;~ ·,,,",:.""-·~ .:<;.·,~ i-~. :·;:.,._~-~.:$~_: ;·_,,,, .'. _, •: . .: !";~·:J'.-.-~~,-~ ~j(,"';,,,,)l,~f~~- ,,J~.'· -~ ''·~--~:·. _.'k ·.;· }]-' ~::~ 

Halt 001 wl the ...ufilll ............. lhe _ . .,_.. ,;,.•, Wtlh Holt's wrn tMle hu 

.._a ...uly ................ -. the kif......._ ..... dlllr......, • r•111nt '*" 
• .)~. >!"! '~:"'..:···· .,j :\'; , - .- ·-·~ ... ," -.;·~~:~:' ··•', ,, ... "_t -..... ~~-- ~. 

Unr••- a. ....... be ........... uaa •...-, ...... .,... ....... But 
·:_··~ , ·,' ' ~, . ,-,~· ', { .. :·{f~,· ,:11

' f:~ ~-'et A)~ .··<~;rn,~ ~~.· ,:·:,·t:~ti~*(;~ 'tt.;· ,.;~~:· i\~Jjh; ' .. :· .. ~ 

becau• ............ ~·.., ............ ~ hu .......... , 1eatrlcted 
; ·· -"-: ·· '·. t~d r. ": , / -~~ ·~·_· :.·:?' 9t1i~ J~~ :~-:Jo:..·~.~~~ .. '. ~·~ k~ ~~... ,;: 

·- ol ..... If .................. aanatl'IWJ .......................... ... 

11111 .... U.:• dlM fl..,, .. .,..,.,.., .. ~..- lla.,i31qJWtMt .; ... II no 

, --..-.,. In - tenn • ...... /..W~ .... 1WhaflU'41~fW'~ .,.,.. Thq'Ye 
.. , 



"'*d·:--·•::thl·'. ... ., .......... _.,,...~,1--~~..._..,.. ..... 
~ 

:l.Nll uad11•••i&;f,.\Jl.,-1 n.--rnal•••HllULllJ&fll,'"'"' .... ' ... 'll;•t it can 

~ .... , ... •• mJ11t11rt.1_1t,4~ll•lll't1lll\·,,IWl';lllil'lJtll......., __ ·Mf•ln 

rm:-.-.,,.,., .............. ,,~.~- ...... t ....... ,..,, .... .,re., 

permit bath canc:urnncy and chalet. ... llplftratlt .......... q11f .... "1 ....... .. 

Ann• lupr dlll than frll"Ch1I• Mii 1tt ._ ..... The.....__... analf* ol 

thll clau ol Mii II ~ men dlfhcult· tltlft ,_ h• ..._ -. Only a f~~ ~Its ha•e 
·~·."''.;.~. .~ ' ~'" ~~--~ ',·'; -:.·· .~ t··" . ::\'· .,:, ii''.:""tlk' ~~i~; ;',;~;~~r._11 ~\;,_~ "~. <l',,., -~< 

ban oblained I», 11]. Pattta rwtt mJ 11 ............. I .._. ._.an lplta of their power. 
,,~ 

{~-:~,:,. ~~~ ... -. ·.: -~ ~< "' .)·i:.;<i;'. < ,;,, ':?!!-

,,.. .... e.fil-1'iiioilM' ......... ~dllt .., 

the problem WU the ability ID trace the ,...,........ fll 'tld'll••• .... a net. Offl' a perlOd al 
~. ... ·~' -,., · i :~ 4; £:~t"i; ,-. ,_~-~;~;~ - -~ '< t cc;. ·~i·r:~ "· ~;~ / ->"-.~~ .' .• Y'' _ . . . . ,.,:· . 

time, the ·~ fl lnf1uwea' .................. ...., ... the !!I!!![....... This 
. '. ·,., ' ·, . : . ' }!~<1:~·"':'1).tjj ... ,__ ... ; ,l'.:);J ··,: ,;.~·<' 

WU an ana In wl'tich ,.,. 0t. IO, ti, 2tJ 111111 Met .. Mt .............. _, idlll. TMlr 
--- .... _. . ·r' 

major poUttl tM.f be sumrnui-.t u follws: 

(I) Jn~.,..... a.~._.,.... .... ., lflll•,...._•_,.,. 
(2}~~-.. ,.(l ...... l)Plt,dMN,111111••"''"'!._. ..... .-.,, 



1S 

(f) Inf__.. 11. •by a .,_.at -.. ,..... whlle there--··•,,~ 
<-d111111•cy .._die.,_. ti •lldnd •be ..... lllck .... In dine). The 
lnf•1111 ......... -'let ....... .,..,.. ..... '1llck ., .... . 

Halt .... ,........ ... ..., ..... cm1r1·t.e ..... a .... r•••il n11u2-.18kflpt 

blhavlm'. He and c.mn ..... wa iiliillillil lttlfillfli cM1 .._ ta_. madtlnel OSl Within 

· .. ~ m•t;at.; ·• iltadl• .. ..,_...;W'11r-,t"""••1..-•.:•·uaa their 

;;; a..··· 'ThfthedrY lt'·•11ilil''*lfd.~1t111f·a111•1f...,.J ,_ ..... _.. .... 

-~·lltt...t~tf.'i11Wlll•pi11'1ffW·w.rtt111 ........ , •• ••·&JUiWltlllill" 

··eanc•pf'w ~lilt·•··-- (le"tlll:·fW~l't•• .. .-.................... ;..,{ et: 1•11•«--
··· _....Wa...,:·1ilidff1l"if1tr'Vl1it81•......._.,.dlillj• ..... ....., • .,_!JrtJaf 

. :::W ...... flltrto .. ._., ... •n WWRI llW11Ulf•lln trll1;i11111. ••1n nung9-·--" 

~'·"..a,.. .. ,. .. 11rrt1HIMW•-. • ....,.. ... r.,:~.,... _. 211:1 • ., ""'1l•1FI· 
1· • j 

:(''..WWl•cdlMt ft' _. .. 'JW!'llllr•t'J't.nu Ill t111•k1tAlf_ ... ..,_,1.1t,tew 
.-. an 1lldl•e&t. ·-~••••"nw:•w·•·•~:rtp1Hll•,••••fll 

:·.·.: ................... j •• .,...,...,, •• ., ........ cfMJtmtn'lf.., ....... 

,,., ._; . .._..,.,......, •·111nliiCCllill·'llflRW•.,• ..,. ........ 1111~••11m • 

~: ·;, -,·'" ,·.:.c"'\~i'. ;;.: .':°'V· .,;~. f~;'.~.::.t~.!'tfi?°·" '>"~,;;' ':,..;_,;.;_,·::·: ~};-'<'. (.. 

f·Holt ud Ca___.. ... lctl·r.IJ dllll aalJ •·PlllllfEdJ . H••••• ......... a't -
.......... the ..................... ...., ................ . 

I Prtvat11 CIDIMUlka&tln 



;t-_ -· 

... , ........... ll!Dl'k,.,,.. "' ffl•1:1laul aea ............. , ,,,.-ch 
,.,.,,.._-:.f ' 

• ~ ., < ~ ·~ .~; • ~~ --~/'.;~.:·~.' -~-.;- ,·, ~ '~ ~:r:;,~';·,. ·-,r_~b f 0 _.~-~-; 

,._. te WI ._ Ma:.- ... tfMl .. ,.,,.1Ml ····~~.-..1tW,,flPr19" bodJ f!I 

C....,·1 .• ,.. 

The bulc..,.._-.1'•1•11\1 ....... ...,,_. ~-if ,,.."".d~.CQPh· 

A ·1!!11 !!!!.·Al a - le wllida· •• ._..,, •. ,,..tJltMlll'Jfl .. ,: ... i (Al'..}•h~:·wtJlettpl a 

!llmulattaft nM. ·---.............. , ... :"""*:._ .... ~qa, ... 
tlleidmt.arcand~one-.--. ....... 0 n' ............. )~:l'#ri••~·-" 
... ..__..., w ..... , .... .-. ... ..,.,.. ~'-1 .or".altftl .-,•a 
............... '. ............ , ......... ,~ ... ,, •. ;, ... ::M·~: .. ,,c .... 

IW I M 17 fl a~- ..................... 4MCft.C,lM!l)i---~ ....... 

..w .. um. A,_ •-•,..,,,.,...,.,..,..: ...... u•1ror"'1 . .,, ~:••.w-

The lllW'btt"'IB:I._. a• ff( --~i•••l .'~'°~~4• ..... 
... ., •-. •.•ef •·wttm .- ~rnn r • :'~ M8 f1M11 •~,~·~~~ 

inleanc:es (holdlnc• or occunenc:es) x and ' •J ._ ...... *1.M91 •'8l'ftat&~,t .. same . 
Anstanal), x may g[!C!de ,. x •J ti!!!!. ,. and x and ' •J be gmcurrmt We show that In a 

... ...._the .... ._.., Wlh a .......... --••••• r.. a --ar:~ ~· 



Chip••· •• , .... 
sc.ne ..... .......,..".._._ . .,. ..... "'".,._ ... ,. ... u•• ..... •"•• t1111c1 

' ...... the, ............ .... 
· A !TM 11 II..,..... u a,_. Ml· tttt ........... _. l)a:·•·et·•'1••·af 

-- and (2) a• ol .._of..-.. With tht hllp of''" ulama ~_,•bl¢ p&I••>. 

. wre able ID _..... all die f .... fll our model. The •b• ol *"' are Ulld tD ......... a 

awertnc ol '1-t.ok•' llate .... -. •'II!!! Gf·11W·.,.._. The --. of nlftll are med to 

••daimd Wldt•Mdy·11, .. n11tW.9lll'~.111t--•1•t1t••-•:111t:t111d .._I HI! 

II!! baia•IOri Tht .... _, IJl,ullllcl•u tt.'nu11at••••c:uaa ·d'~apu-11n. 

To .................. .,.,.,._. ....... ~-·· ....... .... 

fll die.,._. nu tl·dW·"f:'cJlqptlDt Ilda.,...,.._. .~dllra . ..,..... the 

........ ..-.ef,.dte··.,...-. .Ta..'AR::&we"'ftlll ~at1rnM:n·dl••· ._._.___.n 
Jiii& _,.....,. ... ~ ............... iii •••. ,.. .... ,,drlt~~ .••• ,,. •'l"M 

....,...,. .......... ,..,,,.t.,.• ·~,,,.:11•, nr•mnn=.r .... 
. • ,.... .. ,,.. ............. dle.-flldle1!'1 ttll • •1·--~~ .... '.-·,..:ta..--..1.a 

with any~.,._, the__. ............ , ................. ,,.,. ... ,.,,.._ •• 

• 11 Jllttllt.., • dt n 41111t'• ••i••sJM•:;."-1••·-·'"Phttn1'*"1atat ar 
•• , •• ...,,.111M, .. , ••• ...,....,._.. r ••• n:t1.•o ••••---l.anc1 
Chi._ ••atslt•i .. 1111mu--.: ftl . ...-·1b 1ulft101,i1.a'••*-'llll ,_.., 11rlld"1 

IKh inllance ol an elllMnt with an ......._of the alllrtlattfe clla ID which ..... •u •at.ll,iJall rca. 

~ ..... allllrnati•• .. the ....... ol ............ That'• the ..... fll 



• 
Chapter 4, and in that dlaf*r ,......, a 14 .. Mt•nral role. We,... hire an amportant 

. ,...,41 ••••· ... ••••1ou1.•1 • f11: n•rw11{ ...... , •.••. , ... • danct 

reault ot thD, tlCh .... ta •••-.Ide • • c1n1 .. ••-. ~- ··•-•rJN 
I .............. ,,ft:lt4111• .... 4•t I a.••1 •f'Mltni9'J.-!l•tlW Met• fll 

~· •,'' ' ---
/df I 1• 11 . ., ...... , · 

>' 
,') .. , 

'••' t .;,.•::, 

Qbql ~tllli••*•··". ' :;i;-;:. "'I'"! ' ~'- .,~ "" 

' .............. h .......... ·-~ ... ., •• ,.,:1•·~* ..... , ... ..,.~ ................ "'" 
' . ~ ' 

··-11t·1'•d I,...,,..._ ......... *lll!J .. '11 ,.. ••• INM:AM..,_,... .. -

. ..,. ......... " ........... .,.._ *" •• ••• ·•llftJt srru••ttft•- ,,, .. ,.,.. . .,..r 
__ .., .. 11111• ..... * s 1•1•• •11 •••rs r :!: " sr x >.,.•••••• • .,... 

... -.. • .-:._ ...... ildal.,;J1•1111t1nafJ hm' 1J51,l H:A1•1'ret · t:••-al 

·Ow,;,._..,,.,_, .......... _ ... f'a1...-dfdft,.rl 111111·•·• •11ll•te 
' 

,' ......... , .. . 
... ;,.,. ,•.. ;.,. 



• ~ ! , .~.'., 

Ca1Un ~~:""' --~""".~ta atrcut..e.t·.-,.~~~~J'~~-~~''!' w~l~- the 

.~ ala ol an ff•t to .~ .• the 1nr.or-, ~ ot then• ,... the"cambtned 
• ,, • .. ;. ,., .·~ ~ ., ; •' .:: " ".. '·' '. •• . j • • ';1': 

JntCll'mltiDn ~t ff the..._.. .......... ~ ~---- conw fl# an 11ffQt will alwaya 
.. • ·"'"'..~· ·'1--· ·.i...~· .. ~ .• -,. : ..... ;.,., ... \.. ~";-:::· . • ·.1 • .• ~ ~,~ r~~(· 

.... the tnfonnatjon ~"' ......... ltlonl .... , •• ~ The 111 ... - of 
· .. -. ,.· · · · :. ·· ·-: ~£ ~:: ;.-, ·,..~~;·.-\·~.·.~:.;.(t1~::.<f\'. ';~,·-. :~ft ·r ('ft~ ~tr:"rl~~<. --r.~1 

.. eftllt .. dlf'tMd to be the w....-. ... " thl .,., ........ the ....... .,.......,. 

Wt haYt the foll ... two ....... 
··, ( ' ': ~1'" ~·· i· ·-. :. 

The Inf••••• ... ., ....... ' .... " ............ -- ..... ,.. •• 
amfldwllh•. . 

The ........... !Ill" .. -- 'la die .. ---.................... ... 
CIGltf1kt .... '· . . 

. Thil ..... -~..,....... •. t't" !''7 .............. J._,,. ....... 11,.rt.._ .. 
" ,,,,,.. ............. llt*fll~.a?,._.,..,.. ............. •et 
l't.rdWln•~;- ...,,,,--. ...-.• ...... .-..'.••••• • ,..,.. ..... ,.,_ . .,,.. ... 
tM cllofcl II 1'lllftCL '1'1111 .... lllftt·fl·idiU •·• UlfJib11Mi·'•••• .... I .... •Chi 



•;/ 

,.... ._ ..,,.,., .,.. ............ ....., .............. ,., the .............. 
... .·-..,, ..... - . 

. ,, . :!.-"· . - t,,..~'- 't..\~ 

Sinm the ......a....,,. a an.._ . .,.,..,-. .._,_,~!lfll die ""'7,fll ..-......... 
. - . ~ 

. . ' .. P 

Wt llMltdd· 1--. that . ......., al fll w ............. ·-- ...,..., ..... laJ Bili 

.... (d1.......r,anu.tl.-..i. •. .....,_...,..,t.rfiMa1ftliiilJHr•-.dle 

....,. fll thtl .,....,.,. .... thl cu•'11 •••·'-• ....... fll llallc dralltl. 
- ~; "{;;;-', -~:. _,·,.~.·~i' --.... -,'~ ·.:; ,...:-:--~ ,.., _,.' : ... ;·"' ~'- .-,..,. ,.~, r:;· .. : . .;-~·· -.,_·~,.:.! .: .• •. ,.,'-",....•, -··· ,. . .•• ·-

w •• 'f;,111lr. ...... ~ .... ~ ... ~~: .. -.-..... rili~ili1f'wia.. .,..., 

~,,......~~~ ·..e·~··•\i~{:.,~ .. r~:..r.r~ ... •~• a..va;..1.-.. 
'"*-•t. n.;:~-,~-· .... tdll··~ .. itiltl·lf•111iH1ltilj1"\~ir.Q•i-. tw1 ...... 

..... 

(Note that .......... ,. ....... With mnt ............ ltJ .... ~ 
1ai ......... "' the 

M .................. ~.T1-•--~ -~ ..... fl""'lft,~~~-..,,,-
'.,,..~...., ................. ~.J!Mtrrbn11 ~•1.r~~,-."p11;en•..-

. .._ .. -· ...... """' ........ ,,,. -~ ·~· 

· .__. •·•~.,....,.. • * ._.;._dW..-~• .... _, __ JJ~~~..-
~~~ . ...- ...... ,,.._...,,ta..,~,,~~·"-"•••~~""·'"°,,_ 

....... 
There a.Uta a path from fl tD fl whoee ......... tll the .,. .paph II a path With a 
aynchronk: ... , al ...... ' ' 

ta......,thata ............. ..,.. .... 



...... ., ... dccWlaf'ia••-·•imlartt·f· ......... -il~lll~~canaptl 

fll "IMM:ilCOM' .... 'INM cme.' Tiie ti&..., M -...: ......... ldsthe •·ef - I 

lllCh Chat .tt.e'9w•·11t1t·eplthGf~4*1 .. '•EL'•*'l·'at~-·wlla,,,fipt ...... I. The 

at 1at'ld Whole •w111. n.t lla'....-:tlll41htp1N111u • .,..._lccl*r·alld·llack 

.... ,,..t .... 

The aynchramc d*y of a padt ,. (in an ..me..,..) 11 ..-1 •the ......_. ol tan. the 
taA, .....,:.d "\'911taCllll111 . · ·· ' ': ' 

ne •JMliraa&dtlaJ;tt ,_. ... .,..:a.1111 '" .,.-. ... ,,1m.....,·v:Y111~•'• 
!ll!.11~ 

';,1···"'· 

ol a particular COM cWme a _. of cone-like sb in -" lllnulatlan. If lt'a a baa.--. ·flMn 

d.-__.ltke ..,, .. palM f.....,.U.-..cl·if it'I I front QM. theft "9ly point IJKkwardL At the 

ll'1 a fl'OM-. ._s1111·My.._11a•Qldft • ......,. ••ti'.....,.__......, each .._t. 
Sy91n•aaa• I ......... .., ..... lttJl•~\!1*:11tll~•ta9'uefllthe 

-~•--• twn-..·n.vrt111•«1tt2•~---·~---··••••p,aph a.the 

Hltlailltal-*• ll•cll• cm-.dnllMl,.....,._,, .... ur•11?rnM'4lln .. ...,.. . .,... ., . ....,1y 

f Do not canfuae aynchronk cl*y and aynchrontc clbtanc& 



• 
· . llll•••'""' W• ·nr ut••'flllr..._i ... ,,,' r 11 fltf1J111 .. ••;l'.,'o,1~ 

:f'a. --~ .. , •• , .... ,.,,.~---'•1111 di 1111a; ... ,., .. .., .. 
"""'""'~' · :••••••d 1 1 run1111•••••••1H11 rr•••••;lf...,,. 
•'It.; ,._ . ..,_.._.,, .. ~•Mlllll' • n' FF I'] ••111 lw•••··~~;ips 

I 

,,_ ...... ,, .. ,.... 111•• •••• ...,,, n. m w1"111nre1111n••••n· PlllllloMt...,.... 

cllU ol ......................... 1. 1111 .. ,.,, Pl • 11111111• .. ......_,,... .. "' 

drcUtt. Thia ruztsn UBI ... _, llie ..., .. • .. ,yu1 • 4'*'. P• wh .......... ol a 
· ,·· .· ,.~ · t<;f• r;~ L"• ~~ MqJ."1~ ::.1~,, .. , ~'•• ;,it) " rlt$~ w \««>:-,;~ 1::ao-rit:·"~'f'! ;;..,·, ~ 

'IJl'Chronw' ... .,.,... .... ,.. rr " ...... , u 1 , • .,. ,_.,,.§ trnnn IL • -

MA~· 111• ••••••• ... *-1t1 .... ·t1t 1- 11 •t I Ill• U era. M l1fll fll ,,. 
j,·~t-.:111 lllbJtu, ••rn ... 11 ,,.._..., ••• 1.a•1-r1• .Junt• 1t11 ,,...,, ..... 

'• ••• u•i•k~·tw 11•11,rzr •·ar1ur111 d cr•M• •• ,, ...... , ••!ftf .... IJan, 

· .... 
1
.._._., IUJ 11 pldtVIWS JU ltd• .,., •• II!. 11 .. ••ltlltJ I l t' 11· ·-~·••ol 

;'.1.._., .... ;a11111r~1111; 1rn11l1•1••!•• ... , er 418qJ·1~.;!I Chap• 

·: : a. ...._ *' 11u1 1 ~••••••'*"' • •x•J1•w.•,'1CIJt 11 n1 ll1f •rm 111 2• • •· ••u..,..... 
· ~lll'•P•"* ,.,r,••• '"*'lt llt1Y•t11n•swnt 1u 1.11• *•.111111 '& • •••••t ... dlu•.&uw 



· •H&lltg. ...... mclt ... 1 ....... :dllNjt.t;'UttJ¥it1...,., ........ , ... , ..... ., ... 

..... tiaft ...... ,...._ at.~ ....... ; ....... ~ ...... ,,., .... , •• :·••·the 
1 .,_..,.~·- ........ _ .... *'">• ................. , • .,~ ..... ,, .... 

. _.•••milldle~..,.ll•n.•,• • ..._.,..._. .. O,t'a1JIM" 

• 1: · la dUI--. .-a .. ..,,....,._w;ptJtlf114 llf 11 •• "'*"*11-tllf. dftliltlW 

1 
.................. ar: •• •:»W-•"aftS"f· ' 

We~ 11'dillr tllaf 1111 ... p11illnz 

Anything that can be c1e11..- f._. w can a.. ca.a..- ,,_ die o&hlf. _,. Yk:ll • ._ Of 

coune. we can't •J ...,..... abaut hew far the ............... f • ....._...., forwards or 
. ; . 

. . . . ;J:· ; --« t;·;s. . ,.,.. · . 

'-kwanta, but we can •1 that tt.e pa•••na " ...... .., - ~ :WU , f with _...,. 
'. ~ • '~ ~ ~ '- ~- ~1."'·. ~ -:--;:~:~+:~~:~· f\,A~ 

,.....,....... Our .,,..... .. the ....... ii II tly ti..,_... al the •JI In which the 
"·· 

;-;.,)' - c:· <r· ~'">_'!),. -;·-~~.;;' -~ '~·f -~~ 
? ,':..· 

could ha••....,. ..... ._ .._.(pr1ll*•il,,..._ au1,r•1 ti r•1lltJ ,.,. •• el~ 



., 

' 

. f '"I J 1· 1. J··· 1· t i I I I ... , 1 1· J . ~ .... B ·. ..,._ J A . .. 
A ~ ~ - ~ ~ 

/''''~ fJ, i . :.1'1: ~ 1- f ! ~- 1 11 .~ ... ,' ,, 1·1· .. ,.· ..... •.tf:.• t• ~ - ' ' .. ' ' .o ~ & .. 
~ . 

~~ 

I '·'~ - ·~ ' ,;. • ~· , ' ~,. t' ' I ' I .,. :• J ' 
:!; . _; ~"". ::. . . ·~ . ' . . ,,, .. ':.'.~ f ;::;; .. ·~, ' '.', ' ' ;;,' ' ' ' .~ - ·~ • •,, '•· ' ~· ' t'' , ~ .. • ' .. ..~ t ·.. ;. ··:,, J 1,: I I , • :i I J!. t f 

,:;; : E I ;• .:~' I "" 

I
~'" ~ N< ':' ~-

<, ' •Jd 

~"· 7"' I 
~- ' . '.l f '~ g. 
, ~ ~~. 11·1 J ~ .*..i" I I .. I • "·' 

- - -.- • ~ • 1 .. . ', l . , ~ I J , 
~1: .. ~.;. J····.•·.·j t,rl 1 ! 1 It 11 1 
,, I . I [, S' I I I I J I I -' ··~ .·. , - . 

- ' ;}, j~ - • • .. .J .'. ~ t '' ~ · ' _, ~ J l f ~ r S l .. ~ 

,, 
·;;: 
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CHAPTER 2 

Pffltl'Nlln···· 

Nltl are the buk ltnldUnl ol our theory. 

Dlf'lld!i~" .A ...••• :.~ .... ~*·' ... \.., ............. N\l.!ltl~•: CGA•BuaxA. 
AUi Al dle•fll ..... ti N. (N wilw .,...,. ua blplrtMl.d....s.paph with 
AUi u the ...._ lftd Cu the ara.) 

n.f'lnltlan: If N II the Mt <A,l,C>, then R .. a ... al' Ni ....... llsltr"71ff ll-<A' .B'.C' ...... 
A' s;A 
B' s;B 
C' s; C n(A'><B'U B'>CA') 

Propmty 2J: A.._ 11 a Mt. 

for x 'AUi: Xa. Xn(A'UI') 

forY~ Ya ·YrlC' 



- ~ ,•~<,-,j:- ~ 

' 

S II a (inlle non ... • of W. 
E Ila r1n•w1 .. 1f •fll ... 
r """""',re 
Ir ad, thin the ll•:sllltl of 's are QW ~ ... - fJI s, and the elemlntl fJI 1' --p71 fll I. •a4•••t •• •fll ~ ............. .. 

· . < . , c. ,;+~~!~·}~~~·~·~!~·~ 1i~·!~~~!!f P t1~~PS1J.;f' 1 u.,.c 
' ...... ~,,.,_ . .., ... _,, ... ,,... -

•,, 

Dlflnldall: A 81 .... (leatt •dl•I) 11 a '-t • .U> II ...... 

'llch.-hu.cacdJWPllUlditltl --flHIHdt&tln. 

' ·,, ' ~.:;;, ''/.,· 

Deflnltioll: An ea RM! <-rktll...,., la a,_ .. .U. 11 .._... 

YMI: rat • 111 • I 
.)~Ji ,;.. ', 1,' ........... ...., ......................... . 

' :~' 



(a) A State Graph 

Since in a atm paph and 111 n• Cl"Ph _.type ol node hu aacdy w ladd1nt arc and 

. ., ~:UC.. it~·.~- tn the graphkal ,,... .... tD tylkitly show that 
'"'· ··· "·. - : -·~ - · . · ·-~- . ,:.~·:~..:-.:.· .. n_ ~:~ .. ~.:},)·''f'rlt·-.. ? -~·\(i t~·- ~;L:·? .;. • 1-'$·':. :·-: .. ,,.,.t:~ J;~ >.'.;)'~'': .:i:,,.''l.:~ 

t~d.'.~"·~-~-(ltibt~~···--'• .... ~ ............. ,• -:- . ;J-_• ',.,c \ •• : - ,:-~·,: --;._"'' _-., 4;::~~n'.~ ·~; rr,.,i-.< l.) {~~1r,~;·t~ _'.1i_~;:::~;::.~t'~-~-; ;-~:~;· ... ~~-.. <. ;_t·~~·--~.'f'.~ 

graph and only the., .. tn aa ... paph an.,.,..,~ w-.. .... in Ftpn 2.1 

.are now drawn u In F~ U. It ........ lie nGlld tlm ddl prldlcll in no way affcta the r.,.1 
• l.>. ..,_ ... - .. '<;~ f". ;1 ,_, _;-.·~/-.-t_;···-,.·,.~''b ·-f'»l _:. ;. \;1,:trl .. ''}·: .:,, ·:~·-';·! . 

·~:~:~;·~~~J~~,,:·;,7' •;'! ''· 1~ 

'~ ,, r:: -,. 

<•> A state Graph ,, '.(b), l~ ~SVent· o\:-as)b 



,. 
Dlflnltlllft: If N-4~>. ta a ,_.-. dMe 1"9' .I' I'• a. a er mr??• ol N lff. 

Dlfiftltlon: If N-cSJ;J>a a,_.. lllt. dMn 1-cA', I'! C'> 11 • .. Ql"PMtt f1I N tff, 

(a) R ~a 9•!,.a,,IJl9ft..,.,. ..... 
' '(i)'llS;N .·. '' ',' ' 1 ' t ~~. •. ·:.:, 

(c) P' • Pr(SXl'U E'>CI) 

'R JI a cmuudtd,,...., ~ .... fl N Ill whldt al ua a1111lldlld IO a .................... 
, ·:· ·,. ~·· ..,-~~ ... :t,~i .... ::: ;\'.-::ti li'it.:·, ~ .... '!(,·-: !Jff" ~:·, ... ~i ... ~, <J"';"' r.,... .... ;r ... ,. 

' ' 

. · , "" ._, ·~ ~:···.:t!~.:_. =·-:·.:!$-fl~ .~~~.Jt~ ~· ix .,;:i~t11r ~::.~"" ;:1Jl)i1·1 ~f~ ;~,,~_ ~-, ·.~ ... • --: -! .. :·:~r-. ·:;""-, 
In Flpnt 2J. we show· a •• ...,.. d111.,uh'1n ... •.....,... ......,..uo.- for 

the Petri net N. Each of the two - Ill ••• ~~:..~--~:;~i:t4:f lf::~>~:if the 

two neca In Fapre MW ii 111 .._ c-.1w fll N. ....._ dlllt _.. .... ca••- llllctl an 

ara CGr"•"leeld IO~ . .,.. but JIMt • uc • 11111 w llC • fll *" .,. Wlh an n• 
campontftC the IMH*'!'I••· ii Jiit ..,..... IC ..._ ... _,, 141Wi19ttl\an. m.. +uc jutt .- arc 

~ "'~ . .. '., "d.Fl J~· .,<_ '~~-i<,_,,,_..J' 

into and GM UC .. t ol .... llalll. In tile CW ol N, dllle 8 il1114111 .................. Dlidan 

and a unique ri•.,..,.. 4*1 !fll.,... 1w.··u w'I • ......... •J be ....,., 

~~- ........... , ....... .,.., •..•. , .~. 
' ' ' "~ ~$;. " 
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• 
Del'inltiOn: A Slr5Yt! ii a (dlrecttd) padl wheM two •••11111 • ille w All lll!w!!an drgltt 

ii a clrcUtt Ill wlllclt.no.,. 11••••!11· ... .._._ 
,.,., .. . 

. ..-· 

Lemma 2.1: In a Petri MC, the Ant4UI~ GI a •r:•nmt ,., .. ntnt _,,,_. II a 
. (panlbly _,.,, aal1ra-....,di1Jllnl •l•l• · ctr..._ ·<. . · 

Theonln 2.1: In a Petri net that ta bath SOD and IOD, ..., ... canpahlM and nery nmt 
CDlllfD'*f • • ' "' ... RtN. '. ;., ,~~ i· .. ': , .. 

'•"'I 
\.,, ,.,. 

u. The Dnulauon Rule: 
,, ~ '1. ·'.J:··~. ~·} ~ .... :: 

In Stcdon U. we pve an W°"!"Wilcr~~'!!' thl ~."" ror Pttrt llltl. In this 
~ ~ ~ ~ ~ 

section, we formalize that rule. o.~..-.. ii ,..rt:tlll.lfw tht)~wa graphs' of Holt 001 . / ., 

The basic Ida ii very ~··•••,a .............. ~~.,.~.~ Rule generates al 
. -

pouible finite 'limulatians'. Each ............ ..,.._. a wl , ...... ......., lllnOlll a let of ltate 
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'holdings' and event 'occumnms'. · 'JM,~l ... tlnsWp ....,. .. ,.... of ........ ,..,, and 

'initiation•' or holdlngl by occurnnc:a 

Alimutatiaft &1.npr11•tld aa net cH..O, G> •~lll*llHaihe•d hold ... a, O is the set 
. . . • I 

or occurraac:ea, and C ii the cauaUty relation. In order ~·dbetnpllh bet-··tec:I tnatancea 

or the ame element. an lnltanCe (either a holdiftC • an occurrence) '-•·~ie.t u an ordered 

pair cx,n> where x ii an ..._t -the.~ tJpt' ~-,_ n, tit .. a'.Pll!'tU!• -~ .. the 'instance . 

number'. The Simu~Jblle ii· cWIMd 1'Qllll1"7•• J~~~·.:~Ja~ ll ~ collectJon of 

isolated holdings of the 'rorm <J.l> where s Is an initial tmdttton. In a limUlation, the set or 

untermtnatec:I holdtnc• is refernd to u the 'front baundary' J the ~·~: wh.. there nbtl 

a • of holcUnp in the frmt baundary of an •ilttnl mnulattan conlidll of GM holcUnc ror 

ach Pncon.1ltian of EYmt '· then a MW aimtlltkll can bl .......... The new limUlatlan 

contains one new OCCUIMICll far &vent ' and ant.MW holding fCI' ach of /1 pe11tco11dlttonL The 

new occurrence of 1 'ttrminatla' the pmlQUlly un1i91minatd holdinp of 1'1 pnmncUtton1 and 

'initiates' the new holdtnp of 1'1 pGltmndltions. 

,.(x,Q) creates a set c:anliltlnC of a new inltance of E..,. ~ -~~ ~ ii one greater 

than the number of inltancea of x in Q, AJ a ... kt ... --f~ 111 :.,..... are uaigned 
\ " ' < • '. ~·,., ' • : • ,, • ,. • •-''i... ·C- f ' 

in numerical order btglnning with l 

We're now. ~~tor Che famal~ ~ 



.to 

(I) clX(la....> ta a ...... f1I Z. 

(!)If T :fl:lfll11Il1i1f Jlnu..,. ALtO.j.,_.J:Af,A:•~·:•,~~JMJM•' tn the 
'f'ront bauftdary' fl T Gllll ... ti -'ltlllllns' r. .ea ,_1nll.._ fll IYmt 1, 
•tft1ft. - )'-.. -' ' ' ~--"' -::.~-::;~~:J~-1 'f.~t}···t ~-:> ~li ~ ~,~ ~\f'J:f_ t~:: ~<_:.-r>~ :f1 .,. ' 

df'O«e',H);· · .•/ · "":.; · «,., :o. 

o u•o>. · 
eu·A~O>-u~~·.HY»••••r rr •• '" · 

·<s> Tlrt •j•ELl!'.'bc..r zW# ... ttWw•...._,., 
! ' 

,-'1 

• ' ;i ' : ~· l ' t' • ' 

Def'tnition: If T ta the limulat&on <H,O,C>, thin, 

M II tMwtd'51t'$na VT · ·· ,· <;.'..' 

.. g:J:;11•-~;;;t:; 
; . 

t We're ...... a natatiaaal can•.uan ll1lk ·tt·lft'LWJilif'.;jf';~llf<tl·Q. and tr the 
ellments In the ...... II fare - dllia r.·X;Q. 

f(X) • xlJx f(x) 

Thus. ,.(1·, H) • 1~. 'l(s, H). 



··-1-...'-

The ordad pain in C art the *'""'1 .,.a ~ ol T. Occumna q ts 
•kl • •0••1 Qnl'lld ,...._. h rt ..._ II . ~.,_.., caual cannectton 
leaning fram h • q (q ID h). The tit fll ••• lll•lld ~tlll) holdinp ts called 
the front (back) ""'94m of T. . 

simulation in Fipn 2.5 11 one ol ti-.........,.,,,... dlill Mt iR Flpll'e U(a) with States a.d. and 
";,, . 

I designated u initial c:oncl....._ ...... ....,. ,_11..-i' 8*. Nllundant in a graphkal 

representatlan and because theJ lfti(t.t"1aa .... rulld With ..-~ 111'9!r9 UMlally omttted. The ... ,•' ' 

abbreviated form ol the ~ tn Ftaare U ii ...... 6':~f'tpr. U Note that thll practice 
,. ' . '· .. . "; 

P....,.ny Uc An ocaamnat fl:~..,.. ...... ..,, 111' hll"11.lf,, ...... JNDIDllllan el that.._ 
and ................. " -"'Pf*"1alli1,m·· . . .· 

• ">, ,. 

Property U A .......... ti___,,. 

Def'lnltlan: Consider lhe ..ult ol llktac the craautm -' ,.,...... c....,,. ol a atmulatlml. 
The new -crucaure ti tnnllCtft. rtfllaM. .- • ...... el Property U • 
anUaymmetriC.·~Jn,ahe,rt. it 11 a puad ...... ·-~ • tndk::UI that x ii related 
to ' by thD partW' ....... and X<7 ID ........ tMt »$.f 1Nt • ..,_ We adapt the 
follawtnc lelmlft..,, . ., -
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Figure 2.5 A Simulation 
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Figure 2.6 A Simulation (Abbreviated) 



..... , ,, ..... 
xs, /\ ,sx - x and'.,. .... 

~;j.... ~ 

We now ........ - tmk .....,..,., nq'a , .. .,, ...... Pltri 11111 and their 

Dltinlliml: For a cUrlClld paph 9; !f» dtnalll die,... fll o;':v .0 ti a ............. thin wit 
............. a arr'...... ; ,' 

K·. ·. ~ •. .r .. 

Nelatian: If f iJ tt.I ........... CX,11>, thin f • i\, ............ ti ...... lO a ......... fll in- IR. llll•tw •na1r. J( .... At~• In• rw •a,.. In a ............ -. .. ........... ,/ ''"'~ •. 

'v Thlonm 2.2: If T 11 a........_,.,__... ... ._.,_. .. cNJ> • .._ 
.!"... '· 

/ 
•tll(T) .. tcll(HJ,. 

The lnllp ol a path in T ii a path In N.' 



PrOor: E•8'1ft"'lftT·ta..._olthit.,.._·clMll·~---•thcrl.heldlit». This 
tapChlr with PraPertJ u ..... ........... . . . ' . c 

., __ ::: .. 

Deflnillan: A lgld el a ......._ ii a path ......... ta the{llldt,ll1••••1~11f a.tkmlll.tlon 
and .............. in the frant boundary. 

Deftnlton: If TecH,0,C> II a llmalatt. af -----~-~~'- tta: ii a IUbMt of cS.E.P>, dim . . ' 

for A' HUO: Aa • (flCAltt(S1UE1)) 

'Aa contains thme ...... in A dllthl#f11jlt: ....... --R.' 

for Bs;C: Ba• {<t,pdl<J,f>«F1) 

... --- thme ..... :i ...... """ b IQl ......... , 

Propmty 2."I: If T ii a ..... ,._ ti tht inliallltl Pt1rt 11C cHJ> and 1l ii a l8bnlt of N, then 
Tail . .a-~t. , ... _ .. , 

., .. ,-. v. 

'•. Fn(S1XE1U E1Xsa> .. Ca .cri(H,xo,uo.JCHa) 
"' . ' ' o' .. _ , -.,.· • '·:_, • 7 :',;"f;:;, }.,.#'\ _., • -, ·-i - ' , • l ·; 

1f r1 CDnlUtl of al ua ·(Aft· F) -........ •· ...,._. OI R, dim c1 ....-·ii an 
uo(tnQ,c1• .... .- •••••fl·,q.:\·) .. ~; , .· i ,'._ 

Propnty 2.9: If T • <H,0,C> 11 a Umu1attan ol the ........... Petri net <NJ> and R ii etcher a 
state carnponent cw an 1'1t11t ~-fll N, Cha, 

ca. Cn<Haxaau 01XH1> 

'Ca conliltl of an ua in c connectma two tnatances of Hauo1.• 



I • 
Thearwr:Ui Jl,T is & *'W..,,,fll "91 ~--·!t•~.M4;1'~if.,. ..... ~d 

N, thin Ta c:a1t1t• fl ...... , ... 9 ,,, ,: : . , ... ,:.- : . 

Proof': If T ii the initial limulldcll fll ~J>, ta.. TI •• fll die lloldinp in la><(I}. TheJ 
r ..... tcMIJ Lt•Mdl. · · .;; -.'.·.:·.,.-; ·" ··' 

' 
Now suppose that <H1, o1, C1> ii a umulltian of~. I> f• which the theorem ii satilfled, 
and that cH1- Os- Cs> ii dertffll ,,.. 411, Oi· Ci> ....... a ...... applatlan ol Step 
(2) o1 the s._,. .... 111us, tt.e .. • .,.., ... a• fll h1lll .... A 111 the 
fn:Mtl'll'Mt..,*~;Glf·~;-: './{; /•:'}1 •11:;~,f,, 0 

•' • ',,, .;' • ·;• ': i' > 

H1 • H1 U tf(l'.H1) 
o2 • o1 u .,,,o1> 

C1 • C1 U A>e«IOtl/!!1 "4~'M~ 

From Praperty U we have. 

'-4'. 

There are now two..,.,.,..... ~ii ........a In I.•' ~1 .. 1"11t•· In the rant 
ca-. '9\af • K .... <>t»at • h(I J11»tl • L At111 ta die llC8llll JAaf • K•01»al • 
K"• • .Ht»al • o. ...._ _,,the.~ II....,.. fer,... O. Ct>· c 

" .,.-,. ' 

In the net of Fipre 2.7, t.._. ii a '2-tolen' ..... Cllllllplftlfk ....... 11t: dlOle states, nents. 

and area that Ue on the outaid• ring. Aa:mdln( le Th11nm t.S. din lhauld bt two ltrandl 

UIOdatlct Wttfl that_....,. ... •-" ~--.:~-...•·••-'for 
,. :.: .,:..·" ,?, ~:~ >;. 

the simulation In Pip~ 2.1. ~ that the n« Ill F~ 1.7 ~ ~ 2-token ate 
_ • "'! . • ·~-. ~~, ~,: ... i. -~-"5l~· ,· ..... ", ·; - :S: 

compc:.tent • the lnlide rinJ - and four ...._ *1' -.-~ The ,..... tmf. Yriy that the 
. "' . - ' . - . ; ' . . ;,., :it::,' :-;:; • !· - "": ~-b '« ~ 

amulatlon or Plpre u oontUtl the.,, .. ,.. ••• •••••,•••~.,...._ 

t Pal ii the number ol 'am..1' on R. 



1 

3 

......... , 
) 

Corollary tJ If T II a ......... fll the lnldlllllll ... Ntt . .N,1>, lftd R 11 a ......_ _.. 
ClllfDlllllt fll ~;.._ T1 ...... ~a...,...._.,. 

Corollary 2.2 If <H,OeC> II a ............. ., the ~ ,_. Ne cN~,! ~ R ii a 1-tek• state 
CGlllpclamt fll N, ..... the~ Ill HI u °' ... ..., -~· 

'\ 
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Figure 2.8 Strands of a State Component 



·u AMumpdonf: 

'C:llAPTllrt. 

8'Y&'tlMI: ·, 

;--:'~- ' ' ~ i1t.,j:,y_··.,.·. ~:'.·;A,_,;t{. . "!~«•"''. .,.' . .,: ;·.- ~: 

(2) The ..... , alpldl al,,_ behavtar can ... a .. l•lly •pr•11d in tlll'ml ~ the 
poltlblap1•ruu11t.,,..,hlld.lmp.•~'.fti. .·, 

(S) ~lttrt ._ • tn 'lf!f-llf1.~• for;.r11111JlblS .... ~,_,.,... *- • .,_ 
placa an the hll&UI .. and ea:umncea al ttl ........_ 

.__;,:,:]!~, .• , ; ... ¥,.~~ ~·f':· .. ~\ "":• )-1-o;.~~·: ·.·~-,··i,··1t:· .. ~ : :. "' ···~. ~ 

(4) A.,_.. nay be 4-.. IJlld....., ....... CDllplMI .... and the ................ ~ 

IM11lll .-..·U!fllJ l&At\•tMlfl'!J."9/"11 94JttmwM ··~ ~·· . 

(I) &v_,,.,_ .... ,.,__,M.111s,(I IH!IUD'8Ml41 .. '8 ..... ~ ... ~~· 

~ (I) Ind (I) ..... 18 llelR1pC to fllld a HI lmaft pwncl f« ......., ... the 

be ....... lftOUlh to ........ CNfth .. that W ....... t•ll ... '8 be 'lackal _ .......... ftole 

. dtat• . .,.~aa,.aJud ... fdlll•u .. IClt·ctlfv...,,.., •IJ•llt • ~ ._ · f« 

Bua .. ..W··d•linf;wtdt;,flnMl·•P'•• ......._ .__.,._ ,_,,., ·~·- lhe 

mnstratnta that a •Jltlm plwl an the haldtnc• and ....,,.... ti II """"'""·· Ex....,.. •Ith 
P«ri 11111 hu ........ ..,_ .. .,. . ...., ..,._. ••n1rt~4•-t• •• •••the..,.. 
for AllumptlOn (S). 



ealltence of ...... taal cemp-. lacl--~•1911• ...... a...,..,., ...... ol tta 

elements into alttrnati•e cllr• (To Ille aplllnl&I ...._ By ........ that allrnatl•• di•• 
from different...,.._. do nat ,.._.,.,..,.• .. a,.... fl tht ......... of ,,_ 

~-- •"·•••~·••••1 
•• •f arnn•••••·'ji''•.•., t1•1t· ..... blm an 

important .... in many .,_ dllclp ..... - ~ ....................... . 

. ~-~ wldll oun ii ...... • a' •. ......, The~·dllt ...,._. .,,.n In 
I<~- _-.:.;i' , - , ·~· _, ,-.. ; / ·~·:·~~/;- .. \<( :~~'.'· *·:ll :;-~·:· .:·~;-;~ :rt~J;;!': ::?~r.;'t);~~l:>, --~ 

c:a"JU~ With a dUcr«e ....... l1-ld 1111 N • .,. .... •••IL Alts al. we're bJ1R1 ID 
:? 4 .' _:.-·r ~-,;< ·~- .' •• ·: ·, •· ~- .:,..,.,;~d ~4'f!.I1~~l ·10 ttJ!fG;~:;-· ::::)~ ~ :·- ;: : ; 

......... thew rality ............ r .... , er ............. ,,,,':• 
Tl4t me ••2•f11*•: Wt .... w~Wl'nwi11m11~.• ..,...., if!lla tarlnliall 

.i'.'· . " .. , ;',;;c'~T'1'.)'.;';;(l t>na- a~ m~oti ~:! :i•. ~!<>' 1 ·i 

. lnmlpara• flft ~ ............... ----····..., .................. ..,. ...... It 
' · · • ~ ·'·· · · r;~;':Mf',~:t> ·• ;i•<o;~h:'~i~ltbt<.°"•t;.,, •cr-•:.~~'ft:.~ ;,;..: 

hu IO tar IMii'lrplllMl'W~~--fWS•UISJt•;- •tdpi Much_. 

............ •tdt••-· .,_. ......... " ................. ""' 

.... -

We do the w for sy1e111 .. TIUa ...... Md 1111 w ..... .,. ................. ,..,,.., 

1t1*-M-'PfqL ... 11:>fif"tl'.,_•· lllltt•~ trlf Ullif1la9·•1t1;11u-.. 11 1u•11 f!f an 



t1• ·*'9s and a •of ...._of ntnts. 'Fhe ...,:., ... aN llllld'• 1•m• 1. .. ...,. of 

state components • the 'parts' of the ayatem. . The .,.,_ al .,., art Ulld to pnerate a cov1rtn1 

redundant informadon. We're taking advantage of the fact that a.._ fa81111Blllt,il·_.....J 

identified by ita 1tacea. while an event camporlMt ii........, kllntirilll by ltl.._ta. ·N•""9at for 

a given Petri net. there may bl llYftl covlrinp of both -... campanenta and ••t campontnta. 

The COIUtl'Udl et the thwy wt11. ill ..-1. depll•; .... ,wldtlt,1co•t11p .. ·•lla&ed. but the 

impUcattans or thta u.nac ,..,) .• ,. ..... 

Dlfinidan: I> • <N, Dp. Om> where, 

N • <S, E. F> ii a Petri net· the m!!m.!11. · 
Dp 'I' (S) ii the 1111 ~ 
om', <E> .. the !!!!ltcltcDmf!tltim 

Axiom I: Nii connected. 

Axiom 2: S • UDp 

I\ 

' ' . ~ 

VA.cDp <A. • A.UA. •• Fn(AXEUEXA)> .. a C8llMCtld, non...-, ..... paph 

'The 11CS d ..... tn Dp geeraee .. .,. .... .,, llatl9oompaneua.' 

t f(A) denotes the 82!!t !J! of A - Le., the set of al\ IUbleta of A. 



1Wlniltma: ........................... .,:·the- .. .,.,.,. ......... ef'I,. 'tJMt .. .... 
parts ii ........ by p. 

Whln the,,_.. ,,i1~111wa1•we wtl r,11m_lhll_.,_.,..,, .. ,, .• ,.., ... ..._, 
·condltleft. T ... &tll,_. ...... 1MIMD--••u1 lte11LwaJte1111dl ...... ...., 

AaiaJM:lr , ..... 

·¥Ml>tlf < ..... :., ........ .... .................... . 

Thelltlof...Utn ........ IJ ..... I[. ;111111' 

IWinltian: Then•-....... ....... lty the• In l)ya •~1d t11t !1111t! al I. The 11t 
al ....... II ....... .., 11. ' ..• '' ' . J· ' .. I • •• '.. ( ~: ··! .. ··' • 

? • .,_· 

Each made ii to be allOdated With a .... .,....... pdlrn of llllhavlor. The ......., for this 
~-- • • . - . ! . ;:· ' 

unerpnradon an Simple. If an event: ii 1nvol¥td In a 111lij ._ .,._... of behavtor, thal al of 

the atatll connected to that nmt: are allO in...._ F• a .... that ii put ol a stad,.._te 

ClDlitpOMfttl that c:omprtae the mocla 

PropeltJ SJ: Every part and nery made la stronclJ c:ann.-t. 



• 
Property s.2: N ii lb'Oftlly ~ 

-~~ 

ll The httf: 

The main .._.. rw ~inl puts In our dtf..._. ol a ,,_ II IO that we can define 
:... ../ '· 

they cannot be C9Mkltnd alllrnatlve. The malt natural way ol ...,......... that two •""""ti 
' -. 

~ , : ·, 

Wil MYS hold • occur cwurnntly la &a ..,.... that _,.bath·.,. c:aataiMd In a *"" , ....... 
Mate companent • that II. a put. lut we don't W8'lt ID •J dllt'* ..._,.;111 ~ just 

bee&• thef ....... ID the w put. Fw aample. II the part ••lltl ol a llnP elal~ry 
••• : : •• ~. •, ... ·:. ;_ ." :- ~:-~ ·~ ·' < --~·~· ;·: __ -~~~"; ·d";·! ,,,_·,'~,=·· __ ,_ .. _-'·: ;.~~~ .~; '.1":"~.~ 

drcult. then no two llllnma • the draalt can M ll6d tD M dlernatlve. There ii a altmtlon, '. 
haw•••. in whlch two...._.. wauld cWlnltllly be called altmatlve: when they are altsnatl•• In 

"<; , f'; ft,~~-... ·., ·1~- .- ·f !' ' " :~ ' \-,:' ..._ (~ 

a chok& '$Ince our dlay Ai .......CS t8 be 1,.......-. Wllh ·· r11p1Ct- co ~· f..ard1 and 
%; • ;ll ';' , .. :.'"' ~ , _ ;..~: ·:~ " 

backwardl dlnctianl ol .... we Include ..... , ..... ,_.. .... _..di .. •:•' In Flpn SJ. 

Ev•t1 11 and 'I are allll'Mtift. u u. lvtnta •a and '•· We carry thll ldla ... ..., furthw bJ 

deflninl the ......... ·Gill nri .• t: ,.,Jf .. M~tl••:•~ ~-~'.dlllt.tllelr 

,,,_ __ , ___ U._'t_.. ............. ~-:•11 ...... ·> 
.~ ~ 

,.·.-'·: . 



f .... t.t Ab JRhtS... 

. ;;' 
1 

' . '. ~~; ~· ~~,,,; ~.: ~,.~ 

. • Dlflnltion: The •l!lmact•9M ..... , .. hr! f II dtt ....... ,._ °'P '(Xp)I ~ that. 
;_:.·~ ,..-_f, ~,' ,-,·:~-" ·~~'--1.~}:'~{:;"/'ll.' ,.'(, .~ .. '':,;,-<-4' -1. 

'Each ................. 1rp tlJ'l!lf·CH I • .... ?l(lfCIUlatjlftll•H • dcllldwlJ 
events.' 

t If • ii an equivalence *'*tion an the 11t X. then XI• d•• the 11t . of ecautnlence dl1• 
klduced by .. 



'!-

Praof: Reflexivity and IJllWMtl'J follow dlnc:tly fnlM thl definition of ltpl' Jor .trastttTtty ·aad 
the second part of the dua1em. we make ... of the fact that.two tllmlnta are relat«l bJ ttp 
tff there II a llate fl'Clft) tt; ,~ ~ •9' ~ fJl. ~ ...... llld~ to (~ram) thme 
two elemlnta.f Thus w·a.cpr,· and Wpe. -~~ifiiiiMl''llUiltiiii •. whlil'ta1Ml1I 

of P. 

and ,,. ..... ~ 

BecauM a part ii ..,,...., can.~ <lfP'tJ SJ). there nilt paths I'S and 116 u shown. 
This gtv• ua .. tha of ..-1 ...ph ielaiftc fl'CIM • to • and e - .......,, ,._3'15"1 and 
,.._.,._4• Thal. Wf' and "P II transitive. To • that a llate and an nent can MY• be ....... ,.,.It~...,,. nr-•ftlll:tlM •u•n -r: -...--..-... of ner1 
llngth while .,.. .. a 11ate and an nmt al padla an of odd length. C 

Definition: F• Pcf', 

,. • <f00et,1 •dp}. 

UeJ.,t'edp}, 
{cC.J.c.,C7J.p> I «.7>d'p)> 

t This fact m&J be Hrified bJ the rader. 



Propeny I.SC P* ii a -. 

1 2 

b c 

3 4 

(a) Part P (b) Equivalence Cla•••• 
Induced by cwp 

. {b, c} 

(c) P 

{a} 

* 

What's more. the ""Ith of IUdl a ctrcmt ta .... • tlll p .. •ti ttl ....... di••> ol the 

DeftnKton: If 0 ii a .,....,..._wtal dlnc9ld papli. ..._ 

T(O) •pd fain ii the 1lllsth ol ae ••au, dlaalt In N} 

Proof: The definition or Gtp eliminated aR brandttns, both forwards and backwards, In P*. 
Becaane P ii ICl'OftllY connected.• mo ii ,., It fGlllwt that ,. ii an elementary circuit. 

Let ft be the length of the .._....., dlQllt canprlllftg pt, We note that two elements 
belong to the same ...... .._ dlll trr die ..... of ...., path ...... the two II a 
multipll fll n. Now ada ... ...., dft:lllt ta P •Y ... ••• u a pldh MIU'dnf and 



termlnattnc at thew tlllnmt. Thll'lrore. the """" flf llCh '!-'*'tar'J dradt tn P must 
be a muldple ~ a. Thul. 11 ~ 'J(P~ · .," · ' 

IJJI = n: 

I .Al = I ,.u,I 

·1·<"~-1 :.-· ,. ·····;~.,,.,· ' :'~'""" ·~,~"· ,' . 

The 11ate paph In Ftpn S.t(a) hu two dllnmkry ...._ w vi ..... I Ud the other ol 
: ; .. : ·: ''.-:. - ~ - ~ ~ " .. • - .- j ; "f!:f:!, ' j ~ :1 ' • ;..,,,,~ t /""'- -'.!; '~ - >: .t :_ • ::" L bV· - • ·: ,, ' ' :'' ' 

'-Ith 12. The qllotllnt • tncluml by tlm.111111 pipit fa lhewn In Ftpre S.4(b). It ta an 
'l_ . -; : :·.' :.:> "' ,-, c ~~.:ti~-~·,: . -:: ~·-:.:-~" ! ~~~"';d'!i·~: 

...._.IUJ drcult vi ...... f. which ii the fM vi I and It. . 



f 

.. {a, c, e} 
. ,,- ., ~ 1 ::?.~ -. ' 

l f2,4,6,8] 

{b,d,f,g} 

c 

* (a) P (b) p 

relationships between two alternatlve ctu. tram two clif'f-.t puts. n.. are three paulblltttll: 
. ' .. .,.,< . . . Z.<··~1 ,~' .. ·•. :• 

(I) the alternative c..._ are dlljDlnt. (t) they partlatlJ ON'llp, • (S) they are tdentk:al Since we 
.- .. 

"'; \' 

need a partition of the system elements to a;mtract a .....- a,-n. we mull adude the second 
··, ·.,_, - ":.;':.~ ~).;,«· •,._# ~: .~' .. :-,~, - , 

possibility, aac.nattve clum that putiaQy ~ Thia II....,....... with the following 

axiom. 



.·· it 

Axiom of: YP1. •1.P: Y9cXpi'etr1= . 'Wr•Xrs'fil.p1! 

,nr.• v ,., 
Two abtllattft-dltili a .... ,_. .. ,. •. bl.' 

:,nan·~~~··~~ filtt~ ... the ...... :,1·~·:;~';t~.~~~~~ll ~~ilbrftatW•·--
:.~ 

mntatning the *Ill nwat '1· Thi two altlmatln m........, '*!Wll• ldlitlkal 

FJpreS.S 

, Def in ... : et • .;Jpo1.' . 
ot 11 the .. !Mf 'J"• for j. 



Property S.4 °' ii an -.utvalenee '*tlan an -, -..1 .• ~· ,.' 

YA c X/ot: A~ V A' E 

N. 

'Each .,uwallnai.__....,.;;•• •••••--~w~.-. or exdUli•elf ...... •. 

Since cit ii an equtftllnc:e ....... •* ....... el Chit• N,-cit tndw a .....-t·net al 
:7 

Definition: The cmtrol !CDICtW! few 'I ia ........... .,. .... r. ft> ...... . 
s• • ftrJ. t .se S) ftl{~a ol 'I'_:: .--. 
1• • f[IJ.c I • EJ (&he nt-.1'~ 

.. ·, r . 1cr,xi_.c,:i.c> , ..,J ,. 

x• ...... s ...... We~"' IDW(~.'·- that.., ....... C.J>. F.) 
;..:;:,,.,..'~ /'~·,,.,"- -Ill 

For rix•, "· / 
, •• {f I /ltf} 

··. 

The ltepl Involved In l"*'&tine a mntrol ltl'UCture ue &1u1aa1ul ~ 11.','i'iotiCe:that 
,;_ . "., .. , ... ~. ,,....,..,...,,-, .. ··~H«. ' ' 

the c:ontrol atructure may be ..... u Ill ..-a.iitiilt riif'mia:rf 'cift:da ......... .,, 

the parts. ,...., thil we have the falawlft&. 



1 I I I I 2 

,.K /12 
b c 

c 3 4 i 
t 

,. 

3M ' "' 
4 ··n4 

't . 

..-;; 

ev~.··v· eV.'~·V' 
i 

Vt ... -- -& $ 
') ~ 

·;.. 

7'·~·1'· 
•. 

h ' .... ~ .. i 5 r-1·· ... :· ... L ;J 6 

8 ..,.. ~ 

.. 71-1 .n e •,)• 

. ~· ;· 

(a) The· sy4tem Net <•> (b) The Parts 

Figure 3~6 Generating a Control Structure 

•; . 

. r· 



(b,c} {a} 

{e,f} (d} 

{h,i} {g} 

* (c) The Alternative Classes (d) The Control Structure (N ) 

Figure 3.6 (Continued) 

VI 
N 
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And there ii anlthing elle that we can •J about ~. 

Praof: Each link l .,.... to at ... GM part. Lit p ..., .... I ~i Thlft l ii Cllfttainld In the 
elemlntary dmdt ....... If, P. 'Within dlatntc..l )la.a ... lftpUt ....... and a 
unique output ............ P .la a ............. ..._ two....,.. CIDfttltn al the 
events that are adjamlt tD ta. .... In ,-L 'f'MNf.w. thll'e can be no other rneet1n11 
connected to l. 

Since it ii our cuatam not ID llpliallJ show '* -. in an nmt paph. the links In a 

control ltnldUre will be drawn u .•. 'lnu' .. Thul, • ...a ..... In Ptpre U(d) wtl be 

d•k:t911 u In Flpre S..,. 

{ b,c} 

{ e, f} 

{ h,i} 

{1, a} 

{a} 

{3,4} 

{ d} 

. {et•} -· 

{ g} 

i,.~·l 

Ftpre.s. 7 A Cmltrol Structure (Al»blma&ld Repra•tadan) 



~ .·• ., . ;".- -:, '-"~- :::~·:'" . ~-\\':,/ :.·.;;.f''} '.'::"' ~ • . -_,:~ 
relaUonlhtp .......... in ,...,. u and ... ,.. ..... .,, ........... thiaNm. 

, 
I .. 
\ 

/ 
I 

--- .... ------

' / 
......... _.. .... ___ 

l • CIJ. • 11n•11 • I 
1 • C.J.c • 11n·11 • o 

--- -- ---. 

-...... _____ __ 

The pncondtUonl fll ... '~- 11at11 ,,_ tM1t tnput link ot CIJ.c.' 

CIJ.c • l • 11n.•1 • I 
CIJ. • l • 11n.·1 • o 

'The pHll'MMlltlant of'i ... ' lll1ld ........ ,,.. ... output linlr. ot flJ.c.' 

(a) 

(b) 

(c) 

(d) 



Proof: The theanm follows tram dim --••tlonl, 
(I) A mu&tnf'a..-.c~~- -•--•N!•~•••ttt-...O&t •and l an 
c:annemd In P*. 

<8•.adl ... •ii1Cmi1 .. 'lff1•ch•I-·--& I 1:•••1tdp ..... _l 

O> If·• 111111..._.1u1n• •·•--•••u •.t# ••••----.·at,&' . o 

U. The Mod!!: 
··~ ~\- :..:· ~ .>":\ 

The mad• .,. ..- 10tapt1~11.Af tM.,.. ........ ··1'1. .,_a: panllltl ol N a.w an 

~-,- .. ;''""~ 

;, «·" 

1. -, ~· 

Llmrna SJ: If M 11 an .,_ ~·••l't .,t N, ~ .. 

Yf.r.Xt: IX11f'lfl·~-~ 

. V,1-PscX•: Pttflt • fiOXJll • W'\XMI 
~/:.'.)Ll . . 1:'.. . ;, -~ ~: .,;t ;s. 

Thia tact. ....... wtth .. CMllCtlYtty ~ ...................... ...... 0 

. ' 

Madel.,. the lll'UctUIW dtat mnllpOlld &o...,..... p1111 • ~ ... Till'. We shall take 
~-:-: ·:..- :.,~Y i·· · ,. :~. } :1 ~ '~.; :·;·~,,"~.;~~'e ·,t~·-;_·:t~~~ $-,.,_~ .• ;if'{f!'t'.~~ ~~:}~ lJ.:r-'.t<i~~:jj;_:: :~i:.~ l;j,.. :~ .. . t,._;: __ :.;' 

the r.rm '-.1,...W ro w that a modi ...... • 1111,_.. .. In no men than one 
:"'!'> "\lr?'~ ~ r ':,t:~: .~: ~ ~-- :-·" '0 

1"·, 



satisfied. 

FtpnS.9 MOile 

From Lemma SJ and Axiom 5 it follows that a modf .._ ckll!a nat iftterllCt any alternative 
,. - _"'/·~-·:_ ·;~. :~"'~ ,·.··. n·f~ , .. 

clau at all. or Inter.a ach abmatlve dlll tlldly -. lat the fint cue cannat be. stnce it 

would imply a mode With no lllnlmb. 
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Corollary SJ: YfcXt: lfl S l11U 

'The Ii• ol an abrnatiY• clau cannaJ_. ..... than the number ol modes.' 

mode and the mntlOl ltrVClUre. 

Theorems.&: YMcm ~.,.X•= 

«-J>d• - f#J.•C,J. 

There la an arc In M COft111CtinC x to ' lff thlN II an arc Ill ~ ClllMCdllg C#J.c ID c,i_.· , 

Proof: • Deflntdon of ~ u a cplClttlnt Mt. 

• Auume f#J.•C;J.c. Either x ar ,~.,_,.., ............... ·Amllll' it's x. By Theorem 
S.f and the def'tn• ol .... u .,. ................ ~-1111 an elemmt z In 
x~, Mh dlat «.1>cFk~ But l9y T'-• s.t··---- thlle41 anly one element 
In XM n C,J.c. Thenfare. ' • I and cs,,,..rM. 0 

Corollary S.2: YM c1'1; M 11 mnorphic to N• 

'Each n1oc1e·11 ........... contro1 ... rt.* .. ·. 

We now have a nice vtauat 1.n1.-pV..U.. nit the· dlJs dt ·nets ~ by· :AX10ms I 

through&.. Each net in thll dua can be viewed u aa .,...&.'IDllMCliml af ....,hie event graphs. 

If we imagine the ~ in each alttmative elm te be v.ucally In 11111. then each mod• wiR be 
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roughly horizontal (see Figure S.10). In the top vtew. altemattves are lndtatingutshable. So too are 

the modes. Their projection forma the control structure. In the aide view. we can dlsttnguilh 

between the alternatives in an alternative class, and we can identify the individual modes. 

/·~ 
/ ~ TOP VIEW 

~ -------'. 

·~/_
0

_\ ~Control Structure 

SIDE VIEW 

Modes 

Figure s.10 Views of a System Net 

From the structure of the modes. we can say something about the structure of the parts. 

Theorem S.7: YPcf': VMclll; Pf"IM ls an elementary drcuit of length T(P). 



Proof: p• ls an elementary circuit of length T(P). Since M ls ilomorphlc to N*. M ~tains an 
elementary circuit of length T(P) whose image ts P*. This circuit ls abo contained in P. C 

Corollary 33: YPcf': P ts covered by elementary circuits of length 'r(P). 

S.6. An Initialized System: 

Over the last four sections. we've established the structural properties of the system /,. We're 

now ready to consider the behavioral properties of the lnltiaUzed 9stem t. 

Deflnltlon: t • <Z.I>p.Dm> where 

Z • <S. E. F. I> 
1,s 
YAcDp: IAnll • I 

I ts the set of initial conclltlons of £. 
Z ls the tnitlalized arstem ~ 

The third requirement aya that I uatgns exactly one initial condition to each part. 

If we think of/, as the system 'hardware', then the set of initial conditions may be viewed as 

the system 'software'. With this interpretation, a piece of software (Le. a program) has no meaning 

outside the context of a system. This ls exactly as it should be. 

Since Z ts an initialized Petri net, the Simulation Rule can be applied. 

Definition: The stmulations of Z are called sntem simulations. 

Because Z is covered by I-token state components. namely the parts, the results of Section 23 are 

applicable: 
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Property 3.7: Within a system simulation, all instances of the same element ue totally ordered. 

Property S.8: If oex.m> and oex,n> are instances within a system simulation, then c.n> ii the next 
instance of x following oex.m> iff n...n-tl. 

We've introduced the initiallzed system net, and now we introduce the 'Initialized control 

structure'. We use the initial conditions of the system net to gmerate a corraponding initialization 

of the control structure. 

Def'inition: z• • <N•, 14'> where 

1• • (Csl°' I SEI} 

z• ii the initialized control structure 

In Figure S.ll(a), we show an initialization of the system net from Ftpre S.6(a). In Figure S.ll(b), 

we show the corresponding initialization of the control strucure fl'OQl.flpre S.&(d). 



.. 
2 {1~2} 

c {b.c} {a} 

4 {3,4} 

f {•~.f} . {c\ 

6 {5,6} 

{·h·~ {g} 

8 {1,e} 

* (a) z (}>) z 

In an ev•t graph, wh elllnentarf.dlalit'flat1att•p•• Mcf •lcl ..._ TlwtaMrol 

structure hu a special COV9il'I ol ....._.., circultl 1•·11 t _,.._,,.._ 'IDU• each part II 

assigned one token bJ I. the mrl'llpOftCllR( elemlntarJ dradt ii ••iped one tak.111 by rt. 
' ~ '.; :- I ': 

Corollary s.~ ·wtthln •·cantroltlmlltatlan, ... ..._ . ., .............. are tatally 
anl..S. 
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Corollary S.5: If <q,m> and <q:n> are instances within a control simulation, then <qll> Is the next 
instance of q following <q,rr&> lff n•m-+l. 

We now show that for each system simulation, there is a corresponding control simulation, 

and two simulations are isomorphic. 

Definition: If T is the system simulation <H,0,C> and q c HUO, then 

e,.(q) • < [f]°', l{rcHUO I r~q I\ Pcti}I > 

e,.(q) ls going to be the image of q in the control simulation corresponding to T. Notice 

that 8T(q) Is an Instance of the alternative class to which t belongs. Thus, If two instances In T 

are associated with alternatives, then those two instances will map into the same type of Instance In 

the control simulation. Because of this, the instance number assigned to e,(q) ls not necessarily 

the instance number of q. We must count the number of instances in T that precede (~ q and are 

associated with the same alternative class as f · The instance number of e,(q) wiU nner be leu 

than the instance number of q. 

Definition: If T ts the system simulation <H,0,C>, then, 

In Figure 3.12(a) Is a simulation of the initialized system net in Figure S.U(a). In Figure 

S.12(b) is the corresponding simulation generated by &r- Notice that the second holding of State b 

in T corresponds to the tl!!!'.!! holding of Link {b,c} In T•. 

The next two theorems establish the relationship bltweert T and ~ and the relationship 

t 8T(C) • {<&t.{q),e,(r)>l<q,r>EC} 
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(a' T 

Figure 3 .12 Corr·:;spondin9 Simulations 
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* (b) T 

Figure 3.12 (Continued) 
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Theorem 3.9: If T ls a system simulation, then &r ls an Isomorphism from T to ,... 

Proof: &r la clearly onto. Now auppose that e,.<91) • t,(fs). Then 

Cf 11« • Cf 1lot 
and, 

(I) 

(2) 

Let c • Cf11« • Cfsloe· Since c ii an alternative class, there exists a part containing all the 
elements of c. Consequently, the instanca of elements belonging to c are totally ordered. 
Line (2) says that fl and f2 appear at the ame point ln that total or4ertng. Hence, fl •fl 
and 8T is 1-1. If C ls the causality relation for T and c• the causality relation for yt, then 

it follows immediately from the def initlon of 'rt that, 

<f· r> • c - <&r<t ), e,.<r)> • c• c 

Theorem !JO: If T la a system simulation, then 'rt ii• control simulation. 

Proof: If T la the initial simulation of z, then T • <IX{I}, ••• > and ,.. • <f tr1«11cl}X{I}, ••• >. 

But {Cs1«JrEI} • 1•, and therefore, yt is the initial simulation of z•. 
Suppose now that T 1 satisfies the requirements of the theorem, and that T 1 II derived from 
T 1 through a single appltcatton of Step 2 of the Simulation Rule. Let, 

TI • <H2, Oi, Ci> 

Ts•. <Hi*· Oz*· Ci•> 

Now there must exist a set of holdings A in the front boundary af T 1 canlbttng of one 
holding for each precondition of an event ' and auch that. 

H2 • H1 U tf(1•, H1) 

02 • 01 u tf(1, 01) 

c2 • c1 u Axtf(1,01) u tf(1,01)x,,C1· .H1) 

We must show that a similar relationship exists bttween T1• and T1•. We note that 

Cl1« EE*. Let A•• ~1(A). Because A is contained in the front boundary of T 1, and &r
1 

ls an isomorphism, A• must be contained in the front boundary of T1•. By Theorem 14(a 
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le b), A• consists of one holding for each preaxadition of [I~. For the three components of 

T2• we have, 

H1° • eT2<H2) • eT2<H1)U8T2<tt<1·.H1>> (l) 

02• • eT'J.(Oz) • eT,}01)U8T2(tf(1,01)) (2) 

Cs* • l<&r
2
Cq),8T

2
(r)>l<q,r>cC!l • {<8T

2
(q),8T

2
(r)>l<q,r>eCi} (S) 

u {<8T2(f),8T2(r)>l<q,r>EAXtf{1,01)} 

U {<8T
1
<t>&r

2
(r)>l<q.r>ctJ(1,01)xtf(1• .H1)} 

Since T 1 is, in effect. a 'prefix' of T 2, we have &r
2
(f) • &r

1
(f) for all qEH1U01. Thus. 

eT,}A). eT1(A). A* 

eT2<H1>. eT1<H1). H1• 

eT2<01>. eT1<01>. o1• 

{<8T
2
(q), 8'f

2
(r)>l<q,r>cC1} • {<9T

1
(q), 8T

1
(r)>l<q.r>.Ci} • C1• 

(4) 

(5) 

(6) 

Let <S,71> be a holding in tJ(1•,H1). Because [s]°' is an alternative class, there exists a pan 
containing all the states of [s]°'. Therefore, the holdings or states belonging to [s]°' are 
totally ordered in both T 1 and T 2. Furthermore. <S, n> ts the last holding in the total 
ordering of T 1• From all this. we get. 

8T
2
(tf{1·,H1)) • {<CsJoe.n>I sci• and n Is the number or holdings in H2 or states belonging to 

Cs lot} 

• {<[s]°',7l>lsE1· and 7l is the number or holdings in H1 of states belonging to 
[s]°' - plus I} 

But by Theorem H(c &: d), {Csl°'lse1·} • {Csl°'I Cslote: [1]°' •1. This. together with the fact 
that 9T

1 
is a bijection, gives us. 

8T2(r/..1·. H1» • {<Cslot. 71>1 Lrlote [•lot• and n is the number or instances of Cs~ In 

H1•- plus I} 

Similarly, 

(7) 

(8) 



. From Lu. ('7) and <•> and cite fact that &r
1
<A> • It', 

t<&.r1w>. trr1<r~p •· AXW,Ol>J ~ A'~· '!i, ;.. ... . . _ 
(Jl.r1(f>. e.,:1<r)>f1-¥> ii -.ol)><tff; 11.-. ~-.--\J~.;~J.•,·t11., 

~. '- .. ,-

FIUllJ,wept, 

(I) 

(IO) 

H1• • H1' U 61.t •, H1'> Line L 4, le '7 

01• • 01' U «YJ.t, 01., LIMI 2. 5, le 8 

Cs•• C1• U A.•><11((1~., V~lft~!-·~,, Lines S, 6,'9. le IO 

Since, by h,,...._ T1• ta a ........ . .,~z.: ii ...... ~ that T1• ii abo a 
aimulatlail at 'Z'. D 

c.aBlry ll: ..... .,... ......................................... n. ...... two 
.............. aN la•llPf*. 

,, ~.. ·-
N"'!' dlM the cdt191lrl•ftltw111t .,.._ lfmu•1na ................ ,... ii not. In 

. ' ., ·~;Ir i ' ' ~. 

pneral. ... ..,.. la .... ~~.._. wtl bt .. .,_.............;·-.....into a *Ill 
" 7 ' ., ."' ' ., 

.. .,. Ix ... ",,.. ...... 

In ~ii...._, we pt111Mt tta.. aamples at ifttta.._. ,,_ ... P• llCh one we provkle an 

In~ The formal·~ clft,..,_ Ill die ~~~ will confirm thlle 
' . . '·. ... -:· p·<t., .•! ; 

lnt8pl'l&atiOnL 
:--;,. --~ 

The inlttalilld 1,-n ~Jdlrl» Ftpn ~a th,11• IDp bit piplllne. The three 
' ' ' ' ~ ' 

' ' ·-'· ~--;,;'' ''' ;,, 
parts c:am.Prill the thnt ....... ~ _.. •••P••••~~~ .,...._ 'information'. 

'Btta' ... at the mpmmt 11ap and are pilled rte. 111p • - until they are lalt at the 

bottommCllt ICap. 
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{ 1,2} 

{ b,c} {a} 

{ 3,4} 

{ e, f} { d} 

{ 5,6} 

{ h,i} {g} 

{ 7,8} 

{d) Initialized Control Structure 

Figure 3.13 (Continued) 



The kUtialbed ,,._ ol ,...,. ~~·aw ...... The choiCel UIDdated with 

States c and t npr111nt the two w..ry ...,...fThl ,.... ch1m a111datal With sea.. land l 

the four pwiMI aperaUmtL Nata tt.t thf .Y.. • II .,.. lty tour 1-toUn •• 

componentL · We'vt ta- two ot dtolf ...... ,.,.. MMucJ1 die .._ II arbitrary, It has no 

tlfect on the .._.lttnc contrlll .......,~;lJ"hn...,.: "",,., 1lll111&m1 In which this II Mt t'­

cue. The net In Plpn 111 11111 ~,. ,~tf .... • wldch CONi1tf ol ltate compontnta II 

llleded, eithel' fll two ~ ....... • w ,.,..... Tiie llplfk.lw o1 ..... 11 nae ,. 
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1 

3 1 

(a) Initialized Sy•~ .. Net 

Piqure 3.14 ciraulatinq'Bit Pipeline 
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(b). Parta 

Figure 3.14 (Continued) 
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{ 5,6} 

(d) Initialized Control Structure 

Figure 3.14 (Continued) 
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{~.6,7,8} 

._,~, 

! 0 

(d) Initialized Control Structure 
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~. ' . 

Figure 3.16 System Net with Two control Structures 



I . 
I 

I 
! 

I 
I 

f.L lnfwg.tpt ·<tmtmt: 

80 

CHAP'f• f 

INPoaM
1

A1'oN 
' 

Jn thll dlapts we cmatnue wttb • · ltUdy ii~.,._ I> In C..,... S. we showed that 
,.-: ! ·,_ 

the control ltl'UetUn ~ dttenntnel ..._ ,dpr c(·'·W.•• that i.ult when alternativ• are 

made lndllttnpilhable. Wt IN -* -1111d "l.~ ...... the UditJ to dlldnpAlll bltw111t 

altemativa We Introduce the Mden fl...,.,.. cillltl•t' tw that,......... 

o.flntdan: ,_ x c x. 

l(x) • m . 11l(x) 

'!(#) ll the let di ... Rcludtd fl'Olft ,,!I 1't) 11 the W..- CCl!M ol x. . "'\,, 

The reuon few deriltinl lnfOl'mldcll ....- u the •4f •cludld rather than Included 

modes hu to do with fhl ....... af'\-d TMa lf~J 11 ~ . .., Sedlonl U and f.4. We 
- ~ . ,,.- '· ... 

might note that when an .._t hu no ~VII, din alf.~ media excluded (Theorem U) 
' ~ ' 

and, thslfore. the lntormltlan CCIMlnt ol the . ....._. II null..·· 
... 

It II CGftVMilnt to 1ttaciaee a Cllar With .. - TM Inf.....- ...... t ol an tlllMnC 
' ' ,,...,../, 

t Thll ..._.. ... a cWlrUtion by Holt and Commwr OSl In the mntat ol a ICl'Gftlly c:an..-s 
ltate graph. thllJ cWIMd the 'Wannation llli fl a ..... • lie .._ 11t ol acluded d1m1n1ary 
circuit&. 
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can then be vtewed u the• ol CDlan ...aated WiCh the.exdudtd mud& In ,...,.. fJ through 

U are the •Jlllm Mii f• the ,,_ dtlcribed In Flprt. US thrauch I.II. We'Ye auoctated a 

color with the eventa cWnunc each made. Next tD wh .,_ •nent ls its information conmnt 

expreued u a Mt ol colon. 

Theorem U Yx1.X1 c X: 

~11-~ " •1~ . • xrc1 

'If two .............. •'~.·· ..... · .' .......... thl .... w....-. 
..,.t.Mtdlaf_._ ............. v 

. '~ ; ,_ :.;. : ./*' 

Proof: • ObYtaut 

• This part fll the tllH ... ~ np{·~,..,. ...... 
"·..,. '4 .... 

(a) I<x1M<xa> • 11Kat>-lkxs) . ,, . .. . - l 
(b) Eada lllnmt ....... ,.,at ... _..,. 
(c) A made..__.. aft ........... ....,_ .... D 

So now a ,,_ ,..,.._ an be ,...wtl ~ iW .,..,,... • .t1ttnp (I) the dm!a!l•! 
' ' -, 

u. Jnformauon flop: 

Suppme that q1 and 11 are ilutWll in a .,._ ••• and 1lllt thlre Is an e1llnentarJ 

causal~ llutinl fram 411. to.~ .,-, 
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v R 
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R 

v 

Red = { 1,3,5,7} 

Violet = {2,4,6,8} 

Figure 4.1 Bit Pipeline - Information Contents 

of the System Elements 
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v 

v 

Red = { 1.~0.7} 

Violet= { 2,4,t,&} 

Figure 4.2 ciraulatinq Bit Pipeline "" Infozrmation 

contents of the syatem. Blcasents 
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Grffn = 1,3, ~ ••• 10, 12 

Red = 1,4,6, 9, 11, 12 

Orange = 2,3, 7, 9, 11, 12 

Violet = 2,4,8,9,t0,13 

; .. 

Pigure 4.3 Half Adder - Information COntarata 

of 'the.Syatem Bl.-nt• 

------ -- -----
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r 
• f 2 

Let q1 be an instance of x1• and q2 an instance of x2. Associated with q1 ii the information 

content of x1• and associated with CIJ is the information content of x1. We shall interpret the 

information that is common to both x1 and x2 as 'flowing' from qi to q1. 

Our convmtion of associating modes with colors permits a graphic representation of 

information flow. The ara of a system simulation are colored according to the following 

algorithm: An arc connecting instance <X1,n1> with instance <X2,n1> is assigned a particular color 

lff the mode represented by that color is contained in I(x1) n l(x1). In Figures 4.4 through 4.6 are 

some simulations for the systems described in Figures S.lS through S.15. Using the correspondence 

between colors and modes given in Figures of.I through ofJ, we've indicated the colors assigned to 

each arc. The reader ii encouraged to do the actual coloring. Note that some arcs may be assigned 

several colors. while other ara may be assigned no colors at all. 

This formalization of information flow corresponds rimarkably well with intuition. In 

Figure -t.-t. we can see quite clearly the flow of 'bits't down the bit pipeline. The two colors 

correspond to the two different bits. At Events I and 2. bits enter the pipeline. At Events S ·and 4, 

the bits are transferred from the first to the second stage. At Events 5 and 6, the bits are 

transferred from the second to the third stage. And f lnally, at Events 7 and 8. the bits are lost. 

AJ expected, in the circulating bit pipeline. bits are conse"ed. AJ shown in Figure 4.&, the 

same two bits are present at the beginning of the simulation and the end of the simulation. 
' 

f The notion of a 'bit' is very mtrtcttve and is used hert only in. an infc>nnal manner. Formally, 
information is expressed in terms of excluded modes, not in terms of bits. 
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Figure 4.4 Bit Pipeline - Information Flow 
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g • • a 

Figure 4.5 Circulating Bit Pipeline - Information Flow 
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With the half adder, the situation becomes more complicated. It is no longer possible to 

interpret information flow in terms of bits. But the flow of information still corresponds to our 

intuition. As shown in Figure i.6, information enters at the designated inputs - Events I, 2, 3, and 

-t - and is 1ost at the designated outputs - Events 10, 11, 12, and IS. Notice that in each of the two 

middle simulations, information is also lost at an interior event In the '0-tl' operation, the color 

orange is lost at Event 6, while in the 'l..o' operation the color red ls lost at Event 7. At Events 5 

and 8, there is no such inf ormatlon loss. The reasons for this are simple. In the case of both O+I 

and 1..0, we get the same outputs - a sum of J and a carry of 0. In these two situations we are 

unable to reconstruct the Inputs from the outputs. The information lost at Events 6 and 7 ta what 

allows us to distinguish between 0-tl and 1..0. In the cases of 0..0 and I-ti, the conse"atiOn of 

information at Events 5 and 8 corresponds to the fact that, in both cases, the inputs can be 

reconstructed from the outputs. This short discuuton is a preview of the Ideas contained In the 

next two sections and In Chapter 6. 

We mention now an interpretation for information flow that the reader might find helpful. 

We've shown that the control structure determines those upects of behavior that result when the 

alternatives In an alternative clau are lumped together. We've also shown that information content 

provides a way of distinguishing between alternatives. Our practice of associating modes with 

colors then permits us to think of information as colors assigned to the 'tokens' on the control 

structure. The colors assigned to each token determine a unique system element. By defining 

appropriate color transformations for the meetings in the control structure, we can duplicate the 

behavior of the original system. 
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• 
or 

5 

. ·,,,. 
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1-i • IW••JCl)flt ..... 

(a) 

(b) 

· 'TM'.\lld' 1 · •••• rrtp 19'• 11 I 1.da1 at111111tt111:••• tl:11 ,,._,.._ • ol .................... , ...... .,., ...... 
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Proof': We prove just Part (a). 

Thus, 

11(.r) .• 111(1) v ··~1> 
,,...,.1Kt.)011Kr~-{$~-· UIMpre•~),,.,, 

lll(1) • Ul(s) -11Kt1'}), 

IMR(I) ·-~~J)),1,,.,Gl!~~i4D. 

·· Fnn thecllltnitiM-9ftW.-tlal .... , .... · 

Corollary U Yid: Yid: 

(S•I V l•S) • 1($) ' 1(1) 

-' 

c 

'The information cantent of an event cantainl the tni~ · -t of each 
. precand .. > ................... ..-J.. l . ' 

'<:\i ~ • • ·- ,. . 

To llluatrate Theorem f.2, wt note that in FtgUre tJ. IO).{V). l(d>-., and lft('t).(V). So we 
'\". ~!'.", •:~-r~ ... , . 't'.··, 

have I(S).I(d)Ulft(f) u predk:tld. Corollary fJ means~ with our ICheme for c:alol1nc the ara 
_, ' .. ~ •' . 

of a system simulation, the colon entertnc and leav~ a holdinC are the slme. In .ather words. 

colon appear and disappear only at occurrences. 



llmulation, tt wtll have to be NIOl..S. (We an not CllllClftlld at the 11iC1 uittt· ....... thll ii a free 

choke or a conltralned choicl, • pOllibfJ a ........... of the two.) 1t.ol11tc 11111 choke II 

equivalent to l8llctinc ane of the • ...._,. in 1•. .. dlhi ... Mt"_.. tn ;' II equivalent tq 

specifying the model that COY.- tht .......,. .. .,.. llt 1•. cm- ••-tlJ). we'_. determine 

111.(1) and thua 1.) Therefore. the Wwlllltilla plnlCl ..... ~,,._.""the nmta In,. 
resolves the forward& choice a...-.. Wllti ,,.., .......... t·dti•·'-tt1"tive' tn ,•, 

there i• no choke to be relOlved and there II no inf' ......... ; 
"\;'' 

For the cue • ._. ,.,, lftrJthinl II rtMlld. W. an now ..... With,. backwards 

choice auodaeecl with 1 • .... ~tlMn1111M1t,....,.1liiib11I.ilMI laJ ... rnwn 1 to'· we 

talk about the infonatlan 11!1 ln ... 'ftdlt ,. t.x •ftllt'illftl Htl• ifiUUMcde backwards 

choice &UDIC&atlll with .s. It II what we would .... 19 ,_. ............. fll the eYtfttl In 

.,. 

event and the tnformatton conmt of a ll!!a!! prlCaftdlttaft (pMIJIOdldah) of the event. We now 
, " t' " • 

t- ... r·: . 

look at the relattonahtp between tht lnformatlalt • ._ ti an event utd the comb ... 
. •, ,. ... . 

',,· -11 ,.,>· •' '.~~};,);, "'' .' ., J· 

From Corolluy 4.1. we 1-w the tOIDwtftc 



Prape1 tr 4J: Yul: 

l(·e~l(e) and l(e1'1(e) 

The inf....-. - of .............. Che Clllftlblnid lftt'Ql'lllUion cont9nt ol 
the .... ,,.... ••• Ill~' 

Definition: For HE. '. 

rt(e) ~ l(e}l(e1 

r(e) • l(eR<e1' 

·rt(e),~ thl'in!•nll.ll!I a at Event e. 

r(e) la tM'W .... ll!l at Ev• e. 
. -~ -.... ~- ~ 

(a) 

(b) 

i 

,.'The inf ....... : ptn (lrm) at 1¥mt e 11 .... == ••t 111· e llllnus the 
~-.-lllllloncan.cat1'1p1•11df11Jb~ A Aaftl)~J 

.~ -~ 

In nbles ·fJ-U. .. ltat·thl ..., ....... pinl ... l .... ,. ~ ...... ,..,.. f.1-t.S. 
' ' ... ''• _, ! .. ' .,., 'J ... _,._, ' : 

we· can thtH el--lllfW11•• pin u .., ... .-..,.....,~•~:.,._from the.,..... 
.; ~~- ~· l ~:- : } r·~. ::) ··-" -· ·• ~ f ··· <'! .t ( :. . . ... 

enYil'OftlMiht,1ad.iwe - think el Information 1au U W•I JJ; l.: .. t llif .... the .,.... ID the 

.,_., mviranmlnt. The ltplfkance el w.....-. ptn and tnf•MadlR • U. in their 

relationlhip to conflkt. 

. The term 'canflkt' hu '*" applild to ta. lllaatton tn wWch two evtnta ·are concurrently 

enabled and have a cammen pnc:andttioft. Such a ...... II .... in Fipre 4.7. But for the 

elm of atructurt1 we're dtallnl with, (forwards) CDRfllcl • lflle anly ..._ two nents have the 

ame set or preconditions. (Thts 11 called f.m sl!B) ne __. f• thll are u followl. II two 



e 

·-·.; 

1 

2 

3 

4 

5 

., 
7 

9 

•' ' 

+ ' 
I (e) 

{v} 

{R} 

-
p 

-
··-' 

p 

-':t .,\, 

-----14 .. ; ;'. 

.. ~ .. 

{~l 

{a}r/ 

Table 4.1 
.Jtiit ~iJMflU.r•; 

Information Gain• 

-,·1 ;v 

,, ·~u•f,.,..._ ··' 

~ ) ', 

. : : -;.. :, : .... ~ 

' \c•!l' ':t"" ( e) . t~t el'" i 

1 
- -~:,;[! ;:,,./> ,,; 

2 1;:~1~::> · • C/ t$ 

3 ('"·: -';;· ·, ~ 

$' ;~· .. ~ ~- .· ...... z. ~-
• 

.. I·. . , '.!, -~t,;i 1 ,,.f'.Jk ·; '. ;,i I"'. " 
> • ~.~:; ·.'")i~::~ ·~~ :··.'.''d .,.,.~ •• _ ... :-.. :r. - ,1 

7 ~ -

Table 4.2 
~WtCJrdMt:~iptline -

In!orauat:ion Gains 
;;,; ',;;;iJ IM4vll••,M., ;· ·: · .. r 

.·,,,' 

,., 

f -·11·. ,. 

'·"' 

; _., . ·:~ .. 
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+ I (e) I (e) 

1 (o,v} ¢ 

2 (G,R} ¢ 

3 (R,V} ¢ 

4 (G ,0} ¢ 

5 ¢ ¢ 

6 ¢ (o} 

e 7 ¢ (R} 

8 ¢ ¢ 

9 ¢ ¢ 

10 ¢ (R,0) 

11 ¢ [G, V} 

12 ¢ (v} 

13 ¢ (G,R,O} 

Table 4.3 
Half Adder -

Information Gains 
and Losses 



. " 

• 
events have .a comman ~dim thtf,.. .._..ID tM.,... meeting. By tt.mr•n S.4, 

ach evmt llllcta aactly w ..... lnm llClt ..,. M fll Chat ......,.. Beau• each link ii 

contained wtthin a 1-. a&il _,,, .. (a puc). • aw w In the ame llftk can hold 

c:ona.1......cly. It follows that It the &we..,....,. .... -~llrl cmcu1......,. thin they mutt have 

the same pncandWonl. ,_.a ... -. die ...... -·~- In ,._. f.' ••Mt arill. However, the 

Since in our theory torw.,. Ind .,....,. eanlllct m6nddel wida mtain ltnletUra1 

conftpratiana. we mtcht u .... .,._,_,..,tit *121•11--. 

Definition: For e1.es.d. 

•1x••1 • ·····ei 
•1X'I • .... es· 



We •J that '1 and 91.an in ,.,.. wfll.,- 1tx•91 and 't"'t We tl\J-that •1 

and es an In btct. .. R!fllst tff •tX'l-tii"'t (We do• •J that an event ii 
In mnflct wtCh ....... ) : · · 

(a) 

-,': ' 

(b) 

The ,...,. (bac:k.wura.) conf1kt dlll M••dltlld wttta e ta a.t-..Mcl .... the 
......... c:1u1.111:t1• ....... 

{U} 
(S} 
{f} 
(I} 
(6} 
f1) 
{8} 

{I} 
{2} 

R\ 
{I) 
(6} 

f7.I} 

(a) Forwanb (b) a.ckwardl 

Table i.4 'lit Ptplltnt -
Conflkt Cla11• 

• 



•• .. 

and the 111.U ...... INC111•11 W.a1ll 1a 1- llllt 11119 • rdl u .. 1~f,ll A 1IMpl1 IM-. 
:·;}.~'tj •": '~~'., ~; 

IMnltJ Yid. 

Mx··· /).'• 
'llJx+Clllll:lh el ................. It IHI I' •••Ill •,_• 

[IL-• n .. •1 
~ .•. 

'llJx· -·· II th1~J?---p UllEt Ill 1• ..,, fl «~.' 
1 

.• 
" j • ; ~ " !; 

Proof: We prove Part (a). 

D , •• ,...,,. ••• , .. 1 _, ... 
·~·M1c~.i 

• {Mlr,.•c} 

• c.ix+ 

- ,;'' 

.. ,} ,,, 

' : ~. ,., 

(a) 



1"(1) • 111Cf'Jx• •{•}) 

r<•> • lll([flx· -t•J> 

99 

. ·.,: ,-· ·~. 

c 

.(a) 

(b) 

The illformadM pinlll (laet) at Ev.at 1 It .. , '9 thl •of modll COY.tnc thole 
ffentl In farwudl (IMM:kwardl) eanfBct .... 11 

Proof: We prove Part (a). 

1"(1) • 1(1)-1(·1) 

• 1(1)- 1~·, I(.s) 

• D <•<•>-•1» IC I 

• D 111s· ·f •J> 
IC I 

• 1RC D <1 • -f•J» 
IC I 

a 1ft(( f) 19)-(1) ,., 
·»lx+-t•J) 

Theorem U 

Boollln Alpbra 

1..-nma f.l(a) 
c 

The rad• m&J •riy ddl thloi• by G0111p1rins the W"'111UOn pins .. and laua in 

Tables if.1-U With the forwanb and backwards c:anflkt ._ el Tabla 4.4-4.8. For example. ln 

Table fJ, we 11e that the Information pin or E'ftllt I In the bit pipeline Is (V}. In Table f.f, we 

see that Ev•t I Is In farwardl mnflkt with Event 2. The• of madel mvertns Ev•t 2 Is {VJ. It 

We note that when an IYtftt Is not in forwarda Q.ckwarcb) c:anf1kt with anJ ether nent. ltl 



Information (Ima) ii lltlll. Thul, tnr.11 ua1n ·11 ...... 0-htt ,_....,them points where there Is 

forwards (blckwanlt) conltlct. Ptnd......, •lhe ..,...._ ....... or lalt In a canflkt situation 

specifies how the cmd1kt ii ...... Tl911,t1Wl 111••11'1 • .... .,,. ~cllll 11 

.equivalent ID iplldfylnc the.-. CIDMinC the ,......, ... Tit .......... we can deriYe 

. the othw. 



ll Event Oryhf; 

IOI 

CHAr'tQ..~· 

.. ~,..Qi.: 

In Chapter ~.we.~ that_.; ... ~-ti ~~,..-.;~'iimplatton Of' the 

control structure. Since the control ltrUCtUre b an .._ ~J~~·,P• ..,In ror event· 

graph slmulation1 can be applied to sysee•~·:~:!J.f.,.M~ nent~h 

;;·i'f·· llmulations have same very nice preperttes. Tho9e pnaperdel are the subjlct f6 this c~. 

Definition: For a path I' in a directed graph, 

•,. denotes the initial enclpolnt (tail) of ,. ,, ..................... ,.a.-n-.. c··· 

Definition: If I' Is a path in the directed cnph 0, and ¥ is a .,..- of G, then, 
.. 

Xe,& iff ¥ appears in I& 

Definition: For paths ,.1 and l'J in a directed graph. 

,.1 ~,,as iff "1 a a.subpatlulf ,.1 , . 

f We're repeating the definition of D(G) pven in Chapter 2. 



• 
Deflnldan: · 1r ,. ii a path In the dindld sl'lplt 0. _. A It a • ti •.UC. ti o. thin, 

~IA clenotll tht ...... ti tilllltMI' liu mt fl A ....... in ,.. 

5.2. E!!b! 

If <NJ> ii an tnMidaed nlftC ....,... lltll ,. ii a pada In N, dim .. ~ ii called the raHf!. 
, ...... ,.. 
l(0)'6oola lht . ._. fl G 

·QffsJ·c1tn•the ~if-ti •... 

Many of the kleu In tMI.,... ....... ,...,.....,; ....... -.a die paths In 

nent-snph ............. We ..... wllt IMllc car.nl:r 

Propeaty I.I: In an lnlttallllCI IYmt ...... the llll* di ... llld tM ...._ .._ .......... 
CDllldde. ,\.· ~ :.. ' 

Thia can be-. fram the, ........ 

(a) In an event pph, each ltalil hu ~lllCtllilUtt_. aWe ...... arc. 

(b) In a ate C01npowtt, each nmt hu ..a, - lltddmt &N and w ....-.•arc. 
(c) A ata• mrnpmMRt 11 COllMCl9d. 



When an initialized event graph ii ~~by bu1c drcultl, we know rram Corollary U 

" '.>: 

that in each simUlatton or the event graph all .,...._ ol the w elllMnt are totally ord«ed. 
i .·, 

We also have the following lemma. 
i . 

Lemma SJ: If Z ii an lnldaliled n• paph ........ by ..... Cllalitl, 
111the•ot.._. ....... .,z. * 
C II the ca.._llty ,._ fcitf lllMll .... it ol Z. 

ftr"l * Xt-1 
n1-n1..a • xtcI 

'If tJtere ii an.......... fJ caual ·~ ,...,. frM ltllllnel c 1.n1> to IMtance 
<Xtil'i>• then n111fl1 f• -s411 and dpd1¥4I I• ¥-' 

that .Ver.t~ ifaPh 'In which 'tadi ~:'''It ii';Yiliit at. ilfjt ¥ .. ttltilt.t»f ia cluhed dlde. 
. "'·.t<,i ·,: ·,r .f$~4~'1U ~b;Q flit:· iil;!;i;;:, 

Notice that illllUICe numben an lna•....S by I at wit ......_ ol an lftldal cmdltian, and that 

,',; ·~~ ~~ .. ; ;,· ... ••.· . .::.t0';....··-. ..,l-.,;;,;'J.~1..:11' .~~.L.i.~ .·· . .... , .-........... ""' ... , ... M • .._.- ............ . .~ r;; c_;':'~ •.. -{'O' 

.. . : '.. : .. •· . Y. ~.·· 



.. 

Tttu ... :1.1: lrz.••--~~.-11#.~~--, ) II tMlltGf ~· ....... --·. '· ~·-tfj' •'~:;,.I ' ... . 
.. l _,,,., .. -d -it "'"' ,• ' , Tba .......... flt't;·thllt.~ .. ····· .·.··... .. . . :·· 

Y•t#t«ll('n ., • ..,.,, f\ •1~!'f(1• * ,.~:. 

'If •t:-.-l"'.1lll'*"';~IJIJ1~--.J~.T ........ """,~ .. ~-thin the ..... d ................. -.1&. . ... '" ' . . ·.· .. . 

Proof': Let ·,1.·,1·«.m> wl •1 •_,1•-<'Jll>. BJ ~1.,,.,fl! ~ !(~~-'>'~.,~I 
candttaana crarMd by bath •a ad •i ta IHI t• .i _. ........ l• nL In ....,. cue 
,.~..,... D 

Al an Illustration of Theorem 5.1, C8Mklm' ~ followlnC two pa&ha In f'lpn 5.2. 

•1-<2J><a.2><U><b.2><2.2>ca.S><U>eb.S><U>4l.S>4.S> 

•1•<2.l><dJ>d,l><f .l>d.l><e.2>d.2><t~> 
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Figure 5.2 Holdings of Initial conditions 



l«Xi. 

Since •i and •s have the same endpoints, their """'4 should have the same token loadings. Let's 

It checks. 

t 1 •2!,lb2!.lb2d3 and lt1 l1•2 

•s·2d3f-f!:'f~ and ltslt•2 

For an initialized event graph covered by butc ctrculta. the next theorem establishes a 

special relationship between the paths of the event graph and the paths of a corresponding 

simulation. 

Theorem 5.2: If Z•<N,b ll an initialized event graph covered by basic drcuits, and T 11 a 
simulation of Z. 

then Y,adl(N): v .. dt(T): 

• ,. •• , " ,. • ..,. " 11J1t·ttt1 • Etdl<T>: ·r· · • " r· ... " ,.,.. 
'If I' is a path in N and • ls a path ln T, and if the endpoints of ,. and t are the 
same and,. and t have the same tok.en loadings, thm there exists a path in T having 
the same endpoints u • and whose image ii ,,..• 

Proof: Let ·•·<X1,n1> and ···<X2,n2>. The required path t can be constructed by back.tracking 
from <X2,n2>. Property 2.3 guarantees that at each step there will be a way of extending 
the path in accordance with I'· There's one exception though, and that's when a holding in 
the back boundary of T ls reached. By Lemma 5.1, when a holding in the back boundary 
ls reached, the token loading on the path already generated is n2. There are two cases to 

consider: (1) cx1,n1> in the back boundary of T and (2) cx1,n1> not in the back boundary 
of T. In the first cue, lflt·n1 by Lemma &.I, and, therefore, the path must be complete 
(otherwise, we would have fl'~>n1 and i,.~-lt~). In the second case, f'IJ<nz by Lemma 5.1, 

and, thus, this case cannot arise. So we've now got a path r such that f•<Xz,nz>·•· and 

t•1&· Because ·1&-x1, ·r must be an instance of x1, and because "'li·tt~. lt~·lf~. From 

Lemma 5.1 and the three facts (I) •t•'•, (2) lt~•ltlJ, and (S) ·r··t, It follows that ·r··•· C 



To illustrate Theorem U. wt canlldtr the followinl path 11 In the et•t graph ol Fipre SJ and 

the following path • In the ........... ot Ftpre 5.2 

,. • 2'lb2albtd9 

•• <2.l>CdJ>dJ><f J><iJ><ebd.2><f .2><~ 
·' . 

We have ·,..·1-2, ,.._,._,, ud .. ~ n.nr.e. thlN ..._..be a pith t In the llnlUlatioll 

ot Figure 5.2 having thew lllcfp(ltlltl u • and such a.at,.,.. There ta. 

We now look at the draltNlllal .........., die......, fl two acaar1111C111 in an lffftt­

. lf'IPhJimUlillit.;'Tflt;\f'ftpM•'tlW1mlU1•11* 1Cllj: H1•-UJ?nJ ••1r.-.., •'> 

.• ,,..that, •• h ..... ,,..., ...... ., •• , .•••••••• k ......... l ....... 

. liftti, thiee ~'.---;)- : ........ <~ ....... ,;, ... ~ ... .,•>--...... ~-·~ 

' 
·,~<, / 

' ,;., ": ;, ,,(' 
' o'ccurrences / 

' -·CM:~iHt 7 ,]l,; ; .,,., 

'; ., .. ~ ... q'' /, 

occurrences ' / 
concurrent ~ith ;q ·. , ;;•~' · 

/ ' 
/ ' ·~ "' 

/ · otc1J ttHi*•• · ·~ 
/ " ~g!I ~V.:J:~ i,.~L .· / 



I . ,_ •.• "'!;.+ 

• 
' ' ' ' 

/ 
/ 

Now .,,...., .... ae.- .. ,.. ... .,._...,...,.-..,1~·111RJJ,•~b,~'r 

;~;·•"'tfle··#df"••••• •. ~ . .,, .......... ,.,....,,,10..a.~•""l~,,.. ...... 
..,,...,:.1.-1,'f(IUMll·•' .. f ... ~::•JI ......... ,,1(-~, ... :~&J• I 

. d 

preceding dJ>, whtle <U> ta the Jut occumnct fl IWllt I prtmil• 4,9>. s,~_.""" 

to occurrwaa al I••• follniw q. 

We know that In a tamulltillt fl an ..- .,.,.. .... _. by buk Ciralitl. an lnltancm or 
' . ' ' ' ) (' 

the same ....._.t are totally ....... W...., MW *lo cl•u- f• IUCh a stmuladm under 

what mndWOnt II Occurnnce e11.n1~ the l'th. Occult- ·fl 1.- 11 pNCldlnl Oc:mrnnce 
.-_ ~ ' ' .:~ : 

~1.n1>. To do that. we need the c:onapt flf ~.~i· 
• ' . ., ' ; J'i! ' '1 ,'' 

Derlnttlon: For a path " c:onnecttac ttfO nlfttl in tt.Jnllllltd nlftt snph z-cN.I>, 

'1J.ll.) • ~~ - mtn{lf~, ,..,.) fl~~·,. "r .. 1 

''1J.ll.) II the tok• laadtftr on j, miftUI the mintm!tl tDk• laacllng on thole paths 
hav&nc the w tndpailltl u ,.., '1Jlt) It dte ......... sltlU al ,. (with ,.,.a ID Z). 

~- Z II~ we ahaR wrMI lhl IJll•u•ttc.., al,. u J111t 1(,1).) 
· 't;"; · ·~-~·:\.:: •. ,_.,-~ ~- - ,,. ;;, ., _!t;#?'".'"1. '.~~; :t3::ti:s 1 fJ.J;~_;:,· _~;~~·-~~ .1~f·-'·? 
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We give the synchronlc delays for several of the paths in the event graph of Figure SJ. 

•1 • lb2dSf• 1<1'1) • 0-0 • 0 

•1 • 'fe!c:2al 1<1'2) • s-s • 0 

•3. 2dSc2al I(,.~. 2-1·1 

.,4 • SfffS I<•.> • 1..() • 1 

•s • 3c2d.Sf ~S l<l's) • 2..0 • 2 

In the special case where " is a circuit, the minimal ·token loading between the endpoints of 

" is 0. We thus have the foltowing property. 

Property 5.2: If Z ls the initialized event graph <N.I>, then, 

The synchronic delay of a circuit is equal to its token loading.' 

The following theorem says, in effect, that the synchronic delay of a path cannot be 

decreased by extending the path - the synchronic delay either remains the same or increases. 

Theorem 5.S: If 111 and l'l are paths connecting events in the initialized event graph Z, then, 

1f l'l is a subpath of ,.2, then the synchronlc delay of l'l is less than or equal to the 
syncbronlc delay of l''J.' 

Proof: Let 1&2 • t111f· Let 'l be a path of minimal token loading from ·111 to 111 •• Let •1 be a 

path of minimal token loading from ·,,.2 to l'l • We have, 

•z<-1> • 11&1~ - "i~ 

and, lz<-1> • 11&2~ - IJ2li 
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t.&1'1 • 111 + t.&1 Ii + llb . . ·-..' .. " ··. . . . 
J.lt - - - --·-~,- ·- .. - - \1 

Thus. ~ • 11t + t.&tli + IW .a;"* ,t) 

BecaUll 'I ta a path ol.........,... 
laad&nc from • ,.1 to ,.. •• 

~ v .• ' \~ 
~' - - .... - - ~ ~ - - - - .. ,,/fJ. 

I ,;::.:,····· , . 2 

llJslf ~ l'lf + ~I~ + lfr (2) 

Cambininl Untl (I) and (t). we pt. 

·~A~ '-•' ~;~~fi;j:!l.,!;..r' ,·, .. ~1 fr;:t. ~· ;; ~C c 

We're now nacly for the majDr fllUlt « dtll ...._ 
. 
d. - >:.--'-~(i ,~f14~";/;~ ~;.;~,~· ·~;.J 

Theonm 5.f: If Z ii an inidaliled nmt papll ...... bf~ 9 
T II a umullldan ol z. :J.~1 i.i 

1
··,. .~.· 

<11.n1:. ~'.!~ .. ! .... ~~~,~.~· .. ~.·. , ,,__ ~· :.~.~·.:LL, 

thtn the , .... .,. ... -

.ca)' -c11.n1;.; .. ~fa'~~·~r~';f •{t*it1ti.f~~1~:-·.'·' . , 
\ .,..• 

(b) c',~,; 'is ~llft. cXdi,~~af~:lfilfMf-!~i 'm 

.::(c),J.f~~, ~~lflt ,/\,r.;~.:~1*.,:~z;·W~j f4~ i: .. ,,,,,t" " 

::;-- alltl a path frm. .,,.n1> to ¥1>. ·~~~~·~' ol itl imap II 

Praot: We prove that (a)• (c). It followa. bJ .,_.,, .... ¥1$ ·:·Uitl...,.J>. 

~) •.~c) 

Stnce <11.n1> u •~'8t§l\Ol-,JIUl ...... tbf~ ~1mult IM the 
!Ht- Lit •1 1111 a pMh frm. .,1"'1> •Cit• ...... ..__. •s • pidl ,,_ C.1, n1+ k-1> 
to~s>· (Apadlalw&Jllldlll••••• -.w.li't( i 



•(e1 , n1) 

I ::. 

er, ·k occurrences of e 1 

~ ~; ;' ' ' ' : 

'z(t):'!' "'~ ... , ......... WJ.. 

'""" .......-a,a.a.,••v•- . 
1'1~ • (n.1-tk·h1 .~It-I . 

(I) 

(2) 
.. ! ;:~H,· ... - , 

· We now show that ~~· Since~ Wt~· Lit ••lfJlrilll. aad • ., be an 

. ell09!11)~~~ .. i9-lf.~~~ -1\fl!'lnt&~t-~.~~~}'f L 
(Such a draait •• .,.._ Z ii CDYad l>y "'* dladtl.) Lit ,. '.,,a,.. ' ,. ' ii a 
path In N fram 11 to-. 
~,~.··~·Ifs~ 

Since,,,, and fs have; the~ end,_, Wt lftcl "'and •'lr'llr• Theorem 5.2 
tmp• the a-.ce cf a plth'f tn T rrant~\lit'H> •~¥1> .m that ,.,. '. 

Bec:aMse ,__.,,, and •t.• l wtH C1'C11i ·• ~ fll 't ~ laving <11.n1-tk-I>, 
and Wore nKIUnc ~- .. But 41.n1•+:ta dte Ill. occuntence ol •t pncedtna · 
<IJ.RI>. ,....., ......... ~ ... ~ ; . 

~ 

Ifs~·'-~ (S) 

From Lines ft), (1).-and (S), we have ~-1. 
-~~ 

(c) •(a) 

Let ,,, and w be u defined In the first part, and tit I'' • .,t.-1,,_ We gee. 

t .,a m.na that ., ii repeated • tima. 



f 
~ 
l 
I 

Theolwn U implies the aw.nee ot a path t in T fram <11,•1> to <11s7tz> such that 

r • I'' • .>-1,,_ Let t • t1i'1 •'*' f1 • .J.-1 and fs • ,,_ t1 ii a path In T from 
<11.JJt> to.<11, •1+ l·I>, whlll rs 11 a path ift T fram <11• •1+ H> to <119n1>· To 
ahow that <11, a1+ H> ta tht 111. aa:ut'NMll fll. 11 ,....... .,...>, let I be any path 
in T from e11, a1+ l-1> ti ~ By 'n.111• ll. 

fli • '" 
But lina Is • I& and "1f.IJ) • 0, 

'z<f>. 0 (I) 

Suppose that E cancains an ..-.•.••;GI,~ -~-~~~+,1-~ .. :M!' la be the part or 
I pncedtns that aa:unwe. fl ta a drml In N .......... and encliftg at ·11). By 
lAmma I.I, 11~ > 0. la.._..., ............ ,._. utlitJlaldtnc greater 
than 0. 8tM thtt II maul lt A .... Lilt (9. We W _.... that no path In T 
betwem <11, 111+ H> ........... ¥ •I .. ,... •.•• l..,.-ifl'* <11, •t+ l-1>. 
Thul. <11• 111+ l-1> II die lilt OOMt•• fl 'J PJIH~1'f- ':'tt'tl>• anc1· <11.a1> ii the 
l'th acall'Nlce al 't ......... ....... . ::! •• , ' .. ~ .•. l¥' • '.' "' c 

The ..-•v~11nca ot Sta11m1M1 <a> ancJ <&> 1n n111Hlfl-t'a.'w•Atl 1111M,. ·11r·rtpre u 

k occurrencet 

of e2 

( ... n.-1<• 1 )1 

I • 
I 
I 
I 
t 

..,. '~.£,,: .. ;_. .. .,,~"' .t"'~2·.;, /~:-'· r .. ~. 
. 1 · ,,, 

• l' ' " ;., . ''k Occurrences 
. l . '·i of •1 

t· 

t 

L •... ·k· 1) 
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In the simulation of Figure 5.2, we see that <2,1> is the second occurrence of Event 2 preceding 

Occurrence <IJ> and that <IJ> ts the~ occurrence of Event 1 following <2J>. We have the 

following path t1 connecting <2J> and <IJ>. 

ti • <2J><d,l>dJ><C.2><2,2><aJ><l.S> 

t • 2d3c2al and l(t)•I 

The theorem checks out. 

5.S. Cones: 

Because synchronic delay is not a convenient concept to work with, we introduce the concepts 

of 'back cone' and 'front cone'. 

Def lnltion: If Z ls an inltiaUzed event graph, 
N ls the event graph associated with Z, 
S ls the set of states of N, 
e is an event in N, then, 

•i(e) • {sES 11,aell(N}. ·,..s Ase,. A,.·_, A i<l")-0} 

'•z·(e) ii the set of states s such that there does not exist a path of delay zero 
beginning at the input event of s, passing through s, and terminating at e.' 

'•z '*(e) ls the set of states s such that there does not exist a path of delay zero 
beginning at e, passing through s, and terminating at the output event of a.' 

•i<•> ts the back cone of e1 and cltz "(e) the front cone of e. (When Z is understood, 
we shall omit it as a subscript of •·> 

The two definitions are Ulustrated in Figure 5.4. In effect, what •••i<•> means is that the 



Such a path 

ha$ non-minimal 

token loading 

a 

+-(1) o)· 

+-(2) 1 

.-(3) l 

+-(4) ... '~· 

(a) 
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41-paths with 

minimal 
' '"· 

" 

~Such a path 

has non-minimal 

token •oading-t,,. · ' token loading 

(a) • E .;(•) 

.J' 
,· . . :_·'-;, 

b c d a f A 'b 'C d. e f 
.)>-·. 

~{1' 0 I; 0 ·1·lll 
L;· ; 

.+. ' t·1 ti!'\) ~ • l" 1(Jc 1 0 l~l)' 
' 

0 0 1 0 1 
'"' ·, ~. 

0 1 ().. 0 1 
l.:..c:. ' '""'- ._,,,_· "''" 

~'O J&.;i.:' '0'\ l.. 11.0; 

'' ...,.,,..,,, 
r"""',)] p• ~~..._·~..;; ++ (2) 0 1 1 0 1 0 

•i_ -. __ '·' ' I; • 
f'I!' .... , r.t' -~ 

++(3) 0 1 0 1 1 0 
"< ~" . ~ l.. - .J. 

0 

.:"""" 

+rtl-~ f'.Q' : i:~ 'Or ' 1-. 0 1 
' ~ 

.. ,, 
Back cone a ' .,_: ~;(R)i rcont CQ.nes 

, Table -~. 1 . Cbaracteri_-.~ic Functions for Front and Back cones 
,'t~ ~' 
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'quickest' way from the input event of s to e ts ~through s. Similarly, what se4Jz4te) means is 

that the 'quickest' way from 1 to the output event of s ts !!9! through s. In Tables 5.l(a) and 5.l(b) 

we give the characteristic functions for the front and back cones of the events in Figure 5.1. Note 

that in our example, •z-(e) is the complement of •z+ce) for each event 1. This ls not generally the 

case; 

The sign if tcance of front and back cones is best understood in terms of simulations. (The 

first part of our discussion applies to all simulations. not just event-graph simulations). Suppose 

that q is an occurrence in a simulation. The occurrences in that simulation can be separated into 

two categories: (l) those that precede or are equal to q and (2) all others. With respect to q, these 

two sets form, respectively, the past and the 'not past'. Now between the two sets of occurrences 

there is a boundary, and this boundary is associated with a set of holdings. These holdings have 

the property of not preceding q but of being initiated by occurrences that do. This is iUustrated in 

Figure 5.5. If we imagine the simulation to be three-dimensional, then the boundary resembles the 

surface of a cone. Similar remarks apply to the boundary between the future and the 'not future' 

with respect to q. In this case, the holdings making up the boundary have the property of not 

following q but of being terminated by occurrences that do. This is illustrated in Figure 5.6. In 

Figures 5.7 and 5.8 is a simulation of the event graph in Figure 5.1. We've indicated the 'back 

cones' and 'front cones' for occurrences of Event S. Notice that the simulation is 'sliced up' by the 

'cones' of each type. 

The reader has undoubtedly noticed that we've used the term 'cone' to describe both sets of 

states and sets of holdings. The correspondence between the two views ls straightforward: If 'I ls 

an occurrence of Event e, then the holdings in the 'back cone' of q are holdings of states in •£(e) 
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Figure 5.5 Boundary between Past and 'Not Past' 

Figure 5.6 Boundary between Future and 'Not Future' 
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Figure 5.7 'Back Cones' for Occurrences of Event 3 
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Figure 5.8 'Front Cones' for Occurrences of Event 3 
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and the holdlnpift the 'frint mri .,, ........... - ~); T:hult .. •cdlatln 

Ftgtin !.'1wach·~·1n • ,,,_., -..r1 • -••• 1t1&~•·•• ........ _.,!.,. ,,..,.tn 

f-(9).{*UJ. s........,, w•w lhat •...-·1.li.-1111111111 "''"" ,._.._. af_, .. ;.....,,... 

of Event S ii a hokltnc ol a llltl In •"(s).{b.d.ti n. ..__.•l•••h•fttltt~"f1l111tng 

Theonm U: If Z ti a lnttlllillll lffllt paph ....... by "-'f1 .... ~·.- cH,0,C> ii a 
stmulatlan af z. thlR ,. <l;M>eH .......... >«<>. . .. 

<Un>ice.a~ " (Ip<>: f•Cl,ln>,..,_>) • •+i<e> 
- ··'·',~;. ~' !;!..,:_.!·(~t~ -· •,, ·, .-~.'· ?1 •1Y- ~'-~ ;j.; ~· ,_·> ~;-~;;,~~': ~~ . 

--.n>i<a.m< I\ (Jlt«O: ~/\Cl.ft>~ • Mtz1 .. Pr ':• · 

(a) 

(b) 

,, ~ .... , ...... ,...,) ~ ...................... ).,, - OCICllllWll 
thatcloll.dlln1,_WW~(f1Mlftmnrwi:.t1~£" · ( ·: · .. , 

' ~y ! 

~-. ··.~':i.\: 'i'j;' } ' -,:_ -. ',• 

~: ~!<~- ~,,,. ~· -,~ ~~!~.~'<•:.• . 
Lit q • <1' .n'>. Thin • ,.. -"lJ M. the luf"lll tis• f/I .tfl.: fl!ll••dlng <1.n>, 
bec:aUlt .. , ............. ol ,, wauld .... , .. '¥>·. (~ ..... be llllmlna.S 
blfan ...... hallllnC flt 1 ti ta111•.) By Tlu~"11t.tll ........ a path • fram q to 
<1.n> such that lz(t)-0. Now, If thlN ......... ,,. ..... eYIM ............... ,,..,, /\ 

• .,. " ,,. • ., " l(,a).O. thlll .,, n...-.. u .... r .-.~ .. tii·• ,._ .. the ...... latkln 

-~.:~ ·-· .. . ~, 1W·=ii:.1tit1==== 
etlnt...,.._....Jta•~'W. .J':..:•.· ·'l, D 

We now .!'*- the ~-af c:ws to the:~~~;~._ ~l,'8''-: -~ the 
' i . . - . ., ', 

following...._.. abclUI .............. FlpN S.7: If 41ii1R ~ fll J:~ S, and if• 
! ·';..<"...,".• .... • < • 

ii a path ortpaadnt ie u/.a.n..c. <l,ll>iucl •n••'fti!I at q. ""':~-~ ta-~ -.._. occurrence 
' ',: . , ·~. 1: . . . 

of ' pnadiftC q ·ttt • ~~l:~ "-k _.•. r. ...... <I.I> ii the fOll11h-to-lut ocxurnnce of 



• 
··AliMllll'w...._.,, ................ l .. 1~kta~~.,tf.l••S• 

··ud . .ar .-·a•,_. •1tll1a1na.at~-' ••1M ••• •tlfll!IJlrff~ ..• > II'~.,~ 

.... ,.. or • r.a1 •• 41111 •'·•11•'.·•lf,'ft,.a14J1111•··~~:~~.,.1rt~t.• -~ ,.............. ... ..... .,,..' 

i. 
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f2) 

By hJPGCIMlia. dtse •• a 0
.._ ..... ,.,.._,1em<+-' :fWa,..... there's a 

path tram •, tD ·,. with a tolr.tn· lalcltdpt-" ... ~ a"penclecl to the 

tail" r ...... ,,~J·~~t·r ... '~ ~h~~~-,-~ or·~~- Since I ii a 
path fram ·, tD ,• Ud l(l)-0, ' 

, .. '. ' 

(S) 

From Lines 00 and (9) we have 

lllJ*"i •I 
and from LIM (I), 

a#z-~ F• thll cue.~.0~"~-~-•'1PM~._1·• .. 91.,.,1\I,~ _. ... at•·· ..a 
. whole d*J IJ ..,._ ,, .... 1•.•t, t••·· .., ..... af - lie *'9 a path. That 
·· ._. .• ~ w:r~ ...... .,. .. r• ,,..,,., ... JI .. ._~.., c->. Thul. 

lllli-111· ......... ..,. 

111a•I\ •O 

Fn1m LIM (I), we pc. 

«N·*M· 

·,..' and ,.· •• 

• 1-1-{au} and •"t•,a)-{bA,t) 

Wf'-1 ··t~nud 'ildf4f'1&) •I 

; ··' 

',._ ; ,. : ,,·· .. · -C 

; ; 

, -. 
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I 

• 
·Corollary I.I: If Z ii an IRitAalllll ntM.,.,....,... 11J llJllk •••j( . .. , . 

T II a limulltiln af Z. . 
J ! ... ..,...... ..,.,,l_ 11111 ••• ; .. 'f.•::y; '•"i:'1 ; ;·~~. 

{._ •41111 , • .,. '"'lltd'I~' , .. : . '· . , . 
(&)Cllt

1

ft~>·~i'th~~i·~~.~:¥; '·W 

,.. --~{j)f f:!flS 'tf. G'.J ''\ :•i:4'i 1. de. 

(b) <11· •1> ii the l'th oa:urrtftCe af ", ..... <11· •1> 

(c) stll(T): •••<11.111> /\ •• ........,. A~ . 
""''."°: !>.c•·· i··~ i:i.nJ, : :· ·. ''.'. 

There II a path tram e11.a1> to <fs.111> aad lhl.,....... d*J ol II llMp ii k·L' 
! 1J!l<> 

(d) #dl(T): ··m<f1.1l1> /\ ··~> /\ ~-c.sr l-l ' ' . •' ' ! 

.~.·J: ... -& ~-~·~-· ' ' ... '~~:..~ 

'There 11 a path rnwn e11.111> to <1....,., and • 11111p a-. the back cane ol 11 1-1 
tllnel.' ;..:. ! ',; '. ~ .,_.,, / i•! ,, 

(i)' •tll(f) '"1'41,it1> "''·~.-.,~*""lz,,,.~I+ ,, •,: i ,. ' ' 

· ... · _.;" ,,..· • ?Jl· .· · <;,, :· . .., .. ·r·: - ~t=""* :.i · ""._ ";{~~~t~ .'Ui:r~-.\ :•_,· , ,;.-·.-·~· :.~;..;~,~:-:.-·/ 

.................. ; ... Jft••¥11tllll•fn• ,.-.1'Mlfl!IM ... ol '• l-1 
dlMI. · .·r:?rt~$v!u-v>t . 

,- >;;· - "\.( "~ 

The next two thtol•na provide ua with.,._,..,... .. ., ..... 
Thearwn 5.7: If ZecNJ> 11 an lnlta.lbld lffllt ............ -.,. 1119* <~~......a, and 

Ellthl11taf..-.afN,-. 

Yid; ·...-.~Utlllf•:~ff)*".~nr'· ' . ·;:" 

'For any nmt 1, the .... lllClil'I •a dft81 ti~ tlO the ,...~,., dma 1'1 back 
(frcmt) mM b aa111rl.' 

Proof: We'll prove just the flnt equality 

sanc. N ii cannmed and c8ffrld by drculllt • ",..., ••••••r ,~.,.-a patlt froin 
·., and •• to '· Thul."-> • o and ••• 1. c.t11Mr Ill,.... • · 

In addition, we have by Theorem U(a), 



But~-(,)• az<,a> •o~ nea. 
lz<•f• w.z.,,> (I) 

"°"' .t.lft9 ti) ...... 

*Ii • it\Jz•Cf) 

~,1·. 
. . 

;; Ml.., " • 

• .;: ' < - "''"'" ~ 

···.D 

n.nm s.a: 1r z..dllp 11111.:1rrrna.• ... ..,. n11n11L:bf-....~ ~,..,.ftlllbd. 
and I 11 the IC ol ....ea ol N. thin, 

Y1cE: Y111,,a1cll(N~ 

·111··111 f\ l't •• ,.,; • '-1~ - "'* . '-1~ - ..,.,,) •• ,,.~) - ....... ) 

if two pathl have thew .apDtnta, di.- die dlff._. In thljt ...... taadlnP 11 
.... to ... ~lft--111 the ....... " .. ...,_ la "*(tNDt) .... . 

sn* N. ts .....a and __. ·by dradllt •·••1~· 1um _,,I •· W~" • a path 
frmn 111• and l'1•·1e,•#1 • .,.t ly n.m 11, : 

•1~ .-.. . ,,.,,.,,)' • ...,..,,, 
llas~ + ••• ~Cl) + • .,.,,) 

Combtnanc.wepc. 

"61~ - •••• 1,.,,) • ..,.,,) D 

No .. .._, fll . .,_.. ••w-.111111iL•1-um 'JP r• •ll111tu-' .,..,~-time. We 

lntroduc:e ln thll secdall a,.....,,., u111..---dll 11at .n'm• ..... ., ~.tPe'· 
) 



l«Uon 9.2. • ·~~~ ~ In _. • 111.,.,. ti.,. .. pipll ~-•'•~'.,,..,,. from 
'" .... , ,t."• 

occur....._ at '• to acaarrwa·Clf 'I are• ...... ill "'"'6-HJ'Jtlt!I. M411•1M~ ... from 

: occurrences fl. 'I .. ......- fll -i •• "'-' • ....... ). Thi••• ·• ii dds: ·'"' . \ ." 

Hew do w •nlNM Chi tw ,...,_ ... ._ 11•1•1 ...... nhlli•lltAIJ •••• .... ,... 

••t9Jlittlt.*# ...-... 11111• •'•krn 11..,... 111 11•11 ••111.11u1..t. · . 

t 
I 

.. jt ·. 
<e1,m1 >f 

<e1,m1• 1 >i 

.~e,,m,•2 >~ .• 

(e1,m1•3) • 

<e,,m,.o, .. 

(a) 

. t .• 
I 

I 
r··m·> ' 

i. • :•4'\at l>: 

........ 

,ltt '1· ~3m\\''} ~~' . ·. ~ .:. 

(b) 

I 
I 

. .. t <•··"•) 
. <e,. "• • 1 > 

·<~~·"2· 3 > ..t.· ' ,,." 

·<•,,n.•4) 
t;b 
I 
1 
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Deflnltlon: For Evmi. 11 and 'I bl the~ ••a.It Z-cNJ>.' 

fl'/ftfl,f'J,) • { 0 rw tf f1,.,'J, 

mm{IM~ 1..o<N> /\ '1"1..,} tf11"'1 

'fl'/ft•1.f~ ii the ...................................... Aoth '•and '1·' 
.. 

/l'C.'1"~ ii the ,..._ Sltll!$1 ~,.frcl~ ~ ~ ID Z). (When Z la 
undentood, we-..., Omit It u ,. subacrlpt. el /I.) 

In Table 5.2 we give the aynchranic dlltanals betwllfl the ennta Jn Ftpn ll 

1 2 3 4 

1 0 1. 2 3 

2 1 0 1 2 

3 2 1 0 1 

4 3 2 1 <>· 
., 

The followtnc theoltm provklea the camectian_ ..,..... ~le dtltww and the 

ordering relationship betw- two nentL 

t This is equtvalmt to the nocton al dlltance-.d bJ ConiMcMer·f191. (Se·p,. UHll) 



thin, 

The11t111-• •1 uu1e ., .... ,. ..... ,.... 
- "" ·. '. '~ ~ .- ,; ,~~,Ii . ., 's "" . ' ,,; 

•<•1,m;> 

Preat: By n1w11n &.f then f&illl a •. .-1"1- -..-.> • ~> and a path ,...,. •z rram 
' <11tfts> to <11.nt> IUCh dtat *t> jlll. f"'4.., ~ .. Lit z • cNJ> Md ......... I- ....... 
t 1 is a path from 11 to 'I If nt.• ............. wt 1s· is a path fNM 'I ID •1 ol 
................... ' - ~,,_ ........................... thw drallll 
.............. IC Md,. lft Ultlllfic-~• ........... Ila path f.-. ...... > .. 
<11.a1>, •llllw.bJL-ll.lllt•111t •llft Tlllitll ... ,_.hlltuL D 

We w &n Fipre 5.2 that <U> ta the ms_ OCCUl'l'tlice fll &Nit I ,...... dJ>, and <l.S> ii 

the DBi occurr.ric.'0t fft..t f r.M!w.n, dJ>. ~~ ~ .;";;.~ -...;, of the two 
~ .. ~r-~s .. ~~·~~ r~'t '!~-· '~~ · .~.:. · 

-...rrenaa or Event I ii 2. Thll .. the IJ'ldtraftic d ..... 1 ..... I UICI s. 

With Theorem &.9. If w haYe an ..... .._. nmt paph l&dlf'Jlnl the MCll•rJ 

requirementl, then w can d.....mne the ordwlnc r*'lautdp ..._ OCCUtlftltl ol two ntfttl. 

AH we need know ii the 1ynchrank clU&ance ..... the two ""* In ftpre &JO, wt show the 
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pCe1.ea) = 0 
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p ( e1,e2 ) = 1 pCe,,e1 )=2 p C e,,e2 )= 3 

Figure 5.10 Ordering Relationships between Occurrences of Two Events 

•ez 
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N ....., 
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Theorem IJO: If Z ban In~ .,....... •ii Sl)•i"llf •1.-a llll,el (2) fne ol blanl 

dn:llttl. dllll ~It a..._.•*' •4'4'1 ; Ip 1 '"'·~' t. •••* "1• 119 wt '• 

(a) "''1~) • 0 • "l_,. 
(b) """~. ~t> 
(c) 11611.1~ ~ 111P1~·~ 

Proof: Flnt of all, 1t1'0Q1 canner:Uvltf,parantm thla· "& il Wll cWt,Mcl. P~tJ .. <a> follows 
·· rromdllfaat11at~·11n..r-.•a11- '4••tlw-N•,llt.t.•• a~• tmthe 

def ..... .,,.,..,.. ........ ·. ..- '" .-·. ·- .. 

Strong cannecttvtty and ablwl of~ .............. -. ••llltJ bf bukclralltl. miCht . . .... _,.... •. 

absence ol blank dniulu and CO¥......., 9'y .. clfl 121 ... Wiil 'f and ..rfldlnt ........ 

'tor 'ltnnm' and '•r-· tn evtnt .,......., 

We now relate the ldeu ol thll lldian ID tht _., 1111 c..,... s. Thwelna s.s and s.a and 
;~ '.. 'r1 

b balk: drQHta. ' y . 

Theonm 5JO. 

Corollary 1.2: If the lntttalblrrl cantlol .,.....,. zt II f• fl'*'* cllcutll, ..._ ~."1f'> ti a nllll'tc..... ' 

f Ltveneu mans that umulatklnl of the e¥tnt sraph ma be .....W arblrartly rar. Satlty 
meant that ...... of the ........... ..., ..... 
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Def lnltion: If z• ii free of blank drtults, then <E•."7J> 11 called the antem apace. 

5.5. System Time: 

In most theories of system behavior, 'time' ls introduced u a primitive concept Our 

approach is novel In that the concept of time ta derived from the logical structure of a system. We 

only require that the inltlalized control structure satisfy three simple properties. There ts no need 

to augment the definition of a system, and there ta no need to modify the simulation rule. 

Def'lnldon: An initialized ev•t graph <N.I> ta said to be srnchronous lff It (I) ii connected, (2) ii 
covered by basic dtcuits, and (S) aatilfta the smchronx PfW!l'!J: 

'The length of each elementary drcuit ls proportional to Its.token loading.' 

An Initialized event graph that ta not synchronous ts called nonsynchronoua. A 
smchronous system ta one in which the initialized control structure Is synchronous. A 
system that Is not synchronous ts called nonsmchronous. f 

For examples of synchronous systems, the reader may refer back to Figures S.19-S.15. In 

Figure S.13(d), the proportionality constant between the length of an elementary drcuit and its token 

loading ls ~- In Figure S.H(d), it ts also 2. In Figure S.15(d), it ·ts f. An example of a 

nonsynchronous event graph ta shown in Figure 5JI. 

f The question of what an 'uynchronous' system is is outside the scope of this discussion. 

l In determining the length of a drcuit or a path in an event graph, we count the arcs In the 
abbreviated representation of the event graph. This reduces the length by a factor of two. 



I . 

• 

,....,. •• u 

We CON6ds now - bulc prap-rl .,... .. n• nmtlflPltl. -· .,_...._... 

Property u A aynchNnolaa ..-pph 11......, w1n1• 
,,,••.:._,·, ·~ ·,;~··~,f..~n·.-, .... -~.' • ..:,~. 

· ,,. • af•lch••r ,..,,~ ..... .,,.._.._.,., ;i : :' , 
.. •. ' - '· • ,. ~ - : _,_ •' c : ' 

.. ~ . 

i y-;~ - ,.;::'ii--<:' 

Allo from the aynchrany psap•ty, wt know that the .... fll *11 .... ......, circuit II a multiple 
'"': "; ~J:",, ~; ~. ,, .:~r~: ;~: ·"'·':_;..·~- ";. ~· :c.2-

of k, and that the llnsth ~.ch buk cllaltt ....... • k. It follwa that lr..is ...... to the p.1· of 
_,"',.,~-~;; .. .. ... ·,;_~r -" ~ .t j~ - . •. ,~-

the lenctht of the ""'*'tarf clrcUtta. Now, ..... lltJ Cln:Ult. du...-, • alherwlle. can be 



'• 

To help UI In .............. the natlan of._ P,fJllMld .. ~~~~-- .... al 

the 'phase~·. The,..... re11t1an • ....,_. ,~ .... ~r~'. ... ·~ the ..... , 

that the alcernati•- nlatian ii .......... from a put Thew.........,. pn,adun II med. 
:~JJ ~·.; .(.: :,-· . . \.-:r . .,. 

Deflnltian: The, ... fw die nat paph N-4.U> ii die mammal relation 
11.'i#f IUCh chat , , 

... • ·l- {""-;.-;~: , ·~ ~ ·,· ~- z~ -:- , ~~·· -, · 

Vxc(SUE): x~N" 

¥•1·~~3# ...... ):'· :ff~ •• ~.Mj~•i..P .. ~ ; 

Elemmts x1 and xi are aid m IJe in pf!w iff st~•t-

The conapta and. rwlta •••bltehed in lcdan U for the alµte~-·~ carry ov• the 
' ' 

Propaaty if: It N 11the.._,..,..4.1.(>;#Mn ~_. .................. Gii Bl$. and, 
·' { ·~ ~' 1 

f.,... '\, ; -· .• 

'Each •~ dul Induced by 11N ............. adaltfflJ .,... ar adllsively 
evtnta.' ..... ~ .. 

.:.•. ' 

' '.+• .. 



• 
. Delmman: If N ts the • ...,_., -'·•••1111 ,. .... l .. l\M Q ? f 

iltheqlMAI at•l•tlJ>.--. 
. , ,,..~ 

I . {l'Jl~N I •ti) 

,, ~-IJe111rJ~l. . -. 
f • {4.s~'rt> I «.pd). 

·, ... 

PrapertJ I. 7: JI ii a net. 

za&•11att-~ 

. < 

.. ,. 

·~·~:~ ·,q·~-~.'1!!\'t!Jf"W;~~'., ·.:;0•1·· 
. . .. ......., .. ' __ ,,.,, . 

mlChl applat that ID make an ....C ....... '1,...1111i, a .. '9 8*1111'Y .. 'fW the .... In 



-, .. ~ 

-:.:-~· . 

a phase tranlition 'in unban'. HGWY•. thia ta not the cue. la fact. ~~ . .-.;a.,.....,, ror 

· the initial conditions to be in phul. All that'• ......,. lt,_. .• lljttal'.ctf"~ .,... to a 
•' • ' - -,1' ~· ... 

'marktnc class' In which it II pauible for jUlt thml ..... In a pYlll phue to hold. Al it tum1 out, 

there II exactlJ one such markins ~ .. It-~~ ,.....,ri. i\~..:$1J'llJ :P~,.,..t 
craph free Gf bfllM.~ ~1• .. --- blllalfJ.to·~,._.,_....,..~_ ~they induce the 

aame token loading on each draait. Now in the.,...., • ._.~.,..,._~ ii' a pen plwe 

hold, the tok• loadinl on llCh circuit 11 known: 

V...o(N): "'' -~--~ T(N) 

'~'!' .• '· 

. .!-

But thll II jlllt Praperty U, which ii equivalent Ill the .,...._, pnperty. Thenf.._ a tit ol 

initial concUtioraan•• 1'1•..._,,....,._ . .,.., • .,.,. u-t;tJ.a.atWttll: ., ' 

With the pnading c111cua1on .. p,~..-~flP!1•,the major raulta 

Theorem 5JI: If <N.I> ts a 1JftCh,...1 ennt paph, thin, 
,c,~,~~ ~ "•~- ''' ~.;" .'• j~ ,-.': ,, ~~'{{·"'·.: " ... -a .... •, 

'Ir ,.1 and ,.,, are paths 1n N ha•tnc the ... ....,...., tltln the ....., Gf 111 mtnua 

'r<NMtoken laacltnc • •a> ...... the ..... fll 111 ...... .,cNMtak• 1aac11nc on -~·' 

· ·-ltraaf: .a ...... -. tyneh,__. ...,. ... 11 W 1111 •da ...._...,., •. ,..,.,,..~fJMlt· •1 • 

and 111• to ·,.1 and ·,. .. FNlft P .... ty U we haft, 

1111~31 • -r(N)~1~•Jla) 

1111,.31 • 'r<NM~1~4'&slr> 

t Theorem II In [4] 



a..llftMt.•·c-. 

"•''""'It~ 

. : } ;· ~-t ; - ~ 

Proof: Becaue 111111 ,.,.. a draMt, ...... .,, Ptlfll'J U. 
'·'.,.; 

c 

'In a lilnlllaticm fll a.,.,._, •• .,.~.,....._..__,..,, •ma. 
thenthly-IM&tle_...._. 

oltwoltallllWtwo9"fttlare. 

ii 

.----~·---------·~~---~------~-~--------------
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DeflnltiQl"I: If Z ts the synchronous event graph <N,I>, then, 
for Events 1 and 12, 

~11,12) • n iff 3fWI(N~ •'6_,l A ,,·.,1 A n•ll&i-'J(N)f,ab 

·~11.11) • n tff there exists a path I' from 11 to11 such that n • i,&t--y(N)i,a~.· 

for States s1 and '2· 
. ~.' 

. , . 
~s1, sv • ~'l• 1,) where 11 ts the unique output event of s1 and 11 

is the unique output event of .r1 . 

(Theorem 5Jl guarantees that ~ is welt defined.) 

~~.x1) tells us 'how far ahead' the first instance of x1 ii going to be with respect to the first 

Instance of x1. In Table U, we give the values of ~11,12)°and .~s1.ss) for the synchronous event 

paph ol Ftpn U. 

1 2 3 4 a b c d e f 

, 1 0 1 2 3 a 0 1 1 2 2 3 

2 -1 0 1 2 b -1 0 0 1 1 2 

3 -2 -1 0 1 c -1 0 0 1 1 2 

4 -3 -2 -1 0 d -2 -1 -1 0 0 1 

e -2 -1 -1 0 0 1 

f -3 -2 -2 -1 -1 0 

Table lS 

Using ~. we now define the 'time intervar between two holdings or two occurrences tn a 

synchronous simulation. 

It' .. 

• 



• 
Definition: If cz1.n1> and «t"J> .. .._-. :\llft-ff1'11t:.,,..(lJlt!~. ~ ~ ........ ;.,. 

the •JllChnWloua e..nt pph Zto<NJ>, dlln, ·· "• ,. 

6z(cz1.n1>·~ • <"Pt>r<N> • ~--

',- ;;1 

A(cl.l>,<U>) • lll+t . ' 
6(4.2>,<l,S>) • ld•I .,, 
6(b,2>,cf J>) • (-t)lt+I •O 

•.·.',._.; 

A(ca,2>,4,2>) • Okt+I • t 

The next thne daawDI ..... that Az ........... - .............. ,,. ..... or 

a..-tcf•dnll. 

,,... • ., Ut: If 11• ,., anc1 ,..,. .....,. *" ltRllnp• ....... ,.,.. ............. or the 
............ I,... . . ' .. ; . 

(l) 6z<f t· ft) • 0 

(b) Az<t1tf,). ·1PJ.tM1> 

(c)llfMt~. "7Jft4,) +~a> 

Proaf: <a> , ..... 4iNdlJ ,,. the dettnitiana - Az anc1 az. 
(It) ·¥rt.at> • ·~rl by n..•n ll2. It, ..... dllc Ati414t) • ·t»6f1tft). 

(c) Let f1-<X1•"1>, fte<Zlt"I>, fr«t"J>• aad a. z. cN, b. We ..... 

6(f1tfa> • (11311) T(N) + ~14' 

and 6(fttfV + 6(ft.fa) • <11t11>r<N> + ~1.-.l + ~ + a(s~a) 
• • • -.· '. :•, ' • -~ ~ ' ,, ; > • 
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a<x1.xs> + a<xs.xs> •ft • 3'&1.,ascil(N): ·,.1-x1 "•1 ·-x1" ·,.s-xs ""s.-«s 

/\ ft • i,a1I + i,ail • ')'(NXi,&1~ + "61~> 

• 3,.eil(N): ·,...x1 /\ ,..·-x3 /\ n • i,a1- 'r(N)i,a~ 

• ~x1.xa) • n 

Thus, a<x1, x1) + ~x19 xa) • ~x1, x~. It follows that, 

A(f1• 91> + A(f1• qs) • (n3-n1)')'(N) +~xi, xa) • 6(f1• ts> 

Theorem 5.15: If T•<H,0,C> is a simulation of the synchronous event graph Z. then, 

Y•eil(T): 

• •,. • .o • 6'1J.. • ,..> • 1cr18 
..... ei .. 6'1J.· ... ,. lcrlo 

c 

. (a) 

(b) 

. 'If • ll a path in T connecting two occurrences (holdings), then the time interval 
between • • and • • ls equal to the number of holdings (occurrences) crossed by • .' 

Since t is a path from '1 to 11, the def initlon of a ctves us, 

We know that ltrls • ltL and, therefore, 

From Lemma 5J, we have n1-n1 • !'~. The desired result follows immediately. 

(b) Let • • • <S1,n1> and ,. • <SJtn1>. Let" be generated from t according to the followtnc 
diagram, 



.·l . 
• 
·' .. "f. 'I ·: . 

1, 
I 
l 

A 

(/ 

I& II aflllla N.-•,tflb•• •iW. ...... 1Ult ... ::•w~, ·:,~'f i 

a<i1.is> • 1111- ..<N>w~ • l!rb - 'l<N>Wa ,,, ' 
Whkh, In tum.,,....._ ! .• " , 

6( •••• , • <aa1 1>rCN> + '-b -~. . ,,, 

. .._ ••. u. .• ,., ...... •;•••: 1;1 . ..-,..11n1•1.i."i'1'1 •'-'a· ne 
-..klll Mlllf leas" , ~, ·~ ·• .... ,.;;~· ·1:- ;, "i ··'Iii ;;':-.''' D 

- ,:.:.:. :--:_~ .... . _ ··.. ' 

Theonm U8: If <H, 0, C> 11 a ........... fl the .......... ftet p.pa. Z. thma, 
. ; .. "' ·: \': { 

ft •Ai " t1·At .. 6z<f 1· f~ • Az<At. ,,;; 
At -ft f\ 's-ts • Az<f t• fs) • Az'At, ~ 

"'"t1 ~~~·>~.: it.... ~~. ·:·~ 

(a) 

(b) 

'If Occurnnc'9 ft ud fl talll• Ctleutlltltl) 111 .. 4a • As ....,.u..a,. tltln the 
t1m1 .,... .. ._,,.fl-' fl a ......... •n1 Ut••:ta:JJ lll 1 tltlli_. As-

Proof: We'U prove jut Part (a). 

Lit ft• <11,•1>, 91 • ~>. A1 • <11.-1>, and At•~ And• Z '1~1>- We know 
that •1•11 and 'l•'s- New a. 11 M a pith la N ,,_ Clll Wiit• .... ..-t fll 11 ID 'I­
I.et .... the ............. f/11 .. ..... 
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A(f1• fz) • (n1·n1) T(N) + ll1s11•I • T(N)ls1"1J 

A(A1, A,) • (mz·m1) T(N) + i,.s1131- 'J(N)fluilJ 

We have immediately, 1t1s1"1 • i,.1 +I • i,.s2'3~ From Lemma 5.1. 
we get, •1 • n1 + lsili and m1 • n1 + ls2~. Thua, 

A(A1, A1) • (nrttszlJ-ni-ls1~>rCN) + 1t1s1,.1 - ,CN)r,.s11J 

• (n2-n1) ,CN) + 111s1,.1 - 'J(N)ls1•li 

• A(fl• f2) 

The notion of 'simultaneity' is defined in a straightforward way. 

0 

Definition: If q1 and fl are either two occurrences or two holdings in a simulation of the 
synchronous event graph Z, then, 

t'z is called the simultaneity relation. We say that Instances ft and fz are simultaneous 

tff f 1 "Z fz· 

Property 5.9: If T is a s!mulation of the synchronous evens graph Z. then t'z defines an 
equivalence relation on the holdings and occurrences of T. Furthermore. each 
equivalence class induced by "Z contains either exchuively holdings or exclu1tvely 
occurrences. 

Definition: In a simulation of the synchronous event graph Z, the equivalence classes induced by 
t'z are called simultaneity classes. A simultaneity cu of oc:curnnces II called an 
instant of time, or just a time. A simultaneity class of holdings II called an 
(elementary) interval of time. 

We have the following property from Theorem 5J5. 
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PropartJ ·iJO: If two lnW In a ......... lillln llll1a1 ue ........... thM ta., an ..._ 
caincklent .. C8RCUl'f'9t. 

Propeaty 5.11: If fl• flt f> and ft are in1111t• aa rl•llllM'll~ .......... -- graph Z. 
then. 

ft -fl I\ f)-f4 I\ ftt'Zfl .. fat'Zf4 

fl ... I\ ,, .. , I\ ~Zf4 .. flt'Zfl 

~ t • 

(a) 

(It) 

'If two .....,._ are ........... ...., i1M11a1'1t1 M1111m (pnd«•IGl'I) an 

·-~· 
Properties 5.10 and 5.11manthatina • .,,.._, .. 11Mull"81t', the~ clma r~ a 
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--*• ol ...... •kh ..... "' ...... llJlfWlll ............ Jfl·Y~11 .......... ill 

Ptgure 5.IS. The ltlnldltimt ~ 111m...a ,,_.tjl!IJlll'111._...,. In Ptpre U 

Theonm 5J7: If fl and fs are lnllln• In a.._ .... fl Chi.,...._ .. .,..,.....,.. z, thin, 

Proof: We gtve the proof' few oca111--. the preot t• ll1llllnp lll ... '11F 111'.,.,J..lt Z • cN, 1>, 
and let ft • <X11 •1> and fl • Gt• •1>. w ...... 

. . ·:; .. 

-~)~·~---·· . ·'' 

._ 3'atJ1(N): ·,..,I I\,. • .,_ I\ •1- -,(N~ ~) .• 

._ 3-dl(N): ·,..,I I\ I'• mfJ I\ '-'1 • <-t""t""'i)r(N) 
r .· ·" ·.· .. c''l'· ? ; ., " . 

Thua. ft"Zfl impUe1 that thin ai1b a pl&h •u• •1 and as'""- ...... ii a multiple 
or T<N>. It ro11owa t11at •t and as ... • 1n ...... c 



-.. :·-4";:;;., •• 

Instant of 

141 
,- - ...... 

,'7·-::,.: ... ' ,_ ,_l. 
'~1-~J - - - ---

; ,--:~~' ,{~··-.x·· .. ;' :1·• · I,.- .,: ·,:" _, 
..... ·- - - ·- - -" ~,.' ~·;!-;_ 

, -
'.-0;;;·:/ _ -c- - - - -
• :w '• . ,, :"'"7 ~-- .:.:; . ,~-~ .· ,, , t , ... ·--7- - - - - -~ - - - _ .... .,,. _ ..,,_ _ - - - ;"-- ~'fx ·. , __ \:. .. .. 

. __ ,_ :..~, .·--:: ~·'"'"'.:-~,;:"T-r· ::! ... ::~ ......... ~;::·, ,:_)' 
. . .••• ,,.. .. '. \?" 

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

·-:;;;;t;~ ~: -'~~- -,. 

.. "' 

·.;;,!';; 

".; 

Time ·y'-- - - - -_'-;r-,,:~;(~~;. 
--~--~-- ---~.~ z·:' -·· .::.· ~'.l. '··' ,. '-""'" :;i,·.,_l,~,,·IMerval of Time 

·=,_·,_ -:""'.' __ · --~ ~~vt~ . 
. .,,.~- - - - -r-: 7'" ""'.'~- .... 
I b •~';;;?_; >~~--i,l*i;, !.f,.;~;; •. \ l·-,,,,. _· 
' - - -- - - -- .;;.. ~::-....-.i.f.. ~.,.,, 7 

,,.. _...., _____ ....... 
•« .. ~t·,_~_ 2: .' 

0

:J<•• · __ ,,, •. , .i"it'I -·'··"~~, .. ,,,_4_ ~-· ·. ··.•: "- . , . ..,___ "~ ,_,,..'. ..... .......,r;.._-··~.,.. ' ;~,-....tJJ#f~ ~ 

:~ ~- ;,'~·", .. : "' ~~--~::·{· ·:.."--~i...~_r;:-,_L ~-~·_,•\ <.ii, ' '::"\;""· : --~" 

I ;:.._• .· "-•· ''Hf' ti.Cl , ; ,, r;'mf . .ig,,"'!J.; -- - - - _,.. . ... ..;,;,, '•· 

Figure 5.13 
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In Sectkm U, WI ........ die l'lldlll fA ~ .... thl'\\lt ,_,_ f!JI It pnadlnl 

:~ ... ,.. '•" 

(following) ~· P• a .,...._ • rhtt•, .... ta a 111 ~~.f.i:•la ...... II. ud the 

time Interval bit•- 4't"'1,. Mel ....... ~ ,,...,.. ; ... , ..... •••IJlt fll 'dl1•ra1 an a 
'"' ' ".;)~'~ .. 

~•wan: If v1 and v1 an • ..._1n die••:'*,••••• nria· '6f';:ild ptph o, thin. 
,, -· 

dc<"1·•t> II the ...... i.W~ 1'W Ti"- •1 • ~ ' 
. ·r • 
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Cit.Rt> II the k'!.h ,~Ill '1 P..1•m1, ...;-.,. and ''. ' ' 

~llllllk'thw-..;.r,.1111..,~ ~,, 
I . 
v . 

~e11.n1>.·¥Jll>). (k~.,., 

Praof': Fram Theonm 4.4 we know Mc, tfttre •·:t.,.th •in die linNlaUan fram <11.n1> to 

<1s.ftt> such that ...... ~ .'i.. . .a. "'~~.-·~!lt ~·f~ .f'!'- in ,N frmn 't ID 119 That II, 
•t-dN<•1.fs). It If .... t.. Tlt111.• U - _,.•a n I I rll lllill W• path 
from 1

1 
ao ,

19 
,,_..,~: , , · · - · ,, - · ''· ··'· , 

lz(t) • ltfi·i,&Ja • lt ·I . (I) 

Theorem 5J1 alsf ctv• -. 

i,&~N~ • lft-TCN)lflr (2) 

Combining LaMs-(1) and (2), w t.Ye, 

1t1 • (lt·l)T(N~I 

But ltl-19''8 and ~1-dN<•l~ and so, 

lwl& • (k-l)r(N).tdff(11.ls) 

-- - ~---~----

)J " a 
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From Theorem 5.15(a) we have i.ta • t.z(<11.n1><•s.nz»· The delired result follows. C 

In the simulation· of Figure 5.2, we see that <l,l> ls the third occurrence of Event I preceding d.S>. 

We have k.S, -r(N)•2, and dN<l,4).s. Thus, 

t.(<lJ>,<i.S>) • (S-l)x2 + S • 7 

This checks with the value of t.(<IJ>,<4.S>) computed earlier In this section. 

The final results of this section have to do with four functions defined arller ln this 

chapter. For general event graphs, these functions depend upon the set of initial conditions. but 

for synchronous event graphs, they are independent of the initial conditions. 

Propeny 5.12: For a path" in the synchronous event graph Z•<N,I>, 

lz'.I#.) • (il&t-dN<• l'ol' 1) I -y(N) 

Property 5JS: If 1 ls an event in the synchronous event graph Z•<S,I.F J>, then, 

+z(1) • {sES I ll'ell(N): ·I'·• I\ sc,a I\ I'•_, I\ ll&t-dN<.l'i1&.)} 

•z -ft1) • {sES 11,aell(N): •I'_, f\ sep f\ ••I'• f\ 11&1-dN<• llol' •)) 

Property 5J+. If 11 and 11 are events in the synchronous event graph Z•<N,I>, then, 

/lz(11•'1) • (dN<11•'1).fdN(•1.11)) I ')'(N) 

Before concluding this section, we should perhaps say a word about the distinction between 

'system time' and 'observer time'. System time ls strictly a system-relative concept, and ls observer 

Independent. Observer time, on the other hand, iS relative to a particular observer. In the case of 

a clocked system, the two notions of time are, for practical purpo.sa. the same. However, in the 



For example, It might be pollAbil ·fot ...._ft • • ,.,......, ft In 1J1t1m tame. and for ft 
' /' 

to follow fl in ........ titnl. er •Jal -..".~ -~ ..... W;Glll,ay with ctrtalncy ii that If 
:-.: : . '"";". ' . }- ~ \ . ;. '"'.. 

there ii a cautal GDnlllltlma ........ ,._ft •.fe;·..._tt .mpracle fl In bath,,_.. time and 



6.1. Information and Control: 

H5 

CHAPTER& 

PREDICTION AND POSTDICTJON 

In Chapters 4 and 5, we examined 11p111tely the two components of system behavior: 

information and control In this chapter, results from the two aras are brou1ht tosether . to 

produce a technique for predicting and postdicting system behavior. 

As we showed in Chapter s. for each system simulation there is a corresponding control 

llmulatian, and the two are isomorphic. Consider a pair of c::orreapondinc umulattonJ. Because 

the control structure ia an event graph, the control simulation has the regular properties dacrtbed 

in Chapter 5. Since the system simulation ts isomorphic to the control atmulation, it too hu these 

regular properties. Of course. the system simulation also has certatn 'irregular' properties, but these 

are describable using the concepts of information flow. 

It Is the Irregular properties or system simulations that are the focus of this chapter. 

However, in getttn1 our results, we wUI take advantage or both the properties of information flow 

and the regular properties of event graph simulations. 

6.2. Transactions: 

Suppose that we have a system simulation and a corresponding control simulation. Within 

the control simulation, there is a total ordering among occurrences of the same meeting (Corollary 

S.4). For each such total ordering, there is a corresponding total ordering in the system simulation 



.. 
among occurrtne11 ol thole .. .., b11l1 .. • •·iildld Millin&. n..e kleu are lllultrated In 

cantrol structUn ror the bit ,.,. ............ fl .... S.7. Ill ,.....,. U and 6.f we 1tn a 

system limulatlon and the ce11.., ........... illnllllUl a. W'" lftdtcatad In the eantrol 

umUlatlon .the OCCUrllllCel ol ........ M .... """ ........ f .. ~·•-:.••IJPlli~ .• -b .... 

oc:cum!neea o1 i._. !;.., a .,._ M ··•• &111•..,.Ma•:M11•1i-.;tW ... o1 

We .. this .. , ....... ,. ·· 

Fortheqat1m ...... dlllr1«'*1'*"U.•.._.,,_ ... •·:"~·,·, 

·. · EfllW&·a t111 ttm:ttllW:tB.Wtit1tt••111t·;;1· ... ,$ii;,•r;: < 
Ennt 8 ta the mr' .......... !' M.1 • C fUI 
Eftfttllldat!llllitran11*1MVlftPRI ... ·, ..... ,~}·:·. .. 

Now ...,,.. that 9 11 llthir a W.11111 ... • • ... ,.. la a .,... llndatian. Than we 
,,· · · ,·r '.f~;r:~~~-. .. '. .,.,i(t~-<'/ ~"f:. • ,;:~ .. 1li , "',,J ~ ';,.;~.~ ~~ "; t•-s• :_:~ ~. ~··,·~ "'>i~."~: '~.·, 

can speak fll the n'1t ~at we-. m'Hllllw •j . 

Def'lnWOn: Jr T ii a., ..... ......._., 
fllMJnltlncalllT, , ...... ............. .................. 
· · ':f;o:. ?''tUrc, .. ·,.~.1~ 

. then, 

. ,,t .. ,,.·.-:-1 ... • T·~:;·"~· -:.· ·:~ 

' .Within T, f.11..la D.'d!. llP,mr 11 "MET a ...... !I. f. 
• · ,... •. · ' · ;'.;;; · .. tl n\ .. ~ ~: t. ·n>,; !:1 ~{;h~s~c ii_, -, · i~, •. 

&ff 
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b C l aCel l Jc {b.c}(){a; 
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Figure 6.1 Initialized System Net Figure 6.2 Xnitialized Control Structure 
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Fig\Jre 6 .4 cOrreapandinq ·eontr0l '·simulation 
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For nca. the n'th ocanrlMI •••••··. d ...... · · "'. :~ ........ f 1111t1 and II an} . ... ..... a11nnt1. .'' 

For n>0, the n'th CICCUINIClt lllldallll Wlh M""9f ~ ,..., f exlltl and ii an ....... .,...... ; '':····•, 

In the limulatian al Flpre 8.S, If we • f be .. Jtie 1tl.t (Ind •ly) ocmrnnce al Effftt 4 u 

tncUcated, thm the tranacdOM ,..,. tD f. W. • ..... _..,......._ Nate that for nS-9 and for 

n~S, there are no n'th truuacCionJ ""*8 to f· Nale lllD tlllt ..._. • aa:urrmce la c:muldend 
' " ~ 

both to precede ltlelf' and co foUOw illlll' (ae deflfttdan In .._.., U}. l•mt f 11 bath the last 
. ·~ 

tranac:tlon and the next ttaniact611l at M._ fl.fl...-.• f· ~ this •J nae 

mrnsponcl lD ordtnuy ....... It ..... tM ntat11Wih:• ..... 

Meetings ~ .. ~·· ,.,, ; .!.. 'f :· • 

··. 
Stcond-to-lut Trwacriafta fo-1} I s 

::i.. 

I.alt Truactllnl (n .. l) 2 4 

Nat Truuacdanl (n-1) I ~· ; ... '. :'. '~ 

-"'-- _;:;_ - -~ 
s 

Tablet.IT,._.._ ... ,, .. , 

DlflnWon: If T 11 a ,,._ 11mu--.. 
911an.-tnT. 
nila .......... 

thm, 

{U) 

..... 
c: 

I 

8 

I 

ta(f,T) • {Id I Wathin T, 1 II the n'th ~-~ ~·· t1D f} 

(7.1} 

none 

-• ., 



valu• r.~11.(f;n 

t..t(9,T) • fUI 

t..t<f•T) - (M.IJ 

1j(f.T) 

ct(t.T) 

r.<t~T) 

......... 
• Ml}· 

• 

:."'i ,· 

Definition: A .,._. .......... T 11 said to be fOl,W .. ~-., B'!ldllple lff few ach 
iflltlllCe f In T wt .... ,_... .. 111111pr·t·---• __. .,_. *-ladon T' 

"'". .... ;HllllOtll_.tt~-----'', •. , , ~, .. , 

(a) f' •f 

(b) for lSn~ Hr.SR~-1) lftd Vm.r: 

t.(f' ,T')nm ,. • 

'T' has an n'th tranaactian relative tot' for nwy lllllttnC·' 

(c) c_(f,T) , t.(f',T') . 
,'!"'·-

'The let ~ n'th tranllCtianl in T .-U.. le f ii CGfttajMd Within the • 
~ n'th tranacUans In T' relative to t'·' 



• 

We can ttate • ••nary condlllll·• -~ _...... for ••~·' JfDITI 

arlter work [fl we know that Ill an·..- ..... •,ew-.11• 111 la a .,..._...,.tt can enr 

occur. TheNfare, ti MJ .,_.. llM•lact• &1-•:••1111 •• ..,..,... fswardf•~fladwarda, the 

lnltlallzed control atructure rwt bl fnl ol .,.._ cll 1 tlr llf UI dllt,thll ti....._ Then the 

only way for the.,.... ... to ....... , .... ,., ..... re'lllll).clillll:ttDnu.f*"there to be a 

pattern ol holding• an the tnpat (euqntl) ...__,.,..,._ ... 4-" that no .__in the m••• 

ti forwards (backwards) a.blld, bf·'*"" 111111 p 'M·• ••• ol a bad.wards 'hanc up'. 
• : ->;;.·"'~ {--~~ • ·,. '.. •· ,._';~~. ~"- . '>~:,' 

c:anlider the umulatlon In Ptpn 1.1. It as • .-.-••ttan fer the half aclcls o1 Ftpn s.m 
'' 

with ~ A wl t u lnielal aincHtloRL -.11 t1te I 1ld ... fl A and I do nat ........ ..-.. 

any event in Mlltlnl (U,1.1). die ......... II• llaclWlldl ........ The followtne an 

(a) 7Jt hu no blank drcuita. 

(b) Vmc&t: If a • A ClOntUll ol ...., CN ... r-. llCh llCh lnpUt lint af m. 
. tt._·.,__.-.A 

.. ~~"" ,t'"·!~:·~,·~~ " 

(a) Z" hu no blank ctrcutta. 

(c) Wm.st: If a • A CGlllAll1 ol mctly - _.. hwn -91 autput Unk ol m. thin 
ir.nt t••A .'.. ;\,'N' . 'i" ~~ , 



·_,." 

; ' ·~ : , 

PtpNl.I Allll "*"thlttaNltlMk..,.ktaM 

..... 'pr6Dllll ... ,... ................... .,,.~ ... -"'*~ ,., .. : ...... Jrl. ~,.., 

.......... ~ ., ... ,1*ft t•lt•~ ........ •·••11•11•-- .,....,.'. ~ .,,....... 
Thia ................... ..,,,. __ d~·lf:, .. _ •• , .•• ~ "'i;~· .. 
... 11l1nt1ftCtM:)llMpef._u·-.a11t11•••W.,..__,..,.~:~.•,.• .. lld 

.· •Nsplftd W .......... '.di: • .... lhtl ii·:•. lllf,..,.. ......... U a . ....,..,.... 

"'illlllJmprlaft. •*•1111111--..aa. . ..._tllepJuum-,~,~lrl=lia•JJtj~· 

S1nat ca.ctlelllt •• .....w" w.war. tha:tlil·f1.,hltl1J,••._..·fl&:,#flnfd r.,.n,> 
~ .. ..,., ............. . 

Our efforta In tltU chapter are concerned with the ,....., prablem. 

Wt·'kftow that f·il•"...._ ....... .,...,,., •••• ,.,....._:t;l11IML .... With the 
alternative clau c. Ir we allo knlW which ll1m1nt la 1 f wu • ....._or. what would thil 
addltlanal knowlldp tell UI about the par... ,...,. of tranac:tianl .,.;, • ·.(:· and 
subaequmt to f'l 



That additlGnal knowlldp allDwl 111 to...._, • 1111 Jiii ,,.. """" * .-..Uva. But thu 

ii aactly the 11m1 ttuns that our._.., 111-UllPi 11at1M ._. lo the w .... u. cant1nt' 

of the addtiml knewlllllp II .,....._ •. eht ...... , ••• ti dwl ,..._ kltn&lfled. 
1 ,. 

AnythinC that CM be ..aulld ,,_ --......... fN8 thl .... . 

Our appnach to the "'*'- II to ...._, •• al * •rs In which the lnfannatlon 
-\,.~ 

UIOClated with f a111d haYe .-- "-"ffua.r.t·m> .. al die •JI la which It could ha•• 
emanated frmn thlN ~taton). W•n •d•n •••• -- ti a • ~ excluded rnadel. 

'', ·<~·~ : . -,_:. '·· :·: "'.;- ;' ~ ' ·,· •"'.•. ··.;i;, ' --- ' ' __ , .;. :_;, ~} ' ." f .-'-~:.. ;_ 

BK&u• lnfarmattan ii .......... w • .... _.. ..ae la die ...,......_. cane.nt of f 

llplrttiy and thin ............. 'l .............. bit ............. of the 

.-UlltlOh .... f• ....,,.......,.,. .. Ill••• .................. llrlPtO 

tM hlmr& ,,_ . .,.. .. .._ .•• , •t1
· .. •;ttln .. ,4 ......,:•11a1t1•~--r:•:fi Jlld 

, .. .-.....•'tof.-;tt1••n•••••--•••• ••••u11•1f1r1••·••••· 
.. In fact. ... '* tlMt,.... tiJtlfUlll,_tlll•lllllll ........ : ....... we:.., ... be 

i 

an lfttiftlt9 ........,«dt11.-,..ra.••r•ptt 1111 .. llftJJNlflt .... l_.~,,.ms. 

there tsa''ttnftr!.•~.,.,......,_. •• ._*1"'*•-1111tda~~*l'he 

cones decribed in Sectiaft u an a..,... ta • .._ ... dl91nrtr ••411:...-~~~ 

This proclu. a flnll:e Mt ~ ......, ...-•• ~ .._. ta.r .... U. Thta approach ii 9lplCl&llJ 

advantqeaut llnca the n'th ~ .-.... • t IN d1•11 a.id a., die.....,... In the n'th 
~~\·~ ... ·_,:;:,_:: .-~::~<:,,..,1¥:.~:_.•!-'4_~ i~,.-.r~· "!' ~t,-~··' : '''· . ..·, .· :;' 

hbtory .. ment relatlve to f <- Conllluy I.I). .P2~1id1~~-~i~· ~ ~ 

lt1'eftliirl9.,..Mt< .. t• 1110 ... a.rallt.fl I 1111 .. 111•-••Wf..._IQ,#lnitlonl 
-~ .., __ ,..(.·:.. ·,f; ./-." :~ ·-,;~<. ~ ~r · ,_!:·j~j_ .j,~\::; .:.-;.,_· ·; 5 ""r ?'~ .·< -~" 
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Def'inition: In a dtrected lflPh. a Bil; ii a llfl"* of ua such that ach arc in the sequence 
hu ane endpamt In cm..,.. with its ,..,r1 111• and its other endpaklt in <Xll'f•tan 

with its MllXn•r. (The -.... lillllt • a ,... ..a a chain ii that a path must 
trav .. an arc anlJ In the,.........._. ...... a.._ .. , travw an arc in 
etthet dll-...) TM lltfl ... .,_~~ 0 &ad..-a C(G). 

,/*., . . 

Dlf'tnlelon: If ca a chain In tlit __...,.. GwA11-a •fl_.. .. o. then 
' ' 

lcl A ii the number of.,....., .... in •·ti.an ...._ A mAnul the number of 
baa.wWt .... .._ •·c., _,. 1i11 11!• ,._ 

.,-(-.M) • {1cE I ~cC(N) •c • t /\ , • ._. /\ X.'°'M•• A 1•Ufz*111) ~OJ (a) 

'For each ev_ ent 1 •. ,-(llJI). ~_,_..a=·· ·-~_;,.. 1 ID an nmt in •such that c 
doe not ......_ ._ M8de 1.t-~tlMI . . fl fwwardl crautng of - ·In 

~z*-(ll)f by C ii ......... • ...... -·--+- fll lllckwardl UGHlnp.' 
' " '·._,t,'f'. ; 

r1"(11.M) • {1cE I ic.ccN>. ~ca1 /\ ,._, A XJ'* .... I\ 14 ~"(II)~ 0) (b) 

'For •ch event 1 In ,,.....,,. thlre lxtlll. a dllAn' ,.. a eYent in 11 to 1 mch that c 
doa not--~ tt."' . .-..··v. ..... ---~ fll_.,._,. CNllinll.ot .... tn 
Ufz*"{ll)"' , ........... "'-1 •'•IU .,. r•.,.....,.. • ........ 

1r(m,M) ts the set of events that can be contatnld In a badtwuds hUtary -cment for Meeting • 

and Mode M. r1'4(11.M) ii the Rt of ntnts that an be cmtt•llnd In a ferwards hlllDry -sment for 

Meeting "' and Mode M. 

t ·~·(11) ii the 11t of llnb in the bid cane of w...,. .;._ ~-(•) ii.: the ... al itata beloftelnC 
ta thole links. 
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-t•' 

. :.: ... • . • j '··; '·• "'' " . 

Deflntdan: For a IUbnet R ~ the.,_., nee, a ma-. -. ...a a mode M, we cliflne die followll• 
............. .. . ' t> "' f' , ;~, 

(la) • c Ea ' D(ll,M) 

(lb) • c Ea s; •'f(-.M) 

(2) V•d4': lanE1J9 .......... ~-~-;~"'···~; , • ·""··"- ,~, ... ~ <-'. -~ • ~ .... ~;.. 

'A ltltl 11~ ka RWf at ..... .:_ .nitlft tl uMlfi'Mt-..lnld 
In the mode M.' ·· • · : <Jt- .• ,. -~ • ~. > .. :. 

,o.,,.· - ;,'.;-~ ... /I· 

'Within R, tlCh 1t1t1 In Csa-utzt1• ... ....., .... ,...,. mntud 
one output.... .,:' ; ''./ : 'i •? ),' '.c., .. 

'Wlfeln•a,tldt_.ta .. ~'Wa11 ••••~·one 
aucputnmc.' 

:r, ', 
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Def inltton: For Q'E. ••E•, and M cm. 
b-(Q.,,.,M>. ·Q n <u;z*-<•» n (S~) 

r-(Q.,,.,M) • Q. n <u;z*.<•» n (S-SM) 

b-f(Q,,,.,M). ·Q. n <u;z*"'<•» n (S-SM} 

r-f(Q.M.M) • Q.. n <u;z*"'<•» n (s-sM> 

We're now ready for postdictton graphs and prediction graphs. 

Deflnltlon: The postdlction graph £!!. Meettnc !!!. !!!!! H!!I! m: b the graph <ai-(,,.,M).--(m.M)> 
where, 

u·(,,.,M) •{Ea I Rs;N and R satisfies Requirements la,2,3,4 and !a with respect to"' and M} 

at(m,M) • {<A.B>c(u·(11,M)>2 I i(Nn,M).b.(B,11,M) ... } 

Definition: The prediction me.b. f2t Meeting m. and Mode H. is the graph <ai-f(1n,M)p"(m,M)> 
where 

u-f(m,M) •{Ell I R,N and R satisfies Requirements lb.2,S,f, and 5b with respect to• and M} 

11-f(m,M) • {<A.B>c(u"(a.M))2 I f°'(A.11.M)-b-f(B.-,M>-.} 

To help clarify these ideas, we'll work through an example. Of the three systems considered 

above, the clrculatlng bit pipeline ls the most interesting from the standpoint of prediction and 

postdlction. We've redrawn its initialized system net and its initialized control structure in Figure 

6.7. (The parts and modes are shown in Figure S.lf.) Let's consider the meeting {5,6}. For m•{5,6}, 

we have, 

• ·(m)•{{a},{d},{h,i},{ld}} and u; ·(m)•{a.d,h,i,k,1} 

•-ft•).{ (b,c},{e,f},{g},{J}} and u; °tc•).{b,c,e,f ,,j} 
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•• 
Now suppq11 that M II the mode .....S wilh £...- W wl a. Then thm'e are two subnets 

or the.,.-. 111t atWJUll l•"lr•••-.U.• •• •••• .., _ _......._»and two IUbnlta 
. ' ; .~. - """"" . " ,,,,I , 

adsfylng ~ 119.U,4, wl ·• (el'i nn Jll .. •• The ,_... pmtdktian and 

pnclkdan Alli aN ...... tll , ............ , ............. llliprlHR•tan U far ..... 
• ,, . ... - 'i.... 

paphs.) 

Our.a new ii to._ how ff'di_."l.,.. .. .Aid p111d .. ,...,... can be used to 
"- • ,· A-' 

' " 
'.fH'tdkt and p111dict thl ,._.. d •1ulf11J111• • \-•• ,.. .. ao .,. ........ 

•• ~.. I\. •• ~ • ~ 

. ...;. ~1'-~! Af¥' j;· ' 

-of coune. • ca1t't ay...,..... ..._._far .. ~_.. 111111• .-d1, lllher ,....,. ar 

badt~ but we cu., that the,..,, .. fl llU••••• - t.e ·-11111nt' with mtatn 

'A 11t of evenra II ti1F:GD111Utint arr it 111•1• • ..e1t*t - .- ,,.... wh ....-..-.· . '"',' 
•• ....,..... ,.P. 

-· 
Deflnltlclll: If Qi and a_ are 11)1 tanrf••!•t ~:Jlfftt• ...... 

·' .- -. ·-:. '• 

' 

WeaylhM~:MdOe•,91 ·11atwtdlw1M~jffQ.i~-·, 
7 :.,: '~·-. ,' 

Two sets of ~. ue °""'••c. Wida - .. ,.. ~ ......., _, contatn no more 
thananen•t~ach~1 ... ~ ' _·, • · 

Prapmty 8.1: Ir T ii a ,,.._...-~i1·•'1ii-•11t.!F..., ti a.,,..,.. ..... -., 
" - . ::: - .-

•-,, ·\, 

And, from Requirlmlnt (2), we ban the followiftc. 
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k h e b 
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b k h e 

3 7 

e k 
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h b 

(a) Backwards 'History Segments' (b) Forwards 'Hist:Qry Seqlllents• 

Figure 6.8 

(a) Po•tdiction Graph 
for Meeting (5,6) 
and Mode (2,4,6,8) 

{ 1,5,7} 

(b) Prediction Graph 
for Meeting (5,6} 
and Mode {2,4,6,8} 

Figure 6.9 



Property 6.2: v.1•: YMClll 

WQ.u'"(-.M~ Q4a Mlf'-cmliltlnr 

~-f(-.M): Q .. lllf'Glldlllnt 

• 

'Each 11t II .,.. amd ... wtdt a_.. An a,.., ..... ~ lflPh ii lelf· 
~· l 

are quite cumbenome. Ta.., .._.. • ,..,... u .., ftnl •• 1111n 1111p1 p the ana ol 
~ • ..-<' 

Th....., 8J: (a) If T ii a back ............. .,... ..... f ti M ..,.- In T, ...CfJ.i, 
and M cl(f), tltln !Qa,...,~ 

and thin_. a ............... .,._ ....... T' wMlt 1t1 ........ t' 
IUdt that. 

,, ·• 
Yn.Z-: c,.(f,T)Gta(f ',T') 

YacEt: t.t<f',T')nl ". 
Q • w·(ll,M>rt..a<f',T') 

(b) If' T ii I forwanb1xenltble .,_ .......... ' .... ODii ... In T, ...cfl.t, 
anctM cl(t). thlR iCl_,ilM>t , ~· ,, . "· 

fcQ I\ t~T) • Q 

and there exlltl a f....,....llllcllbll ,,_. .......... T' With an occurnnc:e f' 
such that. 

t' ·t 
Ynez+: t,.(f,T)~(f ',T') 

YocEt: t.fi(9',T')ns 111. 
Q • •-tc-.M)rl.a(9',T') 



l&S 

Proof: We prove just Part (a). 

Because Tis backwards extendible, there exbtl a system simulation T' with an occurrence 
q' such that. 

fl'.' 
Vn er: tn(f .T)g_,.(q ',T ') 

Vad:*: t..1(q'.T')na " • 

Now since T ls backwards extendible. it must be possible to select T' so that it too ii 
back. wards extendible. Let R be the subnet of N defined u follows. 

ER • v-(m.M)nt_a(q'.T') 

SR. c·E1Ur1)n(S-SM) 
FR• Fn(S1XE1UE1XS1) 

We can deduce the following about R: 

(a) .,E19f(m.M) 

(b) VaeE*: 1tinE11~1 

(c) S1·<9E1UE91)n(S·SM) 
(d) Fa•Fn(S1xEaUE1XS1) 

(e) V1E(S1-~z•-(m)}. C-s)i..(s")i•l 

f&E1 and def. of Ea 

E1~1(q'.T') 

def. of Sa 
def. of Fa 

def. of R and Cor. 4.1 

In other words. R satisfies Requirements la,2,S,4, and 5a. Thus E1cu-(m.M). We know that 

f is an element of both 1r(m.M) and t.1(q',T'), and therefore, fEE1. Finally, because 
t_1(f,T) and Ea are both subsets of t.1(q',T'), it follows that t.1(q.T) •ER. a 

Theorem 6.2: (a) If T is a backwards-extendible system simulation, A is a holding In T, Mcl(i), 
and m is the unique input meeting of Wot. then 3Qa-(m.M}. 

and there exists a backwards-extendible system simulation T' with a holding h' such 
that · 

1'. h 
VnEZ-: tn(lr.T) 'tn(lr.',T') 

Vad:*: t_1(h',T) n a "• 
Q. 1r(m.M> n t_1(h',T') . 



(b)lfTuar...,.........,-·••llrl•111·A9,•......_.,~M;'dG>..M'fl:• 
iltht ................. .,,.-. ..-.. . 

~ ~ · - ·.> x~~~t.~·;· · :-,~, .. ~·,...~ ·<; ··:J'ut::r~·};.1;•./'.} il~_. . ·J ··, 

and dtll"e eailel a,..........._....,... ft1 111• T' wJtll a ...... l' IUCh 

that. "'" ,·· .. 

i' •I 
· · w.4+: i~TJ ~ttaQt~.',) 
v..r: t~'Min••f 
Q • •'tc ..... > n '•tO.',T') 

Proof: We prove jUlt Part (a). 

'' .·. .;,· 

.• ·~ . 

Bleau• T ii blckwardl •••rllhll. ..... ••ar Q.'2.t.a 1 t1N111.'J;t• f\ . .-Sinl l' 
auch that. 

i' •I 
Vt1.Z-: ta(A',T') 

: c 

YHE*: '-1(A',T') A•~.tt+. 

•: 

(1) 
(2) 

(S) 

Now U-. 'T 11 la6 ...... 'a.-tH1t I Jllli-if•t*1J 1t;...,J:9t 19 that it too II 

;~~,~~.,,--"~IHI lt•~-''•T' . .,Lllll(l).fa-. 
e 9*w·11·ii~; trt'MMJ1Ftl ~ Ill tlJ9t•._1-..1u11• u 11t t11e 
-~ltilt&w .. ,._,n} ;~-:·:irt; rtJ.:i-d lf.J ;r11°-.:c-.:·~ · , " 

2".Y.~~ . ., .--.;-"· ·~ \ .. "' ··~···. ": ··~.\~:;~.} ~ ;· _, .... , ·· .• ' · :>· ~, .:~·-I ... ,. :·~'~.·:~~~ ~~ ~i; 

f c Q and Q • •1..W) n t.i(f.T') 

Becau• •• (Qra} .. f•I. 

Bcause f Initiate A', 

l.J(A~.T') •'6.\~I) 

It follows that, 

Q • 1i(111,M) n t_1(A',T') 

;'· 

And finally, beca1111 t.1(A.T) and Qare bath 11111i'~tlel tJ6.1,Y(~ 
. l ." '· . ; 

'-1<A.T) • Q 

<•> 

' (I) 

(&) 
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Linea 1-6 comprise the desired reault. c 

Definltton: Within the context of a prediction or postdlctlon graph <1',111>, we write AVB to mean 
<At B>EDI. For Acu, 

VA• {BIBVA} 
AV• {BIAVB} 

Theorem 6.3 (a) If T is a system simulation, q is an occurrence in T, m • [f]°', M el(f), Qe1£(m.M), 
l is a negative integer, and there exists a backwards-extendible system simulation T' 
with an occurrence q' such that, 

i'. i 
YneZ-: tn(f,T) s; tn(f',T') 

vau:•: t11.(f',T') n a .- • 

Q • 1f(m,M) n tlt(f ',T') 

then for VQ .- •· 3Ue:VQ: 

and there exists a back.wards-extendible system simulation T" with an occurrence q" 
such that ,,, . ,, 
YneZ-: tn(f',T') s; tn(f",T") 

YaeE*: '1t-l(q",T") n a.- f 
U • v·(m,M)ntlt-l(f",T") 

(b) If T is a system simulation, q is an occurrence in T, m..Cf1oc. Mel(f), Qeu-l(m,M). l 
is a positive integer, and there exists a forwards-extendible system simulation T' with 
an occurrence q' such that 

,, . ' 
Ynez+: tn(q,T) s; tn(q',T') 

vau:•: t11:,(q'.T') n a .- • 

Q. v+cm.M) n tlt(f',T') 



'k•l(f.T) • u 

. .-._ .. lt(tq•• •llLMl1l ILllB1•1••i.t~''t,8~,fr' .......... . . . ._· ... ·.··.,.'., .. ,,, ·-·"' ..... _., ~;_.:t"'.,!.i''·" ,,, . ,, 
. V.cZ": '•1.f',T') Si i.<t".T") 
v..r: '•·i(f",T") n • 11 • 

u • •~> n tt.iw"',T"> 

PrOOt: We pme:Part (a). 

t''. t' 
YJ&.Z-: t•(f',T') Si t,/f",T") 

Yee&': '•-i<t" ,T") n • .. • 

Bica• T' ii baclc.wuda ....... I ... lie flUtl1 le .... T" • that It .., ii 

back .... •••M ... A•••• - ... ft•• .. Wet .......... tal n• fll N 
dd .. ~.~ .. ,,. 

Ea. 1i(-.M) n 't .. i<f",T") 

sa • <·11u11 in <HM> 
Pg• F'°a>e£tUEa>Cla) 

Q • ai(ll,M) n tk(f".T") 

E1 • ai(ll.M) n 'k-i(f",T") 

It II a atra'Shtf'orwud ....... tD lhow tltat, 
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Since VQ ,. •· it follows that b-(Q.m,M) • • and Ea ,. •· Using the arguments in the 
proof of Theorem 6.1. we then have, 

E1 c u·(m,M) 

Thus. E1. e: VQ. 

It remains to be shown that 'k-l(f,T) • E1. This follows from the fact that tk_1(q,T) and 
ER are both subseu of 'k-l(f",T"). C 

Theorem 6.i: (a) If Tis a system simulation, la iS a holding in T, m ls the unique input meeting of 
[Al°', M e:I(l), Qeu-(m,M), l ls a negative integer, and there exists a backwards­
extendlble system simulation T' with a holding la' such that, 

i'. h 
YneZ-: tn(/a,T)' tn(lt',T') 

Yad*: tk(lt',T') n" .. • 
Q. ri(m,M) n tk(lt',T') 

then for VQ .... 3 u E VQ; 

'k-l(q,T) • U 

and there exists a backwards-extendible system simulation T" with a holding A" 
such that, 

l". l' 
YncZ-: tn(/a',T') s; tn(la",T") 

YaeE•: tk_1(1a",T") n a •. 
u • v·(m,M) n tk_1(A",T") 

(b) If T ls a system simulation, la is a holding in T, mis the unique output meeting of 
~. M cl(l), Qcu•(m,M) l ls a positive integer, and there exists a forwards...xtendlble 
system simulation T' with a holding A' such that, 

l' • l 
Ynez+: tn(/a, T) s; tn(lt',T') 

YacE*: t11:,(la',T') n a•. 
Q. vi(m,M) n tk(lt',T') 



then for Qv,. •· 3UcQV: 

tk+1(9,T) • Q 
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and there exists a forwards-extendib" system simulation T" with a holding A" such 
that. 

i". i' 
VnEz+: tn(A',T') s; tn(A",T") 

VacE*: tk+i(A",T") n a ,. • 
U • 11-ft-.M) n tk+1(A",T") 

Proof: Similar to that of Thtorem 6.S. 

>.. a limited illustration of the preceding results, c:anlider the system of Figure 6.7 and the 

postcUction graph of Figure 6.9(a). All system simulations are backwards (and forwards) 

extendible. Consider Event 5. It belongs to Meeting (5.6), and tts information content contains 

Mode {2,4,6,8). Now If 'I is any occurrence of Ev•t I in a •J*m s&muladon T, then from 

Theonma &J(a) and &J(a), we have, 

t_1(q,T) • (I, S, &} 

,_,,(q,T) • {7} 

t-a(f,T) • (I, S, I} 

1_.(q,T) • {"I} 
• 
• 
• 

The odd-numbered transactions precedlnl q are c:anaistmt with {l.S,5), while the even numbered-

transactions preceding f are consistent with {7). Thll checks out with the system simulation ln 

Figure 6.10. Here we have, 

t_1(f,T) • {I, S, 5, 8) 
t_2(q,T) • {~ 6, 7} 
t-a(q,T) •• 
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• j 

/'~ 
• g • I 

Figure 6.10 A System Simulation 



7J. EvaluatJon: 

CHAPTER 7 

CONCLUllONI 

With the theory introdUC.S m the prececllftl ~.we are now able to treat important 
.- ', 

kAnds or Pttrt nets that,....,,.......,_... .... ..,."_,..,. The net ........... the 
. ~ 

half' adder ta jtllt ane ......_ FIWft al tntUa ..... * .. fll llllJI _. .. In our theory ii 

rich and varied. 

The theory hu the followiftf MIYlfttlgtl: 

' 
(I) The ranp of C8ftC11* expr111•1e dhln the "'-1 II _... .. , braacL Amons thOle 

corapta are ._.that.,.,............ """"• ._., .......... and 'cauallty' are 
the .... notabli' ; ,. 

(2) The theory tall• tnto ~ the dlltrl;u•d ...,.·or ,,..... Canamwf ii the .. ., 
CXIHatpt hn, wl canqariwJ II ....... lft dlifibrtc fl Chi thaf. · 

(S) BecaUM the ~-._not n1,J •the._... ti....,-.,.... •w. tht complaltJ or a 
.,..,.. model "nduc:ICl llpttkanllJ. ,• . . 

(4) ldentlfytnc the 1J1111m Mt with lhl ,,. ,_...,..,_.the Mt ol Initial c:andlt&onl 

With Chi .,_. '""""'*" II a 1111p •••· • htf8fMad •If P,_.. ID llCldl hardware and dtwul. ., . . / . 

(5) The tlChnAqUa ol the theory 1ll'ld thenmiY•aD .....-... 
;.,., 
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7.2. Future Work: 

The work that needs to be done falls into two categories: theory and metatheory. The 

metatheory is concerned with four related topics: (l) foundations, (2) semantia, (3) methodology, 

and (f) scope. 

(l) foundations - The theory we've presented dependl upon five axioms. We've tried to 
make those axioms plausible, but clearly more work needs to be done. The goal here 
should be to reduce those five axioms to another set of axioms that are more or less 
self-evident. 

(2) semantics - A number of concepts have been introduced in the theory, and we need to 
understand the meanings of those concepts. The two that are of the most concern are 
parts and modes. We've said that parts are associated with strictly sequential behavior, 
and that modes are associated with steady-state behavior. But we need to know much 
more about these concepts - In particular, how they relate to concepts already famlllar to 
us. (Note that foundations and semantics are intertwined.) 

(3) methodology - For the theory to be a practical tool, there has to be a methodology for 
applying the theory. A set of practical examples is necessary in establishing such a 
methodology. 

(f) scope - The scope of a theory is the range of problems to which it ts suited. We must 
find out for which problems the above theory is suited and for which It ls not suited. 

In the mathematical development of the theory, there are several areas that deserve attention. 

(l) For a particular system net, there may be several ways of choosing a covering of parts and 
a covering of modes. We need to determine precisely the effects of those choices. We 
already know that the control structure and the information contents of the system 
elements are, in general, affected. 

(2) The four theorems of Chapter 6 are quite cumbersome, and are only the first tentative 
steps in the area of prediction and postdiction. Much more work remains to be done. 
(In this area, Theorem .f.S ought to play an important role.) 

(3) The ability to predict and postdict system behavior should provide the key to answering 
the following questions about a system. These questions were posed In Section U. 

Under what conditions will a certain pattern of behavior be produced? 



· What are the CGftllffUt"Cll of a ....._ wltldn a •Jl&tm? 

What*" llrf=tff- et: a.,_.. madttliiltlaat· 

How4oei blhaww tlt._f!Mt fl a· lftfI 1U11ft11•1......._ tn ...._ part? 

How dO the OUtpUCa of a .,_ deplllcl .,.. die tllpltl? (A&. What a.•.,.....,. 
of thesyltml?) 

, , ·--~J .Ji.¥~~ .. ~{ ~ -:~--~ i'.:r\'·_,.~ ~-r·, 

(f) Wlthti't this theill, wer·lllrfe ·• . ...._..,.... pt11U•10 ..........._ This ts a 
major area, and one wlHch wtl ..... •TlJulltll . .a.t. ~!lllM~ wtU entail 
relating the appRllCh pr11•111Cl ...,. Witt tllt ldllt of Inf...._ Theory. In ,_......,It wil'bt'H•n111•Jtm1-.t1 a W •21a111n ••••=•·Aannorl·• 
In ..................... ___....... . :c .. 

IV111-.UUll~n.....-1v. : (~;r"~ff\ ,,,:;;, 

(&)·Jn ~ u·we tntrodutlld H.,...._, ,....,,r• ••11'~ c'Thts property 
al1oweif"ua ta . .,.._ ....,. ... ....- .;• ·...-w•Jla• .. ·•·:·.......,. other 
pouible conatralllll'·an':'tlW''6GMt•''W 1•1rra11,.tflum1i • ,,, .... _,~., tpaell/timl 
rrameworb mtpt •Hlf!IDllD nm ....... .,_) 

. ' .. -,_, . ' . ··"". . " . ' , .. tt '"'.~ <" ·: 

The succm of th• ef'Forta will detenntne the fnaittulnm o1 the idtu pl 11ir tmiiR thll thall. In 

any nent, wtaepe1Dta'f~ ...... .,.,......,..,. ....... ....._. 
. . . . .1-, , ·, , --r;·~- -~fcf~~,;;·c ;' ,_, 
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