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The har4en part or this research was the' 1Jl1emllnably'·tong ·time 
spent . grappling with vague, . •\)~~ . Jl.O,tiqu •. •m.&·, •;·~fUlill '~ate 
underlying concepts. During this period, I needed -- and :r~ve,d} .... 
assistance from many people ai:ound id._.; · · · . · · 

· · Professor Jack l>ennts~ m.y ~~' ~r,,•~~~. ~ remarkable 
technical ~.h~.1~ ~rk:\~, with ~~,'-':A~~-.~~~ .•&~es tor: new 
areas •. I am trateht' tllat 'ha·'llla'ti:i84· J67.~'.#t\~~~·~~. ~ng I 

·investigate certata ·1cteas t~t· ~m~ ~~,~~'qiiJ;!t~l.::~~.f.'1J8ttp;Jrul~· · 

. been trem1::iC:US:; f~VO,lr~&1i.Y•••tJ.~;;;~~~·Y8 ·.:h~~ 
shared generous amwnts of thne 'WI~ ·~ ef.,.~JP8"~ ·~ .J .lw.fl .. my ~u in 
the proper perspectiv.; · · · ·· ~-"· ·· '!! • •• o.. ·· · 

AU t~ .of my, CQJILJQ.iUee membea{••ldlrtt>ell~.contr.tbV.tions 

. !:t!~c:~:!o C:~~·~ 4~•.!P~,}'1\W"q!ftg~~~ .. ~~·;ind 
: ' c • ' • - • _:·~ ... ~-- ~ ~ ~b t ~· ·'· ~ ' ,·_ 

1 Wlsh to Uwlk .. D\1' rellot.V .....-£-.llllDU~·~taaa ting fatlently 
. ·.to .D1alQ". varslou, .or.· my .JJtuaatationa or , 8'7 w...,. . »•Ill••- r.a the 

·ulld.e•r to· the coherent. . Thanks. to Bm .. .AcMnua, ....w. MrziU."·Andy 

'"·~Boughton, Dean B~k..;c,:~~t Jn.~ qi.~Mffft·!~ ;t:JW'J.,.·Ken 
:.Weng aD.4 ·· a number or et· stuit.ents to~ ~~·~~¥. ·PP' W.. and. 
come up With thfi ·rf&ht tterliiltio~;p(~A, ':·, ·' · .. ;' · . . . . . 

' . ' . . l .. ,, .. · .·. ••'--• ~.·' , : . ' ' . ... . . 

, · The MIT Laboratoiy. for ~llCef:!".,... . ..., .• tieett··- e stiliutlatln,g 
. environment to .work ia. Thaalu ara .. M·M' tllilr'·...,...i~clalt:support 

throughout the research• wtn:·a:-M tlft.:1'11 • •ilFillii,._· rac:dttiu in 
. ,preparing this docume_nt •.. ;., ... : ~., . :;, . , , 

• . M¥" pueau. &aw -me. cons~i-.a'fNlv·dliPlrf~".-.' deounCement, 
standln& by. me . wha. J. aea4ed it .... ~t-~ dttil'~ in : myself 
through their confl4eace. la me.•. ·. > ··· 

. ·• .; ;';; \} ~ ·\ '· .. . . . ; .: . : .... ' ·, 
·. · Fina'lly,;li¥tiA:f:h~Pl~~-W ... ~~-~~-to T., my 
fiancee and wire to bl, for patiently beart., with me f9f two q~ a halt, ~n& 
and difrtcult yeam. ~ me QlOtioaal · •PtM·hW*fx'Q)ia~J;!·,. and 

·,;.·believing in m.e. t!:~ v. :;,••\!.'i.. ~,_d ' ·• . : · 1 · · · · 
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The fields or computer hardware an~ software both deal with t}le 

samtt fundamental goal1 

hardware system is constructed from physical c:Ompou~ta, . wh,tie. • sort:wai:e 
;. '· - ' - ' ;; ' ' '~ ~~, '• ~ ~- -~_,,-(} { .•. ' •' ~ - • '/':~~: ,r 

system is realized. by writing proaram.s in a lan&\1• j~plemented. on some 
_.· . , ~· -~: : 1 · ·-:_'-_;,_ • ~- .~:1.':~·r, ~ - · 

computer. Aa both hard ware and software sy..stem.s . M~ .&l:'O'Wll 111 size an~ 
. • ' .,: ".. > ' ,"'.~ ',. ~-:i~' : :".,. , 

capability over the yea~s, their structure ~d ~~~on, J.iave gro.wn 
- "r :: : . :_ :·. • ...... • i. '\ ~-.~, . . . .. -:\ !.t-- ,h_>- ·_: " .. 

tr~mendously in complexity. Thia has made the ~--of des~ii;ig sy~e~ 

increasingly difficult, upecially so for lv••· h~h~pr~or~ .. ~c.e .'1)".~,t•ms! It .is 
·,. { ~ ' , , .·': ." : • ~ ~ ' ~ :f '•C •" }·•.-{ ·, • • ., • ' 

important that both system duigners ·and u•r• have. confidence .. that th~ir 
.. ~- _ · · ; .. _:·;;· ·[·.: , H _t"i .,. . . .. ·. -· -~ 

systems perform their functions as intended. System ~~~ •.. 4,fb~n&i; a.!l~ 

modification constitute a signt{icant fraction of the time and expense involved 

in desi&ning systems. The· lssuu of m- ;'~r~' that ·a. system being 
,;•, ,.-..t. i 

designed Will operate correctly . are thU. , ~f particular importance to both 

hardware and ~ftware sy~tem desi&ners. 

accomplished in practice mostly bY, • "~t o~ t~f! ~f.§~. l~l),n~q~es. The 
··.i ,, .L' , : · , ... '··· · 

drawbacks of such an informal approach are clear: one c~ be intuitively 
.--,, -~ . "' .-, -".'.: i ··-.; ~- ·-. "-'·~-} •• ·," 
.·4 

certain that a sy~t~;~ design is correct,>but .~is .. ia f~- fr~JI.' • 4uarantee of 

correctness. There are numerous "horror storiu" •bout. l)'stems that .had to be 
. . ·' , . - ··'.'.•-.··· '· . ._ 

redesigned or scrapped because their desig~ ha4 serious con.~elt\l.fl .errors that 
. . . ,;.~~·" r. ~·- ,: .:?· ... 1~ 

went undetected in the verification process. Such errors indicate a lack of 



- 8 -

understand1-& aa the PKt of tM dMi&Mrt u to ••llO\lJ' what fwtM>u the 

systems are qp~ Mt,,"1tor-.n.,a:Car --~ .. } aauad ~in& of 

the way a system operai... &4 UL orcier to M Al'9 tMl U bela.aves COl'l'eCtl¥. 

function. It ia for Jui thil reuoa t)aiat Ult cUlc1Pliae of torzul 

spec it icat.iom hu ~· 
' - -2 :-.. ,·_ .- '.~' -· ·-~."'ti ,:<: ; ... ··-.' -' .• ~ 

SpecificMiou are ~ of the behavior 
; ,_ ., . . (:' " ··.: ;· .. ; . . . 

desired or a syste~ Gd a 'aYatem ti .Uowa te be cernct - vmt'yiq th&t it 
, ,•r- . , , .. ~-. (.t;.~:,:_..~J~f. ·~. {''- ~ ?. 

satisfies its sPeciftcatM:ms, iA. O»S•tea u it 11 iataaW te .._,,._ There are 
.•• ·-,· ·, -

1
\.· .,"~.1"-~r . -:.~·· ~. ·' ii·,~1 .... ~I ).,.,, :. 

two significant beA.tiu~· that mq ·be ·re.i(..t 1J¥ -... lonaal apacificatiou. 
• •• • • l - •• . ••• . ,, ~~ • " • ;:; ' "' 

First, it becomes )Qllible io uVelop ror...i verU'icaUm IBMbodokCiel, which 

makes it !eUible tO Po•• ili.t ~ u. ~ '~.-~ ;.. ... their 
. '"'." . .,,_ ,:;;p.f' . _; .-i.~J.':·';.le\~. : 

intended 'talks. Secoa4, form.11 4elcripUou provi4a a Jll04el through which 
. • ,_'.;,: • ·,. if ...... _l:- . .;·'. ._·'; :-' ,,: .. ·:;~:.i'.,.,~.-.·~·-·.,,. 

eomple.1C · Syitama c:U . 'be "6atter wMteratooci. , nu, tM iuk ot qs\9m 4ai0. 
.····.~:;f·- J:"<:; -:.-: .,."~, ~: ' ., ..... ~-·,:···_, t'.-~ 

may be facilitated : uUoqh., the st\14¥ . of fonul ...._ Q_eeificatioa ancl 
·.. w:. ·i' ... ~~ ·.·.-

Formal IPICU'ication teclulifiel cu.,a lite 
- ¥~~' ~· .. :' .: fo~~-, 

considering the utue ot 'the ~ MUa& ~. ~~ -... ~le• 
, ... - , l , ~ '··~ "'; 1 :1H'.!"''""> ~-- ",~·:·:~ · -~-- ,,. :,> . 

system.a, the al*Ukatiou _.,. Mcom8 • ~·- '!. ~ .. ~, ~~ 
·~ .. ~ ..:i \: ~-;?, ~ .1 i~ .tft. . . :;.' (· ~-' ~ ~ :> . .. \.. > ~ 

proofs intr~tably 4itficult. However, ULia. Jnlilela CD tie .U..yj,atecl \>7 
-· - .·- .. -. ..__ ·r,.i:,.., .•:.f"'.· :··i: ·.\ ·-.. , ·._~·;(-1 (:.-~-!·-:!,.;., -. 

treating only ·lbbM ....., that atilf7 "aice" ~ - iuisti8' oa 
. . . .; c ~ •r, ~.:;.,-- , ;· J ,; _ · _: J ;t-.~~-._ ~:~~ . - ·: · · '..":_ 

appropriate qlt.Ul ccia.it.aau tMl aU. 69 at&.., ... ca iMaUfy c111r• 
. ~ . . ,., ~-. _..,. ~.: ··~ .... _. r f :-:' ~.f. ; - , ·.. .tf ;) .: ; ~· / ._, .. :. ·· · · 

Ot ·systeuli ~t 'liave . more ·orclerli'G.4 atr~· f.... with· DO real MCrifice 

in functional cajabuiti. Tllrou&h J\14'1~~ ·ale ~t'· ~ -~-·~ ot ~~~ 

.: .. . -
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Formal specifications. have been the center ot·~uch research activity 

Within the software field ·[Rustin, i:;1i~' Liskov 'ahd . Berzins;' 1976 ]. In 

'addition, an' entire discipline knoWn as itrUc:tlired 'pro&rammin& has arisen to 
. - ' . ',· ' ,_ .. ;< ::,'- < ' j..£, "'- ..,5"' ; ;: «J ·~ 

study ideas of struct·ured system design and their ramifications on the 

programming process [DiJkstra, '19i2; wbrtm'an; 1's71). ·;:. However, the:re has 

been relatively little research in corr9QOn4ul, areal or the hardware field. 

One might explain this difference by -~ng th~t 'there is a. much ·greater 

concentration of th~reticians sPe<:iauzin.g ··1;'·: ~tt~m than hardware, but 

Uiere is a mote crucial unCl~rlYlb& r.a'son. . ~- ~-'to~· hard~are systenis 

have lo~ been e>veri1ladowed by; tiie ~, of ··jil~\e~tals, fabrication.· and 

asseml:n)t." onee a ·machine '1• ·into· :Pro'a:uC:tton, the deliin process is' ended; all 

further costs lie in replication and matilt~~nc: •. ,; J tor -,~ •. economic reasons, 

the p)\ystc&l ·conanu:tion ef Q".st•ml"!la-.tu dmnblant ·tactot in hardware 

development~, With .mt.waN, oa tu 'oa.r.1 :blladt 4elig1'1,~• -haw al~ys 

.preclominaMcli since::.~ ·ill ,r-tizet; .oa pape1\ Molll&ver• · .aof\war.e 

are changeclt tWn tlle PIOP'&ms ".muat:-l'bfteJl .•.tte ~tea '.Or ,yeaesf.Cne4. 

HardWare systems an ·jeaeral•purpoeelrl .. tlat,:for'• ~DCW1'1l ~tioaUOn it fs 

the pro.gram,~· Jlol. th• macmiae ;that ia moaifAI.: • ...,.... ii thus .far' mor-e 

software. · lt is .therefore DO woa•ar: :1hat' ,._ :tnt~· .fot··«Ud.Yfq destgn 

and specWcation iathodolegiu ~ .. 1*tn '·•r-...tu a. *<>feware: field. 

' ., ~',. ,- - .. '• . ·: ' . . ' ·~ . ' : ~;, . ' ' 

The rapid developments in semlconductOr t9Chnoiogy ''over .. the past 

few 
. ·~1.:· '. - . ·, " . .. ' 

years are beginning to alter the - economic balance in hardware 

development. Integrated circuit chips can be mus-produced at extremely low 
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new r abricatioa techzPflw are .,,...,_ ia~ ~ . a... ,tsnp .. cost&. ~~ 
- l ·' ~. ~ { • ' ·- : . 'i - ~ \ 

remaining essentiallJ the same, thef are berc>mJD.C ~, ~ more .ai&WJ'~.t 
. ; ' - • - • - -t- - . ~ 

in relation to qatem d•ftJoJHll•ilt. Thil m.NU ua.t ~ deil&n techniflues 
. "' •. - _-"·'t : '.,. ' ~ -- ' ? ': ; .. ' . . s .. . . . 

and approaches will IOOJt.. 1-t oa th• cu~Ua& tN4t of . JlPware techaolo&f. For 

large and com~lex &7*JU, w~ ~ .. ~ -.. ~ "1/~icul\ to 
· • , ·: '. • ! · j j ~ . • , ·:. t " · ·l ' I , • . . 

comprehend and work with, the appro.ch• to ~ dec\Cn are ·~ more 
. ..._ ,_ • . ' ? ~ : . - , ' ' ~ . -

crucial. It ii therefore iaportat to opa up a ~ mvestiOUo~ or 
"" l , ~ . '< : · ·,' ! ·; , , - '- ~ <':':'', I . . . t • • ' 

formal specification an4 ltr~l~ .,.~ e~~-~~'~¥ for lwd\V~ 

systems. b4 aiJ;lce much of the U»U.Uw . 1a .. tl.lH· area ~ com• from 
• ~-,t ' - - ~ • _. - . .. , " ' ; ': '··",~ ., ::_; . ; : •ti.)'..,.'' . ' - , - .. ;_ ! ' 

software i:esearch, it ii ut\U"'1 .!O .l~ fOI'. ~ "' .. 41.PlY , -~ ~f'A1oait11 
used in sort~ar• 4~tpt '9 ... UMt. bar~W• .ftel4l. 

. 
. whidt. are ,il81CfilliR ta Ule .xi -=ttoa. ha blla··'*n•a • • ·~ '11muiD .. ,.. 

the ruearcb. »HUW'84 MR. JW:U.~;umm11Ah31,.,. .,.. .... , ... --..aa ·• ·-

of atructur.ai ~ WhicJk· · ,..,._ :. b1~;: u. .,,..,..,. or lBp, 

hJiah•perS'•rJUDc. _.,.., u4. W'Alok..·,.i. ,,.,..., a. ·~t of • 

theoreticel ... f~ I• fonul.qecta'.WU•G6. ~::).!la ·taa ihedl, 

oommunia\ion ~· W• :*11; . ..-, .-. .a··look,.,.aa JM>w :the tanal 

apeoifi~lJAQa ..,. M ... Jil6·taMlf4a ~· \M 1-Stlli .ciorW:UiUS ol .'t)lw 

systems. ~- iwe _.. .-.. ao.liWe·'.fCllJMLatalFiJ1lnmmllodtdo4I• :far 

hardware ·syatem d.Ui&n, Qeeifi~~o~,~d ~~:"~•h• r~)l. here mq 

be considered u the firat ~ 1a a n'w ~. 
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1.2. 'Packet communication architecture aiuf ita background 
. ~ ' ~ . . ' 

Pack.et comm~nication, ... 4:~t•u~it~ a .at of:•J)ri11eiRl•. according to 

'\N'hich syste~s ~ay .~ clta,~ ~ ~~~'.•; tM .. ,.._ fat~x!Dg.·:theae 

principles afe cqlleqUv~y'., ,known • 'Jlf';Mt ','.,O'tlffNifltiOIJ . 4yste•v for 

brevity, they shall. also be. called..~ _q,•ma. · · ·"8 .. i~; by Del\nu in 

[Dennis, 197~~). pack.at sysi.ms . ~· .. .-nuallY. .. ~rogA~Jl.Qns or 

indepe11del).t.1Y f'\1nctio~ · .. unii, t}lat ~t. C>W .:Jw ~'"' eacl\ other 

packets of iJlf ormatip~ Tl).e iDfQ~~tii<>ll QCQlt41~ J.- .~, ""-et may .hay:e 

arl;)it;rarily .co~plex st.,;ucture. 

In th:it reaaroh, wa have taen a particular : point of view. 

regarding packet systetU as being; phystcaltr ·~·· tnm'hardware units. 

Some of th• imponaat ·«>acepta uac1er11iig ·~ co~catlon architecture 

are particularly advantageou. whea •PlieCl 10·.the/hstgn and:· iib.plem:entation 

of hard ware syste~~ It .ia eq:u.aUX. vaJ.U\t,.~qNh;· \9·. ila-p~ent packet. 
' ' . ' . -

systems in sot1~are •• The:e are no ~~~hnicJU'8.;.~. ror111¥1y specifying 

or verif;ying packet 1ystems vi~-44 fJ'.OllJ. ~·,::SOftwap JtanQ91irt~ so , O\lf 

work here may also be 1ee~ .u ~an ,ad~ ,Ml. ,.u. •t~4Y Qf,; software 

speci!icatipn as well. 

There are 1wo particular notions from the study bf structured 

programming that are directly supjortad ·by the Pl'inciples ; of packet 

communicalion archit-ec:ture: modutartty and· 1t1.r.rctry. 'these iiBtlons play a 

large role in the .suitability of applying formal ·sl*tttl:'ation t~hniques to 

packet systems. 
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compostnc them fftlla CHllc wltU alle4 ..,....... TM.-.: .illM u Ulat ·the 

-use of a m~:-u~ .. f:IOif"'U.' ~, il•&tlll*i:':c:d';iu' DllP&tmea-taticm. 

IA tha-way. • .-11 .. -~----iii dr-114 ~'llrf.-..··otb8r 

·modules~ 

{Myer._ 1975, ''l'lt\Wlla. ~978;·'-~''tfft1"3:~ 'ilf''wAI~ d a ~alSm 

for -su.•portiaC ·~ · ta aoftWare'· -·17-.. ·t. -1'le '1ldti0n or ·data 

abstractlon r~ 84 'MJes,:-~1. -· tbtr:aM··"d'rqil.'''Woal rorp -~uiar 

•)'Stems ts··a. iali.Wllll·'aobl•'•·•'~'·ia· ._..._, ••.• 

Possible. Thil Coal ca 1iMa ~ llF ma1'nc:cliiiifi~"'..an& d1rr8reut 

module. aa. ~.,-~,r~. -.w ~~/ih•••,,~ ..u-urinad 

interfaces. : ~'Uiqlllh U..... ·~tl#I ..c ..• 11 . ..-...,,..... ..-nm• ~a-cri.W'. 

the isswu,, ot .~~-~M:,.,...,.._.to -~--~--·--··'·••nm• • 1Afllll 

'TM'Mtida ar"~-Wlatili'"tit'hd* ~'·~•·vt.._ u4 

·descr1w; · -. "-' '.••~ stnt:••;'Stdim:"'a ·• '~tha\> ._. w: ·.ttaun~ 

into· 4ifr.i.M levets ·flt -cdllceptdii ~- '~'i.<·i.- ·-~ ·uae C>t 

mechanism& ~ m*-1 ~'v•-"'hlllG:'c~ i.t:'·toW*r~t. :Deb 

mechanism Within the system 11 ul8d. at l\iChef, more -~ ~·· thaZi 

where it is~~ .la. tAil-wq,,,~~-~ ~6iri•tr,:*t3itbat it will 

not .inte~·~er•.~tb.-.. ~l~ ._.~ .,....__,,, _. .-••L· ~---1-k: 
priilcipM.s0 fW4 CC>:~*'-Pl-:~•1l¥~----.M,,_1,.._.ulJW81t•-~:<ilNt=r 

[;Par~aa. 1974; ,~,.l8,1JiJ. ~·- . ,, t , '. 
~ .. : ' . ,. ' ; . 

' '~ . ""'· 
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The properties of modularity and 'hierarchy make systems in general 

easier to understand and work. with. Each mOdul•' 'in a hierarchical and 

Jnodular system has a set 'of '"neighbor" mOdulea Wtth ~hich it' communicat~~­
the behaVlor ·or a given mOdule depend~··'on th~' ~liventions by .. which it 

: : . . . ' • ' ' ·~·, ' ' . ' ;~ - k - '• -, c"l' .- . ,. .'·' '. £ 

interacts With its neijlibors, but it is completely Uldependent of the internal 

characteristies of the ~otller modules rn th• 'systim. 'co~ently, the desig11er 

or a module n8ed not wotry 'about''wh~t ~ luide:
1

~;y; other mod~les; the 
. '· . ,: .. ;, _ _'· ·~ :~·.,. :, - . . - ' ,. - 't:';:.iJ .. -~. . .. -.\ ' ·,·, ' ,. .·, : -

only relevant concerns are the internal c:onstruction and the interface 

conventions ror the particular· snodii.le:~·~~<cfestinid. c In this way, design 
~· .-_ . - . ;· ·.:· . - -.-. ' ! ·. . : . ""." .' . ': i" ' -

information is pattitioD.ed along the l>Ouidart•' of ~the' ~odules, insulating the 

system d~igner from irrelevant d.W.1. Th'ifl&au~t~n ~''rurther ~nhanceci'in 

hierM"chic~l jystem atfucilires. : l!ach ie~l ol' &&ii~ in': the hierarchy is 

isolated. from the other 14!vels·. 

external behavioral characterlstlCs ot 'th~ · sub~odules ·from · whJch the· module. 

is ·composed, but ·the ·internal structures or \iiii~~\itriiod\i1a~· should be totally 

irrelevant to the des1'Ii· or the given :dl0d.u1e: ':' .. thua, ~ysteins ·ibai are both 
•' . '"i.•.)'"." ·~i,£·· ~ .·~,:·, .. ,, ·' ·~ . 

modular and hierat'chlca1 have two dimensions, aionc which design details are 

partitioned.. When die' structure of .• ~ 'iYsteni" pr~vents certain design 

information from arrectin& areu it does nc>('Cc:mCern,: th.a' system design ·is 

simpler to· u.D4eutaaML ·· .;'6olmep.tual ~•'"'-"'*•;fmpbftattt .6sign goal 

whenever. ·sptam.·~ -4,WdfillUOlf..., to••·•itu iato ac:coU'A-t.-

, . · _ , i ,<, .. --~"'--,_~~ .:.o:~+.; ~~,·~. ::---~~V.? ::i- ",;· , · , 

Al though the concepts of modularity and hierarchy have been given 
.;_,..;.·, _,.,., ___ ... -__ ,._ ·. :r.-·.~':;.lj" ,~--~~~--:'- . .,'.,,_, ~-.. __ , .. 

far le.SS the0retical attention' fo relation. to hardware than software, they are 
' ,- - ' ~ -· - - • •.•• ;; ' • • ,! - •" '-f,_. -~ "'' ' . -

almost universally regarded as fundamental tO gbod hardware design practice. 

Hardware systems have for a long time -~n,builti:.u~·4'tr~m ~odules such as 
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off-the-shelf cn•191 ant cMta ta ,_. • ...-.a• ~, a •••11 ~ ~ 
~ , # .- ~. • :_·· .. _\t.~'T' ~--.,·:_.\ '., ' ' 

abstraction, a tnial mtcmcompmar i& ~..- of a ~oc•IB, ~· 
: . -~ '- ' - • . l . ~ - ; - - .. '. - ' _.,' 

RAM storaca, llO ctriwsa ma tat.Bf- ei--. Bid.. of ~ c:mDpalMUL.~ 
~ . , ,. . :· -'.~ ,--~-- .·.;~A.;'.: >"::"),~~.., - . - - . - :' -·." 

For examp.J.e. t» ~- .~. 1~··· ~··· • .,.~~. v~ re&tstKJ. 
gating J.o&ic, aa illstncUaa_ ~~ad..._ aa,ag11mt1t tkw mblQdulea 

o; - -- )1 :-. . "',- ' '· .;', _ .... , ·.1 ·;.· -

can in turn 'be· tua. ............. 'J:hia ~Ill~.-~ -i~t;qste~. 
• - ; " " ' ' ~ '!. ' • ', -

desi&n exhilaiu ~ .-. ·~ '21.11..-.. .. la ........ ~, 
' - ~' ~ ' -. .1 ' -'· . " ·, ~ ~ ~.,_- - . +' .. - - ' - • • .. 

properties are reeliad· 11¥ iaWI~; ~ ·H:Po. '-•. ~ ~ ~fjc:ul1. ;tq. 
> " _J ~ : • ' - - ! ~ ' ~ . . 

memory, m\lltt:uw; ~~~ ~~~-~l••'JJ"~··· ~ ~11trl. or. ' . • ,, - .... . .. ' ..,, . ' _,.. .• - ' - . _, • *-"" "' ~· .. 

data amon& dif~ , Jl!GC'lll!H ... '. cU.fti~t ttl.0 •• P?f t'("'f ~ ~ , "'~~.¥ 
implemented ~. pAdice. ~~ lll; sia~ ~ ,hi..,~~ ~ 1W '. .s4,tJl& 

n~~ com~a~.--~~~-•:• ~,.~·~"1'• ~~~\;; /:h9; 
i!lteractions ~ u.ea. addal. ~~. ~ ~ -... ,~~we ~ 

.1_ •• •.• ~"- ''~. -·~-,.,;-·~~ .:_'!!<." -t JI.'!-.,. "' ,'.>~.~-· •f ., 

nature, which ia OM or the r....,. w.b.7. ~ C?'RQl\~ q~ .. ~ SQ 
. ' .. : ,.. . ; .· .. ; '\ .. Jt-.· .. .': . . ...... ; ' ., .. . .. . .. 

difficult to builL _P~~,,~r.!~'1~· .. ~1 .:we aUll. 8",. 

provides direc:t sanor:t for ~r~cl,l1' ~- ~-~t7. .. . 
. , ~ .~' ·" -- ,, ' . ' ~ ( 

comprise it. hc1ut S¥•••-- aa ~ 'be -~ m .. tb,,M' tlMliJ· mo4ules 
. '' .. '- ·~.:<. ·.:: . • :.·.i ,·:-, r;. · .. ' ', .... ~ -:.rlJ~.~': 

correspand- to tile ~ ~ i& tlle' cfesi_.a, ~ oC tJle ....-~ 
I ; ,l f t : • : (, _) ·- "·' ;~ •. •• : _:· ~·.; ~~· f .i r " <t ...., • 
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may themselves be decomposed into i11terconnected component modules. This 

hierarchical property of packet systems providu some or the major conceptual 

foundations or the approach to specification and verification that will be 
.. . 

developed; By making hierarchy and modularity · explicit, packet 
,. 

~· -..... .: •' •• < _,._,, > .. l ~ t" 

communication architecture not only !acilltates formal specification and 

verification,· but in addition serves· to e~couraae good system dest&n practice. 

One of the most important des~ .oals fc;>r packet systems is. that 
- .. , ' ··'· ·. ' "'- . 

the modules within a system operate as independently u possible. In support 
L ,;_/';' . .._ ... 

or this goal, it is required that modules communicate with each other by 
v "'·" ~ ' 

passin& packets asynchronously. This principle eliminates the need for a 
._1'. 

centralized control facility to .. coordinate the action or all the modules, which 

greatly ·simplifies system structure. Moreover, it provides for conc.urrent 
.., ·~· 

operation or the modules, leading to enhanced ·~ystem performance. A module, 
-~ ; '>..~ ••• 

while awaiting response from other modules in order to perform certain tasks, 

can busy .itself with other tasks for which the required responses have 
• }, • o n 

already arrived·. An operation may proceed aa soon u the information it needs 
• ~ 'o' .f,:;} - ' ~'; • "-" .... ' ,:; • :. ~ 

is received, as opP<>Sed to what happens with convent~onal architectures, in 
. ' ·, ·~ ' :' ' . <'. .:_t; .' i~' «: ;,," " : : ; . 

which operations cannot be performed. until they are explicitly initiated by 
.,. . . .. . ... . . . fl . ' ' • 

the sequential control. It is this distinction that provides for concurrency and 

thus allows packet systems to make more effective use or the available 

resources than do conventional large systems. 

The microcomputer example &i.va~. ,.1P9ve ~~ib~~$, a number of 
. . -·~ . ·~"«'Jo·... ,, . , ' >-~· .; 

hierarchical levels of -.bstraction. It may be noted. that. the lnterfac:es between 
. •. ~~. 

modules at different levels of the hierarchy have completely di,{feren.t 
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characteristic.a. At iu top level, ou deal& with traa1mluion or applications 
_,. ~ ,." ... ~~ - ~, -.~ C:.;r. t' t. ": } 1·: 

data; within the :microprocuaor, microi:a.structiOAS are paa.sed; and at a still 
~ '>.. '~ •• .-" ..... ,. "'· :; ' 

' ';>'\· '"', 

systems as they are curnatly clesi&Jled, interf~ pzotocol.I de~4 oa th• . SP94pd 
, ' ~~ , :; ,··!, ... ~" . -;'- .' ·""~1 · .. :,· j-~~·: 

at which the various modules procea control aA4 . 4ata si&D~· This 
1' • : "{ c·' ...... ~· ,L:.:j ~ .. ~','~ ~~·~":"' *-•·~r i'S· .... !.i..?:,- ,.~· 

dependence limita the dtt&fe8 Of :modularity that cu. be acbieved. ill existin& 
·:.~ O": ~:t .:1.l ~~ .~ .. ,); __ :,.}.~:~~~/ 

system1, 1ince a module'• interface with its ouUicle world is not free of 

internal speed uc1 · um1D& c:ou!cterattcml. 
-t : . ,, .; 

Packet l)"Rn1• ue aot sultJtct to auck lilait&tiou; oae or their 

important properties ia tll&t the Umin& ~ca of an iDdtviillv.al module . . . . .;"'' .:' . ~ . ~ 

in a packet system do not affect the operatiaa of &a7 other ~od.l:lle. 
, . ' T • ,...... , 

A 

module in a packet syac.m caa 'be rep&ace4 witll aotlls uatt tMt performs 
. -.:- -· ·: . . 

the same task orclen or lliapit'UICle r-. er 11.ower tua tlw ~ module. 
" . ' " • . ' "'.i 

and thls change Will not alter ·the loCical fuactioaia& of the syatam. Packet · 
- " . . ,-,· - ';",, 

'" ,. :~:P.·'· 

systems are thua QtMMl inclepeacleat. wAich reaoves from 91• clesi&n•r the 
: ~ _'t ,.. " • : '. "' ·'' - '" •. 7 ·1· { ~-· ' ',,. ;· . ; • 

burden or ha~ to take iato acco~t th• ~· ~u ~~=i~~pertt.s or 

system componats ia orcler to aaure 1o&iCal correctaU.. Speed illdependence 
, ' ,o - . ' ;.,4 ;!. ~ J ~:: ~ ; ' ; .: ; '. 

enhances the 4..,_ or mo4ularity ill a l)"IWDl and thus provides aa additional 
;, - , ,• ~ , •. - - .• . : ;,,.~~ J--, ,- ,., ~~-- - ·< ..f.t'>ii-!"'. ·1 ~: ". ,.·: .• · ; \·.r 

element or atruc:turia& ill systema, which furtMl' usiats system. duign and 
- "' · ~: ·· . " ": ' .1x~~ _, · , : ;··~ s.; ~p·r4 

verification. It should be noted that a mt.em m.uat oper•te asynchronously in 
. · .. ·... . :. :: ~1 ~ ~ . . :· ~ ~< .j' • . 

order to achieve the &oal of speed in.depend.en~. Packet systems, since they 
.;. ... , v· J..~ ...-u:·\;· J"',. ~). , .• (:r ·· ~; ~· i 

are speed indepead.eat, can accom.me>Ute a wlitorm pro~l for communication 

or pack.au amoq their C6Di.Polient moa.uie.: · Thiac liall'~mby of interface 

provides the basis tor the metliod of l)"mm .,.clticatio~ tut will be 

described her•. 
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'the. idH Of building 'lyste1111 by cOnnectiDg; lndependent modules 

under an aaynch~nous and ~:.:independent 4isd.plul~ is not new. An early 
. . • ,- . ' ' •'. . 1.,-, . -, . -· , 

exposition ··w_.·,iV.n by Muller [Milner, 1963]. ·There was a major research 
... •.. ·• .,,;j.;.... ' .. . 

effort sewral years later directed towardl' realiziq systems that were to be 

physically · cbn.struct"4 · · from hardware .· units called macromodules 

[Ornatein, 19$1']. , Patil hU 1nveit~tea 1°'1~ d~u for· modules. with 

which asynchronous syste1111 may be' t~l'.t [~ and:.·;Patil," l 97 ~~]. and ~ore 

recently he has been· .-Ork.ing With ai>~t~ i>iO&r'ammaole ·1()gtc arrays to this 

task {Patil, 191s1~ All. or the• a~u · atrrer· trom ·packet eommunicatton 

architecture 'in that . 'C:ontrol d:gnais aua li\a . valuu . are .• ,alsed throUgh . the 

systenis 1e;parat&ly, ttiVeUng on tw~ dlatiactv~ta ot c0ium~f~iton pathways. 

ln J)ac'kt•·syst911la, .the"'bbttdtis Of cODtrol and';la~ al~ \iJittled, 8ltminati~ the 

n•t· ·ror· ·:•;arate pathwqs. Thil. 11 ··~t llioih~{'jfe,pect · ia· which the 

principles of packet commuaication architecture ~ to simplify system 

structure. 

'Since ·packet systems op&'fate ~atly, a st&nifieant area of 
' , ,.. I ,,._ .. 

application for packet ·'comin:untcatiC>n Udliteeturi ·ues· in. reaiizina computer 
' ; 

If different 

pans or a p?ogram ·cal: be executed. in -alli1,· '\he~ lt ls 4dvantag~us to run 

the P1'0Ctal11 . ·C>Jl a maChltle ·.· ri>f Which the .. hardw~e ~D overlap their 

execution., In this liiay, o~a .can opt~ite r.iJu1ina . Q.ed and utilizatfon 'of 
.,. .- . . : - ... • '! --·- \.'. )~~·: ,· ':- ·'.· -$ .. t::d Sit.:· . :.-4-· ·. 

resources' such· as,, memory, pri>cessint · elemenu Uc1 peripheral· devices. The 

study of data now computation has''i>NctHw~uu.' aoafin 'mind. Data now is 

the repr9sentation of programs' 'in Such a . w.Y as to 
0

mak.e . the data 

dependenctea' and ''illlt.te:at ))UBlf~ltim, expU~t. Given: any ~Wo . operations 01 



- 16 -

and 0 2 in a -. flow Pl'QIRIR• it ...... be ~,1.,._1 from 'the 

program straaue ~ 0 1 .-Ull • 1Cle:atl. W.. fJa. wbetk~ 01 
~.!! .· ·,,- . " , ~ ... , 

needs results or ~ ia orc&er to 1- Mt~ Of.~~~' ,p, ,.&114 ~- &re. 

independent (can be 4oae ill parallel). ..-~ ---~~,...,,.,-tu. by. -~ 
., ~ ' ·- ' ~ 

treated extenaiwl)r ta U....,u~~~;.far ~.,..,,. • .awJ. ~u..ae 
• • ,- ' ;, ' < " • 

[Dennis, 1~75ai woe,· 197~,]. ~~ ~ ,. .... . into_ ~n& 

designs for machia• Ul&t cu 41~ . a4 ~~~~ ~ .U&a ~Qow 

programs [~wnlta\l&h, 19761 ~~- UJ7ic '· .,_.p, 1.~77,l. ~~. J.~S; 
Plas, 1976]. On_ auch • mcld.M, ,~ ~ 1JJO ~·~ef a.ir~ u 

instruction may be dtlC'llied. w ~-«• *· ~ ~--,~IUUl•. 
~ ' . . ' ~. . ~ '. 

This is easea~ially the ame _pq~,.._ • ··~-~- ~,-~ ,~ of .. : . .;..,.,, . . -

modules withia •. ~ ~· ,;iJ\,_~ ~ ~.-,,,~ ~i ~·· a,ve 

been directly ~~ by U.. H~· la 4Je: ..-.~. :,~ .. t~ .. to 
( '· 

implement cs.ta flow. 

packet communicatioa '1'Chi~UTit ~~ a .. ~. COll11~f1op. between them. 
' . ' ' \ 

In a packet system. the activity thal ~ ·'*' WitlWl. a lll~v.le 4a .. :inl~-4 
• - ... ' . . ~ r • .. ' . , : ' . ' "' ,,,. . 

by the arriv.i of 'the. a~ ~alt ,J*kAf¥., ~ S.~ AQ. -q;J>~ 14Mill&~~ 
~:· ' .. . .• 

them on syateDlS tMt 4o not r~. ~apeJlCU of i~ .G cilHtir 

programs. This ia oae at the Dt.Dtiv•ti'I ~ ,~~ the co~ptioa or 
. 1-!"·~·~· .· . . - .. _ < • : " ., ' ' •• 

packet communication architecture. )lloet ()f. itl ~ -? far . ..;~ •w or . ~. " - .- - . . . ~ 

original, but it la ti.. comlMMUea that.~ tt .... ~b~ Sot: ~~.,._4aia 
,, .- . ' ' ~ '. 

flow computation ia huclware. Convenaly,_ ._._, ,tlow ii a u&;~ wv: to 
r·. ,. .. , ·· · ' · , . · 

represent proerams that Will run on p~rs . t .. tld. ~i,Pi&" ·•~- .. ~th• 
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Pl'inciple• ·or ·packet communication ·~lutecture. '4" ThUI, there i• a 
commonality between·· data now ud • ~ket ailtem.1 . that' - 'bec:a\119 they 

, ., 'I\' ·~ 

·There 11· one more property- or paeket q1tema that 1hould be noted 
' " ': ' ' • ' 'l::l'·:· ., ' 

here. The behavior of a p&ck.at qllem (or of any of ill modules) is 
:";-:<~·:·'" ~ ~:,,·i .. F' 

observable 'in tenna ot the ~ketl it and.I out in rupoue to the packets it 

receives. 
• j ,-, ' • ·. ~, • ,. :'. .:-::1:_ < .: < ~-;, • • .. , • ~ 

t:n general;· packet qstem1 a:e nondar.mtn.ie, which means that 
' ,11··-' .l '·:·:;.· ':~f···. 

given the pack.eta'' received. by a module, there may be •veral distinct but 
·.·~' ! .' (·, :1:' ·; : . J. ",, 1 ::.···<:\!. :.·· 

equally valid resp(>liael to the input,' NondetermiDKY ii one of the factors 
~ . - . . , ', ~: '". ;. ~i. t j,:!;-

that make '\he behavtor or packet· l)'IW1UI difficult to understand and 
: > ..... ' 

formalize. This ·Will have· a datinite bUrt.na on the approach taken here 

towards. spec:lficatlon and ·ver1ficati0n~· 

.s 
This concludes the overview or tha basic ideu of ~~-t 

-~ ·_1 , _ 1 :. : I ··_ ·, · ,~ ~ 

communication architecture. The principal ,~n . ~ty: ~~~.t,, ~~m~ ~.ere 

chosen for this research is that their design is structuretd . in· a way that 
- · :·-.-.. ~\ ::::_lf.r:~oc~s .· .· - · -

\. . 

supports system specification and verification. The ne.xt sectipn presents an . ·~ '.. r,. . , ,. .. 

overview of some of the major conceptl and techniq;\1~ , that haVjt been 
I ' -··· _' _., ',._ "~;•.-, - ~~,, ' .· '·' ,; ; ': ·~ ~ , 

developed. for formal specification or co~p~~. pr<>e~ ,aD.d ~'-~emJ. 
' ' . . '~ ·~ , 

1.3. Formal 1peoitieationa 

Much or the research concerned. with formally describin& the 
··! -

activity within computer .systems hu clNlt with pro&rammin& language 
•' ·,,-·"" .; . ·'-:. ,--; 

specifications. There are euentially thr• buic approac:hu ·to d.ucribin& the 
- '. ,. \ ;..~ "' :; .: . .. : ~ j .... - ,, 

behavior specified by a piece or program. texts uto:mat.tc, denotational and 
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. '· 

program text u well u W'Viq u a purtt;4elcri~.~·. 
; . - ' .).... ,_ ' : .~ . ·, ;·, :· ' ' if. .' . 

Axiomatic specirtcations capture tha,,...,.·of u:.1n1iina •' pr04&1ara 

by comparing properties or the system state before an4 after -.~~t1on. Th• 
·~( • :i· ~-.. : '.' ' - . '· ·'-~i;_,;-i ·" ~~ 'f'. ·'" ·?f,.;. ;.' .. . ! 

paradigm "if assertion A. 11 true before prpcram ..xi P ·is,. exec:uted. then 
'· ' •. ' ·'I • ! :·" ,· > 

assertion B 11 true after P ia execui.l" cluc:i~ the ..-in& .~ FOl,1"4Dl text 

P. Special rules or iDferea~ are •t. up to ~ UM,~~~ of Y4f!OJI.$ 
' : .. '\,..·· , ·.~-. - . . . 

combinations of program textl in terma of UMU. ~~'..•N•in&11 .J)l.es.e 
• ·~ ~ :_. ' : . . , ·----~ ·: .:; , - J" . '::. - t. -

rules incorporate Ula basic aemantlc .pro~ or:.~~~ .. ~ • ' 1~4U.oa. 

and conditionals. nu.. &ffl'oach became, ~·. ttu'Q·{·~ll•,;~r& of F~ 

[Floyd, 1967] ancl Hoare [Hoare. 1989). ill, ~ Jt .... ,., "'* to j>.rQY• 
- - • • ,. ' f '~. ' • ' • l, '. ; ~-', 

correctness of slmi>le flowchart-like pro&r_a~ •b~ ~Pl'JJ~" · ta-.r.s.. . ~ 
.. ~ i ·-~ - . - 'h ,.,_ ' ., . 

assertions t~y uae4 related values of Pro&nm ~.. Ther• has beea a 
"~ . . 

substa'n ti al amount ot more receat rteell'Ch 1a axiomatic apecifications. 
~ . - ~ ,~.~"' ~-" i',' ,, . 

Dijlutra "[DlJIUtu, 197$J hat. '.!built up· a. eatire. met1'.4okV ot procruimin& 

around t'ha icieas of axio~auc sp8citfuauoa. OwU:JU. 84' Gr~ 'rowlcki, 1976] 
L < .). •,r " ' ~ 

extended Hoare's tecJliliquu· to par81181 projNlll1; tUtr auerUona made use or 

auxiliary 'state·· vari&._ to ~P t~d ot ia~r~ 'coof4inat1on. Greif 

[Greif. 1975] tOdk a ·d1rferilii: approach to.··~W ~~ usin& a p.utial 

time-ordering on evuu to express coordination ~,. ~, 

Denotational specificattou captua the etract or a program by 
< 

·• 
viewing the obj9cts they model u abstract mathematical entities. This 

- • -'> 

't:·.~ . ' ' -~ -

approach provides a formal maUlematical 4-criptioa. ot the comPUtati<rnal 
~ r "~~ : , 

notions bein& treated. An early denotatioati approach to apedfic:ations for 
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programming languages was the a:s»plication ot a m•thematical fcSrmalism 

known • lambcla -calcutul 'towards· 4~1Di the iem~iilics of:' Algol 60 · 

program• [Landin, 1986]. 1h• b8at uo'W'Ji Wol'k Ui du&tt°iional · specifica\ions 

has· 'fOllowred· from th• research of SC6tt . ana"'C'. Stiac!ley [Scott and 

StTachey, 1971]. Mathentati~l r81111U n6*1 lattlct 'Ul~ry are used in the 

construction of complex domains over ·~fl i*i>tra~ are represented as 

functions.: .. ~oara~ ._ p,.yetlt. lq}U-.t .. ·i. ....._::that· their functions 

coinc,W.e. .A tu~ri41 ·1.-...'*"°n of .. ~· Jk:o~ ,appzoach · t• &lVin In· 

Opierational· specittcattons 'deal . Wit.Ii thlt;; cli.nging . states within 
. . . . _ .'. _, ,--. u..;. l ; -~;: ~~ ,_ _ -~ . . _ . ·: -. · .• 

computer aystems 'M computations are Pltf'ormid. · thii 11 done by means or a 
- ···.·· ' ~ .. · ... ~. ··r·"> .·_ ·.: ~-~.,·~ • ,, -~ 

staie-trensltion mod.et in. whidt a state r@rW8ll'fi lriformation present in the 

• -, ' ••. f! -- . ~ ~; -. I . ; • -· ' , L. ~ 

·th•·· sequ-enee ot: transittons of the moct'll. · · ·The' ~uiJite ·or ·States the model 

passes ' tl\l'OUgh as a program ts ei*=uted 4eti1id 'ui• ·;~on ot an. lnter preter 

nw the 2Jr<>gram. ~idea:·ot: ualU£ such ; l'D. t1lt66~tt~ iO del"tne' ·the ·meaning 

or progl'ftls in senna ·language orlgtnated wffh Mccai1hi~[McCarthy, t96z]: A 
,-• · · " r· •-z t'. ·· . I· : ··: ,"", ~ • · 

well-klloW'n ,approech tb 0'8fatlonll l)MCUlc.itou -·11 the Vienna Definition 

Umgnge (VDLl deSc:rtbe4 in [Wegntt, rl?ati}, wrl~' u- an 'l~terpreter ihat 
) 

manipulates . tree· l\'rUctli'Hct' qitem ···.iataa~· »aii!lta·· eom=mc>n· ··•Baae Language 

[Dh•1a, 19" 1] ts siS'llilar, dealhl&' wtth inah <paeral .· m~t~'; &raphs in .. place 

or treu: Anoth.r •11roeth td·· oPer•tloafi ~&cr.irw" i~; due to Parnas 

[Parnu, t 978]. , This· approach 41sttngttllh8l<lwo · lunds ·'or ·operations: those 

that yield Rate, information, and ''thoie ~ta,alfer · ·~' atate or the system. 

· Parnas applied his approach to operations on abatract data in programmin& 
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languil:Ces; this was atea4-d to Ul•. 4om:MD. 

Verification ia achiew4 wiU\ia a operat .. f~Hll Id~ -. 1...-..i ~·. ttle 
·. ~ . 

behaVior or the interpi:eier iA. ciU.UonJ 1~ ·~~. " ~ ~·· al .eae 

that is known to_ pert~ J• 4'Q:red , tu•cUoa. ~ ideal. \lll4erlM'iM 

verification by in~rPRW?. ~v&J;,ace .:~~ ~ by 14~kaar 

[Milner, 1971] .and are.~. presentacl m.tweper~ ~]. 

computer hardware ducription languages (ctml:.8). The ~ 'taken. 

towards hardware apectf'~tion baw ben._ •Ja• -~ll. ~i9nal. The ,,., ,' . . ' 

language APL, Wore it wu .·~~- 1-Plematecl • _.., .. ~ ~. 

was used as a hardwar~ ~? Ja&l' •. : aq. .. IPICU'r tm.,. 9~joa ot 

IBM/360 computers [F~. 1H4J., ~ C1DJL. ;-. ~. _,. ~ 

by Bell and_ Newall_ [Bell -~ Hewell. t971J -_ _.. _ -... :DJl''Al~ of a 

large numbe~ at 4~trnl .. ~--. .~-et ~.c~ ~ theit' 

target systems at the iastr\1,Ctioll set av.i, ~. a-:l\tae ~ :# .a bafic 
,, • ·:~ ' ., ,_ .~ . . ~~-~·~& ' -

data type With O)Wa~ fqr ~ -~ ,..,.,. -~ MiUHlle~ au 
logical !unctio._ Oa the. other hlJMl, ,ii.~-~- .W.hi$·.-W¥ --1• 

developed by Bell and N•1"1l .[Bell -4 ~ .. · Ul71).. ~ .• t:bAt ~· 

or computer syst•m,a .ia ~ or th.U.;_,.,,, .... ~.-~-JS. DleiaqJI-. 

controllers and I/0 •Yktta. Thia ts an •xuaplt Gt a -~. cle&cri~ · V•Jam$ 
, ·' • _, , • '• • < ' ~ ·, ,_- • ,· • • • • 

from a higher-1'vel ~tv,al ~int~· •w.; ~ ~~. 1.97•l1is a 

example of a lower-level CBDL that detinea ae. lleu'Vlt.or of .·ele......, ~h. u : . . ' ' , ... ·.. . .. 

multipliers by ·~tfiq them. . as, i;.terc:oJUleCiicms or ~· lQ&ic --. . -'.. .. . ., . 
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Most ot the CHDL's have been developed with two particular goals 
._·· f.• 

in minds automated system dasi&n. and .system tutin& by means of 

simulation. However, the microprogram certlflcation project at IBM ha.s 

developed ,an approach to hardware- s;wtem 'apeciflfiltioll that is directed 

towards formal writ'tcatkm of qNDI 'clelflil {Blrntaa, ;1914]. For both the 

instruction execution level and the microproinm 'l&ftl, a VDL-style interpreter 

is used to mpply formal spec:iflcaUOlll. ··· 'Pti8e lWo interpreters are 'then 

proved equivalent m. exactly the .. ,.... ·way that. correctness·· is proved in 

operational qecif'teations for programinin& lan6taies as descrlbed ·above. The 

proof techniques for · this Qpro:abh are, ll441tionally described in 

[Leema, 1976; Leeman, 1977]~ · l\umbau,fl takes a· 1itmUar approach to the 

IBM group in · proviq the cortectn.m or a da'ta now processor 

[Rumbaugh,· 1975]. · He shows 4hat u tut&rpreter .~ for -his machine ts · 

equivalent to on• that models the operatiou ia' a· data 'fiow language. 

1.4. The approach to be presented 

The research in specifications that has •beelt revtewed here cannot be 

directly applied to th• task or formally dexrl'bin.& alld verifying packet 

systems. The princ~ .. reason for this is that conva.tjoaal techniques are. not 

equipped to handle the async~onous. eper11t1on . of-... _.pecket ~JDS. The 

concurrency in ,packet syste.ms makes it· .ufficuJi to verify their correctness: 

in order to est .. bliah some property of a PICket q,stem,: .it mu•t be. shown true 

for all possible sequencin&s of pack.et tra~ou aa4 receptioaa within the 

system. Most exiltin& tachniqlJ.es f'.or form.al Qeoi.tications · do not. lend 

themselves to this kind of task. Moreover. the notion of sequencing of 
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systems. 
,) . "'., 

There ia a· ~ila&i,v• :l•••H•;;~h&rJ nm, _.._. . ._ b9en ._lopall 

,specitica11¥ for ·~Y'MA:ilJllYA~Q1 .. \111r !Wt.t1ritt1.,.iw. 1 ·:·;p.i; Jllllll 

[~e~~n. l.977] ... ; 4~ ,_.,_., ia1r ~ · D11d11ra,,c:aile*", talums·: pus 

events.. 

[P-atil, 19.70; ·~ .~78)., ·~ ~- ,.,,~..,...f:.., ,,.,)tiDCi pwdwt 

systenis.. . Petri nets ~ ~ ~~~oa ,,.. Uilal m; .,CDllJrdiJtating 

COD~'1J'rttJU .ac:Uvi~, iJler, ._ua, Cillt ~'~ti~~Jil Jialt.i;;UJUaWJ>rellldi.'' Ia 

~articular, they d• no"' tre.at .. : . _., .iut ~1 _,.-,. wtillill p•k.at 

"YSteJllil.- :Also,,,al~qa,,-..r JU~ ~ha. lfMn. .... tiltallel 

for Petri Aeta,. p .. JIMU-loal: blst"._ 4-1ll•1l:1:dsu ,,.,_., . .,..,;r• 
system verification. M08t of their practical ~· have· been in 

connection With silaui.ttna ~· · IMtliia~ r~~r tll~ ;roving 

W11hia •·· )l&Glltt. aftltellti th•;·~w~:r.e8'ri 'imit ,n,cau' ttipm 

packets, · 1.-..a\&'· JNWr· ~·· · io?f··.~: ·)etd'': .. .mstr"tt\em· dttt,· all 

aayncllrollouaty ~ lat .-auw. · · '1\Jait Mt.mt·•iappldac:ti ONt- 1'-.ms hlcst suttM 

to spect~. tMI )Uild,,;.r;;~, ii ~· ........ ta·: lia~ · ·'Tire 

state·Gf a Jmktft .,_.. ~ ..... ,,....<liMt"l*a -~·"betwea 

which modulu .(am ·JUP,4lto:a&ve;y 0ay"'~'tidifaaft0a''relevailt'- to 



- 23 -

the correct operation .. pf the syJtea). . However•: .. >; unlike conventional 

operaUoniil n\Qde~, .the tlaBSW,ou. be~ -.i.: ·.Hid .io .be. aevenied not by 

an exte.rllj,U)r, su~1u.ti seqw,ace flf i~.'• M .-..-1 ··by the syatem, 

but rather. by the .,w~ce.:<>r aUenC4l'~".i:..,.... a&'.Dl!lldd "1'or prouslling. 

Tpis Jlleans t4at ~ o~aU.oJaal ~· for a ,..._ :,:qetem muat ··tall•· into 

account th.tt many~W. ~JlCtlJILOf1:.C....U.1tt~ OiJUJ.6.,~ from: the 

flow .or .Hckets. 

Descrlbint' the iuternal opetatioh"CSf~et sy~te~ is not sufficient 

by itself fOr wrtfioatton purpd$8: Thtr~ \'m'uli ~ . b8 a~ method for 

specifying the logical· rimctton a system' ti e~id ·~\~'·P.rtorm. rii1s function 

; ·~, " '~ ' .. . ; , 

term's of paekets Tec8Wect and s'en.t 6ut. ot''b1e three "'idnu Of approaches to 

specifications ·-as dildBsed> in the prlt~olii~ ~uC:t~. ···a denotational approach 

··•ems best- suited for our ·needs becauA··rfli*n be.;'~:iY,· tailored to describe 

sequences ot' paekatS that ha1re been; ~sad Wt~~ll ;. vui~w . ~odules. Because 

or nos flexibility, a denOUtiotial :dpprO.Ch ·Will ahcf latertaca ~icely with the 

hiererchleil Stt'Ucturtng of pacltet systems~ , , Thu,1'w~''sball be working wtth 
~- t ,, :· . . ' ,-'; ~·, . . . ,,,.. ,: -

two kinds of specifications for pacltef" st*tem1:' . operational specifications to 

describe the:~~ opeRtiQa, Q4 .. · 4ao,llti:alel ~flea~ to describe their 

,~~vior .ill relation to, '.tile· outalde ·.· wor}6.-:,_ ~: Of· c0rric:tness tor a 

pack-t , -ayst"1 }Vlll k, ·d••nstr&tad . 'ltt pro.._ *-· 1th... two , Mts of 

spec;if~t.Mms fOr'l .. 1tM 1ystea ._.. wWl each Gtlllr. 

: . ' ... · .. · - ::{~· 
A recent reSearc:h effort is .specifically directed towards formally 

describing the structUre' and behavior of pacit~( c:OmD:luat~tton systems. The 



clescrtpt&eaa - •11-•t ia a fGC•rV• ulW I& ~· lftcrtptloa 

~11 .. ), ....... ·ii 1 ......... ·•·£1 .... ' ..,,,, ...... - tM:f'waFI' iD 

w~Ja a .,.., 1 - .. 'II cu••· •··ur.. !.,.......,. ....... ~ ~. A 

awuc•• ......... e1111M11Rt11•·':.·:'lllllfW .., .. .,,,..,. IS ·ror..t' ··an 

iatelQftJall**.ef .~.a1l'lll'& A' ttlMti ... .rr; .. J-llilll 'ii ......... 1 

c~·~t1111:11111wr·....._••'...a tllliw_..111t·....n&, ~ 

med here 11 .-a. ~ ~,:,...,.. ... ; ........ ~ .. · .. ~ 1971). ... 

the uader~ '""""8tiea .. ~. 1.._.,,,,.._. ~~••,'JI• _..: ~ • 
first apPfOKJl to JUcillC NCbt .,...... • ,a J'OQJ91":. ,_.,..,_, A.JK..·-. ~ 

~ , -, :, ' '- • • , • :- ' ' \.o • • • " I • , «';: ~' ' ;. • • • ' ,< • • " • • • "' 

helpful wl W1UU•'*$9C . ~i,,~~i'~·····:~ ~ ...... ~ 
' ' 

operatloa o( a ..... r .,...:.Ml ~ . .t.~·.···~"f ...... ,._.. AUL 

framework. Tldl ~ ~ U. . ..,_ ........... ~.,··~.lor 

vertfyiDC the~ fJf ,,.._. ___ ~ ....... •··••lM $Jlnlllea. 

The d"*":aeat fJf .. QUI·~,., ~?"9 1, ...... ~- .. ~-A!lf.Gtll' 

research. TM .~ fl,!~:'.'• • -~ ~ .,_.J ....,••-* •.'-1' 
'· 

spectf~ t~ ~ ot •. .,..., t~ ~., .. ,• ll9., ... ,pa~ ..... .­

tlum tile .,_._. ..,._. I~ la .. AIL 
.. ' I : :.· '1 ' ; .. ,_. ·~ >. • • , ,•' '. ~ 

Tll•. · .._.. ,.fl/I .· *8 tltuln· •It *I ,fll,_ ,...._ obil•s. Cllapter 2 

duc:r~-- ·Uut) ..... lll•dM.¥. f/6 .... IJdl J t:btt .......... 7Jae ........ 'of 

corrct- ii .. ........_•·• M11 lll111afe,··...,....·a. ~ 

componuon ot 

deaotatioaal .... or ....... ..,.~ ~ ~' ......... ol • 

packet qstea • ~ ii t....U,7 4ttf1Md •·a, .-1oa .... ,.. ~••II• .. . . . ,. ' •, . ,' " 
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Chapter 4 motivates and detlnu the central concepta of the r9Search, givin& 

an operaUonal charactertutto.a of the acUou that tab place within a psket 

system. Chapter 5 1how1 how the Qeeificatton model.-~· in the two 

precedin,g chapters mq be applied ·to the tuk of vwtfyiJI& · correctneu or . - '"·. 

pacJtet s)"ltem. · Thne · llDlpla qatem1 are proven cornet, ~4 a theorem ta 

presented to lhow how the model may be lim.pun.t iD certaba cuu. 
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C~J• '. ':. ' 

a.1.ov~ 

1-·. 
f' .. ; " ., ( • ... ~ ••. 

IA tllil cUp&er ·SU ~of ,.,_ I m•aaloeUoa .chUectuq 
·'' 

will be •lucicl.atacl 1a ...a. w. man dlrity u. ..u. ot • ,..,ui IY•t•• 
, ·::.,.\ ~: .,~~·~ ..... ,,;· ~ ... ~,r.--2 <.·~r· 1 ..__.? : ;·!....:.:~. ~· f:!:;,t,n.~~-: >·_>··: 

and develop e aesu tor fonullr .~ tla8 ~ coapoatUoa of 

auch a 1y1tem. W• will at.. iaforaaUJ' tatalw U.. ooa11pt of correctua 

f'or pacMi 17.iem.. TM aKMwr a11W 10 form.ell¥ Mfiu aa4 prove 

I 

special clMI of ....., kaowll • JllCM .,.._. hcket .,..... are 

composed of' ~ fwacUoainC uitl. Jmowa 11 · ....,._, Which 

interact only l>)' P••ac i:atOl'IUUoa to wl\ otber. Tile iafonMUoll la pa.ted 

i~ the form ot Wlitl cllled. J*:bU. · TMN ii u ceauaUM4 facility for 

coordinattn,c tla.e .ctt. ot UM aod.W... Dita PftlC•••a& ad. coamuaicetia 

within pack.et ..,,..... ere ~ _,, Gae ·wrtou .-u.i. operaie 

concurreatly. 

In • paclcat qatea, Uw vanou modulel .,.. la~ thtoU&h 

one·way d.&ta pau.,. lut.ow1L • clluraeu. A dYPMl coalMICtl two moclW. in 

a specifiecl cllrectia G4 ii uM to ,... au fraa tU fin& aodule to the 

second. Chanell Jcmti., iat9 a module .. caUl4 Ill.put c1Mnul6 ror the 

module, aacl cbuaell l•&UDC wt an called aatj>ilt c1M1u1e.Z.. A pack.et syatem 

hu ita owa Mt of la.pat a4 ou.tput che•M1• MD..Ua& it to tM ou.UiU 
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world. The other ends of these channels are never explicitly designated. 

The structure of a packet system is determined by the way it is 

composed from modules and channels, and always remains fixed for a 

particular system. Modules and channels within a system are uniquely 

named. Figure 2.1-1 depicts a packet system DAS composed from three 

modules D, A and S. There is one system input channel X and two system 

output channels Y and Z. The internal channel U connects module D to 

module A, and channel V connects module 0 to module S. 

x 

---------------------------i 
u 

D 

DAS 

l---------------------------

I 
I 
I 
I 
I 

y 

z 

Figure 2.1-1: A sample packet system DAS. 

All data treated by a packet system appear in the form of packets, 

which are passed along the various channels of the system. Each packet 

carries a value of some type. The modules in a packet system all have the 

same basic principle of operation1 a module receives packets on its input 

channels, processes them internally and generates packets to be sent out on its 

output channels. This principle applies to entire packet systems just as it 

does to their individual component modules. Packet systems are data-driven 

in the sense that the progress or a computation in a packet system is 



-.a·-

There are two m,recllats which.-~ ._,.mm., the~llehavtar or 
. _, " ,. 

a packet system: its structure and the ~or Of .tta -~ ·~-for 
,. ~ . 

ins~nce, in onler to dacribe how the ~m .DA:& . ..-. OD#. &'11$t .fmt 4tlc:t4e 
' . ~ . . ~ 

what the modules 0, A a4 'S do. We w .... ~·-1-1a""*F Gt,i...., 

three modules. 

All i.hat_.ao«ailtl ·-1w a8ll +PUl;.'IA ... r~ 1f•*•ll~ 1MD:htie 

A, upon receiving a 1>"*'i ifroa :ua J111ratr.dl • '.(J, ~·-~ "tlle ·able 

and sends out the tacnaeated value • a ~ • t'" ouiput ch&Dul Y. 

Module S be:MWI idellUoaUY -eJCClQt tar .lut411cttu aae ta...m or .a«tq. 

Module 0 dUPlica•· UMt .... it .ftalive1 on )(, 1•1 «hre out idaUoal COPM8 

OD U and V, 

Given thNe dMcrtpUon.s, it ia JlOt hard. m f.'&lme out how q&iem 

DAS acts. Any packet _.t Yrom .t( .ii CQPMd _,.. .ill..._1 .:ChuMll U GA! V. 

The packet pas.secl on U will 'be iAcHmenttld ad ..at out an Y 1 the packet 

passed on v will lie ·~ r .ad '..tillt out - ~,!~. ' Thu e.ch packet 

received by DA~ c:a111a1 two pacUtll to-i. ........ , _·.~·ki.t·--.. velue ·one 

greater on Y and a .packet with value ou lea on Z. 

It mv- -~ -to ._. 11 kn ..._ !lmt 1 a-cba~imm an 

incomplet.e. TlaaM a ....,.... •• a <dm':llX Iii -.-.t·-•t•m ·w.U '~ 

aenerated aa4 ...... , la 'GU ....,.... .- •m ••••· tucdl ,,,.,ttc:ms .,,,. 
atipul.IU»te ~ UMt .iatM ·Mer at lllGIB• • •·I*PMl iii._..,.,,.~­

Preda ,matbQM ,Jar 4-lia&· wJ.tA qwliDDl·of .-..'w•• W&l · i. '•••ct..,_ a 
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the next chapter. 

2.2. A oloser look •t paok.et ayatems 

In this section the workings or packet systems will be examined in 

greater detail. The first thing we discuss is one of the fundamental 

properties they satisfy: the internal re1ources of a packet module or pack.et 

system may be allooatlKl ,and utilized in any arbitrary manner as Ions as the 

specified operations. will be performed correctly. Consider, for example, the 

system DAS from the previous section when it'ia in a st~ie depicted in figure 

Z.2-1. An input packet with value' 2 has been received on. the X channel and 

proeesSed by the D module, leaving copies' of the packet on ch~nnels U and V. 

Another'· packet With V'alue 5 is still waiting on . channel x . to be processed by 

the system. 

x 
5 

r---------------------------1 
I I 
I I 

: u : y 
I 
I 

z 
0 

v 

2 
DAS 
--------------------------~J 

z 

Figure z.z-1: A sample state of' system OAS. 

There are three actions that 1hould now be performed within th.e systems 

(1) module A absorbing and processing the packet on channel U1 (2) module S 

processing the packet on V 1 and ( 3) system DAS accepting the packet from 
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channel X and iJa.itiating its processin& in module D. Tbe crucial property or .- " .. 

packet system. exhibited here i• that thue three llCtloU JDa7 "l:Mt performed in· 

any order, serially or concurrenUy. an4 't.1Mt GllflH ...-uoa of' liYStem.· OAS 

Will be completely 1Aclepea4ent of wbatever puUcu1ar order 1' choleu. It ia 

this propeny that makes the 'behavior of packet systems genuinely 

asynchronous. 

We can &aia a ~tter understan.cliM of the ~on of paclf..i ~ 
~ ~. . ·. ,. . . " 

by taking a more detailed vi,w of the ~~-~on qt , JMµ, ~~t.: .mod.ulas. 

When a module receivu ~. pac•t from. ou. ot ti. UlJUt $1.U•~ ii ~"1"*" to - ·, . ~ . .. , ,; . . ~,. .• ' .. . 

• 
process the packet i~~ernally. Somet1m.. :~ oillY . ett~ of the pack•t'• 

absorption 11 that the mo4ule's inwrnal ~~, Jllq ~·~· 1a ~:u.~.i., \)).9\J&h, 

the module's amaauce mq nqutn ~ U.~· • or.•~~ to .be 
' ';, ,t,. • • • ' .~ • ~ ' ., 

sent out on ita output cMan.ell 11l reply to the packet recet~- TU 

sequences of packets &• .. ra1ed by a module ill reply to a Jt8C)lat received are 

said to be the module's r.,J)OllH to that ~ It ii taportaat to note that 

a module'• r11poue to a particular PICUt mq .,.u· on prnio~ pacJr.ata 

input as well as ttw·a.tpated. oo. 1'1)ere mq be a arbitrary finite delay 

between the time a module r8ceivu a ~· ~'tile Um• the module 

generates ·aad sends out tu reapoue to that pecbi. Th• fact that pack.et 

modules and sy1tems must be able to tolerate' "1.ch 4elays is an essential 

consequence or thei,r ,,u.,.chl"Qll~~ e>per~~~a~. 
, >, -. > - T 

There ii a QaCial protocol that must be fulf1lled ill pack.et system. 
. . 

tor the tranamiuio'a aa4 receipt or pac:ke~ thro\\&h Ule various modulea and 
,. 

channels. . SuppoM a chaaael C cou.Cta ·module Ml to module M2, u 
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illustrated here: 

Figure 2.2-Z: A channel in a packet system. 
. . ! '. ., ~.. . . . 

It is desirable for module M 1 to have some ·way of b.oWtng wben it has 

1ucceastuily sent ar.,.... ·out on ehb.nafC~'' Tb• clsiiv•ntton that ·haa been 

adopted is that whea a packet sent on C troJlt·1U'' u Hceive~r by niodule M2, 

M2 wW an:cl a stgnal. to·· Ml on 'cltannar C ht the t'*1.r~ dlrictl~n to indicate 

that it now has the tacket>sde-ly in haii4~i. ·19ul!rt·a· ll&ii~ is U:owri as an 

acknow,led&• .stsnal. Il if.·D.O,t;J.llltil Ml , ..... vtl"11t'MlEmnt1~ signal for a 

particular pac~~l- t}a~ it ~,i.£. ~--~·-Wi~x"1••P1Sea· of,&enerattq and 
·,_ ;:- ~ . ~ ' . . . . . -

sen.di~ th~t paclutt. Thus, fro~.,!Ule ~·:f>ft'¥Ww°":Of aodnle Mt, ther•· are 

_thi:~ 4~r'9l• ~ IJI.. ~· .. ~misfloa;;ef, •~•:MCUtiJ:<c•nemtiontc sendina-·and - ·- - . . ~ , - . . , 

receipt of ackn()Wl~ent. .. It, s:tw\lld ,_i.;~:-Med that. mo4uie.··M2 cannot 

generate output to packets it recei~e~; f;~ QJl•ul::C:Ma4il- it has sent back 

on C an acknowledge signal for those packets. There is a . ca"""t W1 th regard 
· ·- : t(~ r ;,,.: ~.;'"'"' :····. ! 

to acknowledge signals1 althoU&h they are ~nt in r .. ponse to everY, packet 
.~ • , _- '·, - ~ - .! ' -';- ~- • -

transmission in a packet system, we regard them as ~t of the harctware and 
- .. . ~ - -· - ·• . . :.- .<-->:--:_ .... " ... ; ""'-~".-:~·j~_f':•r,_·: ,: ~ ::,: ... 

not available to be manipulated by system designers. 

'''" 
The_ c~~n~,.~~ a .pac:~t 4.J'SlW:aJ•.·~~lMMl,lO~h&ve:cutain special 

"' >. . ;_ ~ ._ -. ' • - ' . ' 

a packet is sent Ollt Oil a cllanul, it will;-:tWlotlW!Yt• recetved.>at Ute,other 

end. A packet generated to be sent out from some module in a pack.et system 
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can never ·• oellad back.. This .JMIBS .that ... waea1•r ,,a .·J81idula ..-l"ates ·• 

packet .to IMt ant .. au.t, .it .wm ,wive a. ,~ .:'lilP@ ,_. :the :p&eUt 

within aome fiDJte apan or .ti!IM. It ia .,.,.- ·.tJaat .tbe ~nels never 

"break" aD4 t.Aat ..... ll!dltt .. :l&&Nk _..wm .i_.,. :tie '.....t..S. :~y ~ 

appropriate mochllel. .Wlun ot :JlltChd.i1lm, for .tae •ur111 ot llUiticllUou, 
·, 'f 

invalidates Uw .. .mu. . .-- famrtiml. 

-.rc~itect~ r~S. ·~ ·~ . "',.,.t. •1"'t IJUf,,,, . ., .. ; :.... .,....,:•amt 

actually 1MI aant ..p_ut . .pd~._,, :·'WS*'*'·...,.. ....,, .u.. aatw-.· It 

should lie aot_C ~that ·~~ ~'!'Milt*·~ :pr,td 1flM4if im•J 1 rtt n .. lldber 

than P9ff(lnD~a.t, ....... ~.~-~j .• 1 ·-·······'· 

:.&. i..llN- '• • ••·'91'lPUW « .-. .... 1*,.,u~•tt .ia :mBU18 ~ .. 
• 1>A1CMt~•• lw.e.-._nt11 ••riiW.·ittita~ • .-111tFllinit:~~ sent 

.out .n ;Uillt rtth1m1 .-·..-. \91!11 ll•IM',..._/ .. ~ .._,11M,, f11P, ..... ··w 
,, .. . 

mw;·nDl,1"111*'-•;•=•u•.._ 6&ral::G\!lil:1I 1ia r118f'.U· 'li11il!~llent· 

;tUt ,_ .. .u ·Oil C. · ·Wlf9r ~ '111~ . .....,.,._.f~ :is :tb&t ne 
., .. J(r 

~i 

A third ~iattC ·at .chGuls .j, that 1iley ct ·• FlFO .queu•, 
~ ~ '. :. ·.• ... \ \f ' "'""" - > 

" - . : . ; ·. • -i ' ) ' ~- --~-~~"'-· •· - . t ~ ~-. ,;:_: _'.i .... 

which meam :that ,If· the module Ml ·.·411111ow ..a a •JllllObt .x om om>. ·ch•m1el .. .c 
.-~- :~. ' .. __ ,,,··.t·:: ':tf:, ... : ,• \;·;- ~·.'~:~ ........ ·.,·· ,''.• ·" .. " •.· 

and then. ,.ads .~ ;paCket y out a C at '• ._. 1ime~ 'tllea -M2 muat 
. t ' ~· '\ 

.r. u~, 

receive amt -~--tX :befOR ·Y~ W. -- *8 'turthar .. wwQpuon that 

it)W ·.Chn'i'M'!llr ......... fittlihld \iJU~ ~.~,~··'.that ·there is 

~ Mmit •.-. ·••• ;~••• 1hlit •• .a:._.<.._1'1\ c a.i 7iQ: ·itven 
,JIMJll'f'# Gt. . ... ad ·.lW-i'~ ~; . ..., ·'• -~' ;~ ·..u. 

'.'"I' 

--..···, 
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, ' 
Physically speakiq, this usumption is not realizable ill aeneral, because no 

:.:: .·. 

real device can have innntte, capacity, let alone a hi&h-~peed. transmission 
. ' ' ' . - :; ~{ . . . ' : ' ~" .. ~ . 

medium. However, if we assume the unbounded. buffertD&, then we rule out 

the poatbiltty or system deadlock caUl8d. by paclc.ets p~ up in certain 

channels and inhiblti~ f'urthe~ ~ket output iiit0 thO.. ch~~~ls. Unbounded 

buff'ertiig;'l& therefore a convenient assumption to ~ak.~. 
,. 

' ' 

Finally, we shall assume that for each channel in a pac~et system 
.J , •; 

there is a designated. set (type) of packets that may ~ P,USed on the channel. 
' . £ . . ·, ~ ; j{ • • ' ' 

For eX8Jnple, one channel may carry only inte.&e-' pac~ets, while another 
< "',· l• -

channel may accept only packets that couiat o{ u ••Pl~~··· n.tJn• together 
" 

With a c9rrespondin.g identification number •. 

. There 11 ~ ~tremely important ·~PU'7• of-;JNICJ5et q1tem11 whieh 

we will be treating, :umel,y no#Kf~~m.(n.19J!'., .l. ao6ula or.> .-em i• aid to 

be nondeterminate if its sem;lJJ.l~' .uiow. two-.,,or moa cUtUact poNtble 

responses to a given packet input. A simple example of a nondeterminate 

module is one that models the tou or a coin. It hu one input channel and 

one output channel, and its reJpol1$8 to .CUJ.Y, ~t ~iY~ Will be a single ,. "; . . . . ' . 

packet With either t~e value "heads" or ~· ~ '',t.Us." The Q)Lotce· is 

arbitrary and independent of the ,.~P'Q,t lMCket. ~oAAt~te ~oclulea ancl 

systems are v_ery difficult ~, ~Ql'.k with ~~ .. ~ .multipli&ity .C :PQssible 

results is cumbersome to model matla,Ol•U~. We will. e¥PUc1tly a,llqw for 
.'" ' ,::;, ·. '; ·,, ·' ., 

nondeterminate modules and sysie:ms in.our .-.uuaat. 
·-- , < .' ,· .. • ••• 

A certain elm of nondeterminate qstem, :behavtar will be or 

particular interest becaua it aJtlu ftiqaently m th• ~; or packet systems. 



- a4 -

This kind of behavior concerns the Hlative .on\er Of .pacui. ..i out. on • 

channel. CoaliAoler • aptem in which the talk ot .~ • .. lld.in& out 
'. • • • •• ; '.! ·~ ~~ • ' 

packets in response to inputs taken from a specific . chan.nel ii relaUvely 
~. '" ';. . " ~ 

complicated or time-consuming. One would. naturaJ.ll' wish to .allow th.e 
.,·' 

processing of distinct inputs to procead ~7 if ,llOl'1Q.le. But fl1~ U 

may turn out that rea~nses to a recent inp~t .. will 'be .rea47. to 1"a l8J1t, .o\J.t 

before responses to inputs received. earlier. MOfllOver, it caunat be determined 

in advance whether or not such. "cuttmc m.4" ~vim will actually occur. 

It is possible to impose a S)'lLChronization disc:1pliae t.Ut. Will for.ca the outputs 
. 

into a desired Order, but in dofng so all the aclvaDlalfl'B of uynchronous 

processing of different inputs are lost. Thus, if tbe qaiem application. and 

design can tolerate "cut.tin& .abaad." it ii WiM to allow it.. Ia . .-neral, U:Mm, 

prov14ing for ua48tam\iute HbaV'ior ·:.that· ia,w4Wlll rtUf'fwenf alternative 

2.3. Correotn.-

The notion· of correctlleSS for paC1et .,steia.s bears a close 

r.elatioUhip to the wats tM :tin41s or ~ strU.CtUria& Gel· com,poattion are 

treated with-in ·ttt. ·fameworlt ot· packet' c:O.mmUD.icaUoD Archltectu:re. At a 

very intui1iw level, a '171tem 1S correct it 11 laUirw ~ conditions laid 

out for it in *1vance~ For pacltet- aySlem.a, these cmuUtiOn.s .take the form of 
behavioral specifications. As we menttc>n.a 'm t'h8 ~ chaptv. a packet 
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generated in res~nse to those inputs. A packet qsteih~ the'retore, i.s correct if' 

this relation satistiu a &1ven •t of QICificitnnY. ·ht nftlln Ot'' such 

specifications will be dilcuasecl in detail 1D. su'blequent 18Ct10111. 

It i• important to note that one caAJ10t ~rove coriectnus of a system 

without some lulowl_,. or 111 iaW wo1''1dn., -lt.&-qstem ii viewed as a 

"black. box" (fi&ure 2.3•1), 

w y 

-,~ 

x z 
_. 
~ 

'. i'.. 

SYS 

then the only thin&s that can be seen are packata en~1n& eel leaving. There 

ii anu>lY .. ,aot ~1'1ih .. ~~r•a~ . ~v·i~1• ~ ='-~···whether. or not a 

•,1y4&em i.s 1*la~.:W1'C9f· . ~:Jl!Q4~ --~ ~pi>UlY. 8'~. With 

arl>:Urvy fli»te,, ~· OA•:. cunot _ ~U if ~·~~.~ :OJJ.tiUt pac~ets are 

fortlwoJBiJlo&. For ex~le, aup~ a,,~1~;,hll ~. se~t· out all the 

pack.e,ta !t should µ"~\ in ~J>O~. ~ ~· :~t~ .~~t. The module· 

only ap,.ars. to ~ ; .. ha.vi~ con-fflf, .me:- that• Lil ·'Hf' ~''"a:antee th•t an 

1nyali4 paeket wijl be. unu:p,ctadly sent, ou\ lai.,.. Evtn if this were 
-· •, ..i. ' • ,. • • • ) ;.. ,, ,, • ~- ',-;::- .• i ' ' 

dA»er,JIU~ble, o•rv~oa .. ~ou c:qWd n,v,er,, .~fioe. ~· ~1 cllc!de. whether the 

system would reapond correctly 1D. all situatio111. Th• only. way to tie down 
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Figure 2 .l-Z:: Internal view o.r tae SMe· ••t Q$tea. 

If we view the qaem as beiJ11 realized ill terms ot .its caapcmmt modulea, 

then the !ollowiJtC taaAameaial mmactnw priac1ple ...... ~ 

A pclwt .syat•m is c:«nct lt JU ginll auuctural 
d~liUoii ..u.n..· ui.· Mb#Jar.91 q~ tor 
t.M q6'e• •huewr t1Mt COIDJllOM* ....... atisty 
tl»U ow.n r••pllf!ttn Hba1onl ajJflt:J.l'lcflt,lou. 

The notion of a IJ'l'8Jll'I c.coapOllUOa aUllJ'- • • fill ·••=tfteat»u & aot 

yet form&'lly bftnwl1 it Wft1' 111 tfatlll ti'.- twtei} la~ 4. Th-· lUl'tiU. Of 

a module satisf)'tD& spM::tftcattons is lia.117 ftla1 ·at a~ ..... aettac as 

intended. The above ~ priBcipla W'lmli',-Glllt a r.latiw aatllte or 

system correctziea. AD olnr1ous question ttia\ 'aritel ts how 10 eRaliBlh 'the 

correctneu Of the modulel ta 01"491' to .UW tJae· .,.._ cmnct. W. alnaiiy 

have the as\Wr to this questions Jut • With the .,..... itlelf, cottec:tJlea 

of the compount mod'lllec can be asta~ ·a!T. ta timu ot ·'tlMlt' own 
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respective internal structurea. 

: A "*'nificant ramification ot tJ:Qa app~ -u that packet synellls 

and module.I ·~ reaU:f two 41Uf.-t: V1ewa ot -tba i .... --~ a:, md4ule i1 

reveal'4 to. be ._ . qQ9m when ou •-"B91"'"*". 1-**1 . structuH, , ud 

i&aoPn& ~ CQJApo.sWon,.of .· a pack.et .lptam .. ta ~~ u..,. u · r•&arding it 

as a ~~·· Tb.ti• 11 .u un4ed)'tnc aomce.-fer .._ oDaceptuti unity, Which 

ls t.h,.i · ~-- commuaf.caUoa amb1'8c&'111 NJIPl*'l';tb1 llWWth&oal atnscturtq 

and co•poaiUoa of .,....-.,11-:W ~,~~(Allt'illOulcl)i';be designed so 
that there are distinct and well•ltructured. level•"Of/~....-.leaftlOD, · •ach level 

consisting of 1y1tema built up from s1mpler modules. In this senae, our 
,•, : .. 

·~ ,;.._ o'' • -

fundamental correctness priDciple for packet systema supports a ·top-down 

yerific~tio~ Ill_~~~ in whic~ ~~ ,.or1o .,.,... ~-n· tk>wn level 

by l•vel into ~~·~ .nawral -~ ~~~Pk.~unta. Loiic&llF 

disti1:1C:t lin9' ~ &f~Dl!llJ.t are iaOlatecl IQ~~* av ..-i. iatad'ere with one 

ano\her. Thus the noUQa oC- ,-lllodU~; ~-:.~.-..1 rratem structure 1s 

carried through in the approaches we take to correctaeu and verificatio11. 

It may ¥8111 for .. a ~-that ijMre ls a PQtanti.ti infUlte regress 

in w:o:rki~ wUh .. •maller and mt..u.r aocllal• wtt!Wl :9061illu, .· but· this can .. ., : . . . ' . '· . .• . 

never arise •. Th~r~_.Ja. ~wqs a .w.J.1~•(4'efl·--•• -~vel.-to .tatt hierarch¥ in 

which the mo4ulu ,ll'• ~-·'8··i•Pl•.-UU .~ive; Qlatimul such •· · 

adding iind gattns. .At this fQiat, c~:1'u.1 ... iad.\ICe(;· to the way the 

primitive fuJJ.c\iou 1re de~ined. 

OUr •PPl'OHh to correctnesa and var.tfication ot packet systems 

allows.- a 'SJ'ltem to be Viewed 11r two ctittmnt ,,.ay., ;l'nterna11Y, ln terms or 
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its structural composition !rom moclulea, ad atel'Mlly, by ccmcealin& the 

internal workinga. The 14ea of distin&uimiq betwMa mterul and external 

Views Of S)"Meml- is •Cio.ly ;ai.tad· 1D U\e JIOUmil· · of Uta &UtTactiOU in 

progriUJ.l:iniag ln&uaa-· [IJakav ,,_. ma..· t•74]. .._. we •lldl · ae in 

Chapter 3, it ia &Uly st.rai,au'orwatd io eouwuct·:lilavtDrti a)ll8ciffCattons 

for a PAC&et ayawm viewed eXt8DaHy. BowarJW._ ·la .._ to •ta'l)ttm 

correctness of a ~. we Med 1D llb.olr ,AM duP~ Chal'aeterbation 

agrees wi.th the ...,..s atrvcnp. M ia • :4U11c:t11t u.a., e. ~·:.teecribe 

the behavior ot .a ~ .iu .._ s:4 its ~; .-i>OtttklL W• ·shall 

addzeu ·thil task ta .~ 4. 

2.4. StructUl'.al deacriptiona 

an to 'De ma4& mvo1Y81C .-.. ·oo.,.aua. we wtll''~ a mot• pteCise 

vehicle for· atnetval·· •fflM"'*1.·,-'·6tiltl\"•·'"~iq8Jts 11l"tr~ 111 iliu 

section. 

The stna.atva: of a ,.Cket .,.. aq ' "8. ii~ in very 

straightforward tatna ··t1y a atnetfMI ~:,in ·wlitl:h hod• repruenting 

modules ue· maaeoied ···tty .. ......., ·--··:r-fli11a1iaC"ddnilS":~ Ftaur. z.4'..;''f 

shows a saivJi1e ................... wlth''~>~jrap!i.Jthat J1lodil~ cit. 

Note that the 4iNCtlll tnJh· ·• aa. ~ ·id6 'laiMtttd ~·. Thll 11vel 

explicit representation to the system's "outside wotlt~• Which IEil'Ves as both 

the source or ·1ys~m inJ>ut Q)wulet X aJl4.·.~:·~t et .,.....i0ut)nlt channel 

Y. The graph .may.look lilta.Just .. Q.Gtlw,' SW~·~ Of, UM .pi.in. lnlt 
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F1gure 2~4~1:'"·A packet systtlll ·•nct"fts dfrec'ted graph. 

'· . . " 

it ic: a mathemati~ obJecl o~--~ific c~~i~i.,~~:i·· ~"?rm~l~ SP.e~n,g. a 

a.11 •.·ded graph is an ordered pair .of the form <N, A) 1n which N is the set of 

its nodes and A is the set of its arcs. ~; ~arc in A is an ordered triple 
-· ' ~ ,' ,';' 

containing a source node, an arc ~' ~~d .~,:~f aocle. An arc aeA has the 

form (1.s'C>'Jrce, 1.nall8, a.target)~ For ~.~~~~be :IJ&Ph in ff&ure 2.4-1 is 

the ordered pair 

({*,O,E,F}, {(*,X,D), (D,P,E), (~;~F,),· (f-.R.9), (E,Y,*)}>. 

It is easy to see that for each node n in the directed graph we can define the 

' sets or arcs leading iJ1to and ou{or n. ThiH;.t.U ate ctven l;y ' . 
1nputs(n) • {atA: ·'a.target• n} aiid odfpottfn) .,·~f;~i~ "a.souf'ce • n}. 

The directed. ··gra}m. · · charactertzatton· thua mlthem•~ty ·· riectnes how th• 

modules in a system are interconnected. 

There_, 'are two addlttonal proiHfrtles' or :Pack.et ' ~qStems that can be 

incorp0rated 1111a· our formal stfuctural cte*:ti)J\fi>lis/ 'Wrst~~·~ can model the 

packet type restrictions for the channels by associating a type description with 

each channel. Second, we can specify packets initially present on the 

channels With an initial packet sequence for each channel. Both properties 

are handled. easily in the directed graph model by adding extra fields to the 
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arcs. 

The abow mathematical moclel for ,.ca. qatem structure .may be 

sugared into a .iractural 4elcri})tion Jangmce. TM a.ctiptioa laD,&u.ae we 

use here is patterned attar the structural partia al ADL es pr-eseated in 

[Leung, 1977]. For the qstem we ·haw beD .4isc:tttato.g m :tilt!& eection, if we 

assume that all ch11.J'Pe11 carry malY ia-- Yalae4 -~ a4 'Uiat there is 

one packet with value zero iDittaQF pnaat cm ch•pel R, thea the fonnal 

description or· 118 ~ me 1ie Rijll' ........ -~ 

'System SYS 
inp~ts X(1nteg.er-) 
·~s "Y'(tnteGaf") 
inter:~•l-.. Ptt....,.)., O{~). tt(_tM8ger) 

~''hlS · .. r . 

9 to.puts X, I;; ~ , 
£ ini:nrts P: ouq,ua Q., Y 
f tnput_• O; ~s R 

In1tiany··R<o> · 

\\ 'hile de.scriptioaa uf thi.s form do ·Jmt ~P~tl.iY _. JM '8Cllll08 -.id i.;rget 

modules for each •eh&Jmel, 1lwse are YetY eafil7 . ..._._ . .mce 1taCh iaternal 
. .. .. ~· ~ 

channel in the 1ystam auat ·~ exacQ.y .Q,Ac;e •· a ... _.. .. i~ 1i&t .and 
- . , - . , . "~-- ' ' . ' 

exactly once in a submodule output list. . 

This .sectioa h• pruente4 stmcmHl QeCt~ for packet 
' • J • ~ . J 

systems. 
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CHAPTER 31 SPECIFICATIONS FOR PACK.ET MODULES 

3.1. The slice relaUon approach 

Because of the way a packet 1y1tem is built up from component 

modules, the behav1or of a sylt&,lll, wU1 he. a ~ ... ~ 1ts.; atructure and the 

behavior of the modulef 1n it. In~ e~•t w•;-.U develop a method for 

formally specifyin&: the .. be)laW,or of Piii~ ~-;·;~5pectCieaUOD defi11etl by 

this method will be callld aternal QHK:ll,..Uo111 lallcaue ·<Uwv 4tlscribe cthe 

behavior Qf ~ic.t . ~od~ , ;wt~~ ..• .c:ftl14-UIC · Ul• iateraal ·. stNc:tural 

composition. 

A ~ ma4ttle has I fixed naW Of lDpUl channels OD which it 

receives. paclc8ts to k proceaed, and there m a·':tt:Jteci number of output 

channela an which it 1ands out paebts· in l'eSJOnA·: tb the inputs ii has 

received. A foriul .IMthavioral spaetticattoa tor a module mu~t be able to 

rigoroualy detennta•. tor each input exactly Whit -tl' .• valid output response. 

Because pac:Ot qatema are in. &natal ndD48tenAlnate,, . the .potential 

m.uJ.U.plicitv of ftll4 · 8\itput responaea rulu O\lf' 8'~ 141ftct' functional mapping. 

laatead, we. shall supPlJ' ..-rail .,.attleattons' for~ a{lti.Odule M in the form or 

a relation EXTu that tormllly• ·relates inputs tO ·the·.· semantically valid 

corresponding out;uia. ·Such a relation Will' "tit 'call8d ari external 

charagtertstlc relltiQ,P. for the ma4ule M. 

The most obvtous approach is to use a relation from ·input packets to 
Y,, ' ~~~··. ' ' 

output pac&eta, but thi• 4ou n.ot ·suffice iJl · · evaa the' stmplest 'C.S.1 consider a 
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module 10 that "4oes 11othta&," :that Mi. -.ends .out !ts iapat ~ un.twche4. 

--~-~ 
~ 

The identity relation £XT10 .oa packets det1D9d 'by ·the e.quatton 

(-,Q) E 00.ID if~ oaly if;l> •'q 

does aot completely Mlcrille .a.· ~vtw' fJt the ··'lllOll1ile ID. · lf ·ID nteetves as 

input a ~k.et with value 1 .folktwed ~ a ·')lllClllt "With vaiu 1, ·ttuare are 

two .d.i!Cerent pouibat"~ IC .aJt·..U"0ut ·tt. 1 fdlloWed by ··tJa ·2, or 

1 t can send out the Z fir.st ·&a'd the l later. Thus a oacit~icm for the 

module must clucribe Uw sequaacS• or ~•.ia .... 1to ,1...-Wy capture 

its behavior. For example, .11' we iAteQd. t'w U.. .... le:iil • ....,._ .the 

relative order or the. packets it recet-., tlMIL . .Ua ~-..'Vtor .WINY • aawcdy 

specified by ·the ideaUty. relatioa EXT• .--.. QV91' a. ,.,,_.a .tlf MqUMHI' ·or 

packets rather than ind.ivldual pckats. ~ ~HS ce -~ 4J:L 

general to de.scrtbe t~ behavtm of • JllOdula w-. 11. ~· Oil ·• ;..-my Of 

previous packets received in order .to 4ed.4e .-how to~- . ., •··Ci•A•·packAft. 

We therefore A88d to 4evelQ.p aome .m.t'~U-1 ilJti:\fRIJQ' tor mmipUlltbiC ,_ . . 

sequences of packets. We wm u_. the-.-~-~ to u~<a seqaance Of 

packets. The mathematic.I af atreuu will be ~4 ia .u. aex-t ~. . ,. . . ' . . ' . 

In &eneral, the 'behavior of a m04ul9 · ·ts .,.ctn.a. by a binary 

relation that relates pr.,.nted 1Qut.J to vali4 ou.tpQt -~ For the 

module 10, we ae that PHtGte4 1np\lt ~ .. ba conect1F aa6ele4 ·bF a .,... 
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or packets passed on the input channel X. For a module with an arbitrary 

number or Input·. channels, in order to mod.el·~ presented. in~lit we need a 

separate packet stream for each input chaiinel •. · · We therefote define an lnput 

•lice ror a module M to be a collection or str~. one ror each input channel 

or . M. Similarly, an output slice has as . lts componentS .one stream for· each 

output channel. Thus the formal specifications for a module M will consist 

or a binary relation between input slices and output . slic,s. This relation is 

called the characterlsilc· ;elation for M. . We reserve the notation 00 M from 

now on to denote the charaeterlstic · relation for a m~ule. M. The slice 

relation approach to module specifications is not orlglnal, and a corresponding 

definition may 1ae found in [Demits, 191~ :~· 

As an example, an Input slice ror the module J shown below ls ~ 

pair (U,V) in which u and· v are packet streams ft!r channels U and V, 

respectivelys an output allce for J has the form (Z), where z ls a pack.et 

stream over Z. 

~ 
~ 

Thus the charactertattc relation: OOJ for J wilt .._ elements or the rorm 

((u,v), (Z)) .. 

Sileas distinguish the time ordering : between packets passed on each 

.individual· chan.MI• but •1t0t 1*tween packets; 1-Gn 'ditteln.t · channets. It mctY 

seem that .auctal behavterat ·information· la lost ·":r·· not lnrptJSing a total 

ordering on all packet transmissions into ·and out or a module, but this turns 
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out not to be tbe cue. lf a J)aC1utt pl is aeat oat .• .a cllunwl Cl ill. same 

pack.et system 'baton packet. P2 :i.s .sent out cm c-MD.nel ._ C2. . ttaiue ,t. no . . .>' " ' < 

guarantee that pl Will arrive ahead. of pZ ~ their. race to ~ r415pepUve 

destinations. This ia because ~ .... )lllCW ,.,_ ... iJp,JtOSe ao 

constraints on traumJ.uioa times aleDC cltlnM's. ~ for 4ift•eat 
- ·.'. . -~, ' 

channels with dif!eant c:Aaracteristica suite4 to thek ...U. Thus. the ~ 
' . 

information obtained from in..... pac:Ut ~. ta ....... u•lea by 

the properties of channels ill a packet commuaic:adoa . ,qs:tam.. nae uae of 

slices in our model, th.a, pavitlel exact1T ta. ~ .... for pcopar . . . " -"' "' . ".• 

behavioral specifications. 

3.2. Streama an.4 their o.perallm:m 

I11 this section the basic clefiJLitioaa, apeuUoaa ad mathematical 

properties of strHllll ar. lai4 out 1a cletail.· ..._ Jllf a. teclln:U:aJ utma of 

Appendix. 

For any atbitr.ary packet module.. w. tai'ke • ctven for each of its 

input and output crumnels a weli-dlefine4 space (at) Gf packet values that 

may be passed aloD& that channel. The space:. which we call a ~ apace 

Similarly, elemeau 

the channel. 

We will clat'th· a .#Ria to. be &i ....,._. .. .C i.:Jwl• ,_., oa • 

particu].ai dlaanel. Ia4tvi4Ul packie'U m a .... ~ ·-.it be.~---- 9, ·~ 



- 45 -

expreSSions of the form z[ 1 ]. A 1tream z will be denoted by an expression of 
'. ". -~ 't .• " 

the form <z[l), Z[Z], ••• ). Streams may be tillite or .(countably) infinite. 

The .size of a stream z, written IZ, ii the nu~'ber of packets in it. Two 
,,·· 

.streanis ' are equal "if they have the ame me and corruponding packets i~ 

them are. equal. This meana that a atream ii uniquely determined by its .size 
' - ,.. " .. . .~,('\ . 

and by itl elementl and their ordertn_c. Th• apace or streams for a channel Z 

is clenottMi·-ttY Z•. ronuuy, we haves· 

Definition,: A set S of natural numbers is said to be an initial sesment of 

the natural numbers lff for any 1 E S, J ~ 1 implies J E S. 

Definition: A ltl'Hlll over a apece Z ia a tuDction mapptn& some initial 

segment of the natural numbers into z. ·~ apace of all streams over Z is 

denoted by Z•. 

De(ipltlop: Th• empty meam oveJ a IJIC8 Z, denoted by E or by ()' is the 

unique stream over Z haVin_c empty do:inain and no elements. 

DefiniliolJ1 If i i~ in U&e domain of a .. _... z,.-,_.'. clefille ·the i•th element 

of z, denoted z[ 1 ], to be the image of i under z. 

Observe that Z[ 1 ] is uudefined if l is not .in the do~. pf i, and that if z[ 1 ] 
... . . ; . : ~ · ... ';,~ ti. .. ., . 

i~ defined then Z[ J] is defined for all J ~ i. 

Defin~t19,11.1 For .any stream z, the .•ta o.f ~· :d~ ~· is. ,tlJ.e number of 

elements·' in th• domain of z. If the domain of z ii infinite, then we say 

#Z • -o. 

Note that ·zc 1 ] is defined it and only it 1 ~ · i S IZ.. In particular, z[ 1 ] is 

defined for all natural numbers if and oDly if :IZ • •. 

Def i8Mion• Two streams z and z• aa ·Aid to be .quaI, Written z • z•, iff 

IZ • IZ' an4 .z[ 1] • ~·[.1 ] for .~ i s IZ. ,-, 



In cnsr tr..._t. we lha:U. re&aftl. tile· ·taillm ••" as a clistiDCUislwd 
~ .!{)":.,"·... -.' _ ~ .1~' ¥~.; .: :.:t. ,.,, '~·; J', -,~~~:.'.• A·{ • 

natural number w~ mthm.UC pro.,.U. are Wlae4. la m ~. 11W11mer. 
~ , . . , :!- ~~ : .:" ,;. •: ,- ,.- L,"::{ JI~ ~~t',o : .·~ ~ i:( £ 2j; ., ;,. - .. ~'·- ."" ' ~· _""'." 
such u 1 ~ • and • + i • • tm all natunl aum.ben i. The value-• m.,v 

' ,'~,.. _;; •'' ~ ..:;,:~;.} t "\·~~ '' ,i.,1 ::"-.··,'.. f' . 

depends on contaa. a.caw all m.ms·are c:ou..-...-.. -..,illion auc:h .. ~ 
· - ·· r :-'·0 .~ . -~-. . :,;. ~: 1 u:;_,~e.tr <Y J <~ - ):: ,·~ _, d> . k 

Z[•] hu· no· wamc, we when z 11 a.1aftatt. aur1m. 
~:.> • '., ~-• '"·~.;} -:~) ~A .·_;;"'ii !!•:..r ,'<.' ;, ::.~' 

A:a i.Jnportallt relal1ol1 --~ I.al';~!~ ~.L ,~I)- .z 

11 a prefix oc .u.am. z• wla.a.enr z "_.. at U. 'rll&fuma of r, u aown 

··belows···· 
,;._. ~-- ·'·1 : .. ~ ·f: p,r. 

, . ~ ~-..: .. 

t ] ... ~ ·r z 

\.._ .J .. 
c ,. -~ - .., 

l..j~.-
'Z --... 

4 
,•. 

•"*? " l '_, 

.,.,. .. ~ , .•. 
occurrln& after th pqlia z. 

For anY' ~··· z,' Wit·~ .U&e;:IPICial .~ ick:•l to ·d.note ihe 
... -. ~-~ ,:._· :- . ~ t- ;~ ~ -:. ~--. ',,'! :_ ;· '.; '.·" ... -:-l: ,,~-r-ZJ- : -~ ~·~ .. ;~; • 

segment or z couilti~ ot the ~-th tlmn&lh a-dl. ~u of z 1D order. 

zci(:'Jf ts a •tram bf ~-(·~k+i. acl''~ ~ .L"'~;,.; ot'~:1Aiiiite 
~ ; <.· j... '!~ ~or :t: "!~{;er~,~ ~·~f. ~ . J.1i~..: .. ; 

stream when Ill • •. If k > 11, the11 Z[k:•] i& a..·~· acr.m.. As a. Ql804el 

case, whenever k S II, I[ l: k] ia the ~ ,..nx at· z of ~th Jc~ ~~ 
'~ ' " '-.. · .. " ' ) : : ·' i 'f; ,:_.:::'.'-1 c ~· . '~:-} .... 1.~·:.,,_ 

means that Z!l:k][t] • ~1' ~ .. ..,,.4 s.~Jc., .. ,, ·;· "" 

G1.1{eD.. ~ Zk .... la, JV• Call ~ ··~<,Mft--•~1 &t • ~. 

which 1a a stream coutattq ot the Pli:Uts' titt:zi· cfei1b1Jl.t Jtt·:UIW ;~ta \& 

z2• The formal W1Ditlou now follows 
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Definition: Given two streams z, z' over the space Z, we say z is a prefix of 

Z', denoted z PREFIX Z', if and only if 

( 1 ) IZ ~ IZ' and 

( 2) . 1 ~ IZ => Z'[ i] II Z[ 1 ]. 

Definition: For any stream z, if k ~ m ~ lz, then z[ k :m] is the unique 

stream of size m-k+l such that Z[k:m][i] 11 Z[k+1-l] for each i in its domain. 

Definition: Given streams z and z• for which z PREFIX z•, we define the 

difference Z' - z by z• - z • Z'[l+#z:#z']. 

Definition: For any two streams z1 and z2 over the same space Z, their 

concatenation z 1 @ z2 is the unique stream z of size lz1 + #z2 satisfying 

z[ i] = (if i ~ #z 1 then z1[ i] else z2[ i-#z1 ]). 

There are two stream operations we will use which count and find 

particular packets in a stream: count(p,Z) is the number of packets in z 

equal to packet p, and 1ndex(p,Z,j) is the position in z of the J-th occurrence 

of packet p. They are defined by: 

Definition: count(p,Z) 11 card{i ~ IZ: z[i] • p}. 

Definition: index(p,Z,j) •(if 31::; #Z1 z[i] 11 p 8c count(p[l:1·1],Z) • J-1 

then 1 else undefined). 

This is well-defined since if such i exists, then it is uniquely determined. 

Two more important relations over streams are the subsequence and 

merge relations. A stream z1 is a subsequence of stream z2 if the elements of 

z 1 occur in the same relative order within z2• They do not have to occur 

contiguously. A stream z is a merge of streams z 1 and z2 if and only if z 1 

and z2 occur in z as disjoint subsequences and together exhaust z. All merges 

of z 1 and z2 are of length #z1 + #Z2• The formal definitions are: 
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Detinition: Givea tw.o llreUU z1 UMl Zt over tba . ...,. Z. wa MY Za 1a a 
subs~uence of z1• 4..-.d z1 SUIS£0 Ztt it ~ 0&17- ~ ·~ .... a nmc:Uoa 
t that maps Uw 4emm» of z1 iJtto the ~''0t'zt'a&ci·*- ' . . · 

( 1) k1 < kz •> f( k1) < ~<.k2) aDd. 

(2) for uch k S 111, · i 1[k] • Za[f(k)]. 

A function t atid11»& ~ (l) ad {I) Will lia callllll a ~oa. 

Any subaet S of tile 4Dmm11 of a maam ~---~1,·'a:~·mll~~~ at z 
which ia forme4 ..... ,. by .... , ................ flf. z~>j,,.,... - a ill 
iacreuing order. 

/blt&:niU,Oa: Giva.. UU. .._. . .Z,rll, zt • ~ ~JIWI, ..... ~ wa aQ' Z: ~ 
a zurge. o1 zi, and.; zt if • oaly. if .~ _.. qt,~ ,~ p ..UJj~ U.,to 

•• . -· ' ,,,_'!._· .: ,I;, ...... ., ... ,. • ••• 1.- • ' 

two disjoint au--., a& .. ~ ~ •. • &: •••art 111 ~ ~:;Z llllll t.1le o.t:Mr 
definin& z2 u a au~ of z. 

In thia .:Uoa we- exhibit W· ..._taq JCJlat ~ with 

their speciticaUou. The ftnt. meclt.1le w t11 c• w .., ~;111*111119' ll 

Cfi&J.lra aa-o. 

~ 
~ 

Input slices for D bekm& to S• (at:eama over S) a4 n.tput sUcel 'be1oD.& to 
' ' 

R• x Y• (pairs of atr91Dl8 ova R aJL4 Y, rupec:UveJ.7). nu. -v• u the apace 

for the charactertaUc relation EXT 0 ' ((S•) x CR• x Y•)). W1UWL a pt£lc.et 
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system, module 0 has the general function· of distributing. packets through the 

syatem to places where they need to be routed. There are no restrictions on 

the type of pac:kets that may be puse4. 1hroqh 0. "f!he 'b9llaVior· or module 0 

is to pass unchanged. copies or input packeta rremS -onto bOth autput channels 

Y and R. The response of 0 to an input stream 8 is the generation of two 

output streams r and y identical· to -s. -~- with all the modules we describe 

here, this works for infinite streams .u well u !mite 1tream1. Thus the 

behavior or 0 is defined by 

((1), (r,y)) E EXT 0 <•> r • y • •· 

We give a couple of examples of the behavio~ of 0, showing input streams • 

together with valid responses r and y: 

s • <8,1,6,4>, r • <8,l,6,4), y • (8,1,6,4); 

s • u,2,3, ... >, r • <1,2,3, .;.l,·y • u,2,·3, ••. >. 

The negation module N (figure 3.3-Z) processes· boolean-valued 

packets, sending out for each input value b a packet wh~ value is the 
• 

logical n~•tion not(p). 

Figure 3.3-2: The negation 110du1e N. 

An . output stream y will be a termwise n•tio1;1 of the corresponding input 

stream ><. Formally, EXT N s; ((X•) x CY•)) and 

((>c), Cy)) £ EXTN <•> IY • Ix and y[1] • not0c[1]) V1 ~ ly. 

An example of the behavior of ~¥ule 1\J iss 
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x • (true,false,true,true,false), y • (false,trM,f•l•.,f-1~.\ru,e). 
·-· ;;-; , . 

n.e ~ mollule A U'tc.u:e 3.8-a). .,,.._. up .. ,U.,...Wlued )lllOlUt!ts 

in correaPQ~a& pmUiopa in, ~ .iAP"'-'0•'1••1· ·x. _. r,'.· ...._,de JJMb :'4flia4 

aends the SV."'8 •~ u a ._, on ·S. . . . - ...... . ' " . . . . 
·" --.i 

.. ~ 
Figure 3.3•3: Th• adder _.1• A;, 

If one input stream is lonaer thaa th• otlwr, t:U extra peclr.N a'btor'bed from 
• •• ' • - .... '.· •• ' •• > - : '(~:,. ,· ,_..... • • ~". 

the longer input stream are JlOt reflacte4 ta tu outpui reqow. Thia ia 
. . : (~; . .• ,, . 

specified 'by EXT A ' ((X• x R•) >< (S•)) u4 

ccx,r), C•)) e EXT A <•> It • ~IX, Ir) fU.. •C 1 l. • >¢ 1 l + r[tl Wl ~ It. . . . ,,. ~ " . - . 

As examples, we haves 

x • (8, 1,-6), r • <3,-5,6), a• <11,-4,0); 

>< • <4,-'9,o,-ra>, r·· (' >, • • < >. 
x • U,3,5, ••• ,21-1, ••• >, r • <2,4,6, ••• ,21, ••• >,. • • <1.~,11, ..... ,4, ... 1; ... >. 

A sli&htly more complicated module ia the cwaulattv• adder module 

C (figure 3.3-4) for which each J*bt ,.aerate4 for output cm Y ia the 1Um 
~· - .. . 

of all paclc.eta received on X 10 tar. 

~ 
~ 

Figure 3.3·4: The cumul1t1vt adder _.lt C. 
. . 

We specify the behavior by EXTc ' ((X-l x CV-)) aD4 
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" ' ' ;., ii! ~ . ~ 

((x), (y)) E EXTc <•> '1y • IX and y[ 1] • -~ ~{Jl Vi S ly. 

As examples of the action of C, we haves 

x • (4,Z,-1,0,-6,3), y • (4,6,5,5,-1,2); 
)( • ( ), y • ( )J . 

. I x. (l,3,5,7; ••• ,21-1, .••• ), y. <1,4,9,16, ••• ,1 •••• ). 

One of ihe modulu we will · be clilcual1lag later on ia the teedback 

modified tirat module F (fi&ure ~.3•5), which handles inta&er packets. 

y 

f1QUl'.'!1: 3.3-5: Th9 .feedb,~~1f1.~ fi,i:st .. ~l• F. 
' .• '!., -

Packets input from U are copl8cl directly onto output: channel Y. In addition, 

the value· of the first packet input from U (if there ia any) is sui~bly 
~ '. ' f - . ' ' ; 

mOdified. and the resulting value is output as a pack.et on V. For the purposes 
~ ~ . -~-:.: }' ···~ 

of this example, we shall say that the : fltlf., ~. value ia modified> by 

adding the number four to it. fte-" 1 Whavior ·of F 11 · speci!ied_ by 

EXT F ~ '((U•) x . cv• x. Y•)) and 

((u), (v,y)) E EXTF .<•> y • u an4 IV •• l,lu),,-4. V{J] • U[ i ]•4 Y1. ~ Iv. 

As examJ>les, we haves 

U • E, V • E, Y • E: (8JD,ll\y Jt:euia);. 

u • <l,Z,3>, v • (5), y • (l,Z,3>. 

A modu~e with an interest~ lo&tcal functi<?n ,is t.)l• ~u• tit• T 

(figure 3.3-6), which pairs up integer. data inputs from .. ~annal . X with 
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boolean ccmlrol. iaauta... rtom chanul C. If tll'a· Qillt,tml: ._,,~ .. vAlue· is true, 
- • <.> " ~ ' ,.,g •·.• ~ "' . • - • ' - •· •· 

the co~pondtn&. cl&W·iq~t fl'am X is ptlall mat: cm: Z. If'. th, ccmtrol. sianal 

is fa 1 se, the data paclc.et is d.1.scard8cl. nu tbe comrot •pal ~ c filter• 
' ~. .. . :. ~ · .. ,. ~ . . . 

out specified. elemata ot the data stnam.. ><- C. _., carr.v· _.,.. Jp")5e.ta; 

and x and z mq J818·'.--- ot·~~- ... , ........ 

c 

F1our• 3.3'-~: 1k ~· a.U: T. 

.. ' - . . .. 
>< • O ,·a ,3,4'·, 5), c • <ti-u.e, falae, true,. tr.a., ra.Tael, a. • <l,3·,.4)J . 

. x • cs'tn, c: • ·•f~~,i r ~- <7rs ,_,, "' 
)( • <a, 9,..10. U>. c • (f•lH,~. ~·· z ~ <tr.lQ:)... . ' ' -. ~ ' ' '· . . ' 

The now JllG4Ulea an all ~. · .. t6r m¥ ~ 'slice 
there··ts·enctty oM ~tl*UM.11ibt'J•*'cttaW &: ··~. · Their. 

behavior is t:hrefore f'w:M:tio:Jlal. Om ~ ~ ..-;;~ 'be ~ 
' , . ,. j , .... ,.,, 1 

to nondetennlaate mcMbllea u well, u W.1i8W"~ · 
. ·', '.. . ·{ 

: '-· .. ' ·',.. ' -:1 -~..:..~ ,·>.J.:"~t~«- ... ,'~,._·'"}( -~.-' . 
packets It reeeives rroa iaput Chanau u &cl v .... ompu dMnul z. Tha 

~ ,, • ; < ;:.~_,· ;"y ~ ':·-,/·~ · .. --.,.f~ ~ . :~t .... \,_ 
relatfve ~ of ~ on Nc:h. of U aa4 V ia 11111rv.&.. "1t da9· .&ckBI 
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coming from these two channels are arbitrarily interleaved on output. There 

Figura 3.3-7:. The .nondetar1111na.ta JHrsia.modula J. 
'-<', ' "" - ·._. 

We may specify the behaVior of J by EXTJ ' ((U• x V•) x CZ•)) and 

. . ({U,V), {z)) E 'EX'fJ (~)' Z ii a, merae' ~~~· U and V, 

Where the notion of ·a merge Of tWo streams WU defined in the pre~ous 
-1'· 

section to be ·a stream containi.D& ·· the . two · &ivea stream• as disjoint 
' - ".J,.-. 

S'Ubsequerices. The siZe of an output stream 'z Wm always be the sum of the 

slZ&s of the corresponcllng input ~r~Ji.is u 8nd v.·· 

Aa an example of the behavior of J, it it ii tiven .. u inpu~ t:tle two 
. ; ': .' ·-. ' - . . ·-:: ; ' --· . 

streams u • <l,Z> and v • (3,4), then the~•. are stx .. ~.ble -Valid output 
' r. • ""~ '4 ' 

responsess <l, 2, 3, 4), (l, 3,2 ,4), (l, 3,4,2), (3, l, Z ,4), (3, l,4 ,2) ~d <3. 4, l, Z). 

The output response <l,4,2,3), however, ls not valid, since the relative 
' .. 

ordering Of 3 before 4 in the input ltream V hu JLOt been preserved on 

output".·· 

In practice, a wide varietr o~ no~~rn:µ,n~}e behavior can be 
' , - .· •" ;·_ - . -. ~ " 

realized by constructing sy1tems forme4 by mterconn~iN various determinate 
_? · .• '.,!{. ; •. .f. "· ,c.· l»C· . · 

modules with instances of the module -~·· I~ thil, ~·· . ~.h•2 , nond.eterminate 

merge module J is often viewed u a can9Jlical "aou~ce" of n~4etermin•cY in 

packet systems. 
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3.4. Evaluation 
t. ,.. ·.' . ~ 

specifications work.a for aome simple cuu. In thil aaction we ad.clreas the 

question of applicability of our _.ihecl-'1p_U,re com.pUcated modules. 
\I 

1"r . ~ ... 

The examples we pruente4 t1'9&ted oa1y pacMt.a of elementary typu 

(integer and boolean). Ob-'otf•ttia ~: ar:·~~u~ :ia ~':\ commwlication 

architecture is t~t sys~ -~ be.~~ -•f!&!!!r'"'-J'~f·~'-'1: Whif;~ 
... ~, •. ,,, •• / J' •• ,: _ .•. "'~·--'.-:.~.ii ..... ~o ""''i:""'-··"'" .,,, ... ., .... , 

are_ arbitrarily ~pl~x._, ~~;~~ct~~~ 'ffl' j-~~~1,~ Data items 

i_n the various.~~~~- :~~:,:· a'._.~t~i'~-~:0~': ~:,,J-).:pr~,1.­
concurrently in different internal recttou qt a qstem. Direct su..PPQ,.i . for 

,. - -: .. ·~!:ii'.'\"'~' .. -· t~_sv··~:;. ...:; <·'":'::' ~~.7:,~~~t.L-~· ..... '·~ ::'!ff'f"f:, f.t- 0 '·"· b-.; 

handlin& packets with arbitrarily complex struct~ a. .. eci.uall7 ~ U>.. • c;ni.r 
. ," ,~. '~':1" .·; ,:. ,J '~·,;i__;'. .• -t~---" :~ ~-~.{ -.: .!~ 1 .. uqt~.;:..; u~ ... :.. :;:,.:,: t~ ."";.' ;. s_.,....,.-.,f.~ . .'·:·~.J-;.t,, --~ 

specification model. All that --~ ,' ~al" 1~,S~~.ao~; ~4 · _,~}!~ 
operators for buUding and· decomposing atruct\lffl., aacl tbll ta Well UJ:l4erstoo4 

and itraijhttorward~ ,;it;~~uiu, .. ~' =~ -J'.&~'"£~ ~;roducu or 

- -- .. ....\ . .' !" ,· • 4- \ 

progran.Uiiin.C :luau~ 'rot a lori& 'time: ' 

T~~ ~c r~:~~n to ~---;.~:-· ~, ~ ~'f,'._;affec;~v•l>: ,o~r 
specification techniquu can model the tuncUoul c:apaMlitiel of modul•J ,~•.t 

·-' ' ·i ,_ '· 

are to be physically realized in hardware withbl PllCket systems. We claim 

_ _). ... ,.'-. ·,_, "'::t·t,,1:~·,: -_ :·-"~ ·· \. ·!>,J~Z1<fl ~:1191:?.'fi?. l.J:~·\ .. r·'1:: -:,::"":: ",t: _>:,, ... _ :·: \ 

io-'mbdel ··the behavtor··or aay nt.uaable pcket mod.1.lle. There are Hveral 

tactt>rs that -~dba\ant~te11'iua 'clai~. ·bu;'~ ~'~8 ~: 1~i _;~~tr~; 
' _ ... t "''·.'',..-.·· !-,~1 1 "t•~-- ?it;. *":i7V·~~·t .. ,·, ·,- ·~ -,'. 1..,, .:·''" -·-":~ ~:<" -~~'t 

mathemaucattY ·cretin8d funcifons ·aild'. 0

pn4U:atu 011. psJyt valuea ad streams. 
:·. '-~· .. • '~. :<- .':J-1. . ~ 

Basic operations on pacltet valuea may be compme4 throu&h the use of 
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conditional ex,t.mmil aJi4 ~on oa .reams~ ·· ' 11ft. :Ptacea at our disposal 

the runcttonal. capabilities or the textual iuauaae ue4 · to model data now 

schemu 111 [Wen&, 1975]. Thu, trom the •111---ottih.riq o0apuialtility, 

the slice-relation •PP1'04M!h can . model behavior of uy cle'1re4 complexity. 
~ .. ,. . 
'' 

Moreover, a module'• characteristic relation acts u • predicate that ulu of an 
J .:-. . ._ •. 

output llice "is this a correci . rupow to the pr•ate4 input?" Thws, 
,t ' ' . ~ ~·- :,, ;:.ti,,.~~· ·; ,,. -

external characteriaUc relatiou are the way our mo4el math•m•Uc•lly 
.,•l'··:'t 

r. ,,,-.,., • ·~., ~ • 

determiw correctneu of mo4u1• in J*bt aptema. 

The •bove ar&.'&UDU.11 gr, llQ~ •)M)\lt. l)l~ 1 COJD.~·~~Y of ~h•vt.oral 
. ~ ' ~ '.: - ' "I'; ·.~ •. . .: -·· .. -

descriptions 111 our model. It ii UL untortUNte f~ .. ,tl).at . u .Jr~ one 
o.: .. ·,,.,:..,,.;""-' ""'- . •. ' 

wiahes to model 1ncreue in compleXit7, the ettort reflUind to formally 

specify them increuu even more rQ~. · Altho~· this appear• to be the 

cue .with packet modul• u well u with computer pro&faJU, it is hoped that 
' .. ~. "• ~·· .~ ... 

• ·,;.j ,. 

the hierarchical compoaiUon or ,.:Ut qlltem.I can reduce th• .structural 
"lo.' d .:,, i-'•_, - \c, , 1~.--:~c~~· '.;._i • •• ·:H ·., , 

complexity to ·be hand.led it not the fmu:Uou1 complexity. Behavioral 

.,,',,.. 
, ~,;; ~ J . ,">j"' ~. . 

are treated 111 the ·rollowin& chapter. 

:~, 
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-. ' ~ . 

I ' ~-

The exterul apeciticaUou 4elcri'bed.. bl the previous chapter 
·~,~.~:: "'..; .··.... ··'·.~,,~ '"' -:-- .. 

coutitute a fonul wq of Willia& 1'ow • ,.W . .,.... ii io iataract with 
.·.: : . • -·- \-' ,., '°: 

its outside wor14. 

system is correct wheaewr ii ..u.n. its ..-- qeciticaUou. As we 
'., . "''' l'.(1::::" .. . . ·' ; ,' . . . J 

mentioned earlier, cornctaeu of • .apaem. ca.mi lie establillMa4 by out.side 

observation:~~it:il .. Mctsaazt·to·~ *IJ'bl..ai ~of a system 

in orct•~ to JroV9' ;~; " .. 

• PICbt qltem coaatltl · of a collection of. 
;. ', -- ; 

compoaent modules iatercoaaect.ecl by cha•ell. n.e· '8hav1or of a· .syatem Us 
-~;:J~"· . .:.,,_r ~ _7 ,. ' j. 

determined by two tM9p itl llrao.t1la aa4 the 1lllhaYi01' of ttl com.pioaeat 
,r; -<~' ;·;~rt~ .. L· : ti,~, 

modules. A formal UlcrtpUoa ·at a .,.._,, belaniGr ·whk:b ii 1tw4 atinly 
:,,t-~,! .;:..< -!• ;{ ·1,.-,;~-,~ 

on these two ~- will be ca1le4 a let of bdel"aal a,.c.tlluttozu for 

the system lMlcaue 1~ ~ Ula qatal'• ac&ioll ~ ._... ot Us illi&rnal 

compoaitio11. 

In order to show a qatem ii .correct, two aiepa must be taken. 

First, one mui pro4w a aet of tnierul qecif:icatiou re tbe qstem. The.le 

internal QeCificaUou tbea must bl PIOWll ~t to~· qaMJU'• external 

specifications~ The loeical reuoaiD& involvwl here 1a that the · compoUllt 

modules are auumed to be cornet from a. bt,&inn!aj; this usum.pUon la then 

used throu&ho.ut. the Q'atem cornctaw i>roof. If· ou wta. to 4amoutrate 

the correctuu or a COlllJODent mod.We, it ii ....._... structually mto its 
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own component.; this moclule•s correctnea ii verified iD the exact same 
·r ., 

manner u the entire ayatem~ · 'In thil .,;,17 the· ht~rarchicai q1tem 1tructurin& .. , 
' ' .... . . - , ~ 

provided pack.et commwllcation architecture aupporta hierarchical 
i \. 

structurln& or system· wrtricatlo~~, ·· 

'· 
To formally derive th~,c iDtern.al: 11*,~qctU~" for .~ .~)tet sy~tem, 

two piecea or info~tlon are :a~s J %) :• 1~al·~· 491F=ripti9n of the 

system, and (2) the exier~ .~~U_ona,: for ~,.ot i~ ~:IJl'-°11•~~ mo4ul••· 

It is not necessary to examine ~-. ~~t ~~ iJlte~Y. since they 

are assumed correct. The in~ spac;11'.~~ 4~ M)fe . the·.~~~ t.>rm 
- < ' • - ', •• ~- ~·..;; _. - ' • - ... 

as the external ~icationa, -~1' a·~~"~·~ b.e~. inp11t .1Uces 

and output 1~ces. 
•;.· 

At fir.i .;Cl~ coaun& up. wWl >tlMftlal·~ttons roir· a packet 

qs~ .may VJNlll·.to.~·lle &. str~tf0rwu4:,~; OOlijfd9W tor uample, the 

.. 
'"' 

~---------------------~ 

Suppo.se that modwe·f appliu a function' f to ~h pack.et value x received on 
- - ''t", .- . " - •• ~ ., . - • _,,~ ~ .-; __ ;j, "" t. ~'!--.,,~ .... i.::: Jt .. *:. A . . 

. X, ..ttirna ·th'i ·re.uiuna. value f(x) out u a packet on Y. If F preserv .. 

'packet ordertnt!;;;.tts character~tc '?elation '.\E><'t; · woui4 ;~tain au ordered pairs 
' ' . - . '· . ' - - ~ ,. ' . . : ' . - _; ; .•"' ; . ' ' ~ ,- . 

((x), -(y))- f'or Which --., 1i the stream obt8in4.d ·from atre.tm. >< by applyin& f to 
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each packet or x in sequence. In other worcla, 

((x), (y)) € EXTF <•> ly • Ix and. y[ 1] • f(X( 1 J) Yi S ly. 

If module G applies a function g in the same manner, i.e • 
• - r , ,.,. l ; ~ , ',- ~· , 

CCy), Cz)) c EXT 6 <•> IZ • #y and ~[ 1 J • oCYC 1 D w1 S IZ, 
!:~ 

then it is easy to see that for each packet enteria& the system Sl, first f ancl 
- ' . . .. ~ . ' .- ·,,, '(" ' ' 

then g 18 applied. The behavior of 'Sl, ihen, ii th• twu:tioul compoaition of 

modules F and G. It IS, therefore a titvial ·matter tc,"mo'~ that the internal 

spectfieation• tor St mateli' th& .. characteriatic relation . 

((x), {:tJ) ·c Ms'!"<•> ft • Ix ~izc'fl • g(f(Xr 11'>> W1 S #1.. 
. - .. - . ' - f: . • 1tf" ~ ' ~'· ' ; ' . .i: : -

One coulcf ·take a ·m moi'e ~ptteated'denmpi., such M a qstem. to compute 

roots or quadratic eq'1atiou wll.iCh ii coniPolact i'rmn. m.~ that take square 
I 

roots, multiply by four, divide two values, and. the like. There would be 

lon& chains ot f~--- :40a1n1Ui1M&,, c 1n'141111 I ll4Jl¥[11L....-i apec:U'tcatiou 

wo~ •. n-.t. 119£,;IMJGJ p~ .. &-..far,•· .-..ia1daaw .,_.., one 

could simply com.pose re!atiou inatea.4 ot hactlLcms.>. s.,,u 1ilill:1, at :ieasi ·so 

far, that internal specif'icationa are abllple hl48l4 to Qtermiae. 

There turns out to be· a ft1'Y lar&e fly in the ointment. 

Figure 4.1-2 depicts a qstem ltntcture ·for wfltch twlcUonal or relational 
;~ ·,.. . 

composition ia ~ no ue whataoever. Tht, aycllc:.111~ structure 

imposes mutual cl.ata dependeJlCiu between chu.aela Q and R. Pclutt.s passed 

on channel' R fl'Om moduitt:. 8 ~, • t)\e· ~ recetVecl by S from 

channel Q, while the packets pauecl a Q· 4epeD4 oa Nrli4'1' pacUU rec:eived 
• .-, •. c • ' ' 

by module A from chaanel R. It .11 a diltiJ1.ctlf.~tri~,.~ to~~ ill• 

stream R in terms Of the rem~ ~ X. _Q, lad ~. $c;e ~ta JNllled 
", . -,'. ·- . 

• 
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,--------------~----· 

Q 
' I 
I 
I 
I 
.I 
t 
I 

: z 
• I 
I 
I 
I· 
I 

R l 
I 
I 

~-------------------~ 

Figure 4.1-2: Cyclic data dtptndenc1H . 
depen.den.cy iatroducu mutually recuniw:.;q..._. II lllUtkml·• eQfull:a& the 

dl&ael: ;1~03ia ·:tenu ~ ma. an.otJp.er~., .~ •. .KaU-rCX.P..-/~974] has round 

a 'YN.Y .. to:IO~ ~ .. of Ulis~ ~"" .. 91' ~·of;,~"~•JD.•~ th,eo&'Y 

·Gt liZJK>i.au. Bil t ... i~xptqu-, ~~i:~ rtglrel ~ Ule ~W.u be 

.4ttel'Jll11MW., o4 ~· ii no ~tt~rw,t1'. ·•·~· .~ ~ to 

~det•JialUte .....,. n..,~ .~. ~,,,.,.. -~ ..-:U~tiou :!or a 

packe\·IY't• 1' .•. cUUMCin& :pro~ea, A4;•~·:9J1~1Ch JI required.. 

The ·APPl'Olleh w. Wtll-<1Mt 1uilll :m ...... ft:·-~o,.,..1onal vtew of 

systems. W. moi'el 1h•"Opel'ati0n" of as..,...._. t11•&'9Ma·'•1M PMar• .or a 

comp~i.Uop in r.,~ ot ~.~,-- ~.:~'• rupon.se to 

JtVUJcul~ .. ~n.i.t.. ~ut i115;~~~- ~l.,A ~~ ~Wicul or 

ia~~ .·a.Jatu, w.AA=~. :w- call. ~ ~ecuUoq ~·~ .}Jl ,~eral. .~r• are a 

lar&e"n~r of ~~e.exqt!p&,~ .. ~\ ~~to a_~ticular 

. Q'aWDb~ •• IOM ~·"'· lllP,t. A ~·~J.:. M WO~ want 

t.o ~ve m.usi -. •. wwa . io ~ .0V8J .•.. 111. pa~l• .~~icm .-'Muencu that 

IMY· .. ia.· t.a.aa ... the, ..... , 'nM· ~· .. iat~ iJlt.rodUCM ~:me of 

------------ --------------------



. ,1.:. 'ii 

• 80. 

th~ basic charactuilUca of execuUoa ~ 

4.2. Execution ...-naes (brtro4uotory) 

The proarw of a COJQ\ltatioa ta; a pacllM .,.iem is moUled· by the 

succe-.ion of internal at.tea in aa...awation .. llqllftG8.. 'We will be. definiD& 

internal states so that a state incorporates for each oJumn.i. th:• cumulaUve 

stream Of paclc.eU· ...... to be pule4 Oil UlM ch'"d. TJllac·. determines, in 

completton. For sdcb a· stMtt, t~· outp&rt ·.sltCW"r.,._m,. one,·al~ t&r·systm's 

poSSitJl• uIUmate rlli•••••• to' ita•P1911nM·bljutJ •~• 9*eatloa·' ~ce· 

wtll be said tct· ,.,,_, u.t· ~'Outftlt Nilta. w,1:mei .,.._ •• 

presented itiput. · It' 1ftll· then 1* •; sctatd1t*'wm.t1,,~ W' ~,the 

s;v.nem•s ia•••l ~-~ w~ .... o...., IQ{, tU.,Wla~ between input 

slice.. aJl4. ~f91J1Mt• o•p• "'"'' r•U...at3 ,....-~.*ieataeq~•· · 

A ;paflltwar kia4. or ph)'Wic:al llt'ffat W9 · W'blt to ~ ill u 

execution a.qu.di:*·tr Ult tran1mtmon" ot~i •. ,.._,. oa. IO!ie·· ~~ 'Fh9' act 

of' a modul•· .mtq a p&Mt'. 0\11 OD If ctiaaal. mar,olicu· at any···Jimment 

between tlle u .. ··ti.. pM:ut ii· ...,aw; by· ib· mo41tle ·· 04': thw time' the 

module recetve. afl'! ~· s10tal>tor tli• ~'· Far ~~' bratant 

Of time clUl'iq ftetr &Jll blte'ftl,- the PtaCIM!may OP''JMy"'BOI'· ~ 1111111 lltD.t 

out alnN14y9· aJ14 M'"'cauot ~ Wtitch ~·-... ~ - ~ 
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sequences will capture two kinda or evant11 &•neration or a packet and 

receipt of the acknowledge signal. Because we do not know the actual 

moment or transmission, a packet will be reaarded u only potentially present 

on the chaanel 4urta& the interval betWeea "thelle two evats. 

Each State iD an execution sequence must rafleet the relevant events 

that have occurred in the system. The eventa clescribecl above are associated 

With particular channela, so we ·may partition 1tate information into 

componentl relating to th~ iJLcliViclual chaaa,11 in tJl.tt qstem. To model a 

state, we give for •ch channel the cumulative sequence of events of each 

~nd (packet generaUon and ackaowlad&ment) that have taken place. Packet 

generation evantl are handled by &ivtilg th• ltream of c•nerated packets for 

each channel. Since the c:.hannels .at u FIJ'O ~-· the packetl that have 

been acknowledged are always given by a prefix or the generated packet 

stream. We call thil pretix the aclcnowl""-4 ~•fix ot the stream. Thua 

every state in an execution sequence ~n.siata of a a~erated packet stream for 

each channel together with its aclulowleqecf 'prettx. , 

Another significant property of execution sequences is that they are 
.. ' ... 

to exhibit the behavior of the component mod'illes Of the system. At any 

state, tor each module the &•neratecl packet streama on the· module's output 

channels 11iust constitute a valid response bY that' z@duie to the input packets 

it has received Canel acknowledged). 

A transition from one state to the next tn an execution sequence 

models the physical occurrence of a ·module receiving new input and 

generating new output packets in response •. ft there are no more packets 



- 62 -

generating new output packets in ~· It .iMN. are ao aon . pac:uu 
•• •• j· ,,. 

··: ..... , 

waiting to be u.orbed lJy ao4u~ 1a. 1~ .~· ~· ~ aiaie will 

remain constaA t. 

we aow·.~~-soae examalec of ..... ·~·••:fn a Pll'tiaul&r 

system S shown ia fta.ure 4.Z-1. . . . 

r••-·--·---·-••·--··--~ I t' 
I 

)( 

'ft 
u )Ju I y t::. 

" I .. ,. 
I 
I 

' ·' y t' 
I 

s I 
l 

'··------~---··-·----~' 

J . ta th• aou~tetmi~ ~· moclW. &K F ~ ·-~, fr~~k aw>dlt• t>,m 
modulea both of u.. .. mo4W. wen ~- i• .Ge ~ cMpter. 

' .' :: • •• "'·. ' • • •"'"1'•·" ' ; 

Nondeterminate qstema au~ u S J1.V ~- 4lff~~- Olltl\1" ~ .to a 
' ' , •, ~ ,, , ' • " •• ~. • > ' • • •• 

given preaentecl input. Thi.I will be NfltlctM la ou _..,1 ... 
,_. ,· 

are the internal IUtu and the C9lmnna ~.to -.aet&.., .J:ach qqy in 
' ."~;_~ .· ~;~· ... · ·., •' lJ-~·-·· o.~ . ,..,,, 

the table ,is the ·~~1'.0~ -~um of, ~~ ......... ~Ul .. -' :llNvy· dot 

marking the en& et Uw ackaowledCecl ~· 

response or 1ystam S to tile iaput ~ (1,2) ~~·~. oa aa.ael X. We 
• . ._, '· • .,: . ~ ~'.· ,.~ :, r. 

also &iv• a correapoadilf -1• of.~ ~·- ~.-.. ~ ... ~~· _,._. · 
- ~ ... . .~ . . ' . •. t 



states during the computation. 

state X 

0 

1 

z 
3 

4 

5 

6 

7 

·12 

1·2 

l•Z 

12· 

12· 

12· 

12· 

12· 
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u 

• 

•l 

l• 

1·2 

12. 

12·5 

125· 

125· 

v y 

• • 

• • 

·5 ·l 

·5 •l 

.5 •lZ 

5· •12 

5· ·125 

5· 125· 

Figura 4.2-Z: Sample execution sequence A for system S. 

The snapshots, shown in figure 4.2-3, depict the first se.ven internal system 

states captured. in execution sequence A. In state O, the sequence <l, Z> or 

input packets has not yet entered the sy1tem ~o be procUSed, and no packets 

have been acknowledaed (all the heavy dots are at the left- end of the channel 

streams). In state 1, the first packet (with value 1) has been received and 

acknowledged. by module J, and a copy has been generated to be sent on 

channel U. This C>OPV H, by the time or state, a, --received and acknowledged 

by module F. F generates a copy for output on Y, and also a packet with 

value. 5 (1+4) for output on V (since the packet l was the first packet 

received by F on U). In state 3, the input packet 2 will be passed by J onto 

U, and in state 4 it is generated as output on Y. Note that _no further P.ackets 

are generated for channel V. By state 5, the packet with value 5 has been 
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state 6 

Figure. 4.2-3: Snapshot• for ececut1cm --.u.ence A. 
• 1~ .. <lc,; .'. ),_ 

... 

1 
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processed by J, and by state 6 it has been passed through F. State 6 shows 

that system S•s response (l, 2, 5) to its input (l, 2) has been completely 

generated for output. By state 7 (not shown), these jackets have been sent 

out and acknowledged by their outside ,world recipient. 

We now present another execution sequence that models the 

response or system S to the same presented input stream <1,2). Execution 

sequence B, shown in figure 4.2-4, 18 identical tO execution sequence A 

except for states Z and 4. 

state X. u v y 

0 ·12 • • • 

1 1·2 •l • • 

2 12· ·12 • • 

3 12• 1•2 ·5 •l 

4 12· 1·25 5. ol 

5 12· 12·5 5· ·12 

6 12· 125· 5· ·125 
., 

7 12· 125· 5· 125· 

Figure 4.2-4: Sample execution sequence B for system S. 

From state 1 to state 3, this execution sequence hu module J receive and 

process the pack.et 2 before module F processes the pack.et l, reversing the 

order or these two events from the way they were in execution sequence A. 

Similarly, from state 3 to state 6 here, J takes in the pack.et 5 before F 
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processes the pac&et 2. The snapshotl of it.ates Z all4 4 for execution 

sequence B are sl\ow1l in figure 4.2-5. 

r----~---------------•, I I ·---------------------~ ' . ' . '• 
I I I 

x : : y x : y 
I 

: : 1 I I 2 I I 
I I I I 

'' I. ·:•\ :·t;,· c I 
I I I I 
I I I I 

: v : . ' I v I 
I I 

: s : I s I 
I I 

state 2 
L-··--·~;;~·---~--~~~·' 

1tlt1 4 ~---------------------' 

Figure 4.2-5: Snapshots for executiott SeilUtnce B. 

Observe that the two. ~ct execuuoa -,:ancel·' A ua4 B mo4el two cliatinct 

computations for th.a' qatiam s! bo~ . ~: ta ta same system rupoue 

<l , Z, 5) to the preaa~ tn~t Jl, Z). ·. 0. . UM other W. execution 

sequence C, shown · in . ffCµre 4.2-61 '.~~!a_. a computation in which the 

system produces a d#f•rent ~~ q, S,.IL~ __ ibe ame input. Thia Mquence 
"]" 

is identical with ·~~ ~. A·~ Nte &. but .Ow mo4ule. J 

processes the l*~t S f~JI\ ®• .. JMtt •· .'/. .Wtn it lalull Uae ,.ck.et 2 from 

channel X. Thia 41.ft..r..c. 11 . Whii. --· -~ cban&e lD. qlteln rupoJlH. 
' . ' ' . ' l l ~ 

Snapshots for the ~tba&.N'- .a. Qmm&ll. .. s· for encuUon Sll(Uence C are 

. ,, 

It 1' important to uote that at uq time 4uriJI& a computation in a 
~: ;!!. :. ~.: ·~·. ;·~·" ,;:"f:'". < ·.··.'.·:~. ~·.· "; 

packet system, a ,.:Ut that hu . beea ,_.... io ba leD.t out oa aome 
'· .. 1.:·? ,:1 . . ' .•• 

pack.et is ack.Aowl4111Ce4 we know it hu baa. sent out, but before 
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state X u v y 

0 ·12 • • • 

1 l•Z ·l • • 

2 l•Z l· ·5 •l 

3 1·2 11 5 5· •l 

4 1·2 15· 5· ·15 

5 lZ· 15·2 5· ·15 

6 12· 152· -1. 5, ·152 

7 12· 152· ~· ~52· 

Figure 4.2·6: Sample execution sequence C for system S. 

r-~-------------------~ 

t 
I 
I 
I 
I 
I 
t 
I v 
: s t 

l---------------------J 
state 3 

r---------------------~ 

v 
s \ _____________________ , 

state 5 

y 

1 

y 

5 1 

2 

r~--------------------~ f-
t 

x : 

x 

v 

I 
I 
I 
I 
I 
I 
I 
I 

I s : 
l--·~----~-~----------' 

state 4 

·--------------~------· 

v 
s 

\---~~----------------st1te 6 

Figure 4.2•7: Snapshot1 for ~ecution ;•equnce_c. 

y 

5 1 

y 

2 5 1 
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acknowledgment it ii only potentially on th• chaanel. "Potential" pecketa are 

guaranteed to have been by some futur• tiae .eventually puaed on the 
,; . 

channel in the relative order 41ven1 but wa- can. 4r•w no stron.a•r conclusions. 

This means that in all th• mapahota we have ,depicted here, the pack.ell 
. . 

shown on the varioUI channels were at tU ind~ time oaly potentially 

present. 

This concludes our 1n!ormal ln~oducUon. 'to execution aequences. In 

the next section we shall D10ti\f!ate n4 ds.icu.u the propertiel that will be 

used to characterize tha tormelly. 

4.3. Properties of execution sequences 

In order to formally define execution saqUGcel for a ,.cket system, 

we need to, care.~uUy moUv~ and d~ '9V.il. ~ tMl char~ize 
them. We shall be uliD& as an example a particular Mc:ut system C 

composed from the modules A and 0 as shown in naure 4.3-1. The left half 
. 

of the fi&~re show:s the system structure pictorially., while the ~ half ta a 

textual representation that provides a formal structural ducription of the . 

system. ·OD.ce we characterize execution sequencu for C, ita internal 

specifications wi~ be . th.• bi~y relaUQJ. .~weu ~•tl4 iJlput IJJ.c&s . .and 

the corresponding oUtput sllcu that are·~ u the ~Ill's response to 

the give~ input by some execution sequence. This, -of course, will provide a 

formal behavioral oedtication for C eQreaed. . JA .tenu of the above 

structural description of c and in terms or the characteriStic relations EXT A 

and EXT o f.or th• crom~t modules A '-aild 0. Ia thi )revioUI chapter, we 



r-------------·-------~ I 
I 

x : y 

I I. 
I I 
I I 
I I 
I I 
I I 

: 0 R : 
: c : 
l---------------------' 

.. 89 .. 

System C 
tnput-s Xf1nte'oer > 
outt>~ts,_ Y(tn.~1$Jer) • 
intern'1t"'S('lhtegtr), RC tn.teger) 

Sublllodu 1 es · 
· · A tili>uta x, R; out~uts s 

D inputs S; 011tputs R, Y 
Initially Rft> 

Figure 4.3-1: Rea11zat1on of a sample packet system C 

specifically deflne4 the external apectneatrfts' for A· &l);d 0, but in our 

tNatment.• hare th• chancteriaUc relations ~shall be Viewed> a~ractlt. 

An execution sequence i• a Ume-ordered pre>ireuion or internal 
... ~-: 

states of a packet system, and a state gtvu particular inform~tion about each 
- 'i, ,,., 

channel in the system. The state information for a channel Z at any gt ven 

moment contains, as we mentioned earlier, both the stream of packets 

gene1:ate4' to be passed on Z and its ackn~ · pterix. The space of 

streatlls of packets ·peiled OD. Z ·is d•nat.t 'by·!• ad' includ• infinite as well 

as finHe streams. For any stream z e·Z•, ·W8 denete'· tts:ack:nowledged prefix 

by z•. A channel state for Z· Will th1tn be an ord8r.ta patt ot the forin <z,za>. 

The state information ·for a system la simply the collection of state 

information on all or its channels. For our umple 111tem C; define the space 
~ ·.:., 

CSYS• to be the cartesian product of the channel packet stream spaces X•, S•, 

R• and Y•. Elements of CSYS•, which are called ayai.m allces, are denoted $ 

(th• dollar lign 11 pronounced "slice" f) amt aM tuples or. tWe form (x,s,r,y), 

where ·K, 1, r and 'f ·are streams of iateget 'Packe'U. A ·system state will 

coa.sequeitly be an ordered pair of the forlt'"<•~••>, *here th•"• acknowledged 

prefix $ 8 of the slice • is the tuple whole components are the acknowledged 
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prefixes or the rupec:Uve compon.en.ts or $. 

We ha:V:•. alr.-dY ~efined input •' ou~ut , al~ for. 1 modules. in a 

pack.et system. .. The. •:S.C.. ~- laput slicu for a motbale;· ii the. ••Ulll product· 
' ' . . - \'," ., ' ~ : t 

or the c)lanA-1 str~ ·~4' r•r· the module'• ;iaput obannel11t output· slic:u are 

similarly built up rrG. ,~ --~·· output ch&Dael stream apac11. For the 

module A in our example, th.,. two SJ** _.. AIN• • (X• x R•>. ancl 

AOUT• • CS•); ror the . module 0 they .a'r. OlN• • CS•) and OOUT• • CR• x Y•). 

The same thi~ c-. 1Mt 4Qaa.toe ~- ..,,...&; lw,:1~-.C" it·a ... ;..aulea 

CIN• • CX•) aD4 CQJ,ra, • {Y•). ~~~~~oat. rfor ._AS•tem 

C and its two compoaent mo4ules A u4 0 are &lWJl by EXT c ' <X•) x CY•). 
. ~ ' ' ! 0 • ' '$ . . ·,' '. :·; "~ ' " . .. . •-. J __ } - ."'. ~ . -i;. 

EXT A s; ((X• x R•) x ($•)) u4 EXT D s; ((S•) >e (R• x Y•)). We will have 
( ~-~ ; z~ 

((><), (y)) c EXTc it &4 only if the output meem y ii a valicl NQ9Dae ~ the 
.~~ ,., ·,. .. ·~t -- :.!.~·· .·_:;-;_·:'.~·': ·:~···~ ... r.,:; ,) 

input stream x under the semaa.tic properties ot UM .,..iem C. 
; ' 

Execu.Uoa ~ -~ a ~t" ...-., V(ill ·be Of · U... ·'form 

{<$;, $1
8 U• Where.1 -~ 4-,"8~ UtR'btf t1"W,1'~1ffMl.;.W9.. 1;8 

will be the _.uow~; p,rafiJG...;ot ~ •. ~ _..,slia!t··a..i.:: 1lwte: an a 

numbe.r or. -mau~ JP> .. ~. w.lu~>.kA:i:V~All"ltA~lda~t atialr ia 

order to correctly model the actioa or a packet qltem.. We .~ucrlbe them 
t" I ~ ; ,·:. • J ' •' .. "' ; 'f ~ .• ~ ' ". • 

here in terms or the sample packet system C, nottJa.& that _the &eneralizat~o'1 to 
' . " - - ·' ; . _ .. , \.,tit:-~· }~ ': '' -"·:0 . ' ·, ·. .... ' . 

arbitrary pack.et systnu ·presents no clifficUlty. For the qstem ... C.. the 
.· . .._ -· , .. 

components or sptem •lice Si are deno~ \Jy f 1 ~J><a, lj, ri, . Y1)· 
• ~- ,, . ._;. ->. ~- "' 

be a valid bliUal IY~ ·~te.-. 'TQ ~-~. --•r-~i .... JJIC ... : AaV• .. - " -~· . . . ... . . . . ~ 

\»een .~r~ at ,U\f startf:. ~ .~eq\1118 :~·-~ \IWll:Ptl' "'51.'>--a.v. an 
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empty acknowledged prefix $o1 . The comP<>nents or So 'corres~ndin& to input 

channels muat matcla. the preaentH taJut Iliff'' .1a· C>Ut' case, this means that 

><o. must be equal to a giva &tram >< of 'UlpWU. Ami it mu.t ~so t>e the case 

that the other cemponeatl Of -$f ·. ... Wi*'JCll8' iaitial cOllft&uratloa defined 

by the •Y•tem structun. 

An execution sequence is suppole4 tO:; reflect a system's response to a 
. '.\ __ . ' ' :-~ -~ > ; :-· . 

particular presented input slice, aild th1I input slice appears in its entirety 

within the initial system slice $0• In order ror the· execution sequence to 

realize a J"esponse to ,precisely' this input '.;,.a nothi~ more, ~. must have at 

each system state' the identical illput slice' u at"th~ be&inntnc. ~hich for the 
. . ' ' ; l .,, ' .;, ;,. 

syStem C means that xi • ><o tor all i. Physically, this requirement amounts 

to the outside world suspendi~ addttional i~p\it to the syst~m until the 

syste]Jl completes its resp0nse to the input:t already pr-nted. 

The third condition that must be fulfilled is agreement with the 

semantic properties of . the componenJ ; mbd~lea. ·of the 1ystem. What this 
. i • - : ~ .. ~. , ... 

means is that for all states it must be true or each module that the packets 
- '5 ~ - ~F;:.. ~ ~ -~ _·, .., - . -· · 

that have been reeeived and ack.nowled&ed by that module are related through 
·, . - .. .. - . . - ' !:' . ;~>~ ?~ ''.·'-·'.t,~ 
the module's characteristic relation to the output packets generated b-y that 

module.· xn. our syste~. the semantics ror til~ ~A· moct~i: tml>Ose the condition 

((><ia• rj8 ), (ei)). E EXTA, and' the' 0 module forces' ((si•),:~(ri-ro. y~)) E EXTo •. (The 
. ' ·- _. . - "'.:;:;:,~f; --;.,··· i< • :: ; 

reason we specifically remove the atream r0 is that it represents a packet. 

streanf 'that is initially 'present but is not generated aa' o~tput by any module.) 

These conditions must hold tor each i indexing :&om~ state in the execution 
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sequence, startiDC from the initial atate witla. 1 •0. 

The reurtb., ~per-w tha& ,abo..W. ·.MN wlthiA - .-cvuaa .-,uance 

is nt!Mr complu. W. W.iaJl,,'° :..-.:....-•Ir".- -.m....-t t'Ut state 

t.ransUiou ~n. rla uacldMm ........ :muit ...- wUh itM ~ llF'tam 

atructure. Each .s"'8 "*" ~18h.- ftll\low fm • 1tf 11 d1•C'ilr •· t.•> iu 

a 111Mner ~t With the Ph)'8:al .,....,..111111' U. J.,...._ .• c•1atl•l1. 

Once a ~cket is •nt out ~ a c:han.ael, i~ ~ ~ be. "uxa..nt" or Called 
'.. . . ' , "' ' . ' '.· . ~· 

from one state to another. ~oreover, SUM» Uae ~ls act • .nro .queues, 
;, . ' ' . 

new packets cannot diaturb the relatiw ~r, of pavi~ -~~~· !J;ull,. for 
' . - - . .. ' - ·~· 

each channel Z, the channel stream zi mut be a ·~~u!~ of .i-.~ for;;all 1. 

This requirement ,also holds separately for th• acknow~ed. . prefi.xes qn . •ch 
' • • "·. > L ) ' ., :· ' ,··.~ • ' ' • < 

. channel, since ack.nowl-ed&ed pacDts canaot ~· ~uaacknowle41*1," ao we 

must also have zi1 as a sublequence of z,..11 for.~,~-, 
. . ~ . . 

It would greatly simplify the technical . 4ev-elopment in the 
• - ' ; • :'-~- . i • _- ' 

following aection if we. could 1tre~then this tour~ cm,i'"tion ~ r~uir' that 
' I • : ' • > •• "" 

zi be a prefix of Zi.i rather than any au~ce. .U it stands uow, we ara 
. ~ ':.; •' ~- ~ ~.:• . ,. . . -

requiring that a meclule can only ,.end ou~ ad.ditioaal paCMts in rqponff · to 
• • •• '. ~~-- •• • _1 .• j' '~ ··~~· 

new input pack.•ts received. Insistin& on a prefix properur would impose • 
. :·; / . '• .' . 

time restriction on the uu~rvals from packet aeau&tiOD to packet traaaii!aion, . . . ~ . ' 

forciug_ packets 'CD 'be •nt out on channels in. the ~t ..aame or4ei: in; WlµCh 
. . - .- C~ I . ' • 

their respec1ive ;,:processe1 of generation were illiuated. 

turns out to be too atronc 1 1Upulat1on. If • .JSl04ule . .,µch ._ M 
. ';" . . 

(figure 4.3 .. 2) receivu from its input channel X fjr8' a pacut ,p _and lU.r a 
' ~· - . ..,-! 
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packet q, it may very well take M lOnger to produce a packet p' in response 

to p than to produce a packet q' in responae to q. 

F1gure 4.3-2: A module M. 

Tbis could occur uturally in applic:atioas such aa. • QMh~lnlJJt .memory or an 

information retrtev.i qstem. tv.. orde,r roz M ~; ••rive the.· benefiu of 

async:hronoua operati9JL, its bellav1Qr ,,nouJ.d b!I ~f'i-4,. nondeterminately so 

tnat either stream <p'.q') or. <q',p') will 'be a .,,,..Jd ~" to ~··input. atream 

<p,q). Fi&ur, 4.3-3 dQi~ ·.the tWt,> conuPQDdi14 ~~a.• 19quena.s, which 

should both . 'be valid. 

state 

0 

1 

2 

3 

x 
opq 

poq 

pqo 

pqo 

(•) 

y 

• 

•P' 

•p'q' 

p'q'. 

atn• 
0 

l 

2 

3 

J( . y 

•P.q • 

P•Q •P' 
;:.1; 

pq· •Q'p' 

pq. q'p'. 
•"·. 

(b) 

F1gure 4.3-3; . Two execution uquencts for M. 

In execution aequellce (a), channel stream y1 • (p') is a prefix of channel 

stream y2 ii (p',q') •.. · However, in sequence (b), the packet q' has cut ahead· of 
' ' 

the ·' paek.et p' by the time state Z occurs. Th1s ia le&al, since the p' packet la 
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only potentially p.zeaent on Y during atate 1. So for aequence (b), Ya • (p') ia 

a subsequence and not a prefix or y2 • (q',p'). ~11 f.:t, there u no way to 

realize the response described by execution sequence (b) if we 1utat that Y1 

be a prefix of y2• We need the generality of the subsequence relation to 

realize "cuttiD& ahead" be~Vi~r of Uiil nature 1a )NlCket qstezu. Th'U.1 we 

cannot stren&then the requirement that each cbaael stream. ia u execnatioll 

sequence be a subsequence or its succeuor. 

W• ·can, on the other hant, ·atMqthen' this' *'1~ Jftpeny to 

use th• prefix rel.Uoa in the ca. of attr.n~ prtthn of ·~ states. 

The ••cutting aheel" bebavtor · a 'cteac:rll*l aboft ·amaat ·· ·OCC\11' wti'iiitt the 

acknowled&ed prefiK .r . a oUnllel ·str..m; ... ·we ·kaow that an ;th• ~ta 

here have akea4)' :laea piw4. Thil ..._:1timf 'k auy eic~oh 194Uace, 

the only way Z;. 1
8 may differ from z,1 11 throqh the'''.an6dha& of lUtWly 

acknowledged packets to the end of Uw stream. Thus 'Zj8 ·cu.aot be Jut any 

subsequence of zi+1
81 it mut Ila a prefix. 

The fifth and final condition thtt all.It_ be . au.tied 'by u execution 
'f" <• 

sequence is thet no chaanel may receive ac:ll.Aowltll&mmi for a packet that 

was never genera'" u Q!Utput to be ant ea .tb&t cbunel •. Thu ii cuaruteed 

by requ1r1n& t~t for eteh i the acknowl~-~ .Z..t~ must be an iaitial 

segment of the previous stream zi on all chanaell Z. 

The ndon or execution 1equence1 that hU been cleveloped here 

models the progress or a computation within a packet qatem, but . there is one 
' .'.· ·.'" :~-- ···~ • ~- ·' ·-~~"· < ' , •• 

final element tut 11 miuin&1 the idea of ultimate result of a co~pu~tion. 

We must identify when a packet qAem. Ont•~• reectiD& to ii.t bQy.t • well 
~ ' : f, , ' ' . , • ' ' 
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as handle the cuu of iD.tlDite iJlputa &4 bltiaite reljoDR1 to finite inputa. 

This will be done by d.evelopiDC the coacepta or 1'11UU ud. compi.&ene•• for 

execution 19quencu. 

For any packet ay1tem, we may deftae • relation PRECEDES on sy.ttem 

states by <Ii, *i1> PRECEDES <81, • 1
1> ttt (81

1 PREFIX 11
1 and 11 SUBSEO 11>· 

Intuitively, iacreami, valu81 with nQICt to PRECEDES md.icate forward 
.~" 

pro&rua or a computation wtthia a PKiwt .,...._ In particular, 

St PRECEDES S2 mu.st hold whenever Q'1tem state II ii rMChable from system 
' ' ; i'IJl': i ' ' 

state St in soiae computation throu&h the procelliDC ot aclclitional PKkets. 

We may o'blerve that PRECEDES ii a traUttive relation. Furthermore, by 

condition (4) abow, an execution 19C1Ueace ii :monotomcally increasi~ with . . ·' . ,.,., .. · .. 

respect to· PRECEDES. An upper bound of an execution sequence, then, 
'•' 

corresponds to a computation that haa prQll'eUeCl at leut u far as all the 
. . :~ :.. .; .' ~ . ..... >' . ' 

states in the sequence, while a leut upper bound in4icatu that no extraneoU.t 
~ .'"<. 

computation ii takin& place •. We define a llllllt of u execution sequence to 
' ; ' • ' ' ·, ~ < <' .:·, • ~ ,· j •' ,;. ~,I •; <"' • > • 

be a leut up~r bound with r91P9Ct to the PRECEDES relation. Thu., a limit 
-·. ~, .:!r_·

1 
r"_ ·~,,,r~ ... /·;· . ·;~;~· 

of an execution aequeace corr81pon41 to a qsiem atate in which all the 

computation specified. by Ql• .-quence ruu to ~Uoa. Thil noUon applies 
; . "· •'" ··' · .. 

to infinite as well u tuute computatiou. We use the notation 
• ~ v 

Ii~ { <$1, a1
1>} • ,.:& ,«•1, 8;1>} to .~~- tthe ,~~ <i.ut. up~r bound) of an 

executioa sequence when it ii well-deflaed. and. unique. 
!- ' 

It may be oblerwd that the PREFIX relation ii a partial order and 

that for uy execution. aqueace {< ... •;•>) the .-. {$i8 } ,is monotonically 

, lncreasin& with rupect to PREFIX ancl always hal a Wliquely clefined. leut 
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upper bouncl, .. a • -~ ·, cti•). Thue fats an ~ bl the next aection. 

However, 1eaat upper bouada are not Jl8CellU1l7 W9ll cleftaecl with respect to 

PRECEDES. We therefore need some a4ditioa'c ··proJlel11ea. to_ be atiafiad by aa 

execution sequnce in orcler to aur-- that u.ita exilt all4 are ·well 

defined. 

Conald.er a qmm state <I, $8 ) in which .. ii a proper prefix of S. 

The nonempty d1ff.8c. alice t - .. ~ ~-t pack.eta that··· have been 
.,, < • •, ~ ', 

generated but not yet acknowJ.ed&e4. SUch a ~ au never represent a _ 

complete computattoa. 11nce it specifies pacJtMa Rill awaitln& procea'D& by 

various internal moclulea. If the qsiem 1a to tunY reapoad to its tD.puts, all 
.. , , 

the pack.eta that haw been &enerated at any UJM duriag a computation must 
::r;_ 

eventually be acuowi....-. We· ihua clefia• aa U8CUUoa ~uenc. {<Si, ti•)) 
-"{ ,.,. 

to be compleCe · if · and only if for MCh J then· exists a J such that . 
,b 

been generated. by the time of· state J will hew been sent out md. 

~ck.nowled&ed. In &eneral, in any state. ($, $1) for Which $. a l 1, there are 
... , .... _. 

no generated pacMis waitin& for proc:eut.:a,a an4 acQowledgment, so the 

system cannot perform aay further acttcms. We prove in the next section 

that . any complete execution llCIU•~. t<•i~ s.•)} , hM a unicu• ~cl well 

defined limit cs., $.1> for Wh1ch ~ • t.1 • Th1I result will 'be lua.own as 

the Limit Exi.tence Theor•.m. Thus th.' .notion or a :._.,titatioD. ruaatnc to 
.. '~ 

completion withm a pack&t system ii always well defined. 

- ' .·.· 
The limit or a com.plate execution aequeue should always represent 

• ·' r 

the state of the system upon com.pleUD& itl ultimate output reQOW to the 
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presented input. For a given input slice, we call such a state a limit state, 

and we say that the slice consisting or the streams for the system output 

channels in a limit state is an ultimate output slice. The presented input slice 

and the ultimate output slice may each be finite or infinite. If either is 

infinite, there will be infinitely many states in a complete execution sequence 

and the limit state will not be one or the states in the sequence. We shall 

adopt the convention that execution sequences will always be infinite. If 

both the presented input and ultimate output slices are finite, then the limit 

state will be an element of the execution sequence, and all succeeding 

elements will be identical to this state. 

There is a class or pathological conditions under which the limit or 

a complete execution sequence rails to represent the system's ultimate output 

response to the presented input. Consider the case or a module M 

(figure 4.3-4), 

Figure 4.3-4: A discontinuous module. 

which outputs the empty stream for finite input but which echoes any 

infinite input stream. The external characteristic relation EXT M is given by 

EXT M ~ ((P*) x CQ•)) and 

((p), (q)) e EXT M <=> (Ip < oo and q=e) or (Ip = ao and q=p). 

In response to input streams Pi of increasing finite length, M will not send 

out any packets at all, and the limit or a complete execution sequence 
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· modeling this behavior "'!111 .,,e,xhibit an --Pt{. ultU.. .outlt';'l ~..-'. CL.· .. But 
- - . 

this disagrees witll M's spectp_e4 noa~~pty .1~ ;tp ~D!inite 1Qu~ .. The 
' " ' I ,' ' .._,... • ' ; -~ .. • "' ' 

problem liel ta ~ w"1' EXTM.~ ~; -~· .. a,v~id. ~ ~~- .1~Ftn& 
that all mod.ul.e.s u.,_ ~ qst,f~ 1M co~~:. whieh 111#11• ~t the 

responses to an ~nutn& ,_.u~. ff_J,apui ,~ ~~ teD4 ,~ an 

appropriate,. well~i~ UJDit. ~;"?!'- ~ ii U.,~· ~ ue ~uteecl 

that. t)le U.it o~, .! ~J>l'" . exec:uttcm Jilll\~. 4ou iJL t.~t ~~b\ ~ture 

the system's ,ul~~ o~~~t ~· . ·' ' ' •., ·.· . 

.... p. 

We Jl01!,'1• lh•-toia.rl cUr~·S.rzth,:-.OU§¥l Qf ~~tion 

sequencu that hM 'be& 4e\Peloped. Firat, we mow .. u ... ~s. 

we give the 4ef1atUon tor the aeaeral cue. Coui4er the ample qstem C;' 

which w.a ~ ill the ~- Sft$tioa aacl la 60WD. here aaain: 

r-•---·-•••••••••~•-••• 
I 
I 

x : y 

l 
I 
I 
t 
I 
I 

0 R : 
c : i _____________________ J 

we have the toUO~ ahuacterizaU0111 , 

Syatem c 
inputs X( 1.nteger) 

~PY~~' ifl~ert 
1nt.rMfs S{tttteger), R(integer) 

~lt&ll19' .. 1- nu•·->:- ,..; .. 
.. , A inputs t; 'l'( avtjnit:I s 

D 1npu• S:r~a.a. Y 
In1t11lly J<O> '· · .,. 



- 79 -

An infinite sequence {<$i, $i1>} in which for each natural number i 

si• • (xi•, 1j8 , rj8, Yi1 ) is an ack.nowled&ed prefix or .i • (Xj, ·i· rj, Yi) will be 

an execution sequence for C if and only if the followiD& five conditions holds 
( 1) {initial state] $o8 • (e,~,E~E), lo '~\'o ·~, c;-'j.~· ~ (0) · . 

(2) .[input sus.P4111slon] x,. • ><o for all 1 . . . 

(3) (consistency] Vi~((xi8• ri1 ), (11))' c W~ ·:~ ((•~~), ,(r~~ro. Yi» ,€ EXT o 
' ' • ~ ,•,. - ~ ·.-:: ~ .,o.; ~- f;:::. . • . • .\ 1' • · .• ~ 4. 

(4) [FIFO] $i1 PREFIX $;.1
1 and $1 SUISEQ $;.1 for all i 

(5) [connection] •;. 1
1 PREFIX ~i (or al~ i .. 

An execution sequence {<St, $;8 >} for .,. ... c.~Ja..CIOllNdete if~ ~d only tr 

V 1 3j: Si SUBSEQ $1
8 • 

Note that although the PREFIX ·ua SUBSEO relations wer-. defined over streams, 
'.' ... :· . < . .::. v·.; \ .. ,:~:..., . ·. -. .:_-_ 

they are being applied. to system sllcas here. 'th~ Uitent is for·· these relations 
to be taken componentwtse over ail';clian~~j· ~~. ·~wh'.rc?ii'"liieans ;;that one 

slice 1a .a :prefix of .. 18GDn61if ,ad only .u.·~ c1•19_.a a».an-.l:•Af'-AD.l' in 

the first slice is a prefix or the matchin& ebPHl~e&m m the;'. iHcCmd ::.slice. 

Subsequences are treated i~ the same way. 

The above formal characterization or execution sequences for the 
·.:; ; ~.f ~ ' ; \, ~ . ;. ' 

system C may be extended to arbitrary paclc.et system.a with no difficulty. 

The formal structural definition for a packet system ii of the &eneral form 

System SYS 
1npt.>.... W( ··-}, ••• , X<-:--~) 
outputs Y(-··), ••• , Z(···) 
internals U(···), ••• , V(···) 

Submodules 
• . ' 

• 
• 

In1t1a11y U<uO>, ••• , V<v,.O>, , Y~O.>, . . . ·• Z<zO> • 

The parenthesized items are channel ]Nleket tfP81• 'asid; may be' arbitrary. (The 

use or consecutive letters ill the alfhdet: ..... k:J'bt ellipses, such as 

"P, ••• , Q" allows an arbitrary number or items ill between, so that for 
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example a aubmoclule M or the system may have any number of input 

channels.) 

The generalized definitions now becomea 

Definition: A sequence {<$;, $1
1>} of system statu for a system SYS whose 

structural desctiptiOJt ia u given above will b9 an execution sequence for SYS 
if and only ir 

(1) [initial state] $o1 = (e, ••• ,e), Uo • uO, ••• , v0 • vO, Yo = yO, ••• , Zo • zO 

(Z) (input 6U1»1Ulon} Vi: Wi • Wo. ••• , X; • >Co 
(3) (coni;ist.ency] For each module M in SYS we have 

\f 1: ((pf8 
.... ,(\~). cr,-ro.······-So» E EXT M 

(4) [FIFO] ~· PREFIX $j. 1
1 ud St~UB~Q $;.1 for all i 

(5) [connecUon] •.,1
1 PREFIX •• for all i. 

Definition: An ai!m1Joll sequence {~ • .t.•>} for,,a qatam SYS ts maaplete if 

and only if V 1 3J : $j SUSKO ,a;•. ., 

We will thus be able to give internal apecifications for any packet ayatem. 

The relations PREFIX and SUBSEO were defined in section 3.2. We 

now proceed to ~ive the basic mathematical properties for these two 

relations and the PR£CE8£S relattou. Thia WW lea4 up to a proof of the Limit 

Existence Theorem, which states that lim1t8 exist and are well-defined for 

complete execution sequences. 

Lemma 1: For any apace Z, the PREFIX Nlation is a partial orderin,g over Z•. 

Proof: The reflexive and traasiti._ properties are dearly satisfied. Now if 

z PREFIX Z' and Z' PREFIX Z, then IZ ~ IZ' and IZ' ~ IZ, so IZ • IZ' • N, which 

means z and Z' have the same domain. But then for 1 ~ N we have 

z[ 1 ] • Z'[ 1 ], wh.k!b means z end Z' coil'lcld.e over' their comman domain. This 

forces z • z• and establ1shes the autisymmetry pro)Hlrty, completillg the proof. 

Definition: A aeqv.eace {Zt) of streams is ~ to ba mo40tone if for. each i, 

Z; PREFIX Zj.I• 
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Lemma 21 Any monotone 11quence {Z;} of IU'MIU hu a unique and well 

deftned leut UpPn' bo'mlcl. 

Proof• Eaeb meam Z; ii a ruacttoa that:'mq \Mt nprled u a set or ·ordered 

pairs of th' form {k, ~k]>. Let Z<·'"''" ~«-.wo.a·.of ell the Z;. 

Then z will be a function, since u.y two onlend pmrs (k, zi[k]> and 

Ck, z1[k]> -~ cbUacide {by mdtiott,Dlclty). ~;ft'; is 'ti.mediately appmnt that 

zEZ• ·.- z ii a ~ .llou.4 for {Zt}:''UlllH.-•fiUt/ ,...._, i will ·be a 

~east upper bound, stJace · any upper ~. f~ {Z;) ~~ con."1111 all t:tae Z; 
· set-theoretically and hence their .. unto~ 'i .. , nBan,-, mdqu.aess follows from 

the ~ry PJOperty ·~-ta l.9mma 1.'. · 

.Lf ... a if' PRE.flX·ifl a, au'"1attait or:~;sa!Q! 

Proof: The insartton runctiola required by the fonDl definition at StlBS£Q is 

simply the ldenUty f'uncUon. 

it is not necessarily antisymmetric! Couitler the two iafinite streams '(0811 )90 

and (ctlll)90
9 .each·~ of ..rlM~-..,. ,_. a4 oaes. · Thue 

streams are distinct, but each is a su~ of the other. Thus, SUBSEQ ta 

not a parUal ordering· relatioa. \ .i 

:;; 
(, 

The relatioas P.REFIX .ad SUISEQ both apply to streams, but the 

IJ!flR,itlon: /.. cha.nneL•~fl for a ~·~ Z ~ a ..... .._, 1' .e ordered 

pair of the form <z,z•> ta Whl~ Z;,~;,• ... c''!......_. of-,pec:U&$,,,and 

;E8 P8~FIX z. 

DetinitJon: :. For two channel' ·afat91 <ti.it•)~' d.\l <t;;1.z;.1•1 "We sq 

(Zj,Zj8 > PRECEDES (Zj.1.Z..1"> It aad·onlf 1t'ij·-!Ulsfij Z..1 and z.;• PREFIX Zj.t·· 

Detinlttoni A sequence {<z1.z.1 >}. of ;c~ ai.ttea ~· Hid to be .lllOll9C9ne if 

and only tf <z;,Z;8> PRECEDES <Z;. 1,z..1
8> for ·an J. 

Definition: A sequence {<Z;.z;8 >} of channel statu is said to be complete If 
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and only if' V 1 3J s.t. z1 SUBSEO zt. 
,. 

It is extremely important to note that the 

. partial o~d.er ~-pt, U.. ~E~; .-..--~ ,.TIP~...,..._ ia.~·~.c:ase 

or the 11WiCJ. ellddif·>•w: <fWlrt°:' CP·wl{l ((4\.,..!' cY," ~ ~ o 
~< " i j ' '":' 

,.. . _ ·i: .: ', J H!" ,., JC·~J:iL .. :5 :; ' ':. ·· "-!,, .. " ·~ 

infi~ite str~,i~,, • dlJtY --~~ ~ :J\ ...... ~W4,·1¥:·;41.t$inct 
. and.,eaoih , ...... uwr ..... ,.1 ................ --

1t1ast upp41» bo'1114s ir0r a ; ~ '.~,.. tl :if1
•· c~~~l ~ '~.' not 

'•./ :' ~ ~--)·~>?-~,( ... _;;_ ~;' ;.~ ,~":. 1:: N~r• 1'f·':~(~! ·~··!""~ ~. : "·, ···:; ··' /'.,!~. :· 

necessarily well defined. IJO~i ......-.".t~A~411UitilD to 

guarantee that th• lwt u~~•!Rlll-:...,.'M•tll ~·:.. 

';.)-;,, 

, Proof: ., S&w· ~ ~ 111' ~ . .cl1rftifa;•tMJJ1e btrnt tfa·{~:WJJ'haW' , 

•. ( 1) . . / :, .· .. ~·J.'1-:J·· ~~:~ ~)f,•'c ; ' ·. • ;r 

Now given any i, by ~ we haft 
(2) 3J• Zt BISIO If":*':-,. , : ·~··· . '· 

But zja .PREFIX Za,, Which by Lem.~ 3 -~ 
. . . • . • . ,,. , . ·:'ifl~, .. iriit.i \ , , .• ;;G,; 
(3')' . '·· ,., ·•. " 'z?' ~· z«; .. 

~ .. SUIAiM •·tnml~;•·*'-•)-~l)tlU .\' 
( 4) Zt SUUEO z.. 

Th• ••biaauoa 0. -.uat-.s\ 01)'1~._.. «•MRI~" Ua,~> u ·····."~per 
bcNM Rr '{<z1.--,,L•ler'•• ,.,._; ~. j ':Z"~' · · d:',r 

In order to ahow thai nus uppei bound 11 In fact a· l~ u.,._r 

bou~. w. ·~· .,..,.sbi ~ t~W' «t1111t"-1~for w~.H: -
(5J W-~;.~ .. ·~ ~·-~.,, , ' ' 

it must be Uw cue that ~.z.> PREC~ .~~,\ _ ~ _,~tioa ( 6) ~'11u 

11 ·sutt~ r' ami ~'••rx z*-.. ~~~~:~~~-~.-~or,' (li~t:·a,~ • 
a prefix ot the UPJIH bouacl 18, I.•. - ,· , . . . 
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(6) Zai PREFIX z1 • 

But since <z,z1 > is a·channel stat•. z .. PREH• :i,, so Zc. M£fIX·z~ which implies 

("I) ZCll S~BSEQ ~. ,' 

The combination of equations (6) and (7) yields the result 

<zai,Zai> PRECEDES <z,z1 >, so we now have established that <zQ),zCD> is a least 

upper bound for <zi,zi8 >. 
The proof . is not yet complete, since the PRECEDES relation is not 

necessarlly antisymmetric and we must ·therefore explichtf' guarantee the 

well-definedness and uniqueness or th~ leaSt ·.uJ,J>ei :bou~d ~~ produced. This 

will follow directly if we show that for. aiy ch~~nel ~t~ <z,za>, whenever 

(ZCD,ZCll) PRECEDES <z.z1 > and <z.z8> PRECEDES. (ZCD~) . t:ii&i{ u. niilst be true that 
z • z8 • Zco. Now Za, PREFIX. %1 PREFIX Zer,." · im •..•. z11 • :.Zm. Also, the 

combination z1 PREFIX z SUBSEQ ~ implies #z1 ~ IZ ~ IZa,, and this "squeeze" 

condition forces lz8 
• n . . But ~ce ,;;•. AAW!C Ii? -.~J>;~Y4h~8' ec z .. l"hus 

z • z8 • Za,, which sets up the required antisymmetry condition and 

•uaraJltees uniq~eness pf. the least upper lip~ . Tl\~ c~mple,~e• .~he proof. 
I · , , ' ·. ·· ..... .. 1 · ·• h 

All of the results utablished here have Me:R• s\ated for individual 

chanaela ia a packet· 1ysa.m. .Huwever, we·. mat apfly· them to 't>he Internal 

behavior ·of an entire system in a rather athdg~rd.· mai.r. As an 

example, a system slice S ls a pre.fix of a •lice $\'.:4f' :.a1ul ·only· if each 

component stream in $ i• a prefix of the cotrespondiJtg . tomPonent stream in 

$'. All properties ot the PREf'tx stream. Jelation ar.a, Just as vaUd t>0r · the 

PREFIX slice relation. Similarly, all· properttu of the -.r.lm·>·rela'tion SOBSEO 

hold for slices. Moreover, all propertid·-« '1le,,J»RECEDE$i telation on ·Channel 

states apply to syatem states. bl partitula'r• the· :f8UoWing · theorem, which we 

can·· the Umit Existence J'heorem, holds: . 

Theorem: If {<$i, Si1 >} is a complete execution sequence for a packet system, 

and lf Seo • IUD {-.•), then lfJP '{<Si,, $;8)} it •Well· d.ttntMl · and 'Uli·ique 
PREF'lX PRECEDES 

and equal to tSco. $.>. 



c :·.:. 

- 84 -

We 1IWW _,. .a -~ ~bUlioA Sm: tM notion of ~tilluity, 

wmcb w _..... ~• c.e ~ ·..-. ~itY ·1'·.& ~:or a 

module's ·•~Ml ~ ~-' .o w. ~ it for biA&ry ni.uon.s 
' ; f ~. 

over .slicea: 

. .. 

ptfiplt/oni A relation"' mi~- ,ii c~mim~'",,~: ~~~ $,~ .:e~f. 
where, the ~ (IJ flf ;~ ~ It JIRff~ ~. ~9~ ;~ t. ,~ll 

' • ' '.' " .:, : ' ' . • ,_ ·' ' ~ ~ •. ~ 4'- .;Ji f : ,;,,(.' ' ... "' '·~ 

($,•'> c.., <•> iJ a~ .(10 ~ . ...-ia~ .. ib&t. 
. ' -'. . - . '· ~ . ! ' ' .· :_. > .;. •• ""'" , • 

(l)_ (l;;I{) c . .., :fw_all Ji .. 
. . ' / -~ . ' t. ~· . _, 

(I} t;' ~ :lt..1' tor Cl~~ 
(I) ·t• ·• ~- (S/) m ~ ~--4~· "' .... 

llaw ·'\Mt ·W. ~, :4efaill -*u~an · ~u.Ac:ea tor ····dy'::,~k•t 

ay,a\em, ,it u--..lt·• ~ •• , ..... .._..i. .. ~~ The isiterul 

:1Pt1C;i£ifraU.•1 1ar ~., .... ~ . ..-- $¥S. . .-. ~"~~ M,.. 1tea .,..._m 
iaput -.~,to ---•H••tPUt ,..._., ~' ..,.· -1); the ~m.'a. "**"n•l 

chtlr~Mi«t.r•.ftln. for~-.~.-- C ~Xll••·-~ diloumq;; we 

•MW IN;'fc Ci.'°">~--~ el .... ,a-.. llPlditlcattom cay kr:(cmDally 

chal'acwmt _. :t~xt.. i<y» .w .. M~ .. ;if 4a4 .~.U J.._. ia • -*•Jlaxec'11tion 

·WI~ {3,. tt'~l '• f; ·'** thtlt:XO·• .JC...,_.~.·~. wlm'e Me al.l.1,J• are 

·4•ftne4 bV-.. • (~-... :f0,i¥.) st·•· . .,. :euD £••r·•.(Jc., ·'-• .r'°, ,~). >~Note 
NlFlX 

tb.i ~ Mt1••• .. -.v-..s.i .a.~ w11f1*d to. ,C ..- ,._t :re, tw1•11•••'· the 

ultimate output )'tel4e4 by C. We-~ ~,,.,_.a .. *ia • u. "arl*s'al'Y 

system by quatlfytq the coaclitlon >eo • x over ,IU .. lnp~t .channels.~ "and 
' - ' . , ' . \ . . ·~ . I ~ " , . ~ ~- ~~ 

qµp"'Yia& ...... ~a..tioa y. • y over ·-all o ..... t ~nell Y. Nette thM \he 

definition of tNT m ii ln effect ,.rameterized by th• aft'uctural ~tit>li of 
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system SYS and by the characteristic relations or the component modules in 

SYS. 

The development of internal specifications for packet systems is no~ 

complete. We have two wa)"s or. formally AetcriM~ Ut.• behavior of a packet 

sy•tem: axtw~, in ter:ms of iw ~ter¥Uon 1$4fita,\he .01"8.id• world, and 

internally, in terms ot U.s struc~r- aad COJllPQ&t• •.. We ~ epply .. this to 

corJ"ec:tne• proofs bf o})servin& that a ,sys~ea $VS 4• 40ffll0tly ·realize4 by its 

internal str.\lC;ture if aJ1d ~!Uy if ua Ce:r;~ o~ rttlation·:iXTsvs 

and its inte~nal chu~eri.lt~ relat~ . .wr. u. ~if· A correa,aen proof 

for a packet system will therefore conlilt or a demoastratioJL that •ach .or 
these two relations is contained in the other. 

Aside from the obvious QPl~n to. s)"st•- :wr~Uoa, ·· t.he ·form.al 

s~ifications we have 4eve:Lope4 for ~t qsteJM.,qa, valu;tble·.Jll ac)Ueving 

a frequently overlooked e>bjec.U• unct.erJt-41D& D -.· ~vtor . of these 

~ystems. Our operaUoDa.1 approac:A J• u .ll04el tbe 4CU'Vib'nWltbia a 1y1tem 

step 'by step. The "dot Doi.tion"; ia'.bles C. execuU01b1JqUtlll... are a useful 

P8da,cogical tool, ai4in& ill a person's c:oacept~i~io"~ ~ whti goes oa in 

packet systems. It is hoped that even with.~ut &*&; thrP\l&h a PrQ(;eaJ or 

formal veriiica~ion, desi&n~;s or upchr~, ~-J'Jaiati. q.stems will 

find the te<.hniq~ 4eV;eloped here to be. ,r .~ Ja ·buiWin.& p.u:lc.et 

sy,tems. 
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m:·tJfUrdllif•'~._._._.. . .,..iUt'ltbD.lwt1~~·Dt04e1· 

to l1-prolllemvof•,,.,UC llllllthfi&I [i51l:.Cd1w:t. ,L•A/1Jlhfi6t~·..-- fs''-.n 

iM41rcaawu. •,comt11 .. ~••u1•. 'iliilf'JtW·MIMa.*·~·tbriralty··atnti"1>:r 

it& iDtWaali·•JlflilQl!Rlll•• 'lil.di·c·,---,~···-·.et tftf-WO .. ~a. 
givin .. 1.a:ot alflUatlAJlfUdf...._ .. ,~~'Of··~~ ~e, 

u t~aoawat W"tls• ;a_.. al~ iJl.._..:,111:!tfl·fratfli :atid 11~"'.C,:«· ex~al 

To. Pl'Oft oornctaw of a ~· q1iai· Svs, 0- mut ·~ow that 

· its· 'exurall< ............ WllatlbJl;·~-..i.ftt,..,..iai; 't:tiaacmttatic r~tl.on 

fN.-l'ws~··~ .,,.,,~ ~ MjatltiiF·ftltO "Me i~l'}~y" -the 

incluamnai.;IN1'9*~·.M'•a.W9, llfF9 -~~**titduaicnr'·~ tllat 

.·all Q9UilllP-'M1*tL;1a" ....... :: ..... ~---~Mii:IW·"~aDj;''';"?hia 

wtu • ,_._._fllla•nte·*-·,. _..~·a11i'iiit1oa'MrillliilCe Lfor'fPS, 

thw'illKW """*".-..:.-1
• \11**9' tllidt ........ --~ --~'by 

. EXft¥s~ , w ... 1; ...... ~··iitui-* dti-ta.J··waor. ?lfiaci. ·tt Vvtiriu 

Ulat com_. ...... "'~ .a111"~hi~:;;ror·'th··~ln. 
·TM QIMl~-'hllhtMiifi•· ... -~the' Ill ·~· ~: b)r· ''1le· ~'1'~ 

spectficattou niq. ·'be· nalillMI b)' m:me complete u.u.Uon sequence. ···~··ts 

called the qm-.u pctioa of ill• proof, lbM:e- it iavolvu coutruction of an 

appropdaia excuUoa ....__. to realiae eKh · iutaace of avaiem behavior. 
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The simplest example we can give of a correctness proof is for a 

system ID composed from two copies Nl and 'N2 ~f the negaiion module N 

described in section 3.3. The structure of this system is shown in 

figure 5.1-1. 

·-----------------------, I 
I 

)( : y 
I Nl N2 
I .. 1 
1 · I 

: IO : 
·-------------------~---4 

z 
Sy~~?.IO 

inpclts' JC( boo 1 ean) 
outputs Z(boolean) 
internals, Y(boolean) 

; sobai,du'ies · · · 
Nl inputs X; outputs Y 
ttl tnputs' "t; outputs z 

In1t1allx empty 
i''' 

Figure 5 .1-1 : A s imp 1 a sys.tu ID to b.e proved c:on-ec.t. 
. ' ' ~ . ,_ 

The behavior of 10 is trivials any boOlean .packet v.iue. ~omin,g in ,on channel 
~ -, ~ ,· ~ > - - ' • - ' ' • 

X is twice neg;lted, thus remai1>.1ng um;haJl4ecl.. ~--, tuth~ ·Nl and N2 

preserve stream ordering and sin~ thei; cll'ftn•rs are 'an FIFO, the system 10 

sends out on Z the identical stream received on X. So to demonstrate the 
" ,.'· 

correctness of ID, we will have to .show that its internal characteristic 

relation INT ID matches the external characteristic relation EXT10 ~ ((X•) x CZ•)) 

given by 

((x), (Z)) E EXT10 <•> z = x. 

For the com}>O,llent module,J .. N.1. and M2, :the ·,atem,al1aaucteristic relations 

EXT NI s; ((X•) x CY•)) and iXT Ni Q e<Y•) x ~))•• .. _.•,\'by 

((><), (y)) e EXT N 1 <•> #y • Ix and y[ 1 J • not(x[ 1 J) V 1 ~ #y 

and ((y}, (z)) e EXT NZ <=> lz • ly aad z[ i] = not(y[ i ]) V1 ~ #z. 

Note that all three channel spaces X, Y and Z are equal to the set 

{true~ false) of boolean values. 
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We ·~ fHJIWly .i.u. the ~ ~D1 f~ the given 

realization of .- ID. The 4efiai:t1on of the rel~ .. '!fTID ii iacor~r&ted 
• .f •' ,' _,·', • '.'···· ' • ' 

in to the followiq aatament. 

Theorem: ((X), (~) c EXTm <•> ((><), (z)) • INT IO 

<•> 3 a complete execution aequence {<S;. ti•>} for ID such that x0 • x and 

Zm • z, where >Co ad ~ an 4efiae4 "7 lo • (x0, y0, Zo) and 

Sm •~."(ti->·• (><_, y,.,, ~). 

We recall the 44tfialtiou of execution aequ•ce u4 oompleteu11, stating them 

fo:r o,ur part~ .,.aem ID: A sequence of the fora (<Si, $i4>} in· which for 

each i Sia • (xi•~ Yi•, Zi1 ) is a prefix of $i • (xi, Yi• Zt) Will be u execution 

sequence for ID if ad. rm11 if the fo~" nw·· coaltUom hoid: 

( 1) [ iniUal Mate] lo1 • (c,E:,E), Yo • Zo • E 

(Z) [J'n,,m aaJtH•/oa] '>ci • Xe. for all 1 .. ~. ·. 
(3) [coaa.taaurJ cex.-•l. ·(y;n 4! ~. at:· ((y;•}t (zt)) .-ecr N2 tar all f 
(4) {FIF()} <I;. •••> Pll£CE~· <St.l't -.,~Lr• .U i 
( 5) [ connecUaza} .i+, • NEF.IX .i. f~ . all 1 . . . 

r-
An execution aeqMACe {<ti, si•>} for IC 11 com.»lete if and only if 

'ti i 3J s.t. Si suuEQ. '11 • Note that whenever this is true, the Liqµt Exiatence 
~ . . . 
·' 

Theorem guuateel tbat we will also have ,_:
1 

{<$;. Si1 >} • <Sm a, $"'a>, 

where Sm • IUD (St•}. 
Nr'ttc 

TA• a11t1a1at of tae .correetn• tbeOrem · for the system ID is now 

complete, o4 we _.. ..-,.. 1D · "'1•· cle'VtaloJlJlil~-:.'1'90f. 
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6.2. Proof' f'or the system m 

We must show that ~or ~~ syst~~ 10 .. ~~,1,1't~nal relation EXT ID 

and the intez:ul relation. tNl'e- coi1lc14a. ·Tile ·'eouittellaY portioD of the pr0of 

in Vol v'es showing that INTIO ~ . EXT IOt whicK1 
·.• m~'; ~~t rQ? any C()mplete 

•• ' >V"· •• ~-- •• ; .-' "~ .:Jl'.<tlJ __ ,·· ~: 

execution sequence for. ID .. the: Uii~ !JlP~:,~ ~.;,~4h-'lll~· out}?\l\ Zcv 

satisfy the characteristic relation EXT ID• Ia provi~ thia, we need to _e$tabUsh 
' ••• _~ ... ' ~·~, • • ;; .;:-;,. • • ~ < 

a particular property that will be an import,ant ingredient in ~11 our 
'-~· ;:) . ., _,,. ,,, ·:!· . 

correct:Q.,sa proor.. Thia pro~ty_.. whiC!l ltf~, &M»r ~~~-'Limit Size· Lemma, 

aoncems the size ot··channel -sequeates'··tn 'a lt*lit Mt for a syltem. 
~-'.~ !:..-~ ~;(,·, .. ~· -~;;·_::-, 

Essentially, it asserts that the size of each channel strum in the limit state of 

an exec.ution sequiHlc• it th Hmit at thtl' atiia ot·'-'thei'itr~~ tor 'that channel 

as oae proceed& ·thro~ t·lae · itatei · m the W.CUUOh ~uen~ Not~· that this 

property is not limited to the partlculat-· ~ ID! bUl 'rat:tter bold's for any 

sysiem we Will wish to prow aorrect. · '1'hi Limft· stz8 ~laa ts · ~ · by 

using the least upper bound property of ~ Um.U ,t~t· to ~bJ.isl\ thf least 
• '. . ... . ·'> ' • ~ .,.. ' ' 

upper bound property fer th• seq)lellct 'silea. ',, . 
·. .. \ ,"•):f• 

Lemma: In a" complvt4f monotone sequence {<zi• ·zi8 )} of channel states for a 

pac:k.et syate~, if zCD • . suo {1i8}, then Iii.,: • a.p (Mi~ •('8U,,>{#ziil). 
PllEF'lX . 

Proof: ' The sequence {#Zi1 } ls a nondecreasing sequence of natural numbers 

and must either be eventually constant or else increase without bound. In 

the first ca .. e, there exists a J such that, Vk,?,J/''~ 1 = 1i1i~ :'. whtch implies 

lz1
1 = SU? {#zi8). Now for any k>j, tlie ,.,,~o~bi~a~~n:, · 1; a • 1zia and 

Z;a PREFIX Zic a forces z1
1 • Zic 1 • Thus Zm • sup {Zi1 } = z a and 

PREF'lx · .· ; 1 

IZcv = #z;8 = sup {#zi8 }. 

In the second case, sup {#zi8 ) = "°· We claim #z(IJ = ao. If this is 
false, then 3N: 1Z00 • N. But then (Vi: z.8 PREFIX,. Z(IJ) implies 

(Vi: lzi1 ~ #Zm = N), which would make N an upper bound for {1Zi8
}, 
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contradicting sup {lz!} • •. Thus 'Zoo • •, • l'4) {1%;8 }. . 
~! (!1--.i,~_,_ ~ ~ 

Now 'by the Limit Exiatellce Theorem, we have 

<zw. z~,) • PR~~n5<zi_•. Zj
1

>},. w~~~h ~J)li·; '1~: ~: ~·> Pll~CEDES; <1c..z(O>. In 
patticular, W'h: Z(SOlSIO ~. ·so 'ti: -~ ~ ~. whiCh :make1 IZ°' an upper 

.~I\A· .fQr,. ~ .a.1 )Ilk;;&;.' -•FI~ii'·lllllllli•,rt1.on•·s .411rt •. ,., an)' upper 

bound for {I~} ~ua~ be, &Jl. u~. ~undr.J4f {~~ 84 m~t .\Q~ef~· ~ po 
less than the l...e "'aner'"'bowui IZ.;,. Thia· ma1'M 1z. a ·i.Ut upper bound ror 
{-.) as.wtti:·•'for-'~. W'hidl,..,~ tY.r·,taor:·' " , 

Corollary: ;If k<• aBd k ~ -.'.·then. tlle~ ~· ~ i rw:h t~t ~· ~ k. 
- .. . ·-~ ~. '!,. .x;:~. ~ .· ~:··,- '~,, ? r .·.:~ ·: 

Proof: Suppoa that for ·all i · we had 11,• < k. Thil would imply 

w·h ·•~· S k•l, WMcll·...,"k'*t auUiPefi~ ''Wt {~; · lint by the 

. L~it Si~.~. ' ~ ~•·:;~' !iiPN•;, ... • 'Mt'! Jmlllt· have 
IZm ~ k-1 < k, which coava4ict1 the hypoth..,,. tor ttaite Jc. 

" ,• '· j .'. i. :;: ·. -~ ··f' ~-~.;"'!! ·~-'J .·_, ·"· 

.No• ~ .. we:.~ ,Jtl~ Ua.41·JM11,.:t .,_,,_..,.,.__,:.:PZOOf fer 

syste1D. IQ .... if aw,.~, :W• .~,.-pi. ~UM .W., a,·UU. __, · . ..i •. au 
~- ... ;.,_ . . . - ;• . . . ~ ·' ' . . ~ 

Co.nsf%'~f1'fN .~I lt~>·w~ .. ~ ··~• ... .-i\Wll,.,aegwuu1~·.aa-. i& Ula 
statement or the cor~ theorem for ID, we aut lbow .t~t 11 x. • ~,and 
·z '• :tCD, thn' ((>t'), 'Cz)}i·txr··· hla Ia trU ·u·iaa4~'~1it~:z·. r,;c~· l.~. . . 

#z • IX 1114&1£~ ):lflJC{'[t}. Wt-'~*;·:.: 

so we muat ve~iff.both .. a;;';'-'.'.IJ'O~f,.~;~:.~:~~ Qf z.,, 

We first~,,,~_. ._iDP11&·•'10U•t1a ---~'.'Gf·aa.~•xecattft. ~tie. 
,,,·',ft' . 

x, • .><q • x r~ ~ ''·: ao we ·~~·:~'P .~v, ~ ~.f! \ i..:~1''?UWr '~· • *· 
But ihen we hfve r1., . 

IZ~ ·. • SuPt~ (I.$) 

.• ~,,;,. ~r:~~> 
• #.'(,,,, . (.t.&Q 

•': ·'. ,,~·, 

;'.,b 

• &Up{'¥.} (UL) 

• IUP{Mi8 } · (by EXTNa> 
• ,x_; (1.aj· . , . 

• Ix, 

·-·--·---·--~--~----------
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which estolishes the duired size propeny, 

The •lement condition .)i•'Jequally easy. 'For any natural :number 

k ~. #Z, l>Y the C:Qrollary tq,LS, Wt) p~y1 ~1: #,Zia ,~'--"··fi~i>:we have 
' . ~ .. ' . 

Z[ k ] • Z00[ k ) 

·. ;..·· •'Zi8[k] (since Z;1 PRE'FlX 'Za;.> 

• Z;[kJ . ~-~ Paff,IX:Z;} 

• not(yi8[k]) (by EXTN~) .. 

. . • not(y;[ k 1) 'csince Y;1. 
0

PREFIX Yi)' 

•. , not(not0<1'C k ])}" (,,,. £KT th> 
• notcn°'tcxr klJ) . Cstu~ Xt,1, .PREf~~ .~)· 
• X[k], 

.. '" This is the required eiement condition, and the couiatency portion or the 

proof is now complete. 

The abov. canstatency prooff'imq afftar ·''° be' ralatt:wty 'intricate for 

· such a· triv1al system al 10,. but it re~i~ t:n·t~·'"Ai1 >w. '~eaiiY )l.acl: to· do ~as 
,. . . : .. . 

set up two simple chains. ot; .. , equali,ty. -~~:,t.f~ ~he ,;~tefJMlJ; :~ paUls. and 

applied the behavioral. propettiu or the· *6~'6nent 'me4u1es;· Fot noncyclic 

systems, this presents no real difficulties .. 
' ' ~· 

The synthesis Portic>n or the· eorrectness proof for 10 involves 

showing that EXT ID ' INT ID• For each &tven input stream >< and each 

corresponding output stream z, we need 10 '~ct &it t.x.tutton "sequence for 
• , . J ~ .. , . ; t-- ;· .•. r ~ -· '· .. 

10 to realize the appropriate system behavior. 'Fhl!•· pv•n •!>; .. ms x an_d z for 
~ .- •• • • c 

which, ((x), (z)} c ~T .. we a~i ·HlliH. ~ Jat9l'IWll •hmor Of1 'IB by a 

matching execution sequence $o, .. ;,sj;.;.' in •'hici>. : .&.ch system ·state S; is a 
,'•' '_._ ·.:·"·· . . • \ \. .;,l~-~"'"'-f o,\.!l :'-,.:. . 

3•tuple (X;, Y;. ·z;) or dotted cha1tnel SQtes.' ~(Tlie dot,· as we men;tioned ea~lier, 
. ~ . .. '\ 1} - {· " . .- • ' ~ - ' • 

separates the ac~owledged prefi~: from the rut or ~ ct;)~~l ...,.~.) · 



- 92 -

Our strategy is to produce a general order in which the component 

modules absorb and process packets. The order we choose for these actions in 

the system ID is as follows: ( 1) Module Nl receives a packet p from channel 

X and generates its negation not(p) for output on Y; (2) Module N2 receives 

the not(p) packet from Y and generates a packet with value not(not(p)) • p for 

output on Z; (3) The outside world receives and acknowledges the p packet 

from Z. This sequence of actions is repeated once for each packet in the 

presented input stream X. Thus the execution sequence we shall generate for 

the given streams x and z will be cyclic of period three. 

Synthesis proof: Given streams x and z for which {(x), (z)) e EXT10, we note 

that this means z = x. Let k•IX (note that k may be infinite). ·• ·i let y be 

the unique stream of size k for which each element is given by 

y[ i J = not(x[ i ]). 

For each natural number i starting from zero, define 

(0) $3, = (X(l:i]•X(i+l:k], y(l:i]•, Z(l:i]•). 

This formula gives every third state in the execution sequence. For i=O, 1t 

reduces to the case of the initial system state 

$0 = (•X, •, •), 

since the stream segments indexed by the expression [ 1 : i ] • [ 1 : O] are all 

empty. 

For each natural number i starting from one, define 

(1) $3i-2 = (X[l:i]•X[i+l:k], y[l:i·l]•Y[i], Z[l:i-1]·) and 

(2) $Ji-I= (X[l:i]•X[1+l:k], y[l:i]•, Z[l:i·l]•Z(i]). 

These two formulas give all the system states whose indices are respectively 

one more and two more than the multiples of three. 

Together, the formulas (0), (1) and (2) define an infinite sequence of system 

states $ 0 , ... ,$1,... which may be verified in an extremely tedious and extremely 

straightforward manner to in fact be a complete execution sequence for the 

system ID. We will not go into the details here, since the remainder of the 

proof is neither interesting nor illuminating. We shall, however, make some 
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". : . : 'y.·~ • • < ,., } < ;- -:.- «' ". :. 't ... ' 

· ·commen.ta about the· execution sequence we juat constructed . 
.:. . . . : ~- :~ 

First, we make some observations about the states. In the t-th s~ate 
1.~ {, :{ i . ..;i. , ._);::~: f ·.1_ .: ~··." . ,"' 

given by formula ( 1), the i•th packet X[ i] in the input stream X nas just 

been absorbed. by module Nl, and its negation is seen as a newly-generated 

(but not ·)'et· ac'knowlWged) ~er·bh'chbnei;''f, de~o1'4.by: th~ "•Y[iJ". In 

the c:Orte$lf084iq ·-·c1-dil ftat9 gtftn ·by (2)~:;tbli' pacbt1ila. ·,'bee1n. r~eived and 

'.acknowla&ged· by :ft2, ant·O:'N2 ·.b:iU 'inetitad iii '·a.W'-'~k.et Wtth ~alue Z[ 1 ]. 

Thu· '81Ate ia fol10wat ·l)y the'"''f.;.th stl\e ·iJ.~n'·'\br 1 (&}',"· which rerl~ts the 
. !'1 

If the size Jc. of the input stream x is finite, then the abQve 
.·• • . .. ' ,., . ; ·.61 ~'ii)}\; " . ,.ifii .. '• 

sequence of system stated Will repeat encllusly after s_. All atates from . this 
·~ _ . ...,. • . · /. ~ -~ t ._ · , . : 'rt. ,:t.;.:;~·~:-.""(l.:T.·;J :_;·-~, ~~-~ 1.i, · · "' 

:Point on will be identical, namely 
·; .' •) 

.•. 

(*) (X•, Y·. Z.•>. 

In this terminal state, all the in•'.' ~ti:) '8• ~;; p;c;ousect and;: a 

complete response has been passed to the outai4• :world. Since the sequence of 
. . . .. ;.·~ ·,'. .. ~~.... . ,· f:'"'?>~,; ~~>:~;~;~i 6t~~ ·--~; "-

.·states is eventually constant in this case, the limit · 11 precisely this repeating 
• l, 1~.b -•ii..: ,:·i·:·.(t .. ,y· .. 

terminal state. In the Ca.e or an infinite input atr.am x, the states in the 
, 1 ~ .• : .' -:·: .: •. ~, • : • u.. ,,:·.l~~;~::..r~:.,.'~i~·;·~:·t.~*; t . 

lnflhlte sequence are all distinct, and the terminal atate given by (*) above is 
f 0 ~ " ~·~ :~: ··: ;.J . ' .,; ;\ ~} .. ,. 

'the: limit e\·en thoqh lt doe1 not actually occur Within. the_ Hquence. In 

either case, we note th~t the ~utput st;~m z"~n ~ ·~~n~~~~ t~ the in!>ut 
~ .:· ;·/;).fiS~ IT~:'. ; l"' ~'- 1·""· ,.t, ··. . , 

stream >< •Y the hyp0thuia ((x); (Z)) E EXT ID· 

The exec~~ion 19quences, . ~l.'~~:; .... ~Y ''.~4'- PDt~~_,dpi:qof do JiOt 

exhaust. all possible sequences for the system lD.; .. l\~wev~. ·tht¥. are suffk:i~nt 
,- ·. , . • • '·." ·.' '. • •. -:. • 'i.. J)t:' ! ~--'" -::. ' '" :"'t • " · .. , ...... '.,'' < 

to realize all legal 'be~viars for. Ip given. b~.J>s!i)~,. 
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011e triVial o'bMrvaUon D.C?W ~IQ.plet91 i~e,.$9ri:~tness ,J~f Ioi our 
. . ., ~· . . 

realization of sy1tem JD. Since all three channela X, Y and Z. accept only 
··I, ~ 

boolean-valued pac1utts, there is obvioualy no confiict between. packet type 
.. ,., f"' : ~~ .~.r:, 

r'estrictions. 

The proof given 1'ere Dl.f;l( . ..._.),~1: ~' ~,.A:f;UcMl le&ical ~nd 
~. ~ I • ~ . ,. '<- .._ ~: - ~ ' ' • 

mathematical ~&um,ents are w1et .,.4.1~~ttq~war"'~·1.1T~, ~ waere we 
'· •• .' • 'lr • ': , • ~ 

took the funcUonal compoaitio• o( ... U\e :l~ .:~ .w~n.1 .. ·le,;J.Vieldi-,ihe 
~ ; f. ~'- ; -:. . ~ • • . •• -

identity relation w.- .in the r~~ .si,1 o~. ~J·~~,;.,IC!litU~ of:·.ov.r .,_.rtQOf, 
' ; ,· } "f ~ • 1< ' ~ ~ • .c ,_·:"" • : • ' ~ • 

when we u.sed the pro~r~y .not(not<xt ~) .. ,,xE k]. .:, ptMr: w•:..,··· wiUMut 

cyclic data dependencies in their interul structure are proved in similar 

fashion. to satisfy the 'approprtate compcJlition or th• external characteristic 
,;;~.L ·:::~ .. ,-· ::- ··:..,,::. f':··· -

'- ~ '. ~> 1 '· l, • - ·~ 0-1 

relations of their component mo4ulu. 

correctness !or a system with cyclic structure. 

One or the sample packet systems we ·have already wor~~ wtth. the 
~ _, ;: " - ··'. ,- ) .. ·:· ' f'~{~,i,-1.q':,: '/' :' . •' ........ }' 

• • > < , • ~ 

system C comp()B9d from the adder mo4'1le A and the d'5tril>ute mpdu~e .Q,, . ~ 
. . . ·; .. ,:. ·:,!' . . . ·<'.·l'.1 '•'L .;. · · . · · ·· 

a cyclic inwrconnectioa structure. .. I:a. ;~i'.·t~f~•Jll;c.- s~own ~4Yh i~n 
\.' -~ 

figure 5.3-1, channels S alld R rorm a directed cycle. Wf! shall prove, ~e 
' ·: . _: ~ -~ ~.£ 

correctness of system C in this section. It is not :hard to give ~n informal 
', ~ .- -~ ,:'1 , ! £-~-. . 

characterization of the system behavior. Initially, mo4ule A pairs \lP the first ... . ~ ) . _·: ' ·. - ·':~ .. -~ '' '" .· . "• ''< t"'! . -~.\ "''.} ·;·~ 

packet value in,ut from X with the zero packet on channel R. sending out 

the sum· tO"-bath ·y an4 R'by way or module 0. This sum,'o~ce p~ed around 

through R baelt into' A, iS added to the next packet tnput ·,to A from >l: and 

the new sum is cycled aro\l'Ad i&ain on channe1s.:S ~d R. 
.L . 

In t.his way, we 
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r---------------------• I 
I 

x : 
I 
I 
I 
I 
I 

' I 
I 0 R 

y 
System C 

in~uts X(integer) 
ou~put5-· Yt~t1J,teot;tr) 
internals· 5(1nt6ger), R( integer) 

SublMJdufes ' · ;f,;.,,, ·· 

: C t 

A inp,~~s J~ R; qu.tputs S 
D inputs 5; $¥1~puts R, Y 

IntttaH)'·R<'91 · .. ' ~. ·· l _____________________ J 

Figure 5.3•1: The cyc11c·packet·sya.tea C 

can see that module A computes a sequence or cumulative sums or packets 

taken froin the system input stream X. Thus tlle 'behavior or C is to send out 
'' T • .-. ' 

on Y a stream or cumulative sums or packets talteJl ln 9n X. We wish to 
' ' 

prove that this is indeed the case; to do thia, we shall malte use or the 

tormal Specification techniques that have be& developlct here. 

We have previously given the exteraal charac~rist.ic relations 
. . . : : :: ) n"·'· .. ". 

EXT A ~ ((X• x R•) x CS•)) and EXT 0 ' ((S•) x <R• x Y•)). for aaodules A and D. 
• " , - ~~·. j. 5:. f ·,: - . 

The relation EXT 0 is defined by 

((a), (r ,y)) e EXT 0 <•> r • y • 1, 

and EXT A is defined by . 

((x,r), (s)) e EXTA <•> Is •min(#><, Ir) and •CU • ><[1]"+ r[fJ Vt S Is. 
• ·, . : -f~,' 

The exteraal apecificaUou for the qat1ua C ee ·*-Uaal to ~those for the 

cumulative addfll' modW. C ·described in CbapteJ a. TJa1extaDM11 characteristic 

relation EXT c ~ ((X•) x (Y•)) is defined by 
,, , .. 
il1'' 

l. ,·· . 

((><), (y)) E: ~c <=> ly = IX aa• y[i.l ~ •b ~[Jl Vi :S ly.' ... ' 

In proving the correctness of system C, we must show that the system's 

internal characteristic relation INT c is prectsely equal to EXT C· The following 
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correctness theorem for C iac~alel the detinit~·of Mc. 

T heoremL ((X), <Y'lt~ 'e><'f C (•) ((x), (y)) E Wf c 

<•> 3 a. conil>19te' e~uUoa .~ {<", ei1>} fctr C •Uch that "° • x 'and 

Ym • Y• ·"_..re- >ff -..a :y._ are Wiatld bf lo ~ [Xo. a0:'ro. y~) ad 
. • ... :'1.c..; ... ·: : . · 

Sm • SUI) {$1 } 9' ~' ... '•• y.,). 
,ltEF}ll · 

Execution sequeu:. r.:· qs·aa · C W9'8 fcdJaall7' Mf'lR&: i• Section 4.4. We 

reiterate here that i:a an executioa llqUellce «••· t.1>} for C, each system 
'-· .,,:~ ·. '.·/;,.·.:~ ' v-,,;----· .. ~-'<_;~;.{:~_~,.'.~; .. ~,\ ,,~ • '' ~.~1.!/j~ .! .. .,.·' 

·· slice $i has the form Si • (Xi, •i• ri, Yi), aa4 aach .UO-wled,&ed prefix Si has 
~o·'·l :.• • ',j ,• • ;- \ i • "•, -•'• :~1. -·~~ < ·"•< ",<•J ;:J 1 ~ .... ~· ; ~J,,;,}!:~ 

the form si• • (>eia~' ... , ri'• Yi1). · We an aow' ~,.- tO d~velOp th• correctneu 

pr~r tor -,,..,.m -C. 

There are t':"° .1,m~u w~ _, ~U i:eq~ir4J. t,ha~ ff~{_,_!{ith -~~~~ 
.. ; :'. . .' ' : . ,., . ~ ,· ' ~~ - . _ .. ' '. j, . .J .. •' .. ·-? ~ 

preservation of a certain kind of ·chaaael aiate rW&Ucm1hip u aa execution 

seq~•nce tor th~ -~~•m 'e~~ :tak~ to it'; limtt'.''' ~~.- 1 -i~- a ~ic property 
. "' ~ ,' ' . • ' .'... ,; • 1>.: ~ '· >, ; -~ '\• ~ , j 1 L ) :!' '.~ t ~ • • t. ,. ; ; .. : • ~· t 

or least up,_r boua41 · or iequeaces ot nat\iral aum1-1. Lemma Z, which we 
~ • _ ~'<-"\ ~ f ·~ .. : t ! •": r ~~ , . . ~ ~, 

call the Miniau1a Limit Lenuu, allows u to clraw a st&nlficat conclusion 
·~ • /' • > • • •••• ,_ .' .' ~.r ·.,'; f ,l';·-s 

about the lize of certain ehanul sttelm.s ia ·tie limit stat• ot an execution 

sequence. 
t ~ '.51 ~ ·,~ \ • ~: ·t ... r:· 

Lemma 1: Ir- {~}- aa4 {Mi} an nondecnuin& 19queacu · ot natural ·numbers 

amt,k, 1~ 11f.·for-~;1;~4 ir·k·• ltlP(~' _. -~~. ,fli*sl ~ •~ ' " 

Pre!fi For NCIFt ·wwf •• ,,. kt•$1.'llf ~ ., ' ... , ... i. ~ -IK>dd-:rot '{ljl 04 

is the ref ore no lea than the leut u.pper .~ ,~· ! , ,. -... , _ , , : 

Lemma 2r If {~}, {llJ ud {ni} are aoa4ec:rea1iq sequences of natural 

number1 lw:h the\ ;~ ~..oin(,-,J for di l, ::-.a-i •if.J :Jt.~ iup;{k;), · « ·• aup{m.}. 

n • tup{ni}• th•• k • ~(m,n). 
; :; 
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Pr99l1 .'tf1: ki ~ lllj, ao by Lemma t, k :s; m.--. Similarly, it·~ n, so k :s; min{m,n). 
We now show that strict inequality leads to ··a'1c:Olltridfotton. rr· we ·had 

k < min(m,n) then k < .m and k.< n, so 311: k < m; 1 Jot~:Wise k ~mi for each i 

would imply k ~Ill) and 3i2: k < ni2• Now for i • max(il,i2) w,e .have 

k < "\a ~ m, and k < niz :s; n;, so k < min(m.,n;) • kj ~ k. The result k < k is a 

contradiction, which rorcel k • min(m,n). 

. . . 

We now proceed with the ma•~ ~Y qr.~ correctn&Si$ proof for C . 
• i.. "· .. ~ ' '~ . . .. 

Consistency proof: In this part or the proqf, ~ ;W)ill UM Ule abbreviation 

LSL to denote use or the Limit Size ~--•·,,.If, lft are ii!Ven a complete 

execution sequence as in the statemeat· 9f.' t~: Th~, Mfe-: ~ust show that if 

>< • ><0 and y • ya)• then ((x), .(y)) c EXTt• tll~• is tt~~ if ~ad .only if 
i . 

ly •IX and y[1] • l::><[J]~·f-~''fy, 
~l:. ; ~. : -::\ 

so we shall verify both a size property apd an ~.~t picwer~ of Ym· By 
.r-, ,;,.,· ; : ., ·, ··.,,..,, r ·-" · 

the input suspensi~n property . of an eX~lJ.~+on, S8CjUenc;p, ~i' ~ Xo •, )( Jor all I, 
- ,· •, . ' ·, .. · ._- •: "\..' 

so we must also have ><m • ><. In particu).a,r, l><co • Ix. Now we have 

lytD • sup{lyi} C~L) 

• sup{#sia} c'by EXT0) 

• Ism (LSL) 

• sup{ls;} (LSL) 

• sup{rnin<1x.1, 1r,•n {~y a<TAl.; .,,, 
• min(sup{lx;1 }, aup{lri8}) (by the Minimum Limit LeD\Jlla). 

• min(#><ce, Ir m> (LSL). 
'( 

If l><m ~ Ir w• then we have: . ly~ • Ix. • IX, which' is the desired size 

· property .. · Otherwia, (•) Ir m ~ #>Cm~' (aad: W. h9ve 

IYm = #rm 

= sup{#ri} (LSl.) 

= sup{1+1S;1 } (~y EXTo> 
• 1 + sup{l•i8 ) 

• 1 + ISCD (LSL) 

• 1 + tnin(#Xiv• #rm) (frolJl the. Pl8\ri9~'; 1Ch•in O!. ~Uill~tie~!) 
= 1 +#rm (by(*)), 

which can only be the case it ly m • Ir f/O • «i. .. · But '(*}'' yUJlds ~ • Ir m S 1><11>1 
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so IXm a ~· Thia ~,..;~~, jy«l,a #Xu, " t09 Which .: .. ~elds· the 4esill!ld.·· size 

proi>erty .in this ~- iaa w.ell. 

· The element 7c:Ondttion is· :stralghtforward to establish. ·We· need to . .. ,. l . 

show that 
IC 

Ym( kl = L Xo[J], ,Yk S .,y.,r 
i•I 

Now for any k ~ #y00 , the corollary to LSL implies 3i: k ~ lyia• Since 

y,a. PREFIX Ym an4 Yi. P'RE'FtX Yi• we have' Y~fkJ = y;l{i) • Y;[ k]. 

We can now work. with the particular system state illdexed by i. We have: 

Yi[ k] • •i a{ kl : · '('by '00 ol · c.t • ' , 

• sj{k) (since s;• PREfIX sf) 

= ~-Ckl• r;ptikl . C'Y BCTr.l 
• ><Jkl + r;fkJ Csidee r;•·· Pft£F'IX r,) 
= xi(k] + .Cotsi1 M:kl · (bf EXTo>\. , . " 
= xJ:kl + (O~i)[k) (by' EXT o> 

• ·· x(jr k J ... ~ cv.Y;.>r k 1 · <since ><o•><i>· 
; • . . ... .. . ' . .• . . • . ... .. :~. ; . . ' ·1 • .. ·• 

Thus we have y1[·k] 111 >Co[kl' + (0@9i)t:i], ·which "yieldl the pair· or equalities 
( 1) . '· .. ~ yJ:l] =~ti i ~d. •' . . . . "..;.' 

(2) ~k>l: Y;(k] • Xo[k] + y,tk;~rj. 
We now claim by induction that for all k !: ''iti, · ;-i .l 

~ . "" 
Yi[ kl • L; Xo[ J ]. "' 

i-1 

The basis step is precisely equatioa ('1) alteve, ;_ a'Dd' the'- 'iila.1:idtion step ·follows 

directly byt· .~ ... 1 ' ' "." . .,; "' '· 

11:-1 k, 

y,[k] = Xo[k] + y,[·~-~~,l •_,~[k]:~-~-, ><oC.~J •.~. ><o[~] •. 
in which the second equ~li\)' ~- tbe;:Jl}<lJM;tive b.~l\Hi• an4 follow.s fr<>m 

equation ( 2) above. But this now gives us the result 
k 

Ym[k] = YJ k] = ~- Xo[ j ], 
.r'I .. , 

which is precisely the required element condition. This completes the 

consistency portion of the correctness proof for C. 

Note that the inductive argtt:trlent was necessitated 'by the. cyclic structure of 
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order to establish that its ·external characteristic relation· is satisfied by a 

complet• execution sequence, 

For the synthesis portion of the proof, we need to construct an 

appropriate execution sequence for the system C given an input stream x and 

an output stream y. The sequences we coutruct here shall repeat in periods 

of four states, as we now show. 

Synthgsis proof: Given streams x and y for which ((x), (y)) E: EXTc. we 

must realize the internal behavior of the system C by an appropriate 

eA~cu:tlon sequence, Let k•IX (note 'that k. may be 'infinite), and let "(t" 

denote the, stream c:oa~tenaUon · onrawr. . . We proceed, "to :construct·. an 

execution sequence $0, ... ,$;, ... in which •h system st•te ... S; is a 4~tµple 

(X;, I;, r1, Y;) of dotted channel states. .. . · . 

For each natural number i starting from· zero, define 

(0) $4i • (x[l:i]•X[i+l:k,), Y[l:i]•, (Oty)[l:i]·Y[H, y{J:i]•). 
' .. . . ~ ." ·-

For. i•O, this reduces to the case of the initial system state 

$0 • (:x, •, •(O), ~). 
For each natu.ral number J sW.tin& from one, define 

(1) $4i-3 • (X[l:i·l]•X[i:k], y[l:i:-1]•, (0.ty)[l:1J•, y[l:i·l]•), 
(2) $ 4j.2 • (x[l:1]~><(1+l:k], y(1:1·l]•Y(1.J, (0'1;)(1:1'3., y[l.:i-lJ•), and 

(3) $4i-1 • (K[l:i]•>e[1+l:k], !y[l:i']~. ·fotyjf\!1Jt'y(t], Yfl:f·Il•Y[i]). 

The above formulas (0), (1), (8) and· (~) 'define m lnfililte sequence. of 

system states $o, ... ,$1, ... for which it is again both tedious and stJ,"aightforward 

to verify that it is in fact a cotnplete ex9ci{iion 'ieq~~~e . r~r ·· the system C. 

As before, the gory details are omitted here. 

We now make some observations about the sequence that we just 

constructed; It is cyclic of period rour and : corresp0hds to j p~rhcular order 

of system actions~ In thtt states given· by formula (1 ), a ~ket has just been 

abSorbed b:Y. the A module from the R channfll. The states· given by (2) 
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correspond to mQ4Sul•· A ~Jl&,,a ~t>:~ ~t ~JJa.ei-~ la. these 

states, the value of this input packet ii added., ~,,i-.. ~--'" ~lr' .. taken - ' f .• 

from R and the sum is seen as a newly•&enerated pack.et on channel S (not 
. 'l' ., 

yet acknow~~· clelloted by the "•Y{k)". In. the states __ given _by (3), 
; 1 . ~; t .. ·. ' ' ~. <,.:_... ~ 

module 0 has absorbed a packet from channel S,, and this packet is . n~ly 
•.).,'l' 

~f~·4 ,-

visH •· ,:. in the statu: for the channels R and Y. The states given by ( O) 

reflect packets output by the- system C h•Vin& b9en acknowledged by the 

OU taide WOf14. 1 ., 

I! the· stze Jc of the input:.·~· >e -~ f1~ .. tken. :th~ a"ve 

8efDlMCe of.,~; stacas.·wUl ~:~~·~ ~1 • ·'All' sta~ ttom 

't'hiS: p0in( on wlll0 be· equal to the 1lmtt . s~ate 
,· 1 

~'' ; 

has been passed to· the <>ent.UW wor14. •ce the sequence of states is 

•(. :'.~ 

state. In the cm . of an· infinite· input' Stream ><• . the ~tu in the. infinite 
.. ' • ..- . . 't/ , ! ' ' . : -:-:: i. ;:: - ,', ' ': } 

seq.uence are aii d'¥tac;t,:. and ,.tR.ii.s teJminel ~Us.~edipllt~ eveJt tlmugh it 
' '. ' . '• •' 

does not act~ ooc~ wi»UG U~e S8C{:til.••• . ~ , 
• • . ., . > ~ ' ' ' '. ' 

ihts· completes the .correctness 1>~ for the system. c. 
-. ' t - - ·;'i . :· ,,"\ ' '~ 

t ~ ·. 

6.4. Proof for • n.oadeterminate a,-atem 

The COl'.rectneu proofs giv~1l· ia .the tWQ- ,pnc..,,iag ~Upns h:ave 
. . » ' • , - . ~ 

techniques, though. have been ~signed tQ _l;\an1Ua • ~clet&rJIU~e ae~or. 



\:\: 

- 101 -

This section contains a correctness proof for the sampl~ nondeterminate system 

S depicted in figure 5.4-1. 

r•-•••-------------~--~ 

I 
I 
I 
I 
I 
I 
I 
I v 
: S I l _____________________ J 

y 
$ya:tem S 

inputs X(1nteger) 
R:MlM'• V(da teger) · 
internals U(1nteger), V(integer) 

Submodule1 
.. J'"1rrputs x; vf'otitputs u 

F inputs U;. outpµts V, .Y 
InttiaHy empty·' " · 

Figure 5.4-1: A sample nondeterminate sy•tein S 

This system, whose behavior. was discussed in the last :chapter, is composed 

from the noncletemiinate . merge module . J . and the- feedl>ack modified first 

module F, both of which were- described. int: section 3;3: ' The nondeteJ:'minacy 

. in the system's <behavior: ariaes from· modui. J pastng oJi its b\ltput channeI U 

an arbitrarily c:.Uaen tatul•vhl& or the Packet strhs .·'taken from the two 

input channels X and V. 

We can informally characterize the behavior of system S in response 

to an arbitrary input stream X. If there are no inputs on channel X, then 

nothing can be done, and the empty str~ i• · output . on channel Y. 

Otherwise the first iaput value is taken by ·m04ule J an4' eventually passed 
._,l 

on channel U. This packet is output on. Y, ;nd • p~i with value four 
. '~, 

greater than the given value is sent on V back to module J, where there is a 

"race" between it· a:ad the second input packet. If; ft wini the /race' (gets 

pl'ocessed and output by J first). then it is output .·on . ..., and 'no further 

packets get sent out on V. If it loses, it finds itself in succe~ive races with 
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successiv•.·:,i~~,*.,.~~ !~, ~. ~~~-iJAt. -~~~',,;~h;:;,is~~~· ,t;•,.,fY~·~ S 

outputa all of lu iapu;t packets in the order ia .~ ~·~~l ~p !,Ji~~ u 

input, but alao °"'puts a pacllM with value tour geater than the first input 

packet. ThU exua PllCMt m&y appear in. tu output at any place after the 

first packet ia. ~~.-~t~~·:'.' ~\'llow pr~ to1._p~ve 0t~t the sy~m S 

behaves preciMly.-Rrial....._ 1preciflca"*8r"~-., . 
\ \_ / J ; ~ ; . ! /. r ~~ n, : "'t j n }. • • .~ .. .._,, .. ~ I 

'' . ,' .• ·J ·' .. ; .. . i. ' 

. We t~_., tile,, ,~i-tions of the exianal·· cAarM&Ciatic relations 
;_; ,:_ •j l .( ~ .._, C ~ '.' \ ( · < "-~ • i . - . ' I 

EXT J ~ ((X•..,")C· ~ ~" c~J;faiulf~ ,,~If'!' ((U•) >e CV• x ~•)) tor the llOlul• J 

and F. The relatiOA EXT F ia defined by 
.'~:, .:··._t._,,.. ._-.

1 
·.',~Jn!-,·,~.·: ,{_; .. ~fit€!-'. · . ~ ~~~·- '""';:J·:J· · 

((u), (v,y)) f: E)ffF (•) 'I • u and IV • min(l,IU) ad v[ 1] • U[ 1] V1 ~ IV. 

;, . : riJ~~ ('4)),c ~Jl.<IQ .. " .. ~ ...... ..trMa ... u1';1.::1(i " ;r;. ; 
1 

', !:f?H~, p~a~ :~! Jr,A't ~M4.:1JtS~lfW· ~IU@f-Jlf< ltJ~ •'tlllld. ·-v ~nu 
~·· 

·. ~1~~9~~t s\1~8M8!·~.J' ~ ~~CfilllMtll1'91U~t•..,_nar9',: .. ; 0 Nrtt.he 

, \l~~s~e111 ~;.~ aH~r:~~~rQl1>i&i (f~•li,!M""'lf~-6t~(Jtl)1c;.&Xl'9 Witll 

hold if and onl7 if both >e an4 y are .. pty or if 

· ly a l +IX aad y[l] • >C(l] and y ii~ mer~• of.x,and (>._(,(J)+4). 
, . t ·~: • ',~{ t··· ·.t..d"l;: .~c,: .. :O· ~!~;~·~ ... tJ~.>t_~-h~~/~~ >t-r:itr101n 1 !!:.~.: ~-:,·nt 

We now ~tale the ~~t~ ~~',9.~ .tor ou~'. r~;!~~ft1.1t 1 t~~i..':¥~~~ ~~ )1 
,. ' . ; ! {' . '·-' . ' ' l 1. i ' .' "·, ~ . "~" . "' . _, - , 

In an ~x~~µ.tiqa "'lft8~ fqr, -~~ W~~r;$..Att"BMlll ;M&teai ar•:flf ofl\e 18Z'm 
' ' • ' .. " .• J. ~. "'• 

., <Silsia> '.,~~~~ ··•i :~-, ()(~ """r· Yi.,_y;>:; ~i5 &/r::,~ixie• yj. MA: 'l~~>~r.~u 'ha ··41dy 

::.1. 
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property that should be stated here is consistency1 

((xia• via). (ui)) e EXTJ and ((u;•). (V;, Y;» e E><TF for· all i". 

There are a few interesting properties relating to least upper bounds' 

and execution sequences which we ,shall establish befor~ goin~ into the ~ctual 

details of the correctness proof. These results ere Q(l»ntain.ed in the following 

lemmas. 

The (allowing lemma is called. the .SturJ· LimifnLemzna and. asserts 

that the least upper bound of the t~rmwi• sum of :two sequences is the sum 

of th.e least upper bouad.s of.·. these two _.sequence.s .. , Th~ Sum Limit Lemma 

will be used in the con1iste.ncy p_art of ~e · correc:tJLeu, pr»of for· system S in 

. the same way the Minimum ltina:i.:t Le~ma was. UHd ilhthe correctness proof 

for system C- in the preceding section. 

Lemma: If {xi}, {Yi} are nmwlecreasing eequeac• 9£ ... aatural numbers for 

: which x • sup{x;} and y = sup{y1}, and if we .. define the sequen_ce {s,} by 

s, • x;+Y1 for each i. then 'sup{ sJ = x+y. 

Proof: If 3kl Vi>kl: xi=xkl• then x=xkl• If 3k2 Vi>kZ: Yi•YkZ• then Y•Yk2• If 

both of these bold, then for k • max( kl, k2) 'We haw· 

1>k •) Sj • Xi+Yi = Xk+Y..IJ ill Stet SO , 

sup{s;} = sk = xk+Yk = ~k1+Yk2 ~ x+y. 

Otherwise, {xi} and {Y;} are not both eventiially con'sta'nt, .SO at least one of 

these two sequences. must incr•~e with.out,,_J:xnuld. If 1t is· {x,} that is 

unbounded, t;,en x•"°, which give.s us ·, 
sup{sJ • sup{xi+Yi} ~ sup{xi} • x = "° s "°+Y == x+y, 

This completes the proof. 

Before we get into t4e actual co,;rec.tness .proof IQr system $. there 

is one more preliminary result that needs toAtib mtablished. Su'P)>Ose a packet 

system is in a state for which all packets have already been acknowledged. 
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(In terms of ••ctot notatiotl." all &he ... ,doU ta" this' ..._, WW B •t 'the 

right-hanfll ••"- d tlriltr ~treuaL) ·w., wn.lf"'lib:> \U ~t.t.·,f°ta111. this that the 

system is in a Hait Nte. 1.•. lull fiailhtd its ultimate reapoue to the 

presented inpu:t. la 6ther woru. 
~ r.em'ina? ·it a, • a,• ia a executtoa ··nee {<t1• $.•>} for ~ Ct~n system, 
tl'MllLlj • ....... •: c-.-,·. . ·'· .<_; ·: : -./ ~·'; '• ; j ·' ''' 

Unfortunately, thia ii aot AJ.waya true. . TheN are ctrcumstancu under which 

·tu nOUan Gf.. ~w.· rtQ lia..r ;la·M..U ~.-i ~hr ·••module with 

·one input -'8baaa,t< •• ou outpu• ...... 11 at'ri,,_ Ht.ii if 't1t-is ptesftW 

the input ~u.a •l, ti•• .ttMr :ot: u. ;twff, ~·.tr.am.·~ oi.· ui•':c> 

. consti'1ltel •· V&litI·r•• ... If··• ·••••·;,~ 'a ~kit With c;'f.a:tu•· b, 

· then .. U.rmer,;dla ._ ...... •1laW11·atlllfll1'••111111a1~ito 0:N ~t jaiekft11a. 

B\lt it cannot 1Nt 4-rmlHil whether «i Mt~·tlit'~ e~·W'ut· coM'e-'b\it 

IU~A1i)'.". ao !ltUfle 111·-•iMy::• '1*11''' ... 1ae ·'.JMddtt ~1Ma yi~~·its 

occurs if a m.o4111e allowa two 4i1Uact '11Uiute ov.~t . ~• tq ~· 
-~ _;.i"',;' ·'.;.>~ _/ .. '.'' .. .;·"-... :..:. :"'.·'~,· .' .~:-" i-~: ''.· ... 1. -~--·_:·_;":.: 

given iaput .itc., ad Qlil, .,i\, .... ""•i";"1i6ctl Ja; a:--1'.ttxodr~.-otllerjodlf 

we can rul• out .udt: at"1att._., thell.''iJ!le ·:~ stated above will be 
·' .y. . •. . ' .~ 

satisfied. ~~dlnff:-';· ~ 4~j~. ~ .. ul•, ~" ~· .~~ jf' , 1~. ~~r 
prQhOJU• ::9D•IO\llpG.I slU. .. fm•;......, &'·....,tx ., ~·'Jffl'.;'thm''il~'--e 

Formally. we uve ,'·t. 
' ~ p 

DetJnAianr A .w.aw M u attlef if Wll'tnMr~ W. 1i.w ;~SMin; :s-Mout> c EXT w 

•ll~ .f ·~· .~~) c ~.,.~ ,,... ~W? f'MutLyl,~Alllar' ....... •:: · :•.0 ~:; 

' {' 
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All determinate modules are obviously strict, and any module for wnich the 

sizes of the output streams are functionally d•rmthed trom'·'the inputs will 

also be strict. This includes the nondeterminate mer&e module J. We now 

state the corrected lemma. 

Lemma: If au ·mo4ulu in .1y.at•m SYS are strid, and if Sj = $i8 in an 

execution sequence {<Sj, $i1 >} for SYS, then s, • S; .. 1• Sm • SUI) {$i8 }. 
·· PltEflx 

Proof: For any pouil>l• system state <$1• 1, S;.1
1 > that ca~ f9llo~ the. given 

.state J, we muat have S;1 PREFIX $;. 1
1 PREFIX $1 • $;', which (~rces 

(1) $18 • S;.1 8 •. .. • '. . . 

8 . . I 
Also, $ 1 • $; PREFIX S;.1 PREFIX $1, 1, so 

(2) $1 PREFIX $1+1· 

Now equation (1) implies that for each module M in the system, its input 
' ".I.Ci' ·· ,.. 1 

slice remains unchan&ed between state J and state J+ 1. Equation (a) . ~m,plies 
. ~ ~-, - . , -'... "· .: ~:: _·.• •. .1~ .. , ... !n£.,.~; k ~ ~~. ··<. ,. 

that M's output slice at state J is a prefix. of M·s out».:Ut slice at state j+ 1. 

But M is 'stdct, so its 'output slices at the~: t~o st~tt!S must ,·be ~qual. Since 
. • . . . . .. • .! . .: '"'. . . ' :.'" 'j. ~- '·. - . . -

this holds for all mOdules in the system ,si~ul.taneously, we must have 

$; • S;~ 1 • Thus no successor st~te to J may di~fer frQni it, so the state at J 
must be a limit state. This establish~ the deSired result. 

' ' 

We call the above lam.ma the Cutqff Lemma beca'1se ,1~ "c:ui. ofr', an execution 

sequence once all packets are acknowl~. 

We now proceed with the main b9dY . of th~ correc~ss p,roo(. for 

the syatem S. We must prove that the external relatioD. , EXT s coincides with 

the internal yelation INT5• The proof .divtdes)'il1to the two u.s~al portions. 
-~ ' ~ -1' ·,·:, 

Consi~tencx Proof: Given a complete execuU9n ~U,ence {<$i• Si1 >} r~r S, let 

x • x0 and y • Yai· To .show ({x), Cy)) .e' EXT5, ·,her~· ~re t~o.' cases to 

consider. If x=e, then the . ini\ial state mu~~ be &i''(en by 

(x0, I.Jo, v0, y0) • (•,•,•,•), so by the Cutotf l,e~ma ,,~~ •. hav~ y.,, =,,Yo = e. 

Thus EXT5 is always satisfied. in this case. Otherwise IX ~ 1, and we have 



r 

- 106 -

the following chain of equalities for the size conditiont 

1y~ • sup{IYi} (LSL) 

= $UP{1'Util)' . ·(by EXTF> 

= #U"". (LSL) 

= sup{#u;) (LSL) 

= sup{lx,a + #via} (by EXTJ) 
= sup{#x~6l + ~{:#via} ·tllf' tb.t•p,lJmit.ll8JRmi) 

. • (I~.+ #Vrp-. (L.$). . . . . .. :' : 

Now we also have 
( ~ 

.·. #Vro ; sup{#vi} Ci.SL) 

= sup{mi~(l. lu;•)} (by EXT F) 

= min(l ,sup{#ui1 }) (by the. Minya~pi W~t ~pal 
= min( l, IU<ll) (LSL). 

·1 • 

Now ~Y ~~TJ,• *~. ,= lx0 ~· lv0 = #)(0 ~' 0 > ~· TP.u~ .*~ ~ I~ ~. l~~.$0JN11 ;: 1 
·and #y = '1 +·IX. whfoh is the require4 size conditi9n. · . . . 

•'" :, ,~' t , _·,~.-:.f: :~c:J:·:~.·,.{1 •.,_~··,;.r ·, .- ;·_ 

To· e~~ablisli =~~e e~~~~nt cq~ditio~, }v! m~t ~f'V -~~ Yt9 ~ ~~ 1lJ. ,,n~ Y.ia a 

merge ,~f x an~ "<x[l~~+4). We fir~~ ~te. ~~~ ~~~. • 0,, ~~Y .~~.}~tt1& :~rlte 
property) and vm - E (as proved above), ap there.~~~- be. a st.~te t for w;h.U:h 

8 ,; . a: -~ '•, ~·L<· .·- "'- ,·,~~J ·-~;)];If.,,,:,.·.' 1-.: •. l:.~~{' :,.,. 

v; = e: and vi•I .- e. Now by the connec~ion pro~rty, . v.._l J>REFI~ Yi• :.so 
• . ' i '; " - ' : j - ,· ,- ~ ! •. ; . ' '. • : ' - - ' • ,_, 

v, pf e, which by EXTF implies Uja ... E. But by __ E>,(rJ. ~· Jo~& .. as vi~ = J! we 
•.·. «' ' ' ''· •', c:', .<>1;,, ' '" .· , , 

have u, • X;8 PREFIX x. Then since ui1 111 c and uia PREFIX Uj, we must have 

u,a[ 1] = u,[ 1] • x[ l]. Now for any n ~ i, ui8 PREFIX Una so Un1 Cll ~ x{.O; 
thus, by usini'OO~" agaiD: we ~biain Ynd1:•,un•rll:~- xfl]: Since thi~' holds 

for all n ~ i, we must have ya>[l] .:. )(fl}..' · .. , .•. : '·"I 

What is. left to show is that Ym is a merge or x and <x[ 1 ]+4). We have 

already shown' that there is a state 1 for w:rU~h ui8[ i1 ~· x[r). Then by EXT F 

we hav~,,v,,• SliC[U•~> •.. ~ow by completeu,s&;:of 1he.-cati'bn sequttm» tll&'re 

must be a state j for which xi SOBSEQ xi8 anq.,. vi SUBSEQ V;a· Since 
' ' ' ', c, ' '' :·' ... '' ' " ! I.. ' I : .. ' 

Xia PREFIX X; a x • xi and since #v1
8 ~ #·vm a 1 for all. J. this means that for 

the j we just chose we must have x • xi~ and vm • vi.a • (X[ 1 ]+4~. ~ut no~ 
by EXTJ, u, must be a "merge of x;I ancr·v~~c\V~ici{''.~eans _Lij, fa ~'.,merge·'or .-x 

; and vro = OiC( 1 ]+4>. Now we· use the completeness. property ~ain: given J, 

there m\1.st be a stcile k for which· U; SuBSEQ Uic •.' Byc'ExTf, 'yk • Ute a; and by 

another u.9e or coni1teten~~ ther~ is a state m such tha( ~k. SUBSEQ .. :r~a •. llµt 
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then Ym 8 PREFIX Ya,. and by tracing a transitive ch~_i.n of $p.bse~,uences and 

prefixes we obtain U; SUBSEQ Yk SUBSEQ y"'. Fine1U,y, s~~~' ~ an~ :<><,~ l]+~) occur 

in U; as disjoint subsequenc;es, they must <?CCU~_ i~ Y.. ~.disjoint "1l1sequences. 

But x • ><m and <x[ l ]+4> • v00 reJ>re,.nt _all th;. _J>Pcket~ tha,t, can ultimc)tely be 
, :• .-', .: ' ... ·- ' ··• 

passed on channels X and V, so all the pac~ts that can ultimately be passed 
- ~.('~ 

on channel U are contained in u1• s111:1il~f.lJC, . all . _tne ~CJc~ets t.h,at can 

ultimately be passed on channel Y are contained in, Yk~ Thus y is a merge of 
. " 

x and <x[ l )+4), satisfyin& EXTs. which co~~let~s the cq~sistency portion or 

the proof. 

The element condition ·was extremely difficult to vedfy, because we 

had to go tracing the progr~ss of j.ndividual . PltCkA!tf. th,r(>\J,gh the system. 
- . • !,, 

There seems to be no readily available methlo\t to-simplify thi~ prdof, despite 
.. 

the elementary system structure. 

For th-e synthesis part of the i;roor, if tile sy~tem's input and output 

streams are no~\rivial, then the l:!Xecuti~ _seq~,111~'8 ~Jl repeat in periods of 

three states. The construction fa now &J:ven..: 

Synthesis proof: Given (~), (y.)) E EXT,; we'' taU$t: ton8''?Uct a complete 

execution sequence to realize this behavior Of':S fttternalty. The execution 

sequence will be of the; form ,$0•··~$;,nr i~i~~h~h. ~ sv~te~ s.\a\e $; is a 

4-tuple (X;t u1, v1, )';) of clot\ed cha.nnel sta~ •.. If ~ •. E:; t_he~ w• .. mu~t .have 

y = E, and the required executt.on S~'!U,tnf:e,_.,,will .~vft, all :s\tws id~ntjc,il to 

( •, •, •, • ). Otherwise, Ix will be some k>O (we allow thiit Possibility of 

k•oo), In this case, y m\Yt be of size ly •: ~1. TbeM ·111uat also be some 

finite index m such that 1 < m ~ k+l an~ ,)'[nl) • >q_l]'f'.4.. M~eqve.r~ tbe . . - .... : '' ' ' .... . . 

concatenation or the remaining elements or y must satisfy 

y[l:m-1]@ y[m+lFk+l] :. x," 

which means that 

y • X[l:m·l]@ X[l)+4 @ x(m:k]. 
:- ............ 

(We are abusing notat~on here to let "@" concatenate packets with streams). 

We now conatruct our execwion sequenott ter·· >< 1ni4 y. The streaitl v :is 
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defined'by'v • <>t[l]+4>. 

'For each natural number i from zero through m• l inclusive, define , 
(Ao)1·$3i'• occ1:r].)1([1+1:k), xc1:fl•, .vrr:r1:·xrtdl·.;>. · ;.,. 

When iiaO, thl• Mlle.a tc>''the cise of the' iltltial 'y*~ 'state_ 
: '.$0 .• ( •X,· •,"' ~. i'.•~).' , .,. " .· 

For e~ch natural num~r i Nom one thtOugh m'~(inCiUsive, define l 

' • . , • • ';\ _''. ,''.c,t'.'~' .~:>'~'. '.)•.7 : 

(A1) $3i-2 Iii <><t1:1J·><ti+l:kJ, X[l:1•l]•X(1j., •V(1:1], X[l:i-1)•> and 
(A2J *3i~.~ • c><ri:11;·xn+1:1d, >co:i1~-f .vri:1f.-~i':i'~11~~r·1-J>: 

\ 

We now define the specific system. states 

(Bt). $:Jlll-2, • (X£l:m·l]•)\([m;kJ, X[l:1117lJ•V.(l~. ~{lJ•. ~~.:m~l]•), 
I ' . ; ._,' • 

(B2) $3m.J • (X[l:m•l]•X[m:k], ><[l:m-l]tv[l]•, V[l]•, ><[l:m·l]•V(l]), aad 

(Bl1J S3fti • <ktl:m~n·xtm!tcj, ~tfii.-111vrY~~- Jc11·:, >Ctl:m~i11vr11;>:" ,, 
. Fin"lly,,J~~ UC?h. utµHl p~_.1 -~ a+l;, W'n~· «v :· 

( c 1) $3i-2 • (x[l: i • 1 J•x[ i :_k], x[ l :m-1 ]tv_{}_l~[~ :.1~Zl•><!1 ~i9" ;,v(.l h. ,, , 
x[ 1 :m-l]tv[ l]tx{m: 1-Z]•), 

(CZ) S3i~I • <xr l; 1-1 l·.~ i :kl. xr1 :,!ll·l ]~,vt.y,xr,a~.~J.J~, ¥{J }!,, . - . : . ~ ., , '· .. ' ' - '· ' ~ ~ - . . . " . , -

X[ l :m• l J•v[ 1 ]IX[•: i-Z ]•X[ 1•1 ]), and 

('CO) $~i • ()(( 1: 1-l ]•Xf 1 He'], x(f :m .. l]f~[ }jtxf~:~{-1 J•, vt fi~ .. 
X( 1 :.••llfYfl,;}l~m:$+.ti-4~ ., ., . , 

When i ~ k+l, formula (CO) generates the system state 

$:>i • (x'i.· ~i::.i :a-:l Jtv'1.U~t1u~J~. '(~h. --~ 11~1tvr l llMf'll_: kl•>..:.,·,. 
wP.ich_ is a: Umi t ,•t•~ .for qswnt S~ . . _ 

The abOW< set ·Of fbfmuht ·lenerates a· ·W.lt~iaM tnfinite 1eq\ience of 

system ·&tam s0, ... ,$i,... tor wh'leh ·.it 11 ·"oace ~\ta1!t \intillttghtaing' to' Wriry 
·that ·u fs'.a omDJle'ttf e~tton Mqtidw ·tol't. - i. "; · · - · .,, · 

'.fh• form~ ·we .have just ctn•' requlM «>Jile conunerit in order to 

be propE!tty. understood. The execution sequence con~ructed. a-bove consists , of 
\ .·,.~:.·:;- ·,_;,.:~.fi'~.-~ ·- ·"'<:-

three parts (A), (B) and (C). Part(~) ·~El'~~ to the first m-1 packets 

from )( being puled through the system and out on Y. In thtFst•*·:g1~· by 
~ ' ~ -

formula ( A1), module J has received a ~,t from X, an!i is pas.sill&. it ou~. on 
,. . (. ~ • • \,_i" , ; 
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pack.et and is passing it out on channel Y. For the first packet F receives, it 

· alSo sends out on channel V the value of .thiS · pack;t i~cremented by 4. The 
·,;, '_; ". :::,.: <: \ J :..•'.o.'~ ~' 

states given by (AO) corrupond to th4t out.side world receiving an output 

packet ·and acknowtadting it. Part ( B) · handw the · proees.srng · .. ot the one 

.. ,packet .pused· ;on challhl ·V. In state (B1 J. "th.ta· packet 1S alfsar~d by J and 

. passed on Ui ta atate (B8), it if receiVed'' by ~ dtt'pu.d ou(;on Y; and in 

state (BO), it i8 rea.tw4 .and .cano~ )7 the O\ltSide world. Part (C) 

treats the pi:ocea&q or th•··1eldtntq 1 islpat· ~-is r'rorli the m-th on. the 

states given b;v rerm.v.1Ui(CZJ/{C2}'Dt··(Cl)·~d·~tive1y to those 

given by. (Al), (A2),u4 '(A~\ · 

.. 'l J,: - ·"' 

The proof or correctness for the nondeterminate system S is now 
, . .. ZSJ.~1 ·-. ~.·,.'' ; :_\~ :t ... J·f.:!G . -it· J'. '· 

complete. We .shall talk. about more general proof techniques in the next 

section. 

6 .. 6. Proving correctnw of mQre .comp.la packet systems 

So far in this chapte).", . we have ,atva.n correetness proofs for three 
·:r·· 

particular packet systems. All three sntems a~ rather simple in both 

behavior and structure, but a lot ot mac1ilnery has to be manipulated in order 
J,. ~ _,.... • ~ ,., •• - . _,, , . ~,,... • 

to verify them. There is a significant problem that arises in considering how 

to apply the techniques that have been deveiopeci here to larger, more useful 

systems. As systems .·increase 1Ii c~rtlpl~xity,; their formal descriptions and 

correctness proofs grow ~ore .complex .. at.!. m.~!;.~ f-W~'-r ra~e.. . Provin& the 
, • • :·: • ~ ~ • • '"• • • '>. • ' F > ~ 

correctness or packe~ systems t~t are subs\antMJ,lr 1.axier ~" t~e tQ¥·sized 
i .·' ' ' .. '. - .c!f' . • • 

ones we treated may thus turn out.so CODlJ>li~ted,,!lS.tQ be.,.0£ dubiqus 
.•· :. , '·- v" . • ' ' ' 
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practicality. The only remedy for this kind of situati~n is to somehow r.ed~ce 
• ' t I \ r~ 1\ • • 

the complexity or pack.et systems as they are seen from within correctness 
., ' :!''- f - . ··'.~ ·~Z. if.-. 

proofs. We now addres.s this issue. 

Much of the. complex.ttr. i~ .our c;or•t~eq~ pl00{$ comes from 

settin& ; UJ? e~ecution. sequences. , 11.o;we~r. ,fe~.U. . ··&e11Qac;el: ·were 

in_troduc~ into our .mod.el to ,handle. ou ~rticulp 1char.acteristic ;.of ;sysWJn 
' •o ,' •• - •"'i ' '·' • • • • "• " 

structure~. which ii cycli.c 1.A,·ter"a~.io!k ,jepQd ...... " When a 'systefll 's 

structure is acyclic, .its internal J~f~<JJ•Y be ch.-:tedzall llWch more 

simpl)' than th;rough '~~n. ~u ..... ) W.• c~ ')JllQ'V8! tl••t 'the ,t1nernal 
' . ~ . -

characteristic relation or an acyclic system m41f: ~ J'Ml-4 1aS aa, approprwte 

functional or relational composition of the external cparfeteristic .. relations or 
. . • . : " , , ~-" . ~, --_;. ~-"' .... '<; ; _r-~·~~·~·· ''.t;.""t ~ 

the component modules. Consider, for exam,le, the _sys'~' SY,S rillu4ir,,,ted. ,in 
-.' ~•'f : .;..,~~~-1 ',_,"·-~ ~-,.,. .. , ~-:. .-

figure 5.5-1. 

w 

x 

' . r" 
I 
I 
I 
I 
I 
I 
I 
I 

l-- --- - ~------ ---:.---... - -- ___ .,.. _ J 

Figure 5.5•1: An acyclic packe~ system. 
• . ' ! ' ,, ' ' ~ ' -

- '. - • --.~~ '",,:<";<1 lt'' 

Suppose that the exterltal specifications for'' the ~tMiules A, s and c are given 

by the respective c:haractUisuc rerations E>CTA. EXT: ~~ci'''Mc. ··~ Let ·u~ ;al~ 
assume that 1he mad.ule A ts determinate, ·which· makes the · relation ExT~ 
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functic>nal over ((W•) x (P• x Q•)). Then there are two stream functions, 

•P: w• ~ P• and aqs W• .. Q•, which ~ogeth~~ characteri~e the behavior of 
,_ T .,: ,fj'.'~'· .,.-', 

The internal characteristic relation INTsvs for system SYS is given 

by the comPosit'ion 

CCw,x), (y,z)) c INT svs <•> 3rs ((x,aq(w)), Cr,z)) ~ EXTc le ((ap(w),r), Cy)) E EXT 8• 

This compositional characterization relieves us of th~ need to go into the 

complications of executioli 19quences ~th the ac1cuc syst~~ SYS. 

We can give a general the 

specifications of any acyclic packet system can . ,be cbaracteriz'd as · an 
•, " 1 l ; . . l! . ;. • l:' , ~ ' 

·appropriate composition of the external chaiacter•~tic rtl}ations of the 
3:: - . . -, ; •. 

component modules. Our formulation has one condition on it: the external 
·'.'10: 

characterlstlc relations or the comp0nent ·modules must all be continuous. 

·Continuity was defined in the preceding chapter. The formulation is 
.. 

contained in the stat4'ment or the tollowtna""t.]leorem: · ·' · 

Theorem: If an acyc;Uc .. system SYS hu the -structural ctucrtptlon··· 

System SYS 
1nput• W(••-), ••• , )((.;: .... )'" " 
outputs Y(---), ••• , Z(---) 
internala V('.·--), ••• ,-V(•""•> 

Submodules 
• 
• 

M inputs P, ••. , Q: outputs R, .•• , S 

In1tially U~uo>, •••• Y<yG.>;1 · •••• · Z<ze >. 

·•.:: ·, 

and if for each component module M the extern~l ~b4r•~tsistie relation EXTM 
. ·""' ' ' ' .. 

is continuous, then 
' 

((w,. .. ,x), (y,. .. ,z)) c fNTsvs <•> 3 u,. .. ,v "I M ((p,. .. ,q), (r, ... ,s)) e: EXT M· 
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One has to examine the state!llt~ of . ~· tb..-m C.¥Sf~~, in order 
• ' • ' : ,,. ;. '=-~~ : - ' 

to observe that it in fact characterizes lNTsvs. u a,~i~~ of the ex,~.rnal 

characteristic relations "~T.M. . The crucial ;~'°t is the . ex~a.tial 

quantific:atio~ of the channel streams u,. .. ,v thrQU&h whi~, U:•·•, ~TMc H.la,Uons 

are composed. Proving the. theor~~ r~Uires .two dil.~ion~/,pf ••u,mep.t, The 
; ) !I' ~ . ' ·•· _, 

"left to right" implication asserts that ~ven ~. com~ete !XKU~(m }K~C:i:~ce 

realizing an instance of the l:NJhavior ot SYS,._.t~f'9 ar~ •Jprop~~:.:int.el'.Jtal 
' ; - . :· ~ ., ' ': ~ " . -

channel streams connectinc the input to the output in a maaner satisfying all 
·. \; 

the EXi M · relations. This 'will be proved b';r using the Limit Existence 
~, ', ~- 1 •• • ·< i~ 

Theorem and the continuity of the 00 M• ' N~e that thiS part of the proof 
'1 

does not· use the als~~Ption -~hat the system structure i• ac7cuc . 
. • f~ 

The reverse implication asserts that anythi~. r•U~ as t~e; ,41 ven, . c;~~~n 
' •. .. : .. ' ' . ., .. ' . . ·. '· ;:i; ··:,, .. ' .. 

or the EXT M must also be realized lt-;y a com,ltlete e::Jacution sequence !or S!tS. 
- . . : :~. ·,~:.~ . . '. •. · I t . f • . • 

This direction of proof is more difficult, ~nd we JJ,~d three ~eliminary , 

lemmas in order to prove it. Lemma 1 is a simple property of insertion 

mappings that reaua atreaas . u sulaleq11ffncetj or~ othW· 'str~s. L8mma g 

asserts that a subsequence relation bet~ ,_,.... iis unaffected by the 

presence or absence of certain pac:kets, 111 tla sti'aalliAr telnma 3 asserts that 

in producing execution sequences for the proof of the theorem, one can 

al ways find a sequence or acknowledged. prefixes so as to assure completeness. ,,,. 

We now proceed With the lemmas and the proof or the th.Orem. 

Lemma 1: If t ia .any iD.settion, then r( i) ~ i for all i in the domain of f. 
;)_ 

Proof: The rehlt ia ob'\riously true for i • 1. Inductively, if VfB a.aq~ :)t 

true for 1 • m, then we have f ( m+ 1) > f (!II) ~ m, WJlich ilnPl.tes f,( m+ ~. L ~ m+ l. 
\ f , ., t ~ . . " 
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Lemma 81 If x SUBSEQ y and if · 'there is · a m S IX such that 
><[ 1 : m• 1 ] • y[ l: m-1 ] and X[m] .. y[m], then x SUBSEQ y•, where 
y• = y[ l :m-1] @ y[m+l :ly]. 

Proqfi For any iuertion I of x into y, d!!fi,ne th.e fu~cJ.iop & 'by 
• ."·. "". ' ,,·.i<.,; . , • I 

g( 1) • ii 1 < m then 1 el~e f (i). 
g is an insertion of x into y which is th• i~enµ\y m.lPping over the first m-1 . . . ., '. ' . - ·. '•, ; ' ·.,· . ' . . . - ~ 

values. By Lemma 1, g(m) ~ m, but y[mJ • xt111l r'Q.l~ out g(111) = m. We thus 

have both g(m-1) • m-~ and g(~) > m, whic,h iiu.p~y t~at pi i~ JiQt in the range 
; . '. . ; ·. . - ' ;. ff- - . t 0 

• • ' 

or s.. This fact, together w1 th the !act thet y[ 1 ] • Y'C 1 • l ] \f Om, makes the . . ' - ' - ' '., ' -- ' •,·. ' .- ' . 
function h defined by 

h( 1) • JI 1 <- m then g(i) else g( 1)-1 

an insertion or x into y•, which proves tQ.e ~e11u1i~ .. . . .· . ' ,, 

Lemma .'.Jr lf .{Ct}ds a .11<1uence.. of streams such that \H: ci SUBSEQ c,. 1, and· if 

c. • suo {Ct} i• uniquely Mfiaed, thea there. is a 1requence {c,~} ·of streams 
suasta 

such that Vi: C;1 PREFIX C; and \ti: Cj1 PRmX C;.1 1 an4' sup {lc,1 } = /IC. 

Proof: For each i we shall let cia be .the long,s.,t. pr,t'ix of ci that is also a 

prefix 0£ au the Ct followma 'fi.· Mor.e piectsely. l•l 

llj '.I' aup {n S lciz C;[lui] -'" ci[l2nl "J>i} 

and ·Cia • ci[ l:IJt]. 

Clearly, {A\} is nond~easing, so c;8 :PREFI~- c..,1 a cend .cf;. P~£FIX .ci for all i. If 

m 111 sup {mi} • sup{fc:t1}, we must· show 111 •· ~" Since it iS clear that 11 S ilc, 
this will be proved ~Y contra4ictioni We .shall assume in < #c and show that 

< ., v. •. . - -. ,, 

the sequence. ,.c,} has another lea.st up.per~~·· lµlde~ ·Sllf§EQ ~~des c. 
If m < le, then there is some i for which mi • m and le; > m. We 

shall claim that the existence of this i. fo~cu t.he •,ci§~nce qf .a stream c·~c 

such that c' SUBSEQ c an( VJ; c; S:UBS~Q c• •. co~ic.t»&g J~•· ~~ique defini.Uon 

of c = sup { ci}· First obMrve that 
SUBStQ . 

(1) C;[l:ml • Gt[l:11] (~j,kHl. C;[.l:m). 

Now take any j>i; sinf:e C; SUBSEQ c1 .·(by;-· tru.8t~vity or SUBSEQ) we have 

#c1 2: IC; > m. We fir-t claim. that 

(2) Ci[l:mJ PREFIX c. 
If this is not true, then · there 

C;Cl:n-1) • C[l:n-1] an4 C;[nJ .- c[n]. 

UlUst be some n S m for which 

. ~ut theu l,emma 2 implies that 
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c,, SUBS~Q C'. whe.re .c· • cO.,;n~.9 t ~[n+l;~J •.. ,--$,~ ,the ; value<~ ;~),ls 

. independent of ,J~~r. chol~. qt J>i {\ly -.~~y.on (iJ,.JJ. thM: ~&Jt., ~·: aa:, .u~R"r 
,. • i. ., • ' ., 

bound for all the c1 beyond c1 under SUBSEQ, and :~~n!ff ,-.al-lr ~ p,. But 

c• - c and c• .SUBSEO c, which mak•1 c· a leaer upper bound th•n c, glvtng u1 
the desired ctSntractf~Udn. Thil~a\U~r:·jq\ialio~ (i):· ''· ; ) \Htii -: ~ '~:~_,, ·-~ 

There are 11'.ow 'iwo ~: ~ >Ja~der. : 1tt c1[M+ll " c[m+l J, th•n 

since equatidn' (2',.'lmpltes c;t1:~1 • cr'l*:•!.·(wa baii' .,,1;(.·~·~;1 ~· iO' obt~ln 
c;· ·suosEQ c·,· wlier'''c> 'Ir "Ch:iif• 'c~2·11e:f · 1'bfh~· c~t~~t1 ~"'ccm+}]; '~nd 

'Since m+l ) lit<ll t*;. ~tJutrt m:u:st' •*'fat a k) j (tJi' ~lch~rr~Cm~ti·:~;; Ct~'i J:· i ;)fut 

ckn :iQ] • cjt l :•} '.. c{ l:•]. Mi .. ·iii '•iii rif~t '~~ ~1~t ·111~i~··~~'sus'S£c{~:·. 
,i ; .. 'd~,. .!~:1,~1 :\. <"•:.,.A-".:•"· ~1 

The transitivity of SU&SEQ then yields · -
· ; . ' '· . c

1 
SUeSE1f~' slnBEQ ~. ·' ( i '' 

In either case we muat hat•· Cj 'SUB'Stctc',G~hici -~: c~ 'an u'pper' bO~nd ;Tror 
all .the c, · 1Ullllll' SUISEO. : · $Ut·A' a&HO, ~o wJaeh14Plll'·rptctCudu ~· ·.lMBJred 

contr;1dieti0il. · Th• it la.., ialpaailtlei. tca··•JuinJt -~·~·'"•• ~·~ m*9t have 
,j ;:_ '~. 

m •sup {fei11
}.:·' ~-'~ GO~:;;lhe .PtW. :: ',.' ,, 

PrlX>f gt_ -lhe~' tll!offnl0 (~W'- ·fib '1hl• JMll ilfi. •~• 19~. 'vft.>t.!o ''not ~-~e 
assumption that SYS is ~Uci' kfto111'..1t(W,..,;k,.'!fJ~~W c:·llffjyf. ·· 1hiS'~s 
there is a complete •"'tcUtSOll aqu•w :rar·-m i~na tlb.e alice (y,. .. ,z) as an 

ultimate output response to the t.yai.:alltl tw,. .. ,>c). · tc, 

tr th• .-cu\k>ll';,.q\Wictlt.: 1'• • ~t~:n8"tn:" tbil ·lid.W'•tate 
is given.,by ~ •• S..)l, ~ $GD"• :;t·> ~.-·~ ft. 1Ulift!(jlfce ~ °1'"1f ha.Ye 

'be form (w.., •••• ;x., ·~~: .. ,vm, 1~·,.;.-:Z:~ Wt;J~.:lftiat-l~, .. ~;vc!·Iaf• thw ·c1e'.st~ 
u, ... ,v for wMc:R·tift~the'.,. ... t1~\lW1~ tti~rlitlt' dtattbhs 

'al'e saUsfMM. .,.,... ·.; <• •. ,.; •i<:t! . .i :-

Fer· each ·mOdule M With iap\lt 'clilnneis-·ip,~~?.Q ·b1f'cfu.tput 'chdttila 
R,· ... ,S. th•' IOBewtial :tflrw:~n.- ~,i~car'/al'i·lfl i:::. 3:. • ~ · ': ,t :','.':i.J.: 

< 1 J . <pj•, .... C\•> PftEFixz'(~,··~::~:y-wrn: c, ,, i , 

(2) Ct1 ..... •.>i ... ttJ.:1\ .... • .. 1>•i'aa41~: 
(a J · :· , ({f»i-~·~•.qi~J.: cr,, .• ,._..-">l. t oo.a:1, 

Applying the Limit Existence Theorem to th• ill- W.-hilff "•, 

( 4) (p, ••• ,q) •· ·:9 : ·~~ .... q.•)), an4 
PltlFlx . . . . • 

. (6). . ; Cr ... ~~•>• .~~p·:''(fri, .. ·:~~}.11:_.~ UJl1'iu~l:~~~·:. _ : , 
so by ccm-ttnutty of M WI 'have ((p, .•• ,q), (r, ... ;t)J c brr M• Wliicb: is the clestred 
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result. 

Proof of the theorem ( <•): SupPQse we aJ:'e giv~n a s.tream for each channel 

.or SYS suc:h that the external characteristic !elatJon ~Tl!' of each module. M is 

satisfied. We ne~ to. const?"uct an appropr.iate c;pmplete execution sequence 

for SYS. If SYS has acyclic structure. then we Jll.ay pr~~r its channels 

Cl , ... ,Cn so that if t.here is a path fJ:'om Cl to C2 through the system, then 

Cl must come before C2 in the ordering.' F~r each c;h~nnei C in turn. taken 

according to this ord~ring, we must construct a. sequenc;e {<ci,cia>) of channel 
. . . . : 

states such that· the limii state for C is <c.c>, .wlu!re c .is the given stream for 

c. 
Each c~~nal C 1• ~Uher a sys.teia !AiPut ch~nel or else there is a 

module M for which C is an output channel. In the former case, we define 

<ci.c1
8 > • <c, · c( 1: 1 ]>, where c is the given stream for channel ··c. From this, it 

must follow that sup {<ci·,C;8 >) • <c,c>. In· ·the latte.r case, au the input 
PRECEDES 

channels of module M have already had approp~~te. cha.nnel sequences 

constructed, so we already have a sequence of acknowledged prefixes of input 

slices for M, ordere4 by the PREFIX relation ad with a; ~unique 1.u.b. under 

PREFIX. Since the given stream c for channel. C is related to this unique limit 

through EXT M• by continuity of M there exists a sequence {ci} of channel 

streams for C stich that ci SUBSEO ci.1 for all t :and such that c • sup {c,} is 
. SUBS~Q 

uniquely defined. Moreover. EXT M is satisfied at eaah .state i. By Lemma 3, 

then, we may define the sequence (cia} ·such that foi all i,_ cia PREFIX C; and 

cia PREFIX ci+I a, and such that sup {#cia} = #c. · Thus c • sup {cia}, so in 
fREFIX 

this case, too, we have sup {<ci,ci8 >} • <c,c>. 
PRECEDES 

In this way we construct for each channel a sequence or channel 

states for which the given channel 1tream ~ the li,m~t. This: gives us a 

sequence of system states satisfying all the requirements for a complete 

execution sequence except two: the initial state property and the connection 

property. The. initial state property is ia •a sense trivial, since given any 

system SYS there is a corresponding .s)"stem. SYS' consisting of matching 

modules connected in the same way such that the behavior of SYS' is 

·identical to that or SYS tnter~auy as well as externally, and such that the 

·. initial state of SYS• is empty, with So = (~ .... ,£). ,SYS• is .-easy to describe: its 

specifications are identical to those of SYS except for an empty initial state 
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and f'or extftna!l. c:hanatertatic r•iationia lietine¢ by 

<~ .. ··MM)! c OT.,:·(•) -~....,. s '4out • $o .. (.S., $Mout)cEXT M• 
: ', '. . f ··. ', ~ }. . ' 

ne coat~ 1'~,edy -S ·Jldf ncild toi Jdiir·seqam ~ 
aoove, since ~1• a 'l.f ~IY a<•~- cd":.-4 "' 11 ~W:."'8(.' ,_,~. m~y 
interpolate- ~ c:a.a.t ..- <er,e.,*'? Mwwst. 'd:iAf.} .. :~ tc;;t!c;.1'*> so.· ·thaf rthe 

; • • of"' ' •• ·'"! ~1 ......... J .• ) . ~ • ,\ 

connectiOJi ~PBtr iW ~. i€ - ...... ~·· -~ ci:.;; '.a ~a.'. c.•.: ~ler('Y,e 
1fave e;• PHFU"t\'"; ' 'r:.« ;aatt Ci•· Ptt9n e,.1•, ··:·,~ ~oalr$ c;r sUtisI" ~~,. 
C;a': PREFIX Cj ad c:j..1 • PWif'd;'. ra · ~· wa;,,. :,,;~r:~~ e~u'tr'on 
sequ~nce ia ~ av·1Uerti&& ~ ~·~-~D.wh pair 

' ' • - ' - • • - • • ,. • • •• ' ' ~- ; • ~ > •• t· ":. ~ - ' it f i !13· ; , .i '~ - ,._ ! l' ~ <: 
of existing s.,.._ ~ 't'lils 'co•~ ille )'NU!. 

(_ - - .. ,.. ..· : ~ !-; ~ - . ·" : !: 

since acyclic ~ .,_..: ..a, lMr ..tcltjtct ·Bet .... iti.C -~~ mor•-. !a&UY 
. ' ' - . ' ; ! .. . . - ' ._:...fl J :., ;. ·:. , ':; .. 0 \•"; ; '- . . . 0 , - • 

tfil"ougbt ... _... ac· ~.am t. ....... -:pc d•a .._ lJL:W.lUAg . , ,,. .... _, 
. . • _: :,;~ t ' ' 

'.J'' 

The bierarcl'lial ~ at: ~ antame·· ~ US' ·to· apiply 

ac:·yclie" shn·l)Titlcaikt1l; · fallatq~: ·.wn io··~1~: Oi' S,.s~'witA dtrede4 
' ; ' ' ·~·;•_{:· ~-f • • >", ·;.~_;: "-,~-· ~-.,. ~. ~ ·"~ .}'<~r'·'~- -~ .i.j 

cycles. Since a -~ ~. iiJ, • ia1'R"~·i;,8' ,~,.. .~~. 

an¥ pmtiqa or • ..,,...,._ lie.-... ~.,.:.,11U1 •. ?l'lm -~.1.;••m 

s· shown tn.· tigwe a.s;..z u. ~ ''811J· a>a11tex:·,~: iahi~ilig ~ direfted 
~~ • . f~ ·.' -~ \}j~f;:, -' l 

cycle between ~· F, G aud H. We ~- areatly si!P-~~\rY this. str~~t.µre 
, ',Ft .. ' •, .. , ( . • • , . ,_., ~ • i ~ 

'or proof Pl",._. -.,. f4tUPlinic,.·t11~.11orM.-k41fS~*& lff Jllk>dules A, a, 
C, 0 · aifcl. E : as • :Padet system , 11 Crigliiai ·s.6-:JJ; ··.3t'hli systttm" S 1' 'is '~rc'lic 

and ~asy to s~ty; Us iaierul cl,aiact~~isttc: .~;&.&~• l~!-t. is ~.n .~PfQJ>.I__i~te 

aomposiitioa fll tnef ~·~ratenstta· ~··fer. tit• m4111Ules ~·•'Cf!- 0 

and E. B'ut '\t~ .Pffnct.ples, o( :Pac'ket domm'1Aieatlon archit~iure ·~low. ~s to 
;·; ; . ~ .. 

t.reat sy5ten_l Sl aa a ,lllQdW. whoa ext-- ~~~c l'fia~9n1. ~;is 

preciWly lttf91 • · ~ ,.,. can ,..._ tfl9 st~: o~· ~ste.ut' is: <to;'"h. 'as 
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,------------------------------------------~----------------------

s 
l-----------------------------------------------------------~-----J 

F1gure 5.~·Z: A more COIRj)lex system structure. 

i--·-----------------------------------------------~----~---------· 
r·---------------------------------1 

~ Sl l 
l----------------------------------1 s 

l-------------------------------------~---------------------------

Figure 5.5•3: Five modules forming a system Sl within S. 

w 

x 

,------------~----------------------~-
' I 
I 
I 

I 
I 

Sl 

l s I 

l-------------------------------------' 

y 

z 

Figure,i.5•4: Simplified 1tructut• fot' sy1te111 S; 
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shown in figure 5.5-4. For the system S, our acyclic simplification technique 

has reduced the structural complexity by one-half. 

It is possible to carry our technique further by treating the portion 

of system S consisting of modules F, G and H as a system S2 (figure 5.5-5). 

w 

x 

r-----------------------------------------------------------------; 
: ---------------------------------- ---------------------- : 

I 

I Sl : 
l----------------------------------1 

I 
I 
I sz 
l----------------------

I 

I 
I 
I 
I 

----------------------------------------------~------------------} 

Figure 5.5-5: A second system 52 within S. 

y 

z 

This manipulation simplifies the structure of system S enormously, reducing it 

to what is shown in figure 5.5-6. 

w 

x 

i------------------------; 

I 
I 

Sl S2 

I 
I 
I 
I 
I 

: S I l ________________________ J 

y 

z 

Figure 5.5-6: Further simplified structure for system S. 

This structure is acyclic and therefore simple to characterize. It may seem 

that we have reduced our proof to the point of triviality, but this is not the 
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case. The only way to 4ettrmlue the sp&clttcattons ror the cyclic system S2 

is through execution sequences; thus, the proof for system . S has been 

essentially reduced to a characterization and:":dlrrectfttrss pro0t for the new 

system S2. For a general system, structural composition techniques such as 

these can greatly reduce the complexity or correctness proofs, but in the 

presence or directed cycles there still is no way to avoid the intricacies of 

execution sequences. 

We have Juat seen how the struc:t~r.e, or a Mcket syst~m can be 
. , ._· . ' - ·-·-s- ·. -.. ·. . •. 

simplifi..S. for . proof pur~s by "collQSiJl&"· aprtion..s~, or . ,\he s,y~em into 

modules. Usin& this tec;hn1qut tq&ether. :\Vit~ ,~~ .UworG we :pr9ved about 

acyclic ayslelJll can &rqtly *uce the co~puud~ or . P.t'C.ket . aystem 

verification. 

In this chapter, we have shown how· our· mooel for specifying 

packet systems c:an be flPPlied to proviD& them -C:Wl'eC:t. There is no question 
' I ·• .' ',.., 

that the correctness proofs pre•nted. here ;ir~ . .,CQlllPUt:atad,: even ro~. small 

systems. However, pert of the complexU~ fo~cl .µi · tll,e.M proofs was 

contained in the developm~nt .or a basic ~t C>f. 1'nunas .. that can serve as 
" '.: .. , • :'~:o • ' ·..- ,_ . ' ' . 

building, blocks for other PJ'.OQfa. There ei:e :ii ~~~'' or approaches. to 

generalizing the proof tecbniqu1ts. that have li>een F...,.t4!Ml, ;her.,. •114 we will 

descri_be some of them. iA th• D.Q:\ chapter. 
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CHAPTER 6: CONCLUSIONS 

6.1. Review of the ruearch 

The basic task of this research has been the development of a 

methodology for formally describing the behavior of packet communication 

systems. The work here was motivated by the notable difficulty of designing 

computer systems and, more specifically, in making sure that they act 

correctly. Consequently, one of the major goals underlying the specification 

techniques presented here has been suitability for formal verification of 

system correetness. We have taken a particular view of systems: hardware 

systems composed by interconnecting smaller units. The research presented 

here has been a first attempt to formally describe and verify the behaVior of 

systems viewed in this way. 

The class of packet communication systems is distinguished by a 

number of desirable system structuring properties that facilitate description 

and verification. Our approach to specification depends on the properties of 

modularity, hierarchy, speed independence and uniformity of interface. Until 

now, the principal benefits under which packet systems have been promoted . 
have concerned the fact that the asynchronous, concurrent operation of packet 

systems allows for r~ter system performance by allowing for. more efficient 

scheduling of the available computational resources. This document has, for 

the first time, identified those properties of packet communication architecture 

which make packet systems well-structured and amenable to formal 

description. Appropriate use of the concepts of ·structured system design 
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makes it easier to 4eal&n and unclentalld qatema even - without formal 

wrtficatiOD; Wial ~Ormal metho4a, qst8m. C0rr.ctn9U. ~- be mathematically -

demonatreted. u wen. 

Syatema may be viewed externally, through_ their interaction with 
'~ ',~~'" ~ -.~)-

the outatde world, or internally, in terJlll of their ~mpoaition from sll\aller 
•• ~ _· j ~ ·: '.'.)•·,' '';': ' . 

companents. From an extern-1 point of view, the behaYior of a packet system 

ta the nlattomhip between-""1!eaC.. of pi(:Uta- tr~tted- o~ the system's 

lapu• u4 output ~. Th• 4Gotattoaal apftC>li:h we: have taken towards 

exteJ;aal spectficatlou- for peket qltma SI eieaat p~y becawe it gives 
• . I - ' 

direct mnhematieti •pre.ton to thaia lli{Uencu ot packetsl the formal 

'descriptions that coutttute our exteri.al QeCtficati~u -co~tain no extraneous 

notiou that would. oa17 1erve to od:1ae the rel~vUit bahaVior81 properties. 

Thus, the uae or aathemaUcal operaUOnl .:cm 'itreaJU. provides an appropriate 
,' ~ . . . - . ( . --. : . ;j. 

level or allllltracttoa to· aid. in the fortnal ct..crtpUon- ot qstem behavior. 

Denotational- QaCirtcaU0111 may be providecl tor modules at all the 

hierarchical levels of abstraction in. a packet system. Thll give.s a complete 

formal ducriptlon of the behavior of the system and all the component 

modules in it, from the top. level down to the primitive modules at the 

bottom. In order to verify the system, it must be shown that at each l.evel 

the given modulea are interconnected so u to perform the correct function. 

Because of the great dittiCUltles · 1nvolV9a ·- -~ '"pr0Vidtng a denotational 

charactertzatlOn for . the behavior or"' a.II.:·' la~nn~uoi ~f nondeterminate 
- . - -· . - .\ .~·- ' ·- ;"·? ' . : . 

moclules, an operational approach tO. i)"atem V.ntiCaUC'ill WU chosen. There is 

ao extattng _ methodology for formally 4eacrib1Da C:omPUiitom - or either 
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hardware or dtwan_ q.te~,, ~ ~- ,~r~ .... ?9· ~~Ul Ule ,~n of 
: ,. t . > '~ ': .... ' \."" ~,., ""· ' "•' •• '< ' ' ''. . . . ~- . 

. ;,,_executi~",\seque&GISL~~ ~·~:of a<"~ .,.,i:-~ ~,~.~ or 
the behaVior of tw coapcmeat moclules aDcl the w.,y they '·• all,'~ally 

fitted togetller. Jty MIMlliq ~ aa4 ».oa&etenaiaate ayatema in a 
-'t· r : ~'. f, ·:; " ', . '.~' ~'",: - _.;~· . .-~ ~"'"]./"; ·~{.~ 4' ~:,q_, -.. :..-.~.~;; . 

uniform taahioa, tile teliearcb here aoutihltu a n'lrltaatial hmovation in the 
,. ·.. ·,-rt~ 

field of syatem ~icattoR. 

f,':llOtbel' ~v~ta&• qt o~ ~"1!Jhlf,Jf1a:,Rfv~»< iff'i_JJ~CN'~\that 

the;y a~,,;.,bu~lt .~, d~~~~ t~~ .~~.!If ~~.s.~.Jl!,_,ll·"o~a•tem 

~han~~ls. . Thia ~~ ;JM)t~ ~ :;~'f;'.ff.~,~·~·~ .f~"*~·~,,.. the 

·' inter.nal oper4tloa :,t ~~.-~F ._ ·'t.~ ftl\e1~ ·'1'.wli are 

beiJl4 moclelecl. Mon19~, (91. .. ~~.iJWM ~~.:t~~o~i·rM: .. \rilich 
·, •. . - .• \.- - "' .. ; .. r, .... - . ~ "· 

a moclu\~. ~f!Cid~ ";~~h ~t ~~;~~v.,, ~ ~wt'fJ~ itf!:~red 

by the w~y ~ :Mve tleliaecl J~~r:~,~~pf :~rPr~~~1P(<.~nel 

streams. Decisions·~ .. o.f..Nl!""Fn•.·•f .. ~ ~~IM ~\,ill~ J~ as 

being made whea the pacll.et'a receipt ia ~ed. All the aotions 
:~.· ·1 ·~··~(-:~·t~:-· ~ L~'"'".-::;':·" {E<'·~·,_ ·: -·.1C >i'~ 

'·'' 

embodied ill 8JCer:a\ioa -. .... tor pacbt qaieas ha~ been 4eve~~ 1A 
,,_- .. , ~. :· • --- .... _._. ~ P.- __ • ~~..: ....... ~ ... ,.0--:;:.::rs. 1L-· ·;·,>~ r;.; .. )'.i ~1·--/~:-

such a way as to 'be ocmaiateat with rtlflMICt to the ~ propertt_a or the 
·-~-~ ·t! ., ~-,_~ ·,./ .... ,. -~ ... ~- _:: -.;~ -;...;:. ~: ·~-,.-~~~_:··~ ::..~-~-l -~o · t.>·-~_,"~~r ~~:;- t .. ·-".,i1)_; ·, 

systems. Thu, exec11tioa 119qUeaces u PnlGted hen· aot only ctacribe system 
- - - :i "'.(>( :;~< . :;:, .\ ~[;;;,r·.-·--~ .;.·>'." -~--~~,, nt(:l1" l-~J. }\l -~~~.~~'-i)''~'-

behavior ancl allow for formal wrW,catton, wt alao qpport · appropr_iate 
-:--.~- .'\.2. ··"{5 ·: .. 1"';"~-l ~},;· · · iY~ ·:; .t \~ fb ".{; 

·f 

conceptual abstractioJis. 
•' . 

I~ aclditio11._ ~ !<> the ~,. ct.~ve1~~-~ ow-;.~at~ ~ha we 
. . ! - . . , ' .. ,,_ ~ . -

have d~Dl~nstr•~Jts c0 ~P)ll~~!-~it~;,to.,x~lft~~Jl •i ~-:~h ~Mt3eu 
proofs for three ,~P,le. ~ Sf~·-- ID. thJ;,~:~.JJlW .~f'9fi.uwe 

-~ ' : .. - . ·-, , ~ - ' 



·, .. ~' 

I-.. • 

. . . .,..,1.,, .. ua1.411, "1J::•rm~a 1. wna ·:·•tJllir" , ·· ,_. 

t•dfl'n-1;~ ... ·;-··~ .... i~' 

.• 

. · ...... . 
,.· ... -· 

_ .• .,.. 

.,.-·-·· 



- 124. 

arc:hit1!Cture1 we have exhibited a JUch-level 4eacriptive forJlh1lism for 
~ , ... ,, •

4 

: ;.,.,-~ :·:~J:,.. ~--· ~- ')'l~.$~'·-'' -· r . '_t 

specifY1DC iu tawracuoa of l*ket :modW. aa4 ·~ with the outside 
.· " , . ·:.~~. J '~.,.' > ..,:~,-,-. ~ ·f,~ ··.,' ~~;~:· ~~'• .•.~,·-,:" . .f:;.;,. F':- .. (:~ ~-;, "'!.;_·.J. • ~:r·::.~~~:tc,,. 

world4 we have fonulu.4 the COllcep\ of wut it. mel'AI. for • system. to be 
.,,.,,..-i< .. :t ,,,.,. ';.:'·-~::~:J :rctl.:.-:~1l1i1J.;.,-,: -;·r..·:-r .' 

composecl froa IM4•lel alld. how itl operatloa may IMt detiaed. ia t•naa of' the 
",- ·:~ :- ""'~: ,• ~ . :,j·;ft.~,i;.::1!··;:1.:,.~ [ff~ ·.·"'~(S_' 

behavtor ot tM c:oapoaeat ao411les; a4 w. haw 'balun the UVelopm.eat of 
... :·".:'~ :~/ .)-<-- ,,:~-"-"ft -- ~-oj.~~ ~ ...p'!' ;· ·~fj.i-~1q\>;;. 

methoda for fonul 'ftl'il'icatiea of the corNCtaw ot paclrat qlWIU. 
~" -· t:afiosu ·)f~".'< :.-~>-: _.:;~ "~: 

a.a. Pu-....,. 
The work here hu opened up: ~~ .. ~.M;.J°!4 a1~~· t\~ o_r. i-u~ther 

research iato qatea IPldfieatioa ..a vertnaauoa. There are two. principal 
.. -, ~·.:. ;f,.;_ ; t~ -'· .... i · ;.~-~<~'.-:~~ 0 ~) .:_ L.. ·:: ;_, :~'! 

areu opea for flltun iaftlti&atloll.1 the U. of ltrelJM aa4 au.m operations 
,·:,·;_;..!' ::. ~- ·:·i i·> ._ .~·;~) · ,;,;·; . .i~-';i-J'l~.-· :·v-.. :-'Jfr>F~~·_h 

in external apeoiflcatlou, ail4 cea...U.Ucm of Rr proof i.cllaiqu• to more 

complex qstema. 

;• 

' _. J ~ !1J, 

__..., .. 
. "} . ~. . . ~ ~ 

_ de!elol> hiCJrer•level ·~~1~ for~-~ fC)r, tJ!fft'M ~~~:' ~cl Jheir <. ,~-;:· " ' ':•' • l.,'_' , -... ~,, / ~,<'' '· ··< ·~ -.. ~ '•,"."•' ~·-·>'ti'. >\M ·~·i•• 0 ,1 • 

operations. .~ tot example, t~ .~ .-.~~ .,A,. ;~~ic~,.,ad4s 
- .,; , .+ • .,-:··z' . Al_l __ ~-' ·t.Jt .. ·.·:.,~~ :1.~"'9-.L/ 1"~ <';_ •• ;.1..._ . .-11,__..: -.!t•<1>·J 

correspon418' pe.ck.etl from ita ia,PUt c:hanll )( aa4 1' to 71•l4 the. packet. for 
· ~~ .. • ~(:;. · ~·~-· '· .:~. ·;·-'~;,.5~~-_:~'"""•fif.{'[r;.i ~t/'-0 t-":f:.:.:~'i~~- _1,,,·'. _r;-: ,'1.:: '-;;.>:;_.•,,.' ~~ 

its outtut claaa.i S. We char~ itf. ~~.ltf \lle·~re14Uoa._.EXTA 
: J'..~- -.: -~:~u"'·~ Lh-:l{j--.;-~··.,~~- -~~ -. {f~-$.'-~.:z ·--~, •• •• 

defined by 

((x,r), (a)) c £XT A <·•> It • rnin(lx, Ir) aa4 •[ 1] • x[ 1 ] + r[ 1J Y 1 S ft; 
· -,· .- -..: ;t;; ·,_·:·.. ~:. t~. ' ~ . ~. L- ,. -

at a hl&her level, we ahoulcl IMt abl.~ t(t ,,,-iew,s-o~~~i~~Hf,~ 1~~.a: ~nci~~nal 
operation oa streams, expreuad u 1 • x + r. Of cov•, in order to uae such 

.. -· __ : ·.·, . - -.~.; · .· :_;_'~_"' :. "~-; .Ji.G.'~-:-.. ,_- , , , ,, .- · "' · .·~A~~:- ... , __ ,, ~ •. ;,., ~,> J.. 

ht&her-level 4.elcrtPuou profitably ill proof•, w. would DHcl to develop a 
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methodology, it seems that correctness proofs can be further sim~lified. by 

bringing the level or formal description closer to our conceptual view or 

packet systems and their operation. 

There ia even· more room .for. f'';l~~lt.,r JJltMf,~~ ~.· studyin& the 

development or a &~neral proof method~!°'( ~or .Y.fr~pq&. ,HC)tet sys.~ems. 

Given a particular packet system, it is a lengthy exercise to work out the 

details of a correctness proof, but a general proof methodology would yield a 
,. ,,._' .', :..::r 

systematic approach to the art or proof generation. We now discuss some or 

the Issues involved. in abstractin& the correctness proofs we devised. 

All of our correctness proofs have both a coutstency Piµ't and a 
,; -~\ ~ ~ 

synthesis part. The consisten:cy part ii . •t ~>' to .. ~o~ ~t for a &tven 

execution sequence, the system input and output slices . !'ltMf'Y the external 
'. ·:; ', ··_, ~· .. t ! . "·- ,; 

specifications for the system. Since the , ext!~n~: ~ificati~~';· are. &hr4? in 

terlDS or streams, the consistency part consists of. .&Jl~~.4 ~~~ ~41'i9'\la streams 
. ,.: ... '. ' '·'• - ' 

satisfy desired properties. For our proofs, th,ese pro~•.· r-.J~te , to tbft size 
- .. .,,, ' ~. ' ' -· . . ' 

and elements of the streams. Accordi~Y~. the c:o.~~'D.C¥: •.. POttJ.Qn of a 

correctness proof is often divided into two parts: . ~ size ... c9~di.\~on. and an 
~ ; , - ' ' ' ·: _;, eF"' ·~ • • 

element condition. The synthesis portion or a .cor!'ectneu .. P:r<><>f •n~ .. the 
• ~' • I • .;_ ' 

construction or execution sequences to realize given .system behavior. These 
· .• ~ r::. . r-.: ~ . ', 'i : ~ ; ; 

two parts, consistency and synthesis, compose the framework of a correctness 

proof fo,. &ny packet system. 

In order to produce a correct~~ P~9"~ fQr,.t~:··•'n~al case Qf: an 

arbitrary packet system, one must develop 11 set of t~i;,,. ~9r 1Wt~~ .the ~rts 

or a proof mentioned above. We now discuss each of these parts in detail. 
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For the c:oa.sistency Portion of a correctness proof~ . we need to 

establish chaiu ol equalities conn.ectin& the vario~ systezq. input ud. qv,tput 
' ~ .~: I . , ..• '; "\'" ' : . ' • ' ' •.;, 

. . 
streams. Construction or such chains, of course, 1• ~~Pliah~ thro~ the 

' ~, ,, ,· . ' . .. . ' ;:: 
.i" ~ -

use of the extera.I specifications of the component modules of the syat~. 

With all b'tlt the·· .oat 'irlvl&l of' systema. M,arate chains muat be set up to 

handle the ···sta ad .__t . pt'OjUtie1 of the chan~l streams. 

In our proof• of the system. C and S, we made use of special Umit 

lemmas to complete the •iae chaiu. ~ Sum. LiJllit Lem.JD.a, f'c;>~ e~ple, 
_.A'.'(;. .. .· - ~ :. ' J 

asserted that the limit or a termwiae 8\Ull or two streams is .the SlUll of the 
; ~ { - . - . •' ·'' . . ' 

limits of the two streaJU. MathemaUcally .speakin&, we may view th:l& 
. ~> 

· temm:a as stiltUt.tlq that .WU aa4 limits "commute" under appropriate 

conditions. S'uch a'eommutaUVity prop8rty ~Ually ~tates that t~e termwtse 

streani 'rum ~ration· .. ii conun~ ta: a" certain iaath~tlcal ··sense. For an 

arbittary pack.et·~ Ui &eaeral, conUauity iemJUS such as these are needed 

in otd'er ;.to 8ital>llali, ~elatiOU amoaa ~r..ml i~ a; sY.tem's limit state from 

corr'1!spon41n& re~iOas that hold for iawaecUate staltes. A fairly lar~ class 

of artihmetie and. JOcical opeutlons satiafy the deslred continuity properties. 

It''l!lay be wise to restrict the clus ~f ,.CUt; ~ to iaclude only those 
._,,,.JI 

behmors rot which the s1Z. properties· are contiauous. 

There ta an eatirely different concept~ •bltractiqn associa\ed , with 
' - •' .:·;-:: ~- ,- -

the element properties ill a consistency proof. Ill C)l'der to rel!'te pazoU~ular 

output pack.et valum with correapo1141DC iaput pack.et values, it is i:a general 

· uceuary tt> ··tnc:e· the ,..... ·•at mti"14uai ·.~ta thr~U&h the internal 

channels : ot ·'the qatem. Thia becomes a· difficult ~ even with relatively 
•' 



- 127 -

simple systems such as S, since the transmission and acknowledgment of a 

packet are traced through an entire series of applications of the system's 

connection properties and the specifications of the component modules. In 

order to obtain a general proof methodology, it is essential to develop some 

formalism for describing and deriving properties of the packet transmission 

pathways within a system. In the system C, for example (see figure 5.3-1 ), 

we should be able to formally state that any packet received on channel X 

will be passed through module A onto channel S and then through module D 

onto both channels R and Y. By a judicious use of appropriate descriptive 

tools, a high-level formalism for manipulating properties such as these should 

be achievable. 

There is another approach we may take towards consistency proofs. 

In the characterization theo;rem for acyclic systems given in the preceding 

chapter, one direction of proof did not require that the systems be acyclic. 

We proved that in any complete execution sequence for any packet system, 

cyclic as well as acyclic, if the external characteristic relations for all the 

modules are continuous, then the system's limit state satisfies all these 

external relations simultaneously. It may seem that this result would make 

consistency proofs almost trivial, but ccntinuity must be established in order 

to use it. This alternative approach, although it does not reduce the 

complexity of consistency proofs, may be more suitable for developing a 

generalized proof methodology than the ad hoc approach used in proving the 

three sample systems. 
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For the synthesis portion of a correctness proof, there is an approach 

to proof methodology that follows as a logical outgrowth of the conceptual 

noti"ons available to the system designer. It is the designer's task to reali~e 

certain desired behavior through interconnections of various modules, which 

means that the designer must envision how packets are to be routed through 

the system in order to achieve the intended actions. The designer really goes 

through a conceptual simulation process of the system's behavior. The logical 

framework for a synthesis proof is thus already present as one of the 

elements of the system design process. Again, for a general proof 

methodology, one would need to develop some formalism for describing 

sequences of routings of packets through the various modules in a system. In 

the particular proofs we presented, there was a regular, cyclic structure to 

these routings. It is reasonable to expect that a similar regularity be present 

in the internal behavior of more complex systems. Exploiting this regularity 

should turn out to be helpful in constructing synthesis proofs for packet 

systems. 

As we mentioned in the preceding section, the lemmas we developed 

for our three sample proofs are suitable for use as more general tools. 

Another area for future research is a determination of the scope of their 

applicability and the development of a more comprehensive set of tools for 

system verification. 

In general, the study or specification and proof methodologies for 

packet systems (and perhaps other kinds of structured systems as well) appears 

to be a fertile area for additional exploration. The current research is really 
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only a first attack on the problem of formal clescription and verification or 

systems, but the approaches presented here should paint the way for further 

investigation. 

8.3. PartiD.C ahota 

A detailed development of a piek.et system. :,,_rification methodology 

based on the ideu presented in the preceding .Cu~~ ia· not an' easy. task., but 

there ts a far more difficult problem to :be eonsidet~: The complexiiy or the 

systems that are studied will always be· a c0b.ltf~ni11& factor for formal 

specification and verification, since formal descriptions grow in complexity 

faster than the systems they describe. The use of the acyclic system 

characterization theorem and similar techniques can help reduce the 

complexity inherent in many systems, but this ·reduction will not mak.e 

complicated systems simple. Proofs for systems si&nificantly larger than the 

ones we have discussed may be unmanageably difficult in practice to 

construct in their entirety. Thus, any specification methodology whose only 

goals deal with formal proofs will have limited practical application to real 

systems. No system designer is going to slosh throu.&h all the intricate details 

of a proof for a system that he already "knows" is correct. Moreover, proofs 

can contain errors Just as much as programs or system designs. However, our 

scheme 1.>r packet system specifications supports the hierarchical factoring or 

systems into components that approximate the designer's conceptual view. 

Execution sequences and packet streams in our specification model are useful 

tools that may be manipulated by a system designer to tut out and to gain 

further insight into the operation of packet systems being dest.cned. In this 
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way. we feel that UMt concepts that have 'be8Jl Uvelopecl ia oar research can 
, , ) .:. :·. ~ 

be ~ppliect to aid li&aUicatly in Uw proceu ot d~~ ~. and 

understaadin& paclr.et systems. 

In summery, tile research here hu opened up a new area of formal 
" f ~ :f''. { ,__ :~ 

specificaticm and. verificatioa of coaputta& syaaaa, both hardware aD.4 

soltware. The o.n.,tnalit7 Of thil wo~ 1' ~)" e'4_4eat ;~Jl the context 

or har~_ware system 4u!&L The .-•~1* .GA ~ ,:i~'-: ~ve !:leen 

developed hce. are ~ul. iJl their qwa ,not .U. ... .- ¥1.( ~t .. -W~ for 

future work. ill ~ ud Wft~.qst-.... 
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