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PORMAL 8PliCll'ICATIC8J8 'POil PM:DT caatUIIICATIOII ffSTBM8 

'by 

DA.VID J BlolP 

Submittal to the Dlpar:tmeat ot llar:trJa1 lqisMrt-, act .·ColQu.ter ac.... 
oa OctolNtr •• t~!J~ ,.._.,~ fll a.. JIIIIIUWll.ta ,. ....... ., .... ., ••.... .,, .. 

. Alulaaot 

One or tu at111t difftcult tMU facta& COIQllter ICieaUfll ii that or 
designin, .......... , .. IIUW tbat ..., lll'fw• .., iatadal f'llllc:Uou· 

correctl7. · Aa co BJ 1111 4atcb1 .._ ••"• ta .._ aMl •---~• tile 
problema of a,•••• •r:tp _. -.r:tfk:altma .._ tu,_ bac111nncb' acate. 
Formal ~ wtdCtl - 11 .. 11 :a...._ of a ........ flulcUoll, 
provlde a .... fer UIII....... Q 1 I ■ •1■118t ■ - WIil - a. ...... 
correctJleN. 

AlfhoQIJa .... 1w -- .IIU&Cla wk Ja fonaaJ a,ec1ficatlclll -
verification of c _,.,.w ,nw,rw. NIAU~ little ru111'Cll It¥ .. --■a..,_ aa .,,. ..... · .,, •-•r•11•· ·.:,, •;, 1!'1~*-•ANt:_.·~ ~~--'!~~,~ ·;~ • 
JMC1t••1Cftie uafl••~ _....,,•-~• W' . . . . · ·"' .. .,_ at114y. 
Paclttlt C tMib:ilcf tlli'I··~ -'"•·· • 1nfsii; L11i1w~itr1ifirit., ~-.jpuu 
that inter.ct aa1;r lly ~"f:raatttuta ,-:_,. of talGI 1-M•. ,._ .,...._. 
poueu • --- ., ............................... Ritule 
for formal ual,... 

We .. .,... 6JN1opet • ..w far ,..,.~ -~ .. INthn1or of 
packet qsau _. fer ......, canec••~ TM ••dill ii ..._ Oil u.. fact 
that packet· ..--1■ .JJ J8SF Ile vte•Nll 11ot11 __,.ad1J,., ta ..._ of their 
tnteracUoa Witll tile ....... wruli, -4 J•ll'■etl;~ ta --. of tMlr 

structural ::::l'✓irt,.' p,~ _ ~ · .. ~;,fP._ ii a11owa to a. correct "7 . · · ·· 1tti:.r.,...'-~ t:.t11i11a■ t.._ to .._ twv 
vlewa .. equtvateat. . . . . . · 

Om .. ---~--~li!IW····~-~-~-·- of -- --.ie -~ qstema, ad • •••lnl ..... .._. of·~ Q!JI 1■1 ii ..._.; fllll ._, ,11.. 
' . . \'" ., ' . 

·Tlutsla Sul1fl'Vl..-, Jack B. ])enats · 

Tltle, Prof-, ar Coaa,uter 1cieace ad __,, ..... 
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The har4en part or this research was the' 1Jl1emllnably'•tong · time 
spent . grappling with vague, .•\,~~ . ao,tiqu •. •~·, •;·Jfaill ,~ate 
underlying concepts. During this period, I needed -- and :r~ve,d} .... 
assistance from many people ai:ound in•; · · · · · · 

· · Professor Jack l>ennlsi m.y l~, ~r"•~~~- ~ remarkable 
technical ~-h~.1~ ~rk:\~, with ~~,t.,:A~~--~~~ .•&~es to,: new 
areas •. I am trateht' ttiat '1Le··111a~ie1· J67.~'.#1'~~~.·~~. ~ng I 

· investigate certata ·1cteas t~t· ~m~ ~~,~~,iiJ;!'~l:~~-(1it-,;rru1~: · 

. been trem:»ctC:Us:; f~rlr~&tilY·••tJ.~;;;~~~·ye -.;;«:~~ 
shared generous amwnts of thne 'WI~ -~ ef.,.~JP8"~ -~ .J .~.fl .. my ~• in 
the proper perspectiv..· · · · ·· ~-<', •· '!! • •• o.. •· · 

AU t~ .of my, CQJILJQ.iUee membearm1datt.• ........ contr.tbV.tions 

. :i:~c:1:,:!o c:~~.~ 4~.,•~,}fflW,,q!fte~~~ .. ~~•jlD
d 

: ' C • ' • - • _:·~ ... ~-- ~ ,i {b t ;.· ·'· : ' ,·_ 

1 Wlsh to Uwlk .. D\1' rellot.V ~-..,..~·~-tar• ting .,.._ntly 
. · to ,many: varslou, .of. my ,JJtuaatatiou of , 1117 14-,. 1n•••lhlll r.,_ the 

•ulld.e•r to· the coherent. . 'thoka. to Bill- . .Acunua, ...._. Mrzini:."·Andy 
'".~Boughton, Dean B~k..;c,:~~t ,n.~ qi.,\!~!~ As=IW'J.,_·Ken 

:,Weng and·· a number or et· stuit.ents to~ ~~·~~¥ .ppr W.. and. 
come up with the ·rf&ht aerlnltlo~;..,:«:~A- ':·, ·' •. ,;, ' . . . . . 

' • ' • . l. ·,, .,· .. '""' "·"' , ; • ' ' . ... • . 

The MIT Laboratoiy. for ·G•tntbf:!".,_.. ·w· • tile•··- • stiliutlatln,g 
• environment to .work ia. Thaalu ara .. M·M' 8lilr•...,.._ 5~clalt:support 

throughout the research• wa:-a:-M tar.a • •ilFillii~ rac:dttlu in 
. _,preparing this docume_nt., .;, ... :-·~ ... :;, 

• . M¥' pueau-jaw,me-COD1~l--'fN1~0··nt,orf~S ... , dcouncement, 
standin& by. me . wha, J, aea4ed it au, ~t-~ dtiil'~ in : myself 
through their confl4eace, hl me.•, > ··· 

. ·• < h; 11 ~ ·\ •. ·. . . ; .: . : •. •' ·, 

. . . Finally, ;~,i¥fiA:f:h~Pl~~-w .,..\Mm,r~-~~-to T., my 
flancee and wire to be, for patiently beart-, with me:f91 two q~ a half' .~n& 
and difficult yeam. ,aw1ag ... QlOtioaal ' •PtM·hWifX'eota~P! ,. and 

).'believing in ••• ,;f~v·:,••\!.'i·· ~,.d, ·,: ,I. .. . 

r ., 
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1. 1. Syai.. ,c:luip and apeoifioaUoa 

The fields or computer hardware an~ software both deal with tlle 

sam1:t fundamental goal1 

hardware system is constructed from physical compoae~ta, _ wh,Ue. • soft~ai:e 
;. ,.- ' . ' ;; ,, : ~~, -.~ ~- ·;_,,(}{ .. _, •' ~ - ·' .. ,<~:;; 

system is realized by writing proaram.s in a lu.&11• j~plemented. on some 
_.· . , {' -~: :

1
· -.:_--.:,. , ~- .~:1.':~•r, ; - · 

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

capability over the yeai:s, their structure ~ ~~JiOJl, J.1ave gr.own 
- '•r :: ; • :, :•, <, .... ,• i. '\ ~•-~, ' • • .s'.\ :,f-- ,h,.'---" •.: • •• 

tr~mendously in complexity. Thia has made the --~ or des'4R-Ji;ig sy~•~ 
; ·-. t: ..:~ ~- .. , . ' . . . . 

increasingly difficult, upecially so for ler••• h~h~prfor~ .. ~ce .,X~J•ms! It .is 
-, - . • . • . - ~ ~ ~ • . . ;-,,,!. . - . - ., . , 

important that both system de.signers and u,er1 have. confidence that th~ir 
._ ~- _ · · ; ··.:-;;- -[·.: , H:t"i.,. · •·- ·. -· -~ 

systems perform their functions as intended. System ~J~,. _ 4,,b~n~; J!l~ 

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

in des1&ning · systems. The · tssuu of m~ , cer~' that · a · system being 

designed Will operate correctly . are thus of particular importance to both 

hardware and ~ftware sy~tem de51&ners. 

accomplished in practice mostly bY, • "~t of t~tt ~f,§~_ \~l}niq~es. The 
·,_; ,, -L' , : . ,." ,.,· . 

drawbacks or such an informal approach are clear: one c~ \,9 intuitively .--,, .~ . ,, .-, -".:: " -·-.; ~- ·-. -.·-~·} ., ·," 

.•4 

certain that a system design is correct, but this .. ia f~ fr~~ J ~uarantee of 
_,. r.; ~ 

correctness. There are numerous "horror storiu" 1bout. systems that _had to be 
. . ·' , . . ··•.'.•-.··· ,. . ·. 

redesigned or scrapped because their desig~ had serious con.~eJt\l,Jl .errors that 
. . , : -: ~ .. ,, r . ~·. ,: -::'" . . . . 1 ~ 

went undetected in the verification process. Such errors indicate a lack of 
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understand1-& aa the part of tu --.ner, u to ••~ wut fwtu>u the 

systems are qJl)GIN •-~oa«ar • ~--} ■aual ~in& of 

the way a system o,erai... &4 UL orcier to N Are Ulal U bu.aves COl'l'eCtlY, 

it is neceuary to JUU UM of .... .{JI .... 4i_, ... ... ;;::J.e&icel 

function. It ia for Jut thil nuoa t)aiat Ult cUlc1Pli,ae of torzul 

specificat.ioru hu ~-
, - -2 :-.. ,'_ .' '.~, -· '.~. "', L:<: ; ... ·. __ , "' . -'- ►~ 

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

desired ot a syste~ Gd a ·qatem ti .uowa te be cernct lty vertf'yiq th&t it 
, ,• r - • , , ,. ~-. (. :';. ~:, : .. • ~ J f . -~, '('; - ~ ?. 

satisfies its specificatkms, iA. o»S•tea u it 11 iataaW te Nba,,._ There are 
. •• ·-: ·, -

1
\.· .,"~.1·"~1 . -:.~-- ~. ·· ii•,~r•· ~I t' :_ 

two significant beA.tiu~· that mq · be ·rea1(a4 1-y ..... lonaal apacificatiou. 
• •• • • l c •• • ••· , ,-' ~~ • <• < ;:; 

First, it becomes )Qllible to develop forlll.-1 verU'icaUGa JaMhodokCiel. which 

makes it fauible to sriov• ili.t ~an~'~•-:.;.. ... their 
. '"' _ · · .. , _ , :_,,,v.:. .. l .< ~;·':· ';.lC~- : 

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

eomple.1C ·syitama c:an. 'be 'latter uacteratooci.. nu, tu iuJt ot syswm 4-0. 
.·•.•.~:;f•, J:·-:; -:.-: .,."~, ~: . -, ... ~--,:···-- t'.·t 

may be facilitated : throqh, the stud¥ . of fonul .--- Q_eeificatioa and 

v•riftcatton tachnlqua. 

Formal ,pec:U'icatlon teclulifie, cu.,a \te ~ .... · 1.Y,. ,.wlt.boui 
- r~;, ~ .. ·;.: fo~;-, ~~·-" . · -

considering the uiue ot ·tu ~ NUai& ........... r~ --. ~le• 
,·· .. , l , ; '··~ "'; 1 :1£.,'.f''-..> ~-- ".~·:·:~ · .~-- ,,. :,> . 

system,, the apac:Ukatiou ..,- NCOlll8 • ~- '!. ~--~-~~ 
·~ .. ~ ..:i \: ~-;?, ~ .1 i~ .t{-t. . . :;.' (· ~-' ~ ~ :> . .. \ y > ~ 

proofs intr-=tably 4itticult. However, Um. ,rolilMa c:a lie .U..vi.atecl by 

.. __ .,···- ... _ ·1\.i.:',.., .•:.t-'.• :·,: •.\ •· .. ' ··-~·;(-1 ,t.'.,"f·!·-:!_.i.,-, 
treating only ·lbbN ...., that Ntilf7 "aice" ~ - iuistia, oa 

• • . ,;
0 

~ "r, ~.:;.,-- , ;· J ,; _ · _: J d--~~ .. _ t~~ . - ·: · · · . .":_ 

appropriate qa.em cciaiUaaau tul auat '6e at&.., ... ca 14GUfy cl11rs 
. - . _ ,., ~-. _.,. ~.: •·~ ..... _. r f :-:e ~.f, ; • , ·,. .1{ ;-; .: ; ~· 1 ._, ... :. ·, · · 

ot ·system, ~t 'liave . aore ·orclerli'u.4 atruciw«l' ,.... with' 1M) real NCrifice 

in functional cajability. Tllrou,h Jud'i~~ · ue ~t'-~ ·~-·~ ot ~~~ 
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Formal specifications· have been the center ot·~uch research activity 

within the software field . [Rustin, t~7i~' Liskov 'ahd . Berzins;' 1976 ]. In 

'addition, an' entire discipline known as structured .pro&rammin& has arisen to 
. - ' ,,-· ' ,_ .. ,<::,, < ' >-.£,,,-..,5"' ; ;:·,J-~ 

study ideas of structured system design and their ramifications on the 

programming process [Dijkstra, '1972; wbrtm'an; 1'if11]. ',:, However, the:re has 

been relatively little research in correQondua, areu or the hardware field. 

One might explain this difference by -~ng th~t 
0there is a. much ·greater 

concentration of th~reticians spec:laliziD.g ··1r•: ~tt~m than hardware, but 

Uiere is a mote crucial uncl~rlytng raa'son .. tJi,lp· ~·'to~· ha:rd~are systenis 

have lo~ been oversKadowed by; tiie ~\ of •'i{~\e~tals, fabrication.' and 

asseml:n)'.0 Once a ·machine '1• 'into. production, the de,iin process is' ended; all 

further costs lie in replication and maiilt~~nca. ,, , tor '(~se. economic reasons, 

the p)\ysic&l •conanu:tion ef .,-.steu•!la-.tu dltmmat ·tactot 111 hardware 

development~, With .-i.wu.. oa tu 'otMr .1 :bllad, 4._Jii,~• ,haw al~ys 

.preclominaMCli stace::.~·• ,,_,,-; .oa pape1\ MolllGver.· ,,of\war.e 

systems are dasilaed !at speoific · -,ltcatiOU4, .if U.i4ll'0:1ttems ,to .be . handled 

are changecl. tWn tlle PIOCl'&ms "muat:;bftea .•.lte ~tea '.or ,Te4esf.Cne4. 

Hardware systems .. -,eaeral•purpoeelrl.,tlat,tor,• ~n,w111~tioaUOn it fs 

the pro,gram, 6114,· not. th• m:acmiae ;that ta aoaifAI.: ,...,.._e 11 thus .far' moN 

transient thaa :hardware)· which mau.s dUilln eetts eftn1tiliare ,important for 

software. · lt is therefale • woa,ar: :1hat' ,a.:tnt~·.for,,«Ud.Yfq destgn 

and specWcation :mtthodolegiu U"e- 1MMtn '-alr....,t u the, tofewar. field. 

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

The rapid developments in semiconductor technology' '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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cost. Construc:timl coats for l'larclware _Q'SWJU •~ 4nppiJa&, dnm&Ucally as 
. ' ,,~ '. ' ! :. . - . , • 

new r abricatioa tech.»lW are .,,...,_ ia~ ~ . aace. ,•••·. cost&. ~~ 
• l .• ~. ~ { • ' •• ; • 'i • ~ \ 

remaining essentialty the same, thef are becomi»& ~, ~ more . .si&W1'~.t 
. ; - . . ~ 

in relation to qatem deveJopmeilt. Thil DI.NU ua.t ~ clei1&n techniflues 
. ,.. •. . .·0·1 : '11 ' ~ -- ' ? ': ; .. ' . . s .. . . . 

and approaches will IOOJt. 1-1 oath• cu~Ua& IN4t of .--ware techaoloay. For 

large and comJ)l•x ayat.ema, w~ ~ .. ~ -., ~ "1/~icul\ to 
• ., ·: '. .'·it:. •, ·:, {,_••l , I , , . . 

comprehend and work with, the approach• to ~ dec\Cn a.re •~ more 
• \.. ,_ • . ' ? ~ : • < , ' ' ~ • • 

crucial. It 11 therefore iaportat to opa up a ~ mvestiOUo~ or 
• l , 0 • '! : · ·,, ! ·; , , -•-~ c"::'• I • • • i • • , 

formal specification an4 str~l~ qate~ ~~- .-~,~~ for lwd\V~ 

systems. b4 aiJ;lce much of the !J»U.Uw . 1a .. tl.lH· area ~ com• from 
• \-,t ' - - ~ • _. • . .. , 0: ' ; '-: '·•'',~ ., ::_; • ; : ~( i,) ',,." . ' . , - .. ;_ ! ' 

software i:esearch, it ii ut\U"-1 .!O .l~ fOI'. ~ t;q, ,.41.Pl1 , •~ ~f'A10&1t11 

used in soft~ar• 4~1pt '9 ... UMt. bar~W• _ftel4l. 

. 
. whidt. are ,il""111iR ta Ule .xt -=ttoa. ha blla-·1tJU1ta,. ·~ '4lmllaill .,,_ 

the ruearca »1111■?Jd lMN. ,_~~,dllllll-t431tfi'Pt•ilPl•m&·_.. .....,,aa ·• ·• 

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

hJiah•perf•rJUDc» ·--•• u4 walok..·,alll ,,.,.., a. -~t of • 

theoreticel-- .fNIHlt'Olk Im fonul qectacaU• .... ~: :).;Ja -taa thedl, 

.we shd, de~loP .__1..,,. ;fc.fonul ..,.IIJAB __ :Qf.·Uur.,......,_ • -.. aluit 

oommunialion ~· W• .,.u;. ala,._. .a··loolL·,·• JM>w :the taraal 

apeoifi~Uioiaa ..,- .__._ltil6 tawda ~. tM- _ _. a»rw:Uius ot .'tllw 

systems. Bec4Ml11 iw, _.. -. ao. liWe-,.fCllae.Lata1r,; alnD1111laodc:Go41iJII :far 

hardware ·syatem d.Ui&n, apecifi~~o~.~d ~~:}h• r~)l. hen 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~1t~ a ..i of,,J)ri11eiR1•. according to 

'\N'hich syste~s .-~al' .~ tlu,~ ~ ~~\IHd.'.•; tM ,..,._. ,at~x!Dg.·:theae 

principles afe cqlleqUv~y'., ,known • ·Jltq~ ','.,PZ11ffM(fltio11 . 4yste•v for 

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

[Dennis, 197~~). pack.at sysi.ms , ~ ... .-nuallY.. ~rGgA~JI.Qns of 

independel).1,ly f'\1nctio~ ._.unit, tllat ~t. '>DR' .:Jw ~,na eacl\ other 

_packets of iJlf ormatip~ T}).e iJlfQ~~tii<>ll QCQl'41~ J• .~, ""-et may ,hay:e 

ar't>it:rarily _co~plex st,;ucture. 

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

regarding packet systetU as hetng; phystcaltr ·c:om,o.reil·· hem'hardware units. 

Some of th• imponaat ·«>nce,t, uader11iig ·~ co~catlon architecture 

are particularly advantageoua whea -.,pliecl 10•,the ,:hsfgn and:.· iib.plem:entation 

of hard ware syste~, 

systems in sot\~are,. The:e are no ~~ ~hnicJU'8. ,.~ rora¥}y specifying 

or verifytng packet 1ystems vi~-44 fF,Olll ~-,::SC>ftw_. ,tanlJHiirt~ so , O\lf 

work here may also be ••~ -u ~an ,ad~ ,Ml.,~ tt~(ly Qf,; software 

speci!icatipn as well. 

There are 1wo particular notions from the study bf structured 

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

communicalion archit-ec:ture: modutartty and· 1t1f1Netry. 'these Umloris play a 

large role in the .suitability of applying formal ·qectffc'ation t~hniques to 

packet systems. 
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compostnc them fRllll CHllc wuu alle4 mcldu-. TM .llanc '6N u Ulat ·the 

-use of a m~:-u~-· Mii1"'U.' ~, ...w;·ot,;hs' flllPlemea-taUcm. 

IA thia- way. • .-11 .. -~ ....... iii drtirqtl ~ 'll!tt ...... othc 

{Myezi.. 1976, ·--••• ~971J;·,-.....,,·tfftll4~ 'ia'"flill!PQt!. « a ~alm 

for -su-,poniaC -~ · ta a>ftware'· ·17--. ·t. -1l'le '11dtion or .dafa 

abstraction [~ ad 'ZtUes,:-~}. ·• tai•ta11H···JlilJ-1,•·,._i ror ·~utar 

&)(Stems is ··a. iali.Wllll-'aohl•,•·•·~'•M' -~••·• 

Possible. Thil Coal ca 1iMa ~ lly ma1'n,e:c, ~'' '111810Ja& differeut 

module. aa. ~·--~,r~.-.. ~'-,vihm11•,.~ ..u-urinad 

interfaces. : ~'Uiqlllh u..,.. -,.~iwa .-....... ..-••-- ._rno ,'[Sa-cri.W". 

the issuu,, ot ~~-~M,,.,....,_ ,to -~ --~ .., .... .. •rcn■1 • 1Afllll 

PJ'Qbl~ W~_,U;l,l _. .• ,.._,Ot,8_~,~._..,i~ .. ,;: .. ,, 1-· 

TM1'iltiaa ar"~-w1a1ili•"•'hdllv ~,-~1,e<v1.._ u4 

·descr1w; · ·. k· '.••~ stnt:•• i..,._""* ·• '~tha\> ._. w' · .ttaun~ 
into - 4Ur-nM -:ieva -flt a11eepta1J ~ · 'WA'i_<, i.- ·--~ ·uae e>T 

mechanism& _,.. -~ a.m,,v•-"'hllla:'0
~ 11.''·loMrr~f :Deb 

mechanism Within the system 11 uNd. at l\i&hc, more ·alltnc:t i.vcs·· than 

where it is.~~ .la. Q.ia wq,,,~~-~ ~.6iri•1fd,:Mt3itbat it will 

not .inte~,~er•.~tb.-._~l~ .... ~ .,...__,,, ._. --••L· ~---1-ic 

princiPMiS
0
~4 cow,uu. pf.:~ ~-••·Jla,,_ 1,.._.u,.,.,.,,_, ~,, .i\Nlr es 

[;Par~aa. 1974; l~,-l8.1JiJ. ~,- . ,, t 
i •• : ' • ,. ' ;. 
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The properties of modularity and ·hierarchy make systems in general 

easier to understand and work. with. Each module' "in a hierarchical and 

Jnodular system has a set . of '"neighbor" mociuiea with ~hich it' communicat~~

the behavior ·of a given module dependr·'on th~t' ~ziventions by·· which it 
: '. . . . . • , , -~·· , , . , :~ - k - '. -, ""l' .- . .. .'·, '. £ 

interacts with its neiglibors, but it is completely 1ndependent of the internal 

characteristics of tht(otller modules in the 'systim. 'eo~ently, the desig11er 

or a module need not wotry 'about' 'wh~t ~ iu1a,t~:r; other mod~les; the 
. '· . ,: .. ;,_ ,·· ·~ :~·.,. :, - . . - ',. - ,f:';:ei,.-·~ . .. ,-.\ ' ·,·, ' ,. ,·, : . 

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

conventions ror the particular' ftlodii.le::•'6.ua,;cfesi&nid. C In this way, design 
r· .-_ . _ . ;· ·.:· . _ -.-. , < • •. : • "".· .' . ·: i', ' • 

information is pattition.ed along the bouiidari., of ~the' ~odules, insulating the 

system d~igner from irrelevant d.W.l. Thiflaau~t~n ~''rurther ~nhanceci'in 

hierM"cJ\ic~l jystem atfucflires. : l!ach i,~i ol' .&ii~ in'' the hierarchy is 

isolated. from the other l.avels·. 

external behavioral characteristics ot 'th; . sub~odules 'from ' whJch the. module. 

is 'composed, l>ut 'the 'internal structures of lii~t~li1'rilod\i1.~· should be totally 

irrelevant to the des~· or the given J!lodule: ':'··tiuu, ~ysteins 'tbai are both 
-. . -.;_, .J •·i ·~i , l .. ~ • ·~ ,: ·, .. ,, . . ·i • 

modular and hierat'chlca1 have two dimensions. aioq which design details are 

partitioned.. When die' structure of .• ~ 
0iysteni., pr~vents certain design 

information from affectin& areu it does no('concern,: the' system design . is 

simpler to· 111l4eutaaML ··. ;'6olmep.tual ~•'"'-"'*•;fm,ortattt .4esign goal 

whenever. ·sptam.·~ -4,WdfillUOJf _, to••·•ltU iato ac:cou-a-t.-

.;.,..t.·, _,.,., ___ .. . -.. ,. - ·. :r.-·,;':;.l;" ,~--i~~ .-:'- ... :,,.' ~· . . ·., .. 
far less theoretical attention· fo relation· to hardware than software, they are 

' ,· • ' ~ -· - - • .... \ · . . ,!_ •"'.f,_. _: "'' '. . 

almost universally regarded as fundamental to good hardware design practice. 

Hardware systems have for a long time -~n.'builti:.u~•4,rr~m ~odules such as 
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off-the-shelf cn■(PII ant cbt,- ta ,- • _.,.a. ~, a ►1-sr ~ ~ 
~ , # •• ~ • • :. ,. -. - \k,}' 1' -., ·;_.\ , . ' , ' 

abstraction, a tffial mtc:mcompmar 1a ~ of a ~oc•IB, ~• 
".. -~ ,_ ' . • . l . ~ . ; , . ., '. - ' _.;' 

RAM storaca, llO ctnwsa ma iat.-faa el--- Badl.. of i.a c:mDpalMISL_~ 
~ . , ,. . :· -'." ,--~-- .·. ;~A.;'.: >"::"/,~~.,, ..... - :' ··." 

For examp.J.a. t» ~- -~. 1~.-.~••. • .,.~~. v~ re&t,stKJ. 

gating J.o&ic. aa illatnct1aa_ ~ au oCla .,-,.11 nm tat tkea mlalOd'l\lea 
-; . .. )1 :-. . "',· ' '· .<', :"', ·., .,.. -

can in turn 'be· ~ .,_,,,,..,., 'J:hia ~- IIS,:t« .-~ -i~t; qste~. 
• • ; ,, " , ' ~ <j. ' • ', -

desi&n exhilaiu ~ .-. •~ f!J'Jll'1•· ,·· la ,....~. ~, 
' . ~' ~ ' •• .1 ' - '· . " ·, ~ ~ ~.,: - . +' .. - • ' - • • .. 

propertin are l'Hlizal· 11¥ iawlli_pUt; ~ .49!1 •. '-•· ~ ~ ~fjc:ul1. ;tq. 
> " _J ~ : • ' • • ! ~ ' ~ . . 

memory, mwtt:uw: ~~~ ~le,;1.,,.~i•,1.f4,.~• ~ ~1IIC. or. 
' . • ,, . ,_; , " ' ..,, . ' .,. • •• . '• . _, • *-"" C· ~• '< 

data amon& dif~,Jl!GC~ .. _'.cUffi~t tll.0 •• ,wrJt't'f ~ -~. ~~.l' 

implemented ~, PAd1ce ~~ Ill; Iba~~ ,hi..,~~ ,C 1-'. -'4,j;Jl&. 

n~~ com~•~-•-~~~-•:•~,.~-~,,•~~~\;;~; 
i!lteractions ~ u.ea .. addal. ~~ ~ ~ --.. ,~«.WU ~ 

_1_ •• •.• ~"- ''~ ••• ~-,.,;-·;- ,;_'!!,: -t JI.'!-_,· "' ,'.>/,~-· ,f '< 

nature, which ia OM or the r....,. w.b.y_ ~ ~~ q~ --~ SQ 
. ' , : c', ' ; .· .- ,,\ ·, Jt-.. .,•: .• ,,:•:' ,, ,· ' • . , 

difficult to builL _P~~,,~r.!~'1~- -~;_:we aull- 8",. 

provides direct sano,:t for ~r~cl,l1' ~- ~-~t7. 
. , ~ ,t' ·" -- ., ' .. 

comprise it. hc1ut ..,,,,.., aa ~ 'be -~ m .. tb.M' tlMliJ· mo4ules 
.. , .. ·- •}.:<. ·_t:. ,:.·.i ,•.--, t;. · .. , ·,.·" ~ -:,rlJ~.~': 

corres1>0nd- to tile ~ ~ i& tJae, cfesi_.a, ~ oC tJle ...-~ 
I ; .) f t : • : (, _) ,- "·' -;:~ ", _, : _:· ··_; ~~- f _( r " <t .., • 
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may themselves be decomposed into i11terconnected component modules. This 

hierarchical property of packet systems providu some of the major conceptual 

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

developed; By making hierarchy and modularity • explicit, packet 
~- -...., .'.. t • • • :;-_a,. 

communication architecture not only tacilitate, formal specification and 

verification,. but in addition serves: to eicour• good syste~ design 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 
J... ,':./'f'." ... 

or this goal, it is required that modules communicate with each other by 
V <,, •• 

passing packets asynchronously. This principle eliminates the need for a 

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 
.•}· n• 

already arrivett An operation may proceed as soon u the information it needs 
• ~ ;c '. .(.: :'.~ ~' • .<_" .... ' ,-,•: • :. ~ 

is received, as opposed to what happens with conventional architectures, in 
. ' -, -~ ' :· . . <'. .:.t: .' .i~- ··: ;.," " : : ; . 

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

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 &iV81J
1 

ct~.ve ~~ib!}i .. ~ number of 

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

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

data; within the :microproceaor, microi:a.structiOAS are pu.sed; and at a still 
1 ''- ,: .. ,..,, . ,..,. ,,,_ 

' ';>'\· '"', 

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

at which the various modules procea control aA4 . 4ata si&D~• This 
1' • : "{ 

0

,',., ... ~• ) ! :. .'j ~ •,~', '~ ~~•~ ":"' ._••ff i '6 • .. •• ; 4.? :,· ,.~• 

dependence limita the dtt&fN of :modularity that cu. be acbieved. ill existin& 
·:.~ C": \:t .:1.l 1: .- .. ,1; __ :,i~:~~1/ 

system,, 1ince a module'• interface with its oullicle world is not free of 

internal speed ucl . timing c:ou!cterat1ons. 

Packet l)"Rftla ue aot sultjlct to auck liait&tiou; oae or their 

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

in a packet system do not affect the operatiaa of U7 other ~od.l:lle. A 
• . ' T • ,...,.. • 

module in a packet ,yac.m caa 'be replace4 witll aotlls uatt tllat performs 
. _,:, -- ·: . . 

the same task orclen or lliapit'UICle r__, w .__ tllila tlw ~ module. 
" . ' " . . ' ··.; 

and thls change Will not alter · the loCical fuactioaia& of the syatam. Packet · 
. . . . ~ . 

'" ,. :~:P.·'· 

burden or ha~ to take iato acco~t th• ~• ~u ~~=if~perties or 

system componats ia orcler to asaure 1o&1Cal correcta-. Speed illdependence 
, • ," - . ' ;.,4 ;!. ~J -: : ~ ;, ; ,; ; ,_ 

verification. It should be noted that • mt.em m.uat oper•te uynchronou.sly in 
. :. :: ~1 ~ ~ . < :~ ~ ~< -j' • . 

order to achieve the &oal of speed in.depend.en~. Pacut qstems, since they 
.;- ... , v· 5-,~ ...... ·•:-"!/ l'.. ~). , .. (i .. ~; n i 

are speed indepeadeat, can accom.moute a wutorm pro~l for communication 

or pack.au amoq their C6mponent moau1e1:. Thia" liall'~mb:v or in.terrace 

provides the basis tor the method ot symm apecfi'icatio~ Uuat will be 

described her•. 
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'th•· idH or building 'systeJU by connectin,' Uldependent modules 

under an uynch~nous and ~:.:independent disdplill; is not new. An early 
. . • ,- . ' ' •'. . 1.,-, . -, . -· , 

exposition ··w--·,tven by Muller [Millier, 1963]. · There was a major research 
. . • ... . ., ,_,;j.,. ... ' •' ' 

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

physically ' ci:,n.struct"4 . ' from hardware .· units called macromodules 

[Ornstein, 19$1']. , Patil hu ilivatt,atea 1°'1~ d~lll for' modules, with 

which asynchronous syste1111 may be i~lt [~ and;.-;Pattl/ 197 ~;], and ~ore 

recently he has been' .-Ork.ing With ai>it~ pi~ammal>le ·1c,g1c arrays to this 

task {Patil, 19'15}; All_ of the• l~ni' atrrer· from 'packet communication 

architecture ·tn that ··control d:gnals Gel li\a ·va1uei ·ar•·• passed through· the 

systen,.s 18:&,arataly, triveUng on tw~ dlatiactv~ta ot coinm~{~iton pathways. 

ln pac'ktt·syst911la, ,the·'ibttdtll of control and';la~ ar~ lilittied, eliminati~ the 

nHCl· ·ror· ·:•;uate pathways. Thu. 11 --~t laoth~{'jre,pect · ia· which the 

principles of packet commuaication architecture ~ to simplify system 

1tructure. 

/ Since 'packet systems ope'rate ~:atly, a st&nificant area of 
' , ,., I ,,._,. 

application for packet ·'comin:untcati6n udlitecture .UN. in. reai.izin& computer 
. ; 

If different 

pans or a program · caa be executed. in -.nit,' '1the~ It ls advantag~us to run 

the proetam . ·C>Jl a machine ... ri,f which the .. hard:wJe ~n overlap their 

execution., In this .Jay, oia ·can opt~ize iiillniD&·speect and utilization 'or 
.,. ,- • • : • ... < ,_, --·. \.'. )~i': ,• .' :- ·'., -$' .t..:.d Sit.:· • :,4-, •' 

resources· such· as·, memory, processint · element, aAC1 peripheral· devices. The 

study of data now computation has··pnclHJ.y~~ aoafin 'm1nc1.. Data now is 

the reprvsentation of prograJU' 'in such a . way as to 
0

mak.e . the data 

depes,.denct• and ''i~te:at -,ualf~liim.' expli~t. Given: any ~wo . operations 01 
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program SU'\IC\ua .,.._ 0 1 alMNII lie ,wkaal . ..,._ Qz. wheta11r 01 
~.l! i ·,,, . " , ~ ... , • 

needs results or Oz ia orcler to • Mt~ Of , ~,~, ,P, ,a4 Pa. &r'e . 

independent (can _ be 4o&e in par..uel). ---~ ~~, ~r,mi"M, ~- ·,.an 
' ', ~ ' .,! ' .r • - . ~ 

treated extenaiwl)' ta Ule_,li~!~;.f• ~,.,,.a-.~~--.--
• • " ' ;, ' < ,, ' 

[Dennis, 1~75ai waa.· 197~,]. ~~ ~ ,~ ce.a_ into_ ~n& 
·~ ,. . . ,.,.,, 

designs for machin• Uw cu 41~ _ a4 ~~'17 ~- .u&a ~Qow 

programs [~umltaqh, 19761 ~~- UJ7ic ,, ..., •• 1,~77,l . ~~• _J.~S; 

Plas, 1976]. On_ audl • madaiM, ·-~ ~}JO ~·~.C ~~ c 

instruction may be aecuwd. w ~- •• iu, ~ ~- ,~aiklll•. 
~ ' . . ' ~. . ~ '. 

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

modules withia a_~ ~• ,:U\,_~ ~ -~••'.•~ .... , ~• a,ve 

been directly ~~ by U.. ~ la ¥ ,~ •.. '9?1 .. ~~ .. to 

implement 4-ta now. 

The ccmc8Ptul com,attbility betWtlll11 the ideas of 4ata 'flow ·ad 

packet communicatioa ~~"Tit ~~ a .. ~. COlllltf:f'op. between them. 
' ' . \ 

by the arrtv.i -or 'the_ ~ ~~ ,,-;_..., ~ S4~ AQ, -~licq,t NCI~~ 
., ! • I ·• 

~: .. 

them on qatalS that 4o not r~-~~ of i~ .a 0~ir 

programs. This 1a --~-- at the •tw•U~ ..._. ,"81U~ the co~ptioa of 
.1· •-' . ,_ '" 

packet commUJlication VC'lutecture. Moet <>l. it• ~ -? far ~~ _.w or . ~. '- .. · . . . . ~ 

original, but it la ti.. com-.Uea that-~ tt -~~b~ Sot: ~11_4-,._4aia 
., . . ~ '. 

flow computation ill hud.ware. Conver,aly,_ .. -., .now ii • ut;a,1 w~ to 
,•. 1' .. ' ,. ' • ' • 
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Pl'inciple• · or ·pacut communication ·~liltecture. • ,;:,, Thus, there 11 a 
commonality betwaen .. data now ud . ~kat ,iatem., . that, - because they 

, ., 'I\' ·~ 

. There 11· one more property· or paclc.at l)'ltaJU that 1hould be noted 
, ·t::l'·:· ·, 

here. The behavior of a pack.at l)'llem (or of any of itl modules) is 
::.;-:<~,;·'" ~ 1;,·iJ'' 

observable ·1n temia ot the ~ketl it and.I out in rupoue to the packets it 

receives. 
. i ·-, , . ·. ~, • ,. ;~±-- :'. .:-::.L . .: < _.,_;, • "':!''.. ~ 

tn general;. packet aystem, 119 nondeter.mtnate, which means that 
' . ' 11··.' .... =·:;.' ':~f'· '• 

given the pack.eta·· received. by a module, there may be aeveral distinct but 

equally valid reapoliNI to the input. 
., ·~' ! .' :,, :1:' '; - . J. ·., •,·- .,.'' !. ; 

NondetermiDKY ii one of the factors 
.,,,. ::..i. j.:!,:-

that malta '\he behavior or packet' aylteml d.tt'ftcuit' to understand and 
; >,. 

formalize. This · Will have· a datinite belrln& on the approach taken here 

towards. sPeclficatlon and . verification~. 

communication architecture. The principal -~n .fty :~~~t,,~~m~. ~•r• 

chosen for this research 1s that their design is structur.-1 . in· a way that 
- .. •··,· .. ·~\ :::~_~f:f-:--'.CC·~s : .• · ,. · 

supports system specification and verification. The na,xt sectipn presents an . ,~ '., t; ' ' ,. .. 

overview or some or the major conca~tl an.ct, techniq;~~ , that ;haVjt been 
I ' '' - _'. : '• s. ~•••' ~:,, . '• ,1 • ,; • ~ • 

developed for formal specification of co~p~~. proe~ ,uc:l ~,.lemJ. 
' - . . . ~ -~ , 

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 eaentially thr• buic approac:hu · to d.ucribin& the 
,, :;. 

.. '\t ~ ;r ... . ~ . ' 

behavior specified by a piece of pro'1'am texts uto:mat.tc, denotational and 
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. ,. 

program text u well u antq u a purtt; 4-:ri~.~- . 
:· ., .i.-'. ,- • : .:. •,;·, ,. , , r . . ' . 

Axiomatic specirtcations capture tha,,...,.·of u:.1n11iina ., pr-a,ara 
by comparing properties or the system state before an4 after e.~~t1on. The 

·i-( . )' ~-.. :'.' '_· .. ''"•~i;_,;-i ·" ~~,(_., .. ·?f;.;.;.' ... ! 

paradigm "if assertion A. is true before prpcram 1ext P ·is,. exec:uted. then 
,. ' •. ' .• I • / :• • ,· > 

assertion B i1 true after P ii execui.cl" clucrt~ tu JIIIUin& -~ pro,,r,am text 

P. Special rules or iDf•ea~ are •t. up to ~ \lie, ~~~ of Y4f!OJI.$ 
' : .. '":_1.". , ·.~-. , • . • 

combinations of program textl in terma of Uwu. ~~'..•u•ina,; Jl\ese 
• ·~ ;. :_. , : . . , ,.,-.~ ·: .:, , . J" . '-:. . t. . 

rules incorporate Ula basic aemantlc ,pro~ or:.~~~ ~~ •, 1~4,Uoa. 

and conditionals. nu.. &ffl'oach became,~ .. UlrQ•{·~ll• 0~& of F~ 

[Floyd. 1967] ancl Hoare [Hoare. 1989). ill, ~ Jt .. .,,-, \INd to J).fQY• 
, • • • ,,_ ' f '~. ' • ' • l, '. ; t.-.' , 

correctness of slmi>le flowchart-like proir_•~ •:ll~ ~Pll)~-4 · ta-.r.s.. . ~ 
.. Ii•-~ - . . ,.h ,.,_ a -, • 

assertions t~y uae4 related values of Pro&nm ~.. There has beea a 
,[ .. 

substa'n tial amount ot mo.re receat rtNll'Ch 1a axiomatic apecifications. 
~ . . ~ ,~.~-- ~-" i',' ,, ' 

Dijlutra ··[inJutu, 197$J bu. '·1built up· u.. eatire. metho4okCY ot procruimin& 

around t'ha i4eas of axio~aUc specitic&Uoa. Owial. -,.' Gr~ :[Owlcki, 1976] 
L < .). •,r " • ~ 

extended Hoare's tec)l:aiquu· to parallel projrmlJ tutr auerUona made use or 

auxiliary 'state·· vari&l,lu to ~P t~aclt of ia~r~ ·coof4inat1on. Greif 

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

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

Denotational s,ecificattou captua the etract or a program by 
,. .. 

viewing the objects they model u abstract mathematical entities. This 
•• ·'> 

'\\~ 

approach provid• a formal maUlematical 4elcriptioa. ot the comPUtatJ<rnal 
t r :. 

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

known • lambcla -calcutu1 ·towards' 4~1Di the iem~iilics of:' Algol 60 · 

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

has• ·followred· from the research of Sc6tt . ana"•c: Stiac!iey [Scott and 

StTachey, 1971]. Mathentatfoal r81111U tt61ll lattlci 'lk~ry are used in the 

construction of complex domains over ·~i ~i>lr•~ are represented as 

functions.: ._ ~oar•~ ._ P,.YNt- eqJURlelkt..,-• ....._:: that· their functions 

coinc,W.e. _A tu~ri41 ·:,.-...,-uon of .. ~• Jico~ ,approach· t• &lVin In· 

. ··•... ' ~ .. · ... ~. ··r''> .·_ ·.: ~·~.,·~ . ,, .~ 
state•trensltion mod.et in. which a state re,rW.s(fi lriformation present in the 

• ·, ' , •. f! .. . ~ 1'; ·, 1 
· : • ,. , , L. ~ 

-th• -· sequ-enee ot: transitions of the moct'll. · · ·The '~uiite · of · states the model 

passes -t'hrough as a program ts ei~ted 4efi1id 'ui• "•~on ot an, lnter preter 

fW the 2Jr<>gr-am. ~ideat·ot: llllu, such : a'n. 11lt66~tf~ fO define· . the ·meaning 

or progl'a1D.s in senna ·1anguage orlgtnated wffh Mccai1hi~[McCarthy, 1es2]: A 
,-• . · " r' •-z t'. ·· . I• : •·: ,"", 1 • · 

well-kaown ,approach tb o,eratlonal l)MCUlc.itou -·11 th• Vienna Definition 

Umgnge (VDLl descrtbe4 in [Wegntt, fffatil, wrt~' u• an 'l~terpreter ihat 
) 

manipulates · tree· structU'Hcl· qstem -··statu~· ».ii111a•· Com:me>n· ··•Baae Language 

[Dbll1a, 19" 1] ts siS'llilar, dalhlg- wtth illo\'I <paeral .· 4tk~t~· '&raphs in .. place 

of treu.' Anothfl' a1proeth td·· operattoaf i ~ri~lt'w,' it due to Parnas 

[Parnu, 1978]. , This' approach 41stlngttilhlll<lwo · iUnds ·'or 'operations: those 

that yield Rate· tnrormation, and ·'thoie ~ta,alfer · -~' ita(e or the system. 

· Parnas applied his approach to operations on abatract data in programmin& 
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langu~es; this was ~. to Ul•. 4omat» ,or .Qd J!J( e a, . . .·. . 1914]. 

Verification 1a achiew4 wi'U\ia a op81'at-.,J fRIIIII u, •'.....-i-. ~·. ttle 
'c -:,, • -; ' _; f. '•,'. • ~ • • 

behavior or the interpi:eier iA . i,1M&Uon
1

1~ .~».l&t. t, ~ ~·· al .eae 

that is known to. perform .t.JJia 4-tred, fu•cctoa. ~ ideal .. w.JM\erlYiU 

verification by iJl~rPNWf. ~vll,-ce :~~ ~ by ~~• 

[Milner, 1971] .and are-~. pre,entacl tu.twe,aer~ ~]. 

Al.tho\l&h ____. ~ 1Hllt _..,; ..... M JIIDCh attation 

as software q1cdftca~ --~ · DI "'9a: a, .JII ••• ;~ of 1'tdy· of 

computer hardware ducription langua&es (CBDl:.8). The ~ 1akea. 

towards hardware apectf'ication baw ben. .!'JaDI\ -~fl. ~wnal. Th-a 

language APL, before it wu ev~ iJDplemeatecl • ♦, .. ~ ~. 
,,. ,.·, . . 

was used as a hardwar~ ~? lMP. •. , aq. .. IJJICIU'r t~. ,,,._.oa of 

IBM/360 computers [F.uc.ott, UJ1'4J. , ~ CIDJL. ;~ ~ • .,_ ~ 

by Bell and_ Newall. [Bell .~ Hewell. t971J -_ -.,1;11Mt _ ..... Ml"A'~ of a 

large number af 4~trnl,.~..._ -~ 'of ~.C~ ~ Ulm 

target systems at the iastl'\l.Ctioll set l8V4tl, ~ ~--~ :# • baaic 
,' • -:~ ' ., ·- •-. -~~-~·~& ' • 

data type With OJWI~ fqr ~ -~ ,.-,.,. -~ •~ aJUl 

logical runctiona. 0a Uui ot:ur haJMl, ,U. ~- ~· :whi$, .. was . •• 

developed by Bell and N•W•ll.[Bell-4 ~ .• ·Ul71).. ~.-,tbAt ~• 

or computer syst•- ,ia ~ or th-11":,}~'~· ~-JS. memqries. 

controllers and I/0, •Vktta. TM, ts an .-xuapl,t .r a ~- cle&cri~ · v•Jam$ 
,, -.,l ., , • '• • • ' ~ -, ,,- • , • 

from a higher-1,vel ~tv.al ~int ~. •W.; ~ ~~. t.97•l;is a 

example of a lower-level CBDL that defines ae, ..._vt.or pr ele...,,_ .~. u 

multipliers by •~f)'iq them.. as, i;.tc1:ouections or ~· .J.Q&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 har-clwa8 aywle1ll 'apeciflai'tioll that is directed 

towards formal writ'tcatum of ,,,_. 'cleeflil {Blrntaa, '1914]. For both the 

instruction execution level and the microPfOO'am 'lffll, a VDL-style interpreter 

is used to mpply formal spec:iflcaUOIII •. ·• '1'tifle lWo interpreters are 'then 

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

operational qecif'tcations for programinin& lanaua,es as descrlbed. above. The 

proof techniques for • this a,pto:aoh are, ll441tionally described in 

[Leema, 1976; Leeman, 1977J · l\umbaugl takes a· 1itmUar approach to the 

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

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

equivalent to on• that models the operatiou ia' a• data ,flow language. 

1.4. The approach to be presented 

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

directly applied to the task or formally dexrl'btn.g attd verifying packet 

systems. The princil)al .. 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 PtCket -,;stem,: .it mu,t be. shown true 

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

system. Most exiltin& tachniq11es f.or form.al QeOWcations · do not. lend 

themselves to this kind of task. Moreover. tha notion of sequencing of 
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actions, which is fundamental to nearly all the •~hffl. t_hal have been 
• 1>;,, -~ .. ,.~~ ,.:,.·.,,.:1~ .. _·,1.~) i''.' .. 

taken towards formal S}leCi~~t~u, ii_ ~o\, p~~"' in ~:,~~~•xt _Qf. ~~ft 

systems. 

There ia a· ~ila&i-v• ,lor••U•;; ,h&,J nm, .tlla· ... baen ._lopall 

,specitica11¥ for ~nN: ...,-a~Q1 _.\111r wt.taritt i .,.iw., ,,·;p-,.; JlllllS 

[~e~~n, l.977] ... ; 4._.. ._.,-. .' ia,r ~ · DIUllanA:alJ.tMlc, ta1ums·: pus 

events.. 

[P-atil, 19.70; -~ .~78)., -~ «..- ,_,,~..,...t:-, ,,.,)tiDC, ~ 

systenis.. . Petri nets =.,.,-~ ~~~• ,fer UilllJ m; .,CDlll".41Jlating 

con~'1l'rttJU .ac:Uviu_.., iJutr, ._U., Cillt ~,~ti~U.111 Jdt.i.:UJUaWprelmi." Ia 

~articular, they dQ no"' tre.at .. : · __, 4ltat _.,. -,.._, wiillill p~ 

°'ystem,t., ;A1so ••. a1~uaa,,-..r ma~ ....-u-, ha• .._ .... tiltallll 

for Petri Aeta,, p, .. JIMU-loal: blst"__, MYlll.11:,: a.u 11~1-tna,;r• 

system verification. M08t of their practical ~- have· been in 

connection With silaul«tin& ~ • belia~ r~~r ~~ ;rovi~ 

~~rope,f~~•41 ot 1~ema. . .1~_,.lh~ r-.o~~i~ • _.,~ • meet the 

goals or s~~~ic.itoJ.L alld. vcJt.w.atkmr of --~ Sf~! 

W11hia •· · ,aalat a,sienti the; •~w~ r18.W 'imlr i,rocaSS'' ttiput 

packets, ·,.-.a\&'· uwr- ~-- · iw··-~: ,)4n4,,:,.'88Jf4tr,.tt\em· dttt,· all 

aayncllroaouaty ~ 1~ 9AtalDIIJ. · • '1\Jait .,_,.,iapPl'Cildt fllat- 1'_.s hlcst sutt-.t 

to spect~. tMI kiild,,;..r ,;~, 11 ~· ........ ta·: iiat'CllT. · · 'Tire 

atate,Gf a ,-Jttft .,._.,...,..... ..... ,,....<liMt"'-n .,..._·'tJetwea 

which modulu .(am ·-.·4llo :aa.vey,gy"'~'_,_..flaa,,re1evaat- io 
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the correct operation .. pf the syJtea). . However.;,, ;;unlike conventional 

operation;u m,ode~, .the tlaaSLUona betf/elll ••: neld. .1,o ,be aevemc not by 

an exte.r~UY, SU,P.flifA ,aqw,ace flf i~.1D i. _. .. , by the syatem, 

but rather. by the .. .Pf~ce _,,or auen~,,,.,.: ......, •· D-'clalll "1'or proeesatng. 

Tp.is Dleans t'.b,at ~ o~aU.o~ ~ for a »Mka·,:S)'ltem muat ··tall• into 

account tl'Mt many ~ N*JlCt!I :of1, ....... 1'.ithat. o,ui..,~ from: the 

flow .. or ,,eckets. 

Descrlbing' tlie iuternal opetatiotr·of~et sy~tenu is not sufficient 

by itself for vertficaffim put~~ Thtr~ \~m"ust ~. be .~ method for 

,itecU'ying the logical· function ·a system'ii e~ed -\~'·pertorm. riiis function 
. ' ,. . . . . ,• . . .. . . ..,. ' ." Ji! . < . ,, . :,... . . •.,· . 

con:ceTns-· · the qitenn tnpuf/o'utput bettavior .- 1Htt by the outside world in 

term's of packets l'eCeWeci and s'ent 6\J.t. Ot~1the three ~kinds or', ~pproaches to 

specifications ,'.as dtscussed;; in the prit'riolU?. ~Jett.-·. denotational approach 

leem\t best· Wlted for our ·neada becaUA ·~fl:b be.;,~ly iauored to describe 
. ' '·". . "';,; ;. ,· ••, . --

sequences ot' packets that ha1re been 'passed 'li'.tw.an vuious modules. Because 

of tlli-s flexibility, a denotatiOtial :.ppr~h ·w111 alacf Interface ~icely with the 
".'' ~ -t, t~~-, ·!;';.., ;.·.: :- . ', ;,, . ' ~ 

.. hiererchleil. strUcturtng of packet systems. - Thu, . we iball be working with 

two kinds of specifications for pacltef·s)'ft~· . opii'ational specifications to 

descr.U»e the:~~ opentiQa, u4 dfto,ltti:11:al ~Rea~ to describe their 

~~Vior .in relation to, :the· out.side·.- worlll.,,. ~: of· corrtc:tness tor a 

pack-t , -ayst"1 •,1N'lll "· ·d••nstrata4 itt pro._ lka\- fll... two · Hts of 

spec;if'~Uc>ns f~ .. ,UM, 1ystea ,_.. wWl each Olllfr. 

: ' . ' ... · .. - . ::{~· 
A recent research .rrort is .specifically directed towards formally 

describing the structure· and behavior of ~( cotnniuat~tion systems. The 



clescrtpt&eaa - •Pl-■t ia a f01a1Ut1t ulW IDL ~· lncrtptloa 

~11w>, . ..- ·ii 1...,...,. -•·f'#t1111' ..,,,, .,._. • tM:f•_,..- m 

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

awucwrai ...,.._ •••---•':.·:-.... 1lle:··1J1t• ls rmlllll4' •· an 

iatelQOJlJHltloll.·. et .~.a11•11. A' 1111iil_,_tlf ... iMPIIIIII , ii a •· ....... , 

c~· ~ tllll: a,U1Jll'r'....-..1.al 'WIii tlllillt1 ..., ..... WCidd. ......._ 

receptien, :,l'O.:u,ate ad PRfflW• fll ilMUft&INI. 

med here 11 maa. ~ ~,:,..,..n-., ..,..._,. ~ .. · .. ~ t971). _. 

the UJMler~ ..... ties .. ~- 1 ..... ,,,,a.JI ~ ~••,'JI· - --.: ~ a 

first approacll to JUCillC NCbt .,._._ • ,a J'OQJal":. ,_.,.,.., A.JK.,·-. ~ 
~, -, :, ' ,_ •., • :- ' ' l.,o. •.,,I. " •••;: ~C ' ;. • . ' ' ,< • •" , • • ,.. 

helpful wl W1Uld•l:t$ft& . ~i,,~~i'~·•···:~ ~ .. _... --..i 
. " 

operatloa o( a .... r W-.:.MI -': . .t.~·.··~•~,-f .... _._.. AUL 

framework. Tldl ~ ~ • ·"' .-'- ....... ~., --~ _lor 

vertfyiDC the~ fJI ,,... ___ ~ ~ ....... ~Jli1I'. CiilbGftll. 

The dffWJl'••at fJf .. Qua·~,.-.~?-,'--• ...,,. .... ~.-111 .. GIIJ' 

research. TM ~ fl,!~:'.'• • -~ ~ .,.-1 ...,.,Ill •.'-1' 

spectf~ t~ ~ ot •. .,__, t~ ~., .. ,• la., ... ,pl~ .-.,.w
tlum tile .,.. • .,._ ..,. ... r~ la .. AIL 

.. ' I : :.• r: ' ; .. ,_. •~ >. • • , ,•' '. ~ 

Tile · ..... ,,-, .· t1llll tl11d1 821 _, ,f/1,. ...... obil•e. Cllapter 2 

duc:r~-- .Qle)--• lll•a•·•· f/6. ,.._ ~Jtl J t:1Jt.11Mft ...... · 7Jae .IIOttoa ·of 

correct- ii .. ........_ -' ·• •11 111111 ate,··...,_.. · a. ~ 

compoalUOll or 

deaotatioaal ,-t or "'9 ,-Mt s,nt~ ~ ~. ,........ ol • 

packet qstt1111 • ~ 11 rcmuuy 4ef'uktll •· a, ,..._ ,..,.. ~ ••1111a 
• 0 • •• ' •, • ,, a 

it nceiftl • lapat ... tlle ~- ,.._ .. t out . ta NII---
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Chapter 4 motivates and detmu the central concept, of the research, givin& 

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

system. Chapter 5 1how1 how the Qeeificatton model.-~- 111 the two 

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

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

presented to lhow how the model may be lim.pun.t iD certabl cuu. 



- 18 -

1-·. 
f',.; " ., ., ~ ••• 

IA tllil cupw ·SU coaoept, of ,.,... I ··••loeUoa archUectuq 
., ' 

Will be elucicl.ata4 ia ...a. We aa11 clmf7 tM .-- of a pacut IY•t•• 
, ·,;.,.\ ~: .,~~·~ ... · ,.:· ~ ... rr.--2 ,.·~r-• 1 , ;·1..,:.r~. ~· f:!: 1,t.n.~~-: >•_:"'·: 

and develop • meau tor fonullr .~ Ula llrllClVa1 coa,oeuoa or 

auch a 1y1tem. W• will al.- iaf...U, tatalw U.. ooa11,t of correctua 

ror pacut 17.iesu. TM ■IAiwr a11W 10 f--..ll¥ Mfiu aa4 prove 

correctnell wUl lMt 4ttwlope4 iA I aa4 4. 

I 

special clMI of .....,. uowa • JalC.UC .,..,... ,_.. .,..... are 

composed or ~ fWICUoainC uitl. Juaowa 11 · __,,,.,, Which 

interact only l>)' P••IIC i:atOl'IUUoa to wl\ otber. Tile iafonutioll la pa,e4 

i~ the form ot aait• cllled. Jaaebu. · TMN ii u ceau.u.t facility for 

coordinattn,c tla.e actioa of UM aod.w.ea. Dita PftlCl•l\tll& ad. coaauaicetia 

within pack.et .,,..... ere ~ D1l Ole ·wrtou JUlllu.lN operaie 

concurreatly. 

In • paclcat qatea, tu Yariou mo411lel _. la~ thtoqh 

one•way d.&ta patu lut.ow1L • churaeu. A c:baPMl coalMICtl two mocluln in 

a specific cllrectioll G4 ii ua4 to ,.. au fl'IIIIL tu fin& ao4\lle to the 

second. Chanell Jc1dta, iat4' a module are caUa4 Ill.put clMnuu ror the 

module, aacl ctwu:wll laldtn, Ollt an called aatsmt cllu•J,., A packet syatem 

hu ita owa Mt of la.pat a4 ou.tput cuaMl, conaecUaa it to tu ou.tatu 
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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 D to module S. 

X 

---------------------------, 
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 



cletermined oy • .. tu ••• of.,._. thantCh ·:~ •"•· 

There are two m,recliats whtch .-~ .._am_, t11e:11ehavtar or 
. _, ,, ,· 

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

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

what the modules 0, A a4 'S do. We w ... ~-·NlaMriF Gt,i .... 

three modules. 

All i.haa .. ao«ailtl ---• f1181l+PU1,.·tn-.,~ •••••~ 
1
Mahtie 

A, upon receiving a :p ... ilroa :Ua;8llflltsdl A '.(J,~,-~·-""dle ·able 

and sends out the tacrmeated value • a )IMllat • t,tl ouiput ch&Dul Y. 

Module S beMWI idellUoaUY ·eJCCIGt tar ,mbtDICfiU aae taneatl or -a«iq. 

Module O du,licall&, U. ,.._ it -ftaliWI on)(, ••m«tJte out idaUcal COPM8 

on U and V. 

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

DAS acts. Any packet .,_t Ytom ,t( .ii CQIINd _,.. ..... l .,Chamliell U GAi V. 

The packet passecl on U will 'be U'ICHIMDttld ad ..at out an YI the packet 

passed on V will be ·~' aad ·..-at out a \%~ · · Thu each packet 

received by DA~ c:auw two pacuta to -w ~' _ ~ .... -.. velue ·one 

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

It JD.V' ·~ -to 11D11t ll h• .._ illat 1 CIIIII cba~imm an 

incomplet_e. TlaaN a ......, •• a ,derlfN Iii....._, . .,..,,. ·wi.nr '~ 

packet~ are to • JIJ0111J•4 Ju . ,ia _.. ,__, ce ~tkie •pac'kffl 

aenerated aa4 ...... , la 'GU' ......... ·- ·••re· ,ucdl •.,..itc:ms .,,,. 

atipulat.i». ~ UMt .iat1- •Mer at am••• •· 1"9ene#l 'il'M1uac,1 ~

Preda ,matbQ6a,Jar4Mlia&· wJ.tA qwliDDl·of . ..,.,aia, w&1·•'•••c.t1"'1d. a 



i 
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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 • packet module or pack.et 

system may be allooat-ed ,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 

processed 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 

DAS 

0 
z 

V z 

2 

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

There are three actions that 1hould now be performed within th_e system, 

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

processing the packet on VI and ( 3) system DAS accepting the packet from 



- 30 -

channel X and iJa.itiatin,C its processing in module D. Tbe crucial property or .- " .. 

packet system, exhibited here i1 that thua three actlou may "l:Nt performed in· 

any order, serially or concurrenUy. aa4 't.1lilt GllfllC ......,. of' liYatem· DAS 

Will be completely iue,a4ent of whatever ,arUcu1ar order t, chola. It ia 

this propeny that makes the 'behavior of packet .,..iema geAUinely 

asynchronous. 

We can &aia a ~tter understanclll,i& of the ~on of paclf..i qstems 
.. ,.,. ,. -

by taking a more detailed Vi,w of the !>~J~on qt , JMµ ~~t. . . modules. 
•.l! • : ' _ C • • 

When a module receivu ~- pac•t from ou_ Of_ ti. UlJUt $au•~ ii ~M to 
- ·, - ~ . .. , ,: . . ~,. .• ' .. . 

process the packet internally. Someti.m• _t_ll,e oillY. etf~ of the ~t•• 
• ,.. • •• ~ : • • s ' ' 

absorption 11 that the mo4ule's internal ~~ ,-, cb,..~ 1a ~n~Alt.,\b-9\l&h, 

the module's •maaUc, mq nqutn ~ U_....,_._ *- or. JIOi,. ~ to .be 
' ';,.,,. . . . ' :~ . ~ ' ,, 

sent out on tta output cuanell 11l reply to tu packet recet~- TM 

sequences of pack.eta &• .. ra1ad by a :moduie ill reply to a ,acut received are 

said to be the module's re,J)ODM to that packet. It ii taponaat to note that 

a module'• rupoue_ to a ,articular ,-cut may -,.-· on prevto~ packata 

input as well as ttw·dHtpated. oo. T1)ere mat be a arbitrary finite delay 

between the time a module receivu a ~- .. ·Ill• Um• the module 

generates ·aad sends out tu rupoue to that pacui. Th• fact that pack.et 

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

consequence or tlw,r ,,-■-nc~~ oper~J~)l~. 
, >, ~• ; - T 

There ii a special protocol that mUlt be f'ulftlle4 111 pack.et systema 
. -

tor the trana:auuioa ad receipt of pac:ke~ thro\\&h Ille various modulu and 
,-

channel,. -Suppoae a chauel C connecta -_ module Ml to :module M2, u 
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illustrated here: 

Figure 2.2-Z: A channel in a packet_aystem. 

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

1uccemully sent a 1,aoltet out on ehnnaf C/ 'l'M clmv•ntlon that has been 

adopted is that whea a packet sent on C trout·lif' U ticeived· by module M2, 

M2 WW an:cl a stgnal · to·· Mt Oil 'channel e ht the tlNt,r.;; dirictl~n to 1ric11cate 

that it now has the ,acltei>sdelY in haJid~i. ·11118-tt·a· ~.i is known as an 

acknow,JelJS• .stgnal. Il if,tn.c>,t;J.llltil Ml ,~vtl:,.,...,_J.e4ge signal for a 

parUcul-1" pac~~l- tiai it ~w,Jt. ~ .. ~··M~xa.,pracea· ot,aeneraitq and 
·,. :; ~ . ~ .' . . . . . . 

sen.di~ th~t pacut. Thu,..fro~,:Ule ~-ot\,~-;0f ao4ale Mt, ther•· are 

_thi:~ 4~r,t• ~ IJ:l. Qle .. ~lll~;;ef. ,;,:MCUftce-Oneatioa,; senclina,·and 
- -~ - . . ~ , . - , 

receipt of ackn<>wl~ent. .. I\ s}W\lld ,.be:.•ed that module•··M2 cannot 

generate output to packets it recei-y:eS:; fyqq *•ul::C:Ma4il• tt has sent back 

on C an acknowledge signal for those packets. There is a . ca-v.at w1 th regard 
· ·- : t(~ r ;,.: ~,; '"¼ :····•! 

. . . . 

to acknowledge signals1 

transmission in a packet system, we regard them as P¥,t of the harclware and 
_ .. . ~ _ -- _ ·. , . :_- _<</:.: .. 

0
,:; ..... ~"-~::\-f':•r,.·: .: ~ ;,: .. , 

not available to be manipulated by system designers. 
',,c 

The. c~~n~s,., -~~ a pac:~t ,txstw .IJ'•. -,:i_.., la: have :•CUtain special 
,,,,.· ,.'.'_t · •• , ' '-,. ' 

a packet is sent Ollt on. a cllan.uel, it wUl::,-.,t\WlYr·•· recetved>at Uut,.other 

end. A packet generated. to be sent out from some moclule in a pack.et system 
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can never l,e Qlllad back.. This .was that ... Wha;11Wr ,a Jmidwa ..-l"ates -• 

packet to INt ant .. au.t, .. it .wm ,Wive a ,~ 1.....,U ..- :the :paclcat 

. within aome fiDJte apan or .time. It ia MSJ1mact ·.tb&t •.tbe ~naels aever 

"break" aD4 t.AatMlm•ll!dltt .. u.&Nk . ..will •-- :tie '.wi.wd. :~y -the 

appropriate mochllel. .Wlun .or :m.tehaniam, for .tu ~QCHI of llUiticlttou, 
·, 'f 

in validates UM! ,-embe . .-- fuaaUml. 7ha trsues ,or .fm11t .tolnanae .m 

systems _are ~ J:ae _..,.. :llf uu, a11,11dl ;a.. .,._.,,,.,,,.nmcttum 
• .,_. " < • '. 

-.rc~itect~ r~• -~ •~ , ~t. •'.lllfl 11111•~,,-fW .. , :..._ .,,..._,:,auai 
actually • ant ~t ,pd-~.._.,, ,,.t._ . ....,....., -t.a111 .... .._. It 

should 1ae aot_-1 ~tut-~~ ~~1* .. ~ ,- ,tn •••- iill•t , ,,, _ _._ 

than perfe1•~•_,,_.._,.-.~-~-~j-•l ld,#••••••t. 
A LIIC- •• I ..... / .... ,,. « ..... lj"'U~·tt. :fldlule ~--

" J)AICMt ~-- lOIIUllll►;lt1li .. - I .......... ~ ,...,, •• F111D!it;~~ Nnt 

,out ,ft ;Uillt ··••l -·---l·····•---:·:"~ ..--1ie&l'11M. ~mdiWJe··w 
,l .... 

mw:·nm-r111blt• •=11.11111nR a.1111:!C zw 1 ·• ldlf'Wl• •!~ aat· 
;tut -•• .- -• C. --~ ~ "Clt~;_.,.., ..... f~ ~ii :U.-1 ne 

.. J(r 

-~i 

A third ~iattc ·at chauls is that 1iley ct ... mo .queu•. 
,.~ ~ ~ '·, ;_ ._._,. \ \f ' "'"""' . > 

" - . : . ; ·. • -i ' ) ' ~- -"~-.sl'""" : '.r~ '. ·, ,;:~ _-.i ... 

which meam :that ,It· the module Ml -.-allow Nilda a •JIIIIOUt .x out om,. ,chauael ·.C 
.. ~. :~. '-._- ,,..··.t·:: . :tr:,.,.: ,• .,:,rr /.'> ..... -,(_,•. ::, .'· .. -

and then. -aiuls ..._ _.,., y -oui s C at ,_. iaier 11me~ 'thea -M2 must 
. t , ~· 1 

.r- u~· 
receive Gd ackaotlYlaOle tX :befole -Y~ W. ... lllle 'turther .. WU1Qption that 

itlw -chniMll: ...... ·'AllillldtiliNd 1iJU~ ....,, ~,~--'.that ·theft ta 

~ Jait•--- --· ;.r,lllllilil .. -- _:_ . ...,.,., ic - :,_ ·-vfm 
•-Jl)IIQTD,ft# Gf_ • -- .. •,.\Wi ,...... ~; 't _c_ •~' ;~ •l,U. 
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, ' 
Physically speakiJ1C, this usumption is not realizable ill aeneral, because no 

real device can have innntte. capacity, lat alone a hi&h-spaed. transmission 
.'<,1 

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

the poatbiltty or system deadlock caUl8d. by packets p~ up in certain 
, :-·,. ;· 

channels and inhiblti~ furtha~ packet output into tho,e ch~~~ls. Unbounded 

buff'artng·~u therefore a convenient assumption to ~~-

Finally, we shall assume that for each channel ill a packt.et system 
.i , •; 

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

For exaJnple, one channel may carry only inte.ae,r pac~ets, while another 

channel may accept only packets that con,ist o{ u ••pl~~4'9,, D.tJn• together 

with a cprrupondin& identification number •. 

. There 11 ~ ~tremaly important . __,,.,sy, of pallet 171temt1 whieh 

we Will be treatui,, :awnel,y no,i4~~m.(n-.,J!'., .l . aolula or. .,_em. is aid to 

be nondeterminate if its seDlMtM:4, . .ilow two·-,-or moa ditU1let poaible 

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

module is one that models the toss or a coin. It has one input channel and 

one output channel, and its reJpoil$8 to .cUJ.l', ~t ~u,~ w,ill be a single 
,. ·; . - . . . - ' . 

packet with either t~e value "heads" or ~• ~ "tltls." Th• Q)Lotca- is 

arbitrary and independent or the J,JiP\lt JOCUt. ~o~~t• JJ1o4ulea aacl 

systems are v_ery difficult ~- ~Qrk with ~~ .. ~ .multiplicity .C ;pc>ssible 

results is cumbersome to model matia,e.maUCJlly. We will. e¥P~tly a,llqw for 
•.. ' ,:::- ·. '; ·,. 

nondeterminate modulu and sysienu in . .our . .,unaat. 
·-- , < .' ,· .. • ••• 

A certain elm of nondeterminate ,rstem· :lJehavtor will be or 

particular interest becau. it .utau ftiqaently m the ~; or packet systems. 
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This kind of behavior concerns the Hlatin .on\er of .pacui. :IINl1 out. on • 

channel. Colllicler • aptem in which the talk ot .~ • .. lld,in,g out 
'. • • • .; '.! -~ ~~ , , 

packets in response to inputs taken from a specif'ic . chan.n•l ii relaUvely 
~. ,. ' - \.. ' " ~ 

complicated or time-consuming. One would. naturall7 wish to .allow th.e 
.,·' 

processing of distinct inputs to procea4 ~ if JIIQAiQle. But the. U 
" ' . . ,' - ,, r. 

may turn out that responses to a recent input will 'be .rea,2,y to ~ 1811.t out 
"'f f !, . • • . . - , ' C 

before responses to inputs received earlier. MOfllGver, it ca11nOt be determined 

1 n advance whether or not such. "cuttinC maa4" ~-- will actually occur. 

It is possible to impose a S)'lLChronizati.on dilc:1pline tut Will for.ca the outputs 

into a desired order, but in dofn& so all the aclvaD1qea of uync:hronous 

processing or different inputs are lost. Thus, if tbe qawm application and 

design can tolerate "cutting .ahead," it ii will to &Uow it.. Ia .aeaeral, then, 

prov14ing for ~ute Hhnior ·4hat · illw4WIII rtUffwenf alternative 

attr.ctive dqn &Ml tor packet ~,~-1ure. 

2.3. Correotn. ... 

The notion· of correctness for ]taC1et qste,as bears a close 

relationship to Uw w,ts the:~ 1>f' qaie atrUCtmiJI& ad· com,poattion are 

treated with-in ·the- ·fftmewor-k or· packet' c:t:)mm.UD.icaUoD architecture. At a 

very intui11w level, a '17,ttem 1s CO?rect it 11 saUirim cen.iin conditions laid 

out for it in cnnce~ For packet aystem.s, these cmuUtions take the form of 
behavioral specifications. As we mentibn.a 'in tbe ~ chaptc. a packet 
system's .behavtor la .obNrv-al)le by .the w.ay it ~ to iv tJ:lputs. More 

precisely, thtl .. belwl~ 1a a NlaUonlbi:&>· i.t~ .· .iJllNU· .. ..-.... •W wq,uts 
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generated in res~nse to those inputs. A packet qsteil~ the'retore, i.s correct if' 

this relation satisfiu a &1van Nt of QICificitn,b. ·111• nfflln ot· ' such 

specifications will be dilcuasecl in detail 1D. su'blequent NCt10111. 

It 11 important to note that one caAJ10t ~rove correctnus of a system 

without some lulowl_,. or 111 iaW W03'lsm., -lt.&-qstam ii viewed as a 

"black. box" (fi&ura 2.3-1), 

w y 

X· z 

SYS 

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

ii ADIPlY .. ,aot ~1'1ih, .~~r••~ . ~v•i~i. ~ =•~ ... whether. or not a 

•,1y4&em i.s --•"P&.:W1'C9f• . ~ill!Q4~ ,rr~ ~p,>UlY. 8'~. With 

arl>:Urvy fi1»te,, ~. u.e:. cannot _ ~U if ~•~~.~ :OJJ.tiUt pac~ets are 

fortlwoJniJI&. For ex~le, aup~ a,,~•t•Jt,hll ~. se~t· out all the 

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

only ap,eara. to ~ ; .. ha.vi~ COUefflf, .iac:e thet• 1.il ·'Hf' ~''"uantee th•t an 

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

(IA»er,nu~ble, olt,Mrv~oa .. ~ou c:q'»4 n,v,er,,,~fi•'.·~i dlc!d•. whether the 

system would reapond correctly 1D. all situatiou. Th• only. way to tie down 



-- -
the notioa of CGlftlCtllNa for a ,aUetis psllet .,-ec:tn, thaHfon. Sa 1D opm. . ,,.., . ( 

,-------------~-------------, l , 
r 

w : y 

X z 

SYS 

\---------------------------' 

If we view the qaem as beiJ11 realiad ill terms of ,its CD11Lpo1MtDt modul-. 

then the !ollowiJtC tau.aaeaiai mmactnw priJlc1JN....., ~ 

A pclwt .syat•m i& c:«nct lt Ju giNA auuctural 
d«:aaplMIUllfi .-.n., ui.· leb#--1 -~ tor 
t.1N q-.a shueftr t1Mt ~ ,..._. atJsty 
tl»h' ow.n r••,-:ttn Hbff1onl a,-:J.lu:at:tou.. 

The notion of a IJ'll8Dl'I --.pOllttOa aUitJ'- ■ • fill ,.,,=meauou & aot 

yet formally Wtnwl1 tt wm· 1'e tratlll ii'.- twteil ta~ 4. .,._. lUIUea· of 

a module satisfytq spectflcattons is sia.117 fllat ·at a ~ uvtce· aettac as 

intended. The aboft c:ornictae11 priBcipla W'lmli'•-Glllt a r.iauw aatllte or 

system correctziea. AD olnr1olu questlon tut 'aritel ts how 10 ..-lMlh 'the 

correctneu Of the modulel ta m-ar to almw ta ,,__ COUIICt. W. alnaiiy 

have the asw.r to this question, Jut • With the .,._. itlelf, cottec:bea 

of the compount modlllec can be utal>itshat ·a17· ta timu of ·'tlMlt' own 
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respective internal structure,. 

: A ~nificant ramification ot Um approacb.£ -u that packet systellls 

and module.I ar• reaU:f two 41Uf.-t: V1ewa ot -tba 1.... ....... a:, md4ule 11 

reveal'4 'tO •. be ._. av•m wlwn ou w411D1J191~.;it,. 1-t.ua1a1··••tructuH,, an.d 

~n& tu COIIP.OSWOn,.of .· • ,-Ck.et ,,,.... .. ta ~~ d ... u' r•&ardin& it 

as a ~~-• ThtJe 11 .U UDdedyiDC IOtuee--fer tb6I oDllce,tUti unity, which 

la .t.h,-t • ~--- commualcaUoa amhitiac.&UN ~- tM' JlWaftbloal atnscturiq 

and colllpoa!Uoa of .,._-., 1Pacut ~,~; ;ca111·t1mulcl)i';be designed so 

that there are distinct and well•ltructured. level•"of;' --feaftiOD, · •ach tewl 

consisting of system, built up from s1mpler modul-. In this senae, our 

fundamental correctness principle for packet systems supports a · top-down 

v•r1f1c~t1o~ Ill_~~~ in whic~ ~twlfi p,-of1o .,.,... -.Oken· tk>wn level 

by 1,ve1 into ~~•¥" ,nawral., ~ -~ _; ~Wi:.fOUlitUUta. Loiic&llF 

dist11:1ct lin8' ~ af~Dl,,uJ,t are iaolatecl JQ:.'°'* av gaPQt, iatad'ere With one 

ano\her. Thus the noUQn or. ,-lllodU~; ~ :*___,l ,rnem structure ta 

carried through in the approaches we take to correctaeA and verif1cat1011. 

It may ¥8111 for. a ~-- that ijMre is a pcunu.l inf'Ulte regress 

in wo~kiM-. WUh.,•m~ and -..u., aocllal• wtu..ta :9061illu,-· but· this can 

never arise .. Th~r~_,Ja. ~wqs a .w.J.l~•(41etl··--·--·~vel,,to .tatt hierarch¥ in 

which the mo4ulu .~• ~•-,s.-lmple.-UU ,Ni1u'1ve; QJ:!la.timul such •· · 

adding iind gatm,. ,At this fQillt, ,~:1'u.i ... l'M,\1Ce4.i to the way the 

primi ti.ve fu».ctiou ere cleliaed.. 

our •PPl'OHh to correctness and vmncatton or packet systems 

allows., a 'SJ'ltem to be Viewed t1r two ctU'fertnt :,.Yays, ;lmerna11y; ln terms or 
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its structural compoattion !rom moclulea, ad atez'Mlly, by ccmcaalin& the 

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

Views or sy•111.1- ts ,cl.ollly ;ai.tat· • U\e JIOUmll· . or ata autTactiou in 

progriUJ.lJniag ln&uaa-· [IJakav ,,_. m..·t•74]. ·19· we •haft· ae in 

Chapter 3, it 1a &uly st.rai,au'orwatd io COUll-\1.Ct·:lilavtDr.t •Jll8Ciffcations 

for a PAC}Let ay-.m viewed extanally. Bower.Mr.. · la .._ to •ta'l,tim 

correctness of a ~. we Med 1D llb.olr ,1JIM. tiuf: 1.xieraal charaeterbation 

agrees wi.th the .-.·s af"\H::n,e. M ia a:4U11ct11t _., e. fonally'·:.teecribe 

the behavior ot .a -,.tta .iD ... s:4 is __,_; J'OIIIJOfltklL W• ·shall 

addl'eA •thil task ia .~ 4. 

2.4. StructUl'.al ducriptiona 

The Ollly means 1ft Mw. ·'Ulld ·•:'fat to 4-=rilM the atJ"ucture· of 

packet qstema is thl'w.&h' 1ilf~1aeP blodk "• . • · tr ·u.y · pnerat assertions 

an to 'be mau mvolYiaC .-e• ·oolQOllltta. we wtJ1'•~ • more ptecise 

vehicle for· atnetval-- •uet,eta.,,-'. 6tiltl\'•·•"~iqa Jts 11l"tro4uc:ed 111 ihla 

section. 

The stna.atva: of a ,acket a,iwla aq ' lJe ii~ in very 

straightforward tatwai · ·t,y a ltnetfMI ~:,. in · wlitch 'ilcxl• repr.,.nting 

modules ue, 081Uleoied ···tty . ...._ ·--··r•li•--··cadnib:~ Fi&UN z_4..;·'f 

shows a samJi1e packet·.-. 't1e11'tiir with''~>~ lra,ii-''that Jnodil~ cit. 

Note that the 4i1°'8CMl ,n,h· ·• aa. ~ ·iddit ·1-1t11 ~•. Thll &1ve1 

explicit representation to the system's "outside wotlt~• wtuc:h Hrves as both 

the source or ·sys~m inJ>ut QUIUlet X an4.·.~:-~t et .,.....i0ut)nlt channel 

Y. The graph .may.look lilta.Just .. Q.Gilw,' SW~-~ of, UM .pi.in. lnlt 
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F1 gure 2 ~4~1:' · .. A packet systt111 ·,nct"fts dfrec'ted graph. 

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

a.11 •.·ded graph is an ordered pair .of the form (N, A) in 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.na1N, a.target)~ For ~¥~~~ ~b• :IJ&Ph in ff&ure 2.4-1 is 

the ordered pair 

({*,D,E,F}, {(*,X,D), (D,P,E), (~,qi,),· (f-.R.8), (E,Y,*)}). 

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

' sets or arcs leading i21io and ou{or n. Thi-;~ ate &1ven l>y · . 
1 npu ts (n) • { atA: ' ; a. target Iii n} aiid odfpOttfn) 11·

1 d~i~ . ·a. sour'ce • n} • 

The directed. ··gra'ph · · charactertzation· th111 m:it'hem•~ty ·· riectnes how th• 

modules in a system are interconnected. 

There_, ·are two additional proJHfttles. of pack.et . r,Ystems that can be 

incorporated illl(J. our formal stfuctural ct•ttJMbtis/ 'Wrst~ ~-'Mt 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 ,acke\ .,.._ structure .may be 

sugared into a .iractural 4elcrii,tion Iang_,., Tae a.ct1ptta laD,&u.ae we 

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

[Leung, 1977]. For the qatem we ·haw baaa .4iscuato.g m :tilt!& aection, if we 

assume that all duu,aell carry GIily ~ Yalae4 ~ a4 'Uiat there is 

one packet with value zero iDtttaQF pnaat cm c'he,aal R, thea the foxmal 

description of 118 ~ mq 'lie NJC Jll.W' as 'feDCJwm 

'System SYS 
inp~ts X(1nteger-) 
·OUIIJUts "Y'(tnteaat') 
inter:~•J-.. Pt t....,-)-, O{~), It( hthger) 

'Stlbaadu'tes •,' r ' 

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

In1tiany··R<O) · 

\\ 'hile de.scriptioaa uf thi.s form do ·m,t ~plii:it}¥ - Ji. aQlllCJ8 -.id i.;rget 

modules for each •chaJmel. 1lwse are YetY ..U,, . .,._._ .amr:e 1NICh mternal 
',, .. ~· ~ 

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

exactly OJlC9 in a submodule output list. . 

This .sectioa h• pruente4 stmc:mHl ~ 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 sylte.Dl. wU1 he. a ~ ... ~ its.; atructure and the 

behavior of the modulef 1n it. In~ cs~•• w•;--11 develop a method for 

formally specifyin&: the .. •~w.or of ,-~ --.ul&r.;~a,ectrieMtou defi11etl by 

this method will be callld aternal QHK:st,..uon, INlcaue ·<tuv 4tlscribe cthe 

behavior e>t ~ic.t _ ~od~ , ;wt~~ ..• -cftl14aiae · Ul• iateraal ·. stNctural 

composition. 

A ,-:at ma41tle has I find naW or input channels on which it 

receives. paclcets to lNr ,roceaed, and there m a·,:tr:steci number of output 

channela on which it sends out paebts- in res,oue·: tb the inputs ii has 

received. A foriul .lehavioral spaetficatloa tor a module mu~t be able to 

rigoroualy detennta•- tor each input exactly what ·ll' ·a valid output response. 

Because pacut ,yatema are in. &neral JldDdetei'mlnate, . . the .potential 

m.ulU.plicitv of ftll4 · 8\itput res,onaea rule, o\if' a'; 141ftct' functional mapping. 

laatead, we. shall supPlJ' -.nil .,.ntleattons' for~ ,{lti.Odule M in the form or 

a relation EXT,. that formally•· relates !11puts to ·the··· semantically valid 

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

charagtertatlc relltiQ,P. for the ma4ule M. 

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

output pacaeta, but thi• 4ou n.ot · suffice iJl. ·evea the' stmplest 'cases consider a 



module 10 that "4oes nothtag,'' :that u. -.NIida .out ,&ls iapat ~ un.tGUched. 

-~ 

~ 

The identity relation £XT10 • packets detlDf!ld 'by ·the equation 

(_,Q) ~ 00.10 if 'U4 -.1y !f ;l> •' q 

does not completely 4M:riN .a,e • hhavttlr « the -·'IIHJll'dle IC. · lf ·ID Neetws as 

input a pack.et with value 1 -followed ~ a '11111Clllift 'With valu '2, there are 

two Alif!erent JOUible"~ IC -an---iout ·tt. 1 fdllowed by ··u. ·2, or 

1 t can send out the Z first and the l later. Thus • a,acit~lcm for the 

module must clucribe the sequaacJu.of ~.ia .... 1to .....,'tW)1' capture 

its behavior. For example, .if we .ateu. tw U. . .,..1eAO • ,._.,.. -the 

relative order of the. packets it rec:et-.., taCL .Ua ~Mltravtor .WDllild • ..--dy 

specified by · the ideaUty. relatioa EKTe . .__ °'"1 a. ,.,_a .Of Mqumm• 'of' 

packets rather than indivldual packets. -Saca, ~1• ce -~ 4J:L 

previous packets received in order to -cledde ,-how to-~ ·to a-.ctWA ,~ 

We therefore A8ad to de~ ,some -~U-1 ••r:!14•"°' ror. mm1pula1blg 
I_ • ' 

sequences of packets. We wm wre ~-- .-t,uom. ---- to uno.Je <a serraence of 

packets. The mathem.aticl af au-.,... will be 4-lta•4 1a Um aen arcuoa. 
. ,. . ' ' . . . . 

In aeneral, the behavior ot a mo4ule · · 11' a,actned by a binary 

relation that relates pr..enied iQut.J to vali4 ou.tpat . .,,...... For the 

module 10, we Ne that PHNAte4 inp\lt -.y .be con.uv aa6ele4 by a stnam 
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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~1:1t we need a 

separate packet stream for each input chain.el •. · · We therefore define an lnput 

allce rot a module M to be a collection or str~, one for each input channel 

of . M. Similarly, an output slice has as · its components .one stream for· each 

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

of a binary relation between input slices and output . sltc,s. This relation is 

called the characterlsilc· ;elatlon for M. . We reserve the notation EXT M from 

now on to denote the characteristic . relation for a -~ule. M. The slice 

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

definition may lae found in [Demits, 1a1a. :~· 

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

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

respectively, 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 will .._ elements or the form 

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

Sileas distinguish the time ordering : between packets passed on each 

.individual• chaD.MI• but 01t0t -...W.n packets; 1-an '41ttenilt · channets. It mc:,y 

seem that .auctal behavteral ·Information· la lost •lr.r·· not imposing 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)ilCUt pl is aeat at • • clla:Ml Cl ill same 
. . ' 

pack.et system before ,ac1tet· P2 i.s NJlt out cm ~n•l. C2. -ttaiue ,ia . no 

guarantee that pl Will arrive ahead. of pZ 1# tbm'. race to ~ J.11Speptive 

destinations. This ii 'because aqndu.UI .... ,.,.... iJp,JtOSe DO 

constraints on traumJ.uioa timas aJ:uc c..,,..,, ~ for 4Ui.reat 
- -.'. . -~, ' 

channels with dift'.eant cl:luacteristia suite4 io tbek --.s. Thus. the e,ctra 
' . 

information obtained from iniermeam pac:ut ~. ta ___.. 11Rlefl lay 
. " '): 

the properties of channels ill a packet commumc:atum . ,qs:tam. TM use of 

slices in our model, th.a, pavitlel exact1T tu ~ aee,1a4 for pcopar 
, . • . r_, . .,,. .• 

behavioral specifications. 

3.2. Streama and their opera81■1 

I11 this section the basic clefwtioaa, aper.a&ioM aad mathematical 

properties of streams a. lli4 out 1a ut11l. .... of a. tecllnrtc:al a&tme of 

the material, an indez 118 the utat:ktas all tclurnl-.. is~ in aa 

Appendix. 

For any arbitrary packet module., we Ui'ke • ctven for each of its 

input and output crumnels a weli-d!efine4 space (at) Gf packet values that 

may be passed alo»4 that channel. The space:. which we call a ~ apace 

!or the aaau.l., w i.4raUfi84 wUh the iclillaaatl 1114 ·chM•: ·tile-: Alll9 w•. 
Similarly, elemeau of a channel a,aca a.re i4utif:,_ wtth pac:keta .,rsm•• ·• 

the channel. 

We will d.attM· -a .atnam to- be &. ,...... .et 1'1!'1~• pw'III! oa • 

particulai dlunel. Ia4h14-1 pacuu m a -.... ~ --.U be-~•_.... ta, -• 
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expressions of the form Z[ i ]. A atream Z will be denoted by an expression of 

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

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

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

them are· equal. This mean, that a atream ii UD.iquely determined by its size 
' - " .. . _j,1,,_t_ . 

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

is denotttd·-lt)e Z•. ronuU.y, we havea· 

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 ~ i impUu J E S. 

Definition: A ltl'Nlll over a a,ece Z ia a flmction mapptn& some initial 

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

denoted by Z•. 

Defin.Jtton.: The empty atrNm ove1 a 1J1C8 Z, denoted by E or by (), is the 

unique stream over Z havtn, empty domain and no elements. 

Detlni'4wl1 If i i~ in U&e domain of a_._... z,,,w.'. defille ·the i•th element 

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

Observe that Z[ 1 ] is udefined if i is not _in the dOJllfAA. pf i, and that if z[ 1 ] 
.,. . . ; . : ~ · .. ·';.t ti." ., . 

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

Defln~tl9,1}' For _any stream z, the _ala o.f ~• :d~ ~• is. ,tlJ.e number of 

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

#Z • .,_ 

Note that 'Z[ 1 ] is defined it and only it 1 ~, i S IZ.. In particular, Z[ 1 ] 1s 

defined for all natural numbers if and oDly 1r:1z 1111 •· 

Def i8'4ion, Two atreaml Z and Z' aa ·aatd to be -.qaal, written Z • Z', iff 

IZ • IZ' an4 .z[ 1] • ~•[.1 ] for _alt i S IZ. ,,, 



In 011r tr .... t.. we lha:U. re,ard. tile· ·talra ••" as a clisttn&Uislwd 
~ ·t{)':.,''•••. -.' . ! .r' ¥~.; .: :.:t. ",, •~·; J', ·,)~~••·• A·{ , 

natural number whole ar.tthmetlc propertta are Wlu4. la aa ontoaa JDGller. 
~ , · · , :!- ~~ : .:·, ;_ ·: -- ,,- 1,,;·::1 Jt !~c,. : .·~ ~ i:( £ }i ., ;,. · .·?'•. •<t· • ~· .< --

such u i ~ • and • + i • • rm all natunl aum.ben i. The value- • m.,v 
_;; ~ ·.:;:f} t "\·~~ ', ,i_.1 ::"-.·· , , " f' . 

depends on contaa. Becaua all meams · are c:ou----. . •■.. -..,,Ilion auc:h. -~ 
' - ,. r :-'·0 .~ , -~-, . :,;, ~: j U:.,.,~e.Q': (Y J t~ . ):"": "~ _, d> . k 

Z[ •] hu no wamc. .._ When Z 11 a. 1aftat• au II■. 
~ :> •"•~,;} •':~) ",:A.•,:;~•/ !!•:..r , .. ' ;, ::.i 

A:a i.mportaat relal1ol1 cn'C ~ I.al';-~!~ ~.L ,ltJn,1,- Z 

11 a prefix of au.a z• Wla.ea.enr Z "_. at U. l:11&11111bl& of Z-, U allown 

t 

.,.,. .. ~ , .. 
occurrln& after ._ pqttz z. 

For anY' ~··· z,' wa· ~ .U&a;:IPICial ·~ i{k:al to ·danote the 
.... , ~-~ ,:._.:. -~ /. ;~ ~-:.~·-··,:::. ;·'.; '.," ..,-:;-1:"~-f"z,. :·~:·~ .. ;~; • 

segment or z colllilti11i of the ~-th tlmn&lh ..... ~ta of z in order. 

z[k:.ntf ts a ,tram bf ~-;-~k+i. act'·~~ tL"'~;:.,1 ot'~:1niiiUte 
~ ; , .• j... '!1 ~er :t: "! :r;cr~ .~ ;-~.;". ~ ' J.1t~.; _.; 

stream when 111 • •· If k > 11, the11 Z[k:•] i& a. ·~· acr.m.. As a, Ql804el 

case, whenever k S fl, I[ l: k] ia the ~ Jlll.9flX at· z at ~th Jc~ ~~ 
, ~ · . , ... ·.. . , ) : : ., 1 'f; .:_.::::'-1 C ~- .. ~:-} ... )_~·:,,,_ 

means that Z! l: k ][ t l • ;,.t 1' ~ :..,,. 4 ,~Jc., . . ,. ·;· 

G1.'{eD.. ~ zk .... la, JV• Call ~ ··~<.MD__,a~1 &t • ~. 

which 1a a stream coutattq ot the pai:uts' titt:zi· -;teillb•nl Jtt·:fllW ;~ts 1a 

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] 11 Z[ i ]. 

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+1·1] 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 lz 1 + #z2 satisfying 

Z[ i] : (if i ~ #Z1 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 llrellU Z1 au Zt over tba ...... Z. wa MY Z1 1a a 

subs~uence of z1• UIICMd z1 SUIS£0 Zt, it ~ 0&17- ~ ·~ _ ... a f\1Ad!Oll 

t that mapa the cleaaND of z1 iJtto the cloJ'aatit''ot'zt'aaci·._ ' ·. · 
(1) k1 < kz •> f(k1) < ~(_kt) aDd. 

(2) for uch k S 111,. i 1[k] • Za[f(k)]. 

A function t atiaf'JUI& ~ (l) ad {I) Will la callllll • ~oa. 
Any subaet S of tile c1Dmld11 of a mum ~---~,,-'a:~-mll~~~ at z 
which ia forme4 rl•I' by ..._, .. ua.. ......... QC:,_ Z~ j,o•,•• '1'1¥ 5- 1a 

iacreuua,g order. 

/blt,inifi?ll: Giva., UU. .._. . .Z,rl1, zt • ~- ~--, .... ~ wa IQ' Z: ~ 
a zurge. o1 zi, and., zt it • oal,y. if -~ __. qt,~,~ p 1•tU•~ ~to 

•• . ,. ' ,,,_'!-_· ,! ,i,, .•• .._.,.,, ,. • • , ,1,- • ' 

two disjoint au--., a&_~ ~•- • a •••art a 11 ,. ~:,z llllll Ute o.tur 
definin& z2 u a au~ of z. 

Thia _conclwlal the pwtatioa of the ~n#amat.&la Gt atr...._ 

a.a. JlxamJJlu 

In thia aac.Uoa we, exhibit W· .....-Y PIC)lat lllGd.ula with 

their speciticaUou. The ftnt. meclllle w ttt c• w ._ ~:milillh' ll 

Input slices for D Wcm& to S• (IUNJU over S) aa4 n.t,ut sUcel 'be1oJl& to 
' ' 

R• x Y• (pairs of streams ova R aJL4 Y, r-,.ctively). T!Uil -v• u the apace 

for the charactertaUc relation EXT 0 , ((S•) x (R• x Y•)). W1Uwl. a paclc.et 
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system, module O 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 'blm.avior· or module 0 

is to pass unchanged copies or input packet, rromS -onto both output channels 

Y and R. The response of O to an input stream • is the generation of two 

output streams r and y identical· to-s. Ai with all the modules we describe 

here, this works for infinite streams .u well u fiDite stream,. Thus the 

behavior or O is defined by 

((1), (r,y)) E EXT 0 <•> r • y • •· 

We give a couple of examples of the behavio~ of D, 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, .;.),·y • <1,2,·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 (Y•)) and 

({)c), (y)) € EXTN <•> ly • IX and y[1] • not(X[i]) Vi ~ ly. 

An example of the behavior of ~¥ule 1\J iss 
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x • (true,false.true,true,false), y • (falH,trN,fal•.,f-1~-"°u.e). 
,-. ;;-; , . 

n.e mdw JaOllule A U'ie_u:. 3.8-a). .. ,aia. up·.,U .... wlad )lllc1liftl 

in correaPQ~Ja& JIQIIUiop, ill, ~ .iaplft-,c .. l■r· ·X . ... r,'.• ..._, de Jll1h :'4flia4 

.. ~ 
Figure 3.3•3: TIie adder --1• A;, 

If one input stream is lonaer thaa th• otlwr, tu extra peclr.eu a'b.torbed from 
• • •• > • • "'• -.••• 0 •• ; • : ,(~:, < •.• ._ ... , 4 • ~a• 

the longer input stream are JlOt reflacte4 ta tlle outpui reqow. Thia ia . .• ,, . . -: (~; 

specified 'by EXT A , ((X• x R•) x (S•)) u4 

((x,r), <•» e EXT A <•> It • rm,,CIX, Ir) p.4 •C 1 l • >ct 1 l + r[tl Wl -~ It. 
;, . . ·. \ ~ . " . ·-" . . 

lu examples, we haves 

X • (8,l,•6), r ■ (3,•5,6), I ■ (ll,•4,0); 

>< • (4,•'f,O,-ra>, r·• t· >, • • ( ); 
X ■ (l,3,5, •.• ,21•1, ••• ), r • (2,4,6, ••• ,21, ••• ),. I• (J.,t,11, ....... J•l••-')• 

A slightly more complicated module 1a tl\e CW11Ulattv• adder module 

C (figure 3.3-4) for which uch .. ,-cl.et ~ate4 for output cm Y ia the 1Um 

of all paclc.eta received on X 10 tar. 

Figure 3.3-4: The cu111ul1t1vt adder ._1, C. 
. . 

We specify the behavior by EXTc , ((X-l >< CV-)) -4 
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((x), (y)) E EXTc <•> #y • IX u4 y[1] • t xi:J] VI ~ #y, 

Aa 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 ■ (1, 3, 5, 7; ••• , 21 • 1 , ••• ) , y ■ (1, 4, 9, 16,. .. , 1 , ••• ) • 

One of the modulu we will · be dilcwlaia& later on ia the feedback 

modified tirat module F (fi&ure ~-3-5), which hudlN integer packets. 

y 

Packets input from U are copied. directly onto output: channel Y. In addition, 

the value •. of the first pack.et input from U (if \her~ ia._ any) i,s suii,bly 

mOdified. and the resulting value is output as a pack.et on V. For the purposes 
~ ~ ·,~-:.: }' ~ 

of this example, we shall say that the : fitlf., .. .. , value ia modified> by 

adding the number four to it. Tile-' •Whavior of F 11 . speci!ied_ by 

EXT F ~, ((U•) x . (V• x. Y•)) and 

(Cu), (v,y)) E EXTF .<■> y • u u4 IV •• l,IU) .. -4. V{J] • U[ 1 ]+4 Yi·~ IV. 

4s examples, we haves 

U • E, V ■ €, y ■ € (8JD.ll\y JU'8Ul8);. 

U ■ <l,Z,3), v ■ (5), y • (l,Z,3). 

A mod.u~• with an interest~ lo&tcal functtqn ,is the ~u• ...-t• T 

(figure 3.3-6), which pairs up integer. data inputs from channel . X With 
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boolean cOAlrol. iaauta... rtom channel. C. Ir tlllt,. OP11¥ml, .. ,fll. .. v.iue, is true, 
• • <.i. 7. ~ ' ,,.g •.. : t "' . . -. ' - ,· .· 

· the co~pondtn&. d.ata'-~t f'?am X is puaed. out cm: Z. If'.. ~ control. si&naJ. 

is fa 1 se, the data pack.et is d.isc:ardad. Thu the coatroJ atpal ~ C- ftUHa 
' ~. .. . '" ~·.,I' -:,; ' . . 

out specified. elemata ot the data strnm.. )(_ C. mm· earl¥· _,.,. ip:1'e1a, 

and X and Z mq JW:,._. ot·~--•kl1lil,•_,_.. 

C 

The behavtor at·1"'1a· ~. ~··mr· '-:({x- >1 Cal) ,i r~))., -4. 

((>CJ:). (Z)) c 00 r <•> n • ~(~~ c:[ l~ll ,., ·~ : · · -~~-:, r-c '{ :Jr:i·· ... r .. ; ·:; '°".,.., i. ::-- .. 1 B ~. ~~ . t •• 

. . ad it i l a >(1~-. •. t.J:J ~1- S It. 

"~ examples, w. ~ 

>< • OJ,3,4,,5), C • (tru.e,falae,true,tru.,fa.Tael, a.• (l,3-,.4)J. 

· x • (S,.n, CJ: • ·•f~~.1 Z" ~- (7r; "".,, 

The NOW JIIG4Ules are all ~. -- l-'r a,: ~ 'slice 
there•. ts· enclly • ~~* .-·11~' Jt,jp;dba,t.i • ·wlll.4 '~. · Their. 

behavior is t!Mtrefore f'WM:tional. Om ~ ~ ...;;~ 'be ~ 
' , • ,. j , .... ,.,, 1 

to non4etennwte mo4.ulea a, well, a,..,.,..,~· 
'·', ',. . ·,i 

The ao.ndelar.mi.aa&e IINr.. moctuJ.e J (fil. 3.3-7) ,.._ out all. ill• 
·--. • -, .• • ;. 1 -~· ~ , ·>;1 .:"~I~.,. ... / ,·.·c.yr · ~ .· . 

packets It receives troa iaput chanula U acl V oatiD ~ dtanvl z.. Tha 
p . . ~ . \ ',, 1 < \ p ;,.~_ ... : ;"1' ( ,: '-,/,~ '. -,, '-r~ ~ ' )~ .... \,_ 

relative ~ of ~ on each of u aa4 V ia. Jlllll'Nl.. "1t ... ..... 
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coming from these two channels are arbitrarily interleaved on output. There 

is no restrictioa oa the type-, of :,acllets that mq be:·p•sedt'\hrough J. 

Figura 3.3-7:. The .nondetar1111na.ta aarsia.modula J. 
'-«, ' "" - ·._. 

We may specify the behavior of J by EXTJ , ((U• x V•) x CZ•)) and 

. . ({U,V), {z)) E 'E)(fJ (~)
0 

Z is a, mer&•' ~t' U ad V, 

where the notion of ·• merge ot two ltreaJDI WU defined in the pre"\,jous 
-1'· 

section to be ·• stream contalnin& ·· the · two · &1vea stream, as disjoint 
' - ·.,_.,, 

S'Ubsequerices. The size of an output stream 'z will always be the sum of the 

sizes of the corresponclln& input jtr~Jils u and v.·· 

A., an example of the behavior of J, it it is tiven_. u inpu~ t:tle two 
. ; ': .' ·-. ' - . . ,,:: ; ' -·· . 

streams u • <l,Z> and v • (3,4), then th•~•, are stx ,_~ble -Valid output 
- ""~ '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, ii not valid, since the relative 
' .. 

ordering of 3 before 4 in the input ltream V hu D.Ot been preserved on 

In practice, a wide varietr o~ no~~l'JIWl~l• behavior can be 
' , - •• •" :·. - • • • ~ < 

realized by constructing sy,tems forme4 by interconn~iN various determinate 
.? . . . ' .. ,{ ; '. ·' . ··. ,,.. 'l·.:. . . 

modules with instances of the module -~-· I~ thil, ~•, . ~.h,
2

, nond.eterminate 

merge module J is often viewed u a can9Dical ",ou~ce" of n~4eterminc1cy in 

packet systems. 
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3.4. Evaluation 

specifications worka for aome simple cuu. In this action we ad.dress the 

question of appl1cab111t;y of our _.iW-'1p_JUn complicated modules. 

1.lr . ~ . ., 

The examples we pruente4 tfti&ted oa1y pacuta of elementary typu 

(integer and boolean). 0.-'otr•ttut ~: ot:·~u~ :ia ~,~\ communication 

architecture .1s t~t ~~~~• ,~ be<~~ ~·~,~~~~-~'-1.1: Whi.C;~ 
.:.·•,· •. ' - ' . --

are_ arbitrarily ~l~x._, ~~; ~~~~~ ~ !_~~~,,~ Dai& ii.ms 

i_n the various . r,~~~- :':!:,:·a'.. ~t~;-vtl:~:0~~: ~~,,J-:,.:Pr~.•.,. 
concurrently in different internal .sections qt a system. Direct S'U.,PPQ,-i . for 

,. - -: .. -~ii'.'\"';,,-, t:917'~\ :-:; ;~• .. ,i:: ~~~:1,~~~)3:.,-~- ... ,,'·~ ~ff'j"f:, f.t- 0 '·•' t-1-,; 

handlin& packets with arbitrarily complex muc:t~ ~ , eci.uall7 ~ ~ _,_c;nµ 
. ." ,~• '~':1" .·; l _1 '--•tii:'. .. -1~---" :~ ~-~_;, -.: .I~ tuqt~.;::..; u~ ... ,,, ;,,:..:,: \_y _"':.· ;, s __ ,....,,.., •. ~ .... '., • .,,.~,, • ~ 

specification model. All that --~ ,' ~
81
lf, 1~,S~-,:.ao~; ~4 · .~!~ 

operators for buUclin& and decompoatn& structures. aacl Ulla 1a well · un4erstoo4 
' '":- ,• ~ ... ·~ .,._,t,,.., • .,...,..,.~-,~i .·•- .,;.,_ 

and Stfat£httorward~ ,;it;~iuiu'~, ~~- -kbelel ~~ ·producu or 

The buic r~!~~n to ~ i~ ~, ~ ¥.'f,'.;effec;~v•l>: ,o~r 

specification technique, can model the !uncUoul ca,aMlitiU of moduleJ -~•.t 
·-' ' ,j_ ,_ '· 

are to be physically rNlized in hardware withbl packet qatRlS. We claim 

,. ... ,.-- ·,_, "'::t•t,, .-~·,: -. ·,.,~ ·· \, ·b.J~I71<fl ~_:n;,2,Jt'.(i?- l.J:1-~J"'1:·.' ·:. ::._~: ",c· f,, .. -- :·: \ 
io-'mbdel the behavtor"'of aa;y l'Nliaable packet mod.Ille. There are ,everal 

:· rr . · · .. -~!Y" ·_:'~:- ~, 1 1~ t-<;~;:J;-:-~~, ... :.~ ~-.i·i,,,• ~!t! Z'. ".fJ,.~ .. :::" <s:···t· ~;, }.1.-.. · .,_._ ... ; 

tactt>rs that ·subs\antiate 't'hia claim. ·aur techaiq11e al1owa the UN of' arbitrary 
•.. _... . "•'-.'~...--. €:·~1,".' ·~·· zt;. ,.,~~~ .. ~.:-.. -- .. - ·~ ·,. •.,,, .:·''" ---~~ .:..,;<"' -~~~ 

mathemaucallY ·er.tined func:uou 'and'. 'pnclu:atu OD. pacut valuea ad streams. 
'~- - . -~ ~ : .:x : : 

Basic operations on pacltet valUN may be c:ompoae4 throu,h Ule use of 
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conditional expteatou aJi4 ~on oa .,_..~ ·· ' 11tts :placea at our diaposal 

the functional capabilities or the textual lu&ua&e ue4 · to model data now 

achemu 111 [Wan&, 1975]. Thu, trom the•••-- ott1ft.riq OOIIIP\1ialtility, 

the slice-relation •PPM41Ch can . model behavior of uy cle'1n4 complexity. 

Moreover, a module'• characteristic relation acts u • predicate that ulu of an 
.,. . .,,. 

output llice "ia thia a correci . rupow to the ,r•ai.4 input?" Thu., 
;._ ,t' ' '?' . ,. ·f,• ( -~ ~-_:,, ;:.tli~'.- ·; ,,. -

external characteriaUc relatiou are the way our mo4el math•m•Uc•lly 
,.,,r.,_, .,•l'··:'t . -~ ., ~ . 

determiw correctneu of mo4ul• in ,-cut aptema. 

The •bove ar&.'IUIIU.11 gr, JlQ~ •)M)\ltJJl~ 1 COJD.~•~~Y of ~htVioral 
. : . - ',: - ' .,..-; ·.~ •. . .: .··· . -

ducriptiom 111 our model. It ii UL untortUNte f,w;,t,tl).at . u .Jr~ one 
o.: . ,· ,,.,:.,,.:,,_, -- . • . ' 

wiahes to model 1ncreue in complmt7, the effort reflUind to formally 

specify them incrNNS even more rQ~. , Althou,h this appear• to be the 

cue _with packet modul• u well u with computer proarama, it 1a hoped that 

the hierarchical compoaition or packet qatem.l can reduce the .structural 
•,, .• d .:,,. t•., 'f, ·\c• " 1~.--:~c~~•'.;._\ • .. ,jJ .. , , 

complexity to · be han4led it not the fmu:Uou1 complexity. Behavioral 
.,i.,.''t~.1,.-~ 

•~iticattom for the ltnletural compoaltioll of ,-cut modulu into syateuia 
.,,'""' , '.t ,;; ~ J . ,"'>j"' ~. . 

are treated 111 the ·rollowin& chapter. 



4.1. Iatarul. ------

The exterul apecWcaUou 4elcri'bed.. bl the previous chapter 
• ~ ,~.~ :': "'..; • .... -. ,·, "a '"' 

coutituta a fonul wq of HftD.ia& 1'ow • ,-W ,,_ ii io iataract with 

system is cornet wheaewr ii ..u.n. its _._ qeciticaUou. As we 
"',, l'.(1::::, ,. 

mentioned earlier, cornctaeu of • .apaam. caaot lie establillMl4 by ouuicle 

observation:~~it:11··Mets11att·10·~ ••1-...i ~ of a system 

in orctet to ,rove·;~; J .. 

• packet qltem coaatltl · of a collection of. 

compoaent modules ia1ereoaaect.ecl by chen.i.. TM· Nhav1or of a· syatem is 
-~~~"· . -7 ,. ' f;. 

determined by two tM9p itl lll1lCblN aa4 the 1lllhffior of ttl com.Poaeat 
,r; -<~" ;·;~r:t~ .. L· : ti,~, 

modules. A fanul UICl'ipUcm · of a 4'ftdl~• belaniGr ·wlw:ti ii 1tw4 aUnly 
:,,t•~,! .)·' -!· ;{ ·1,.-,__;:.,~ 

on theae two ~• will be ca1le4 a Nt of .taler-1 a,-:.tlluttozu for 

the system INlcaue 1~ upNINI Ula qatal'• ac'lioll ~ .-.. ot Us illi&rnal 

compoaitio11. 

In order to show a qatem ii .correct, two aiepa must be taken. 

First, one mui pro4ua a aet of taierul qecU'icatiou re tba qstem. These 

internal QedficaUou Iba must bl .JIIWl4 ~t to ~e qaMJU'• external 

specifications~ The toeacal reuoa1D& iavolvwl here ia that the · compoUllt 

modules are auumed to be cornet from a. bf&.1:nn!aj; this --.pUon 1a then 

used throu&hOut. the qatem cornctaw »roof. If· ou WUhu to 4emoutrate 

the correctHU or a COlllJODent mod.we, it ii .....__ structually mto it.I 
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own componenta; this moclule•s correctnea ii verified 1D the exact same 

manner u the entire ayatem~ · 'In thil .,;,17 the· hi~ruchicai ay1tem atructurin, ,•, 
' ' ... . . - , ~ 

provided 1D pack.et commwllcation architecture aupporta hierarchical 
i 1· 

structurln& or aystem · wrtricatlo~~, ·· 

To formally derive th~," iDtern.al: IJ*,~(fCJU~" for -~ -~)tet sy~tem, 

two piece, or illf'o~tion are :a~• J %) :• 1~al-~, 4e,.:ripti9n of the 

system, and (2) the exier~ -~~U_ona,: for ~,.ot i~ ~•'-°11•~~ mo4ul••· 

It is not neceaary to examine ~-. ~~t ~~ iJlte~Y, since they 

are asaumed correct. The in~ spac;11'.~~ 4~ M)fe _the·-~~~ t.>rm 
• < ' • - ', •• ~- ~- ..c _. - ' • • ... 

as the external •~~ficationa, -~1' a-~ ~"~•~ b.e~, inp11t .1Uces 

and output •~cea. 

At firai :Cl~ ~n& up. wWl >tllltful·~ttons rar· a packet 

qs~ .may VJNIII•.•~·• &. str&i&lltforwaN:,~; Oolijfd.ifW tor uample, the 

~---------------------~ 

Suppose that modwe·F applies a function' f io ~h pack.et value X received on 
. - ''t" : ·' . ,, - ,. ~ " . • ' _',~ ~ .-; __ -,j, _,,, t. ~'!-·;rt:•· !.::: :~H-",*: ' A . . 

. X, Nttifn& ·th'i ·nautuna. value f(x) out u a packet on Y. If F preserv .. 

'packet Ordertnt!;J.tts character~ic 'relation '.\,M;. would \~tain all ordered pairs 
' ' . - . '· . ' - - ~ ,- ' . . : ' .. _; ; .•"' ; . ' ' ~ ,- . 

((x), ·(y)t for Which ··y la the stream obtaln-4 •from atre.ua. >< by applyin& f to 
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each packet or x in sequence. In other worcla, 

((x), (y)) € EXT F <•> ly • Ix and, y[ 1] • f(X[ 1 ]) Vi S ly. 

If module G applies a function g in the same uwmer, i.e. 
,.,. '',- ~· ' 

(Cy), <z» c EXT 6 <•> IZ • #y anc1 ~C 1 J • o<YC 1 D w1 S ,z, 

then it is easy to see that for each packet enteria& the system S1, fint f ucl 
- ' . · .. : ., .,·,,,;:_-_. ' ' 

then g 18 applied. The behavior of 'Sl, ihen, ii the tunc:tioul composition of 

modules F and G. It ls, therefore a trivial 
0

matter to. ,mo'~ that the internal 

specific:ations tor Si matcli' the.• characteriatic relation . . 

((x), {:tJ) ·c Ms{<•> ft • Ix anizc'1l • g(f(>C[ 1 l'>> W1 s IZ. 
. -.. ,· . ' . / '.. Jtf., ~ ' ~'· ' ; , . .,. : . 

One coulcf ·take a ·m moi'e ~pttcated' enmple, such as a qstem to compute 

roots or qua4rat1c equations w~h ii con{poaacl i'rmn. m.~ that 1alte square 
I 

roots, multiply by four, divide two values, aad. the Uu. There would be 

long chains ot f~al; .. .4'aJOlitiGD, C .llUl!:i p1 I i..., 11a......-i apec:U'tcatioaa 

wolU(l •. K8;SG,t, ~,;IWQl' p~ .. &-..f:Ar, a· _.,_ ... _. .,_., one 

could simply com.pose re!aUou iutea.4 ot ~.·. s.,,u ITllils, •t 'IMsl ·so 

far, that internal specif'icationa are aiJllple hulelcl to 4-tenmae. 

There turns out to be· a ft1'Y w&e fly in the ointment. 

Figure 4.1-2 depicts a qmna ltntcturt · for which twlctional or relational 
;~ ,,. . 

composition is Cf no UN wb.ataoever. Tht, aycUc. bl~ suucture 

imposes mutual clata dependenciu between cha.aela Q and R. PclUtt.s passed 

on channel' R from mod'ultt:. 8 cfeJa4' • t)\e. )acMtl received. by B from 

channel Q, while the packets pUl84 ou Q- 4epen4 oa .,U-li4'1' ,ac1'MI received 

by module A f'rom channel R. It ia a ~tlf aoautviaJ. .~.to~~ tll• 
' ' . '.':'.:': ... • .·. . " 

stream R in terms of the re~~ ~ X, -~,lad i, $c;e ~ta paued 

OD R will in au•ral 4epeucl on packets· ~Uly: Jffllllli. OU ~ 'aa.ia lWMl of 

• 
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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 . 

dependency iatroducu mutually recuniw:.:q ..... II IIIIUflou·• a,Nlllaj the 

dl&ael: ;l~c3ia .... ~ ma. an.otJp.er~.~ -~• . .Kau.r[X.P..-/~974] has round 

a lN.Y._to:IO~ ~-_of Uus~ ~"" .. 91• ~-of;,~,-~•••~ th,eo&'Y 

·Gt liZJK>i.tu. Bil t ... i~xp1qu-, ~~,: ~ rtglrel ~ Ule ~'111.u be 

.4ttel'JllitMW-, -4 ~- ii no ~tt~rw,11'. , •• ~- -~ ~ to 

~deteJialUte ....,. n..,--. -~• .,i,,,,,.. -~ -,.cif~tiou :tor a 

packe\·IY'lt• ii.•• cull..,.& :pro~ea, A4r•~·:9Jl~Kh JI required.. 

The-approach w. wtll-<lNt :ui111 :a ,.._.. •:·•-o.,.,_1ona1 vtew or 
systems. W. moill 111.e· ·---Uon· of a o:.,..._, 1Jir ......... ,.ihe pioarea .or a 

comp~i.Uop 1n. •,~ ot ~.~,-- 'tlMi.:~•• ruponse to 

JtVUJcul~ .. ~ni.4. ~ut. i115;~~"Ii...S ~l.,. A ~~ ~Wic,a. or 

ia~~ .•a.Jatu, w.AA:~. :W- ca1J. ~ ~ecuUoq ~-~ .}Jl ,~eral. .~r• are a 

lar&e 0 n~r of ~~•.exqt!p&,~ .. lM.\~~ to •.~ticular 

. Q'5WDb~ •• .,._ ~•"'· UlP,t. A ~.~,.:. M WO~ want 

to ~ve ausi _. ,_IW)WA · to ~ .OV8J.,••lll, p,~l• ,,x-.;~icm -IMUtnCU that 

IMY'· .. ia.· t.a.)tea ... tu,,..--., 'nM· ~-.. iat~ illt.rodUCM ~:me of 



• 80 • 

th~ basic character11Uca or execuUoa ~ 

4.2. Execution aquenaa (brtro4uotory) 

The pro,rw of a COIQ\ltatioll ta; a pac)aet .,.iem is mouled· by the 

succe-.ion of internal at.tea in a axtlC\ltion . llqllftG8.. 'We will be. definiD& 

internal states so that a state incorporates for each oJuum..i. th:e cumulative 

stream of paclc.eu• ---•• to be pule4 Oil UlM Ctzml, 'rJlw·. d.eterminu, in 

particular, for each state the iaput lliee· !>'llllll-ttll: to- the syate&• aml the 

OU4P•t: .UC. .......... , 'tJe. ~---• •· fa. 

A proPift'tf \tW' with· ~-~-·· tct .. haft'" irflmt; OAW'4 can. 

construct a· a,,iem .._ thW, ·te1t1•-- ~-~ to 

completton. For rich a·,.., the outp'1\ -.sncw: ,.,._.., one,·al~ tlur•systm's 

poSSitJl• utUmate t11i•••••• to'ita•pt111nte6-illj\m •~•daeattoa,,~ce· 

Will be said tct· ,..,,_, u.t· ~' O\llfllt "111 hr• w•1: mei .,._ •• 

presented itiput. · It' 'lflll· then 1- •; .___.__., -~ W' ~, the 

s;v.nem's 1a-.aal ~-~ w~ . ..,,&i...., lQ{. tu.,wla~ between input 

slice.. aa4-~ru,■ut• oalp-. "'"'' r1t1i...a~ 3 IOIU41~.*&oa.t,aq~ •. 

A partlt\llar kia4. or phyW1c:al lltffllt \ff · wlslt to ~ ill u 

execution aqu.dl:lr·irfllt tranambtlon'·ot~i •• ,.._,. oa. aome--~~ 'Fh9, act 

of· a modul•· ...ttq a paclfk. 0\11 OD If cttanal. m&r'olicu· at any···Jimmen.t 

between tlle ttta -· ta packet is· --••; ,,.. ib· mo41lle ·· o4': th.- time' the 

module recetve. afl'! ~-s1pal>tor tli• ~'- Far ~~' blatant 

or time ctul'iq ftdr &Jll hlte'ftl, the paclM!may or-•mq>;;aot" ~ bllllL lltD.t 

OUt alraa4y,· aJm M'"'CIIUOt ~ 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 4urt-,, the interval betWeea"thNe two evats. 

Each state in an execution sequence must reflect the relevant events 

that have occurred in the system. The event, clescribecl above are associated 

With particular channela, so we -may partitioa 1tate information into 

component, relating to th~ iJLcliViclual chaan,11 1n tJl.tt qstem. To model a 

state, we give for NCh channel the cumulative sequence of events of each 

k4nd (packet generaUon and ackaowla4&ment) that have taken place. Packet 

generation event, are handled by &tvtag th• atream of c•nerated packets for 

each channel. Since the c:.hannels .at u n,o ~-• the packetl that have 

been acknowledged are always given by a prefix or the generated packet 

stream. We call thil pretix the acknowl""-4 ~•tiz ot the stream. Thua 

every state in an execution sequence ~n.siata of 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 modnles of the system. At any 

state, tor each module the a•nerated pack.et stream, on the· module's output 

channels 111ust constitute a valid response by that' J@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. · lt there are no more packets 
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generating new output pack.eta in ~

waiting to be altaorbed lJy ao4u~ 1a. 
1

~ .~· ~• ~ aiaie will 

remain coutaA t. 

We llOW•.~~-_,.. eram81• of --- ·~•••:fos a palrtiaul&r 

system S shown ia fi,&.ure 4.Z-1. . . . 

)C 

s 

I .. .. 
I 
I 

,I 
t' 
I 
I 
l 

t--------~---••-•----~I 

J . ta the aou~tetmi~ JIMtr,• moclw. al F ~ .. ~, fr~~k aw,dlt• t>,m 

module, both of u.. .. mo4w.. wen ~- i• .Ge RffiOM cu,ter. 
' .' :: . ·. "'·. ' . . •"'-'f••· ' ; 

Nondeterminate qstema au~ u S av ~• 4ltf~~- Olltl\1" ~ .to a 
' ' ~ •, ~ ,, , ' • " •• ~. • > ' • • '• 

given pre,entecl input. Thi.I will be Nfl.-tM hi ou .... ,1a. 

are the internal sutu and the C9lmnna ~. to aa.taet&.., .J:ach qqy in 
, :-~ <;, • . ~ , : . •. . . -. , .. lJ-~ . -· . ..~ . ,. .,, , 

the table ,is the •~~1'.0~ -~-- of, ~~ ,..,..., ~Ul .. -' :llNvy· dot 

marking the en& et Uw acuowledCa4 ~-

Execution sequence A. shown hi tS,U• 4.&•&, motlela • panicular 
·,,· .,:._ . '! . 

response or 1ystam S to Ille iaput ~ (1,2) p~•~. oa ~ael X. W• 
. . ._, ,. . .,: . t 1'.· ,.~ :, ,-, 

also &1v• a corr-,oadillf lffi• 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. 

- 63 -

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 0, the sequence <l, Z> or 

input packets has not yet entered the sy1tem \o be procused, and no packets 

have been acknowled3ed (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 CJOPV 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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r- - - - ---------·-- -• - - •--4' r•-·•·-------·------,----~-,.. 
I I 
I I 

X I u y X u 

SJ 
I y 
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~ :1 ~ 
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• I ., 
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,, I 
1 I I z I 1 I I I 

I I. I 
I .I I 
I I I 
I I I 
I V I I V I I I 
I s I I s I I I 
l- - - - -- -------- ________ ._J ~------------·----·-----J 

state o, 

r•-•--•-•---••-••••••-~ ,---------------------~ I I I 
I . I I 

X : )f,-~ : y 

X 

) .. 
I 
I 
I 
J 
I 

5 Vt : 
s : 

l. - - -- --- - -- ....... ...... ._._J 

·---------------------· 

I 
I 
I 
I 
I 
I 

J; V : 
s : 

l .1,. ....... .;. ... -.~-·-·• ...... J 

state· 4 

.. , , 
I· 
I 

X 

I 
I 
I 

: 5 V 
: s. l-____ , __ < _______ • _________ J 

,--,·-----·---------------, I 
I 
I 
I 

I 
I 

h M ,· ,· I ____ _,,, I 

I I : ~ : 
: s : .. __ ..,... ______ ...,;._. ___ ,._ "' 

.~--------------------· 
X 

I 
I 

.. I 
I 
I 
I 
I ,. 
:s 

state 6 

Figure. 4.2-3: Snapshots for ececut1cm --.u.lN'ICe A. 
. f o.,:._,;.,. ),. 

... 

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, Z) has been completely 

generated for output. By state 7 (not shown), these packets 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 r or states Z and 4. 

state X. 

0 

l 

z 

3 

4 

5 

6 

7 

•12 

l•Z 

12• 

12• 

12• 

12• 

12• 

12• 

u 

• 

•l 

•12 

l•Z 

1•25 

12•5 

125• 

125• 

V y 

• • 

• • 

• • 

•5 •l 

5. •l 

5. •12 

5. •125 
., 

5• 125• 

Figure 4.Z-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 1n 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 pacut 2. The snapshot, of 1tates Z u4 4 for execution 

sequence B are sl\ow1l in figure 4.2-5. 

r----~---------••----•, I I 
I I 

X : : y 
I 

I 
I 
I 

'' I 
I 
I 
I 

: s 
V 

I 
I 
I 
I, 
I 
I 
I 
I 
I 
I 

~---------------------' state 2 

,---------------------~ ' . ' . '• 
I 

X : y 

2 : : 1 
I I 

:·t;, C I I ___ , I 

I I 

: V : , ' 
: s : 
L-••--•~;;~•---~--~~~•' 

1tit1 4 

Figure 4.2-5: Snapshots for executiot11 s"uence B. 

Observe that the two, ~ct executioll NCJ:Utncel'' A 1114 B mo4el two cliatinct 

computations for th.a. qatem S! bo~ . ~: ia ta AIU system rupoue 

<l , Z, 5) to the ,..._~ tn~t Jl, Z). ·, On . UM other W. exac:ution 

sequence C, shown · in . ffCµre 4.2-61 ·-~~!a __ • cmnputation in which the 

system produces a d#f•rent ~~ q, S,. JJ --~-- ibe ame input. Thia Nquence 
"] ., 

is identical with •~~ ~. :.t · ~ Nte a. but aow mo4ule, J 

processes the pac~t S f~JI\ cb•~1,1t · .'I. ..Wtn it lakel Uae packet 2 from 

channel X. Thia 41.tt.n.c. 11 . Whii. ca•.-~ cun&• 1D. qatem rupoaH. 
' . ' ' . ' l l ~ 

Snapshots for the ~tba&.N'- .a. Umm&Jl, ... s· for encuUon N(Uence C are 

It t, important to uote that at uq time 4uriJI& a computation in a 
~: ;!]. :. ~.: ·~·. ;·~·/' ,;:-f:'". < ·.·•,,.·:~. ~-., ·: 

packet system, a ,-cut that hu . beea ,......_ io ba ND.t out oa ac,me 
,· .. 1.:·? ,:i . . , .•. 

channel may or may aot actually haw 'ban. NJlt out altea4y. . After the 
\ .. ,',_/ 

pack.et is acuow1..ac- we know it hu baa. sent out, but before 
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state X 

0 

1 
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7 

•12 

l•Z 

l•Z 

1•2 

1•2 

12• 

12• 

12• 
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•l 

l• 

1•5 

15• 

15•2 

152• -

152• 

V y 

• • 

• • 

•5 •l 

5. •l 

5. •15 

5. •15 

5, •152 

J• ~52• 

Figure 4.2-6: Sample execution sequence C for system S. 

r-~•------•-----------~ 

t 
I 
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I 
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: s t 

l---------------------J 
state 3 

r---------•-------••-•~ 

V 
s 

state 5 

y 

1 

y 

5 1 
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f-
t 

X : 

X 

V 

I 
I 
I 
I 
I 
I 
I 
I 

I s : 
l--•~----~-~----------1 

state 4 

·--------------~------· 

V 
s 

st1te 6 

Figure 4.2-7: Snapshot, for 4-Xecution ;•equnce_C. 

y 

5 1 

y 

2 5 1 



- 68 -

acknowledgment it ii only potentially on th• chaanel. "Potential" packeta are 

guaranteed to have been by some futur• tulle .eventually paaed on the 
,; , 

channel in the relative order 41ven1 but wa- can. dr•w no stron.a•r conclusions. 

This means that in all the mapahota we have ,depicted here, the pack.et, 
. . 

shown on the varioua 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 moti\f!ate aD4 ds.icu.u the propertiel that will be 

used to characterize them tormelly. 

4.3. Properties of execution sequences 

In order to formally define execution llqUGC8I for a packet system, 

we need to, cue.~uUy moUv~ and d~ •nrll_ ~ tMl char~ize 

them. We shall be usiD& as an example a ,articular pack.at aystem C 

composed from the modules A and O as shown in naure 4.3-1. The left half 
. 

of the fi&~re show:s the system structure pictm:i•Jly, while the~ half 1a a 

textual representation that provides a formal structural ducription of the . 

system. -once we characterize execution sequencu for C, ita internal 

specifications wil) be. th.• bi~y relaUQJ. .~weu nt,efte4 iJlput IJJ.c&s . .and 

the corresponding output slice, that are.~ u the syst8sn•s response to 

the give~ input by some execution sequence. Thia, -of course, will provide a 

r ormal behavioral oecification for C eQreaed. . JA -tenu of the above 

structural description of C and in terms or the characteristic relations EXT A 

and EXT 0 f.or th• com~t modules A '&d 0. Ia thi )fevioua chapter, we 
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Figure 4.3-1: Realization of a sample packet system C 

specifically deflne4 the external apecificatfns' for A· &l);d 0, but in our 

tNatment., hare th• chancteriaUc relatiou ;shall be Viewed> ab,trac:tly. 

An execution sequence 11 a time-ordered pre>ireuion or internal 
... ~·: 

states of a packet system, and a state gtvu particular inform~tion about each 
,. 

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:ated- to be passed on Z and its ackn~ · pterix. The space of 

streatlls of packets ·P8iNd on Z ·is d1tnoted' 'by if.a ad' includ• infinite as well 

as finHe streams. For any stream z e·Z•, •W8 denete'· tts:acknowledged prefix 

by z•. A channel state for Z· Will thitn be an order.ti ,att 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 ,ample 111tem C, define the space 

CSYS• to be the cartesian product of the channel pack.et 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 .,. tuples or· tie form (x,s,r,y), 

where ·K, 1, r and ., . are streams or iateget packe'U. A ·system state will 

coa.sequeitly be an ordered pair of the forfft''($;t•>, 'Miera th• .. acknowledged 

prefix $ 8 of the slice $ is the tuple whole components are the acknowledged 
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prefixes or the ru,ec:Uve compon.en.ts or $. 

We ha:V•. alr.-dY ~•fined input •' ouu,ut , al~ for. 1 modules. in a 

pack.et system. .. The. ,._. ~- laput slicu for a motbue;· ii th•-••um product· 
' ,. . - \',,• .,, t : t 

of the ChanA-1 str~ 91(;~ f•r' the module'• ;iaput obann•l11t output l alien are 

similarly built up frGa ,~ --~•• output ch&Dael stream apac11. For the 

module A in our example, theN two 1pac91 are AIN• • (X• x R•>. ancl 

AOUT• • CS•); for the . module O they .a'i,. OlN• • CS•) and OOUT• • (R• x Y•). 

The same thi~ c• 1Nt 4o,aa.:., ~- .,..&; l,e:1VWfflll&" it·• .. ;IINMlulea 

CIN• • (X•) aD4 CQJ,r■, • {Y•). ~~~~~OM. rfor .__,tem 

C and its two compoaent mo4ul• A u4 0 are &1WJ1 by EXT c , (X•) x (Y•). 
• ~ ' ' ! C • ' !$ . • •, > , • :·; ', '. ' " • ,- • •-. J .,} - ,"'. ~ • /. 

EXT A s; C(X• x R•) x (S•)) u4 EXT 0 , ((S•) ,c (R• x Y•)). We will have 
( ~-~; t 

((><), (y)) c EXTc it &4 only if the output mNm y ii a valicl NQ9Dae ~ the 
.~~ ,., ·,. .. -~t -- :.!.!., .·_:;-:_•:'.:•': ·:~---~ ... r·,:; ,) 

input stream x under the semaa.tic pro,erti.ea of UM .,..iem C. 
; ' 

Execu.Uoa ~ -~ a ~t" ,pta.a, "(ill , be ol · U.. .. , form 

{($;, s,•u. where,1 -~ 4·,-18~ ..... ,.''l!f'all,,,~rf?Ml-: ....... ,. 

will be the ~ow~: i,,ratiJG.,ot ~.-~ ._..,slillt-,a..i.:: 1llete: an a 

numbe.r or. MJU,'Q.~ JP>».~. v,lu~>.kA:i:V~MJIU,tA~d-~t Rtial'J' ill 

order to correctly model the actioa or a packet qam.. We -~ucrlbe them 
~ ; i'.,. J • . ' .. ,, ; t ~ .· ~ . • .. 

here in terms or the sample packet system C, notta& that _the aeneralizat~o'1 to 
' • " - . ., ; . _ .. , \.,r"':·~- }~ ': '' .·,:0 . ' ·, · ... ,. .. 

arbitrary pack.et systema · presents no clifficulty. For the qstem ... C.. the 
.· ...... , .. 

components or system 1lic:e Si are deno~ \Jy f, ~JX., Ii, ri, _ Y1) • 
• \, .. , . ,_;. ->. ~- " 

be a valid bliU.al IY~ •~"-- ,TQ ~-~. --•r-~i, »,t JJIC_..: »ve . . . " . ~· . . . ... . . . . ~ 

\»een ~r~ at ,U\f start,:. ~.~eqlll.N .~--~ wWII .. -• <feil.').-M'V9' an 
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empty acknowledged prefix Sc,1 . The components of $o 'corres~ndin& to input 

channels m\Mt matcla. the preaentN taJUit Iliff', la, out· case, this means that 

><o, must be equal to a giva &'tram >< of, 'ULJlllU. Ami it mu.t ~so t>e the case 

that the other cemponeau of -to' . ..,.. _..-•• iallial conft&uratloa defined 

by the •Y•tem structun. 

An execution sequence is suppoie4 to:, reflect a system's response to a 
• ',\ __ . ' ' :-1 -~ .;, ; :-· . 

particular presented input slice, aild this input slice appears in its entirety 

Within the initial system slice •o• In order for the, execution sequence to 

realize a response to ,precisely· this input '.;,_c,; nothin, more, ~e must have at 

each system state' the identical i11put slice- u ar'th~ be&inniDC, ~hich for the 
, , , , ; l ,,, ' ,;, ,,, 

system C means that xi • ><o tor all i. Physically, this requirement amounts 

to the outside world suspending additional i~p\lt to the syst~m until the 

systeJJl completes its response to the input already pr•nted. 

The third condition that must be fulfilled is agreement with the 

semantic properties of, the component';mbd.~1ea··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 received and acknowled&ed by that module are related through 
·, . . .. .. " . . - ' ... ,~>~ ?~ -'.·'-·'.t,~ 

the module's characteristic relation to the output packets generated b-y that 

module.. In. our syste~. the semantics for th; ~A· moct~i; impose the condition 

((><ia t rj1 ), (8j)f E EXTA, and' the' 0 module forces' ((si1), :~(ri-ro, y;» E EXT O• . (The 
. ' ·- _. . " "'.:;?,.c""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 :som~ state in the execution 
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sequence, startin, from the initial atate witla. 1 •0. 

The te.urtb., ~per-w tha& ,abo..W. ·.lliola wlthi& aa .-CU:tiaa --,uance 

is nt!Mr complu. W. W.iaJl '''° ;,_..:--■Ir_ . ._ -.u1...-t t'Mt state 

t.ransUiou ~n. ,la UIIC1MMIU -..eaoa :muit .-- wUh ilM ~.-tam 
atructure. Each _,...,_ Cit .. ., ~ 1

8h.- ftll\lDw fm • 1tf •• d■ur>r •• t.•> iu 

a 111Mner ~t With the tmya:al .,....., • .., U.J.,-.-.•a c••• .. 11. 

Once a ~cket is Nnt out a1on, a c:hanael, i~ ~ ~ be. "uza..nt" or called 
'.. . . ' , "' ' . ' '.· . ~-

back. For each channel Z ill the qste~, packet, ~ ~y ~ a44ad ia ,&Pin& 

from one state to another. ~oreover, SUM» Uae ~• act • .nro .queues, 
;, . ' . . 

new packets cannot diaturb the relatiw ~r, of pavi~ -~~~- !);ull,. for . . - - . .. ' - ·~· 
each channel Z, the chaDael stream zi mut be a •~~u'-~ of l;..~ for;;all 1. 

This requirement ,also holds separately for th• acknow~ed. . prefi.xes qn . •ch 
' • • "•. ; L ) ' ., :• ' ,••.~ • ' ' • < 

. channel, since ack.nowl-ed&ed pacuts canaot ~• ~uaacknowle4,M," ao we 

must also have zl as a sublequence of z..,11 for -~J•, 
. . ~ . . 

It would areatly simplify the technical . 4ev-elopment in the 
• - ' ; • :'_(_, . i • _- , 

following aection if we. could 1tren,then this tour~ cm,i'"tion ~ r~uir, that 
• I • : • • > •• "" 

zi be a prefix of Zi.i rather than any au~ce. Aa it stands uow, we ara 
. ~ ' :.; ,, ! . ~ ~ ,: • ' ' . . , + 

requiring that a meclule can only ,.end ou~ ad.ditioaal pacMts in rqponff · to 
• ' , . '. 1t •• • , • _ I • • j. ' ~ ' • ~ ~. 

new input pack.,ets received.. Insistin& on a prefix properu, would impose • 
. ;•; / . '• .' . 

time restriction on the 1n,,rva1s from packet aeau&Uon to packet traaaii!aion, 
. . ' ~ . ' 

forciug packets 'CD 'be •nt out on channels in. the ~t ..aame or4ei: in; wlµch 
. . - .- c~ ;- . , • 

their respec1ive ;,:processe1 of generation were illiuated. 

turns out to be too atron, 1 1Upulat1on. 
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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. 

Figure 4.3-2: A module M. 

Tbis could occur ut11rally in applic:atiou such aa. • QMh~lnl)Jt .memory or an 

information retrtev.i qstem. bl.. orde,r roz M ~; ••rive the: benefiu of 

async:hronoua operati9JL, its bellav1Qr ,,nollld b!I ~f'i-4,- nondeterminately so 

tnat either stream <p'.q') or. <q',p') will 'be a -,v.Jd ~,.. to ~ .. input. atream 

(p,q). Fi&ur, 4.3-3 dQi~ ·. the tWQ corruPQDdil4 ~~a., l&qUQCNtS, which 

should both . 'be valid. 

state 

0 

1 

2 

3 

X 

opq 

poq 

PQ• 

pqo 

(a) 

y 

• 

•P' 

•p'q' 

p'q'. 

0 

l 

2 

3 

J( . y 

•p_q • 

P•Q •P' 
;:.1; 

pq• •Q'p' 

pq. q'p'. 
," .. 

(b) 

Figure 4.3-3; . Two execution uquencts for M. 

In execution aequellce (a), channel stream y1 • (p') is a prefix of channel 

stream y2 • (p',q') •.. · However, in sequence (b), the pack.et q' has cut ahead· of 
' -

the·' paek.et p' by the time state Z occurs. Th1s 1a le&al, since the p' packet la 



- 74 • 

only potentially p.ze.sent on Y during atate 1. So for aequence (b), Ya • (p') ia 

a subsequence and not a prefix of y2 • (q',.P'). ~11 fact, thent ia 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~vtor or t.h1I nature 1a _packet qatezu. Th'U.1 we 

cannot stren&then the requirement that ach cbaJH•l stream ia u execnatioll 

sequence be a subsequence or its succeuor. 

W• ·Cb, on the other hant, ._then' this' -~ ·Jfft)pet-ty to 

use th• prefix relatioa in the ca,e of attu,.~ prtthn of -~ states. 

The ••cutting ah_." bebavtor · • ,cteac:rtllif uow ·amaot ·· ·OCC'lll' Wli'ltitt the 

acknow1e4&e4 prefiJc .r . a ounael ·str.-n; 1iia ·we •iulow that an ;ffl• ~ta 

here have akeN)' :laea piaM. This ___,:1tlmf 'k auy •eA~ ,ecuace, 

the only way Z;. 1 • may differ from z.1 11 throueh ti.< appjdiA& of uewly 

acknowledged packets to the end or tu stream. Thus 'Zj8 ·cu.aot be Jut any 

subsequence of Z;.1
11 it mut Ile a prefix. 

The fifth and final conditiOn thtt. alllt_ be .aUlfMd 'by u execution 

sequence is that no c'haanel may racetva ac:liaowltlOimni for a packet that 

was never genera'" u Q!Utput to be Nnt ca .tbat cbuMJ •. Thia ii cuaranteed 

by requ1r1n& t~t tor et0h i the aclulowl~--iX .Z..t~ muat be an initial 

segment of the previous stream zi on all chanaell Z. 

The nailon or execution ,equenCN that bu been cleveloped here 

models the progress or a computation with!n .• packet . q~tem, but . there is one 
' • ' • • •• <,,. -_ :., • ,,. • ~ , • • • '," < ' • ' • • 

final element tut 11 miain&1 the idea of ulUmate result of a co~pu~tion. 

We must identify when a pac:lr.et q.-.. Ont•• NtetiD& to ti. bQy.t -. well 
~ ' : f, ", '. ' · r • ' ' 
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as handle the cuu of iD.flDite input, u4 bltiaite re,JoDNI to finite inputa. 

This will be done by d.evelopiDC the coacepta or 1'auu ud compi.&ene•• for 

execution aequencu. 

For any packet ay1tem, we may defiae • relation PRECEDES on ayatem 

state, by <Ii, ti1> PRECEDES (81, ,,•> iff (11
1 PREFIX a,• and 11 SUBSEO I,). 

Intuitively, increasua, valu• with nq,ec:t to PRECEDES hldicate forward 
.~" 

pro&l'UI or a computation wtthia a packet .,...._ In particular, 

St PRECEDES S2 mu.st hold whenever qatem atate II 11 reachable from 1ystem 
; ,,!Jt,: i ..• 

state St in soiae computation throu&h the proceaaiDC or aclclitional ,-ckets. 

We may o'blerve that PRECEDES ii a trauitive relation. Furthermore, by 

condition (4) abow, an execution aqueace ii :monotomcally increasi~ with 
. . ·' ' ,.,.,,. · .. 

respect to· PRECEDES. An upper bound of an execution sequence, then, 
'•• 

corresponds to a computation that haa prQll'NNCl 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 ,equence to 
' ; ' • ' ' ·, ~ < ,' .:•, • ~ ,' j ,, ,;. ~ ,I •; <" ' > • 

be a leut up~r bound with rNP9Ct to the PRECEDES relation. Thu., a limit 
'".~,,if_'! (_ ':r"f~•/.;· . ·;.~/ 

of an execution sequence cor?Npondl to a qsiem atate in which all the 

computation specified by Qle NqUence l'UDI to ~Uoa. Thil noUon applies 
; . '•. •'" .. , · .. 

to infinite as well u ruute computatiou. We use the notation 
• ~ V 

Ii~ {<$1, a1
1>} • ,J& ,<<•1, 8;1>} to.~~• tthe.!1-1~ (leut_up~r bound) of an 

executioa sequence when it ii well-deflaed and unique. 
!- ' 

It may be oblerwd that the PREFIX relation 11 a partial order and 

that for uy execution. Rqueace {<-., •;•>) the .NqU,eD.C8 {$i8 } .is monotonically 

· 1ncrNSiD& with rupect to PREFIX u.cl always ha, a uniquely clefinecl leut 
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upper bound, '-• • ,~x ·. {ti•}. Thue tata an ~ ta the next action. 

However, .leut upper boun.4a ar. not ~ W9ll cleftae4 with respect to 

PRECEDES. We therefore need some a4titioul ··,ro,en1.ea. to_ be atiafie4 by aa 

execution sequ.ace in orcler to auar-- that lbllita extat &114 are .well 

defined. 

Constd.er a aymm state <I, t-> in which .. ii a proper prefix of S. 

The nonempty differace dice t • tJ ~ ·•t packets that have been 

generated but not yet aclulowlede84. SUch a state, rm never represent a . 

complete compuiattcm. 11nce it apectfies paci.ta aWl awaitln& :,roce11h1g by 

various internal :modulea. If the qaiam 1a to f\llly respond to its illputs, all 

the pack.eta that have been &n,eratecl at aay U.. clUriD,g a computation mu.t 
::r} 

eventually be ackaowi.,ed. We- thua d.efia• D: encuuoa ~uace {<~, s1•)) 

to be complece · if · and only if for each J then· exists a J such that . 
Si SUBSEQ $1

8 • Thu J will be the state by w:tw:Jl time all packet& that have 
.h ~ 

been generated by the time of state J Will haw been seat out and. 

~ck.nowled:&e4. In aenaral, in any stai. ($, $1) for which $ · a 11 , there are 
... ,'.,,' 

no generated pacuu waitin& for proc:eut.Ja& an4 ac~owl9d&ment, so the 

system cannot perform. uy further acttou. We prove ill the next sectioa 

that . any com.plfle execution IICIU•~- {(Si~ 1;•h ,hu a uni1U• ~ well 

defi~acl limit cs., $... 1> for which ~ • la. 1• Thil result will 'be lua.own as 

the Limit Exl.tence TheortiD. Thus the noUon or a :...,'tltatioD. ru~nin, to 

completion withm a packet system ii always well defined. 

- ' .. · 
The limit or a complete executtoa ..queue should a1wars repreaent 

, .. 

the state of the ,qateJll upon com.pleUDC ill ultiaue output J11QOJU8 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 r or 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 (Q•)) 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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· modeUng this behavior "'!111 ~e,xh_ibit an _.Pt{. ulttm• .out~t ~ep
1 

Cfa. •. _ But 

this disagrees witll M's spectp_e4 noa~~pt;v .1~ ;tp ;ntinlte iupu~ .. The 
' o , I ,' , ,._,:. • ' ; -~ • ·• "' , 

problem liel ill ~ w,:y EXTMJ• ~· -~-~ a,v914 ~ ~r .,~~n& 

that all moclul.e.s ui.. ~ qat,f-. N co~~:. wlµCh __.. ~t the 

responses to an ~Naill& -.u~ .. ~.J,apui ,~ ~- ieD4 ''° an 

appropriate,. well~i-,.t Ulllit.. ~-'~ Uµ, t, UMI,~ ~ ue ~•teecl 

that. tlle U.it .of • ~f'lft• e.ac:uttcm .. ~~-dou 1a t.~t ~~1Y. ~ture 
, ;~ 

4
,;..,, ,., f,') < , •.••• , ·~~ • ·· , ,., ·.~~. ) - r-

sequencu that hal 'baa 4ff'elo,ed. Firat, we mow a ex.-... ~s, 

we give the 4ef1atUon tor the aeaeral cue. Coui4er the ample system Ct' 

which w-u clilcuae4 111 the ~- N$Uoa aacl la aown here a&ain: 

r-•---•-•••••••••~•-••• 
I 
I 

X : y 

l 
I 
I 
t 
I 
I 

0 R : 
C : 

l--•----------•-•-•---J 

we have the tollo~ ahuacterizaUon1 
' 

Syat• C 
inputs X( 1.nteger) 

~~: ti :r=:;;~), R( integer) 
S.t.t111•9i.,1- nu,•·,·. ·: .. 

·• , A inputs t; ·at ovtj,liti S 
D 1npu•.•~~•.a, Y 

In1t11lly J(O) . · 
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An infinite sequence {($i, $i1)} in which for each natural number i 

si• • (xi•• •i•• ri•• Yi1 ) is an acknowled&ed prefix or Si • (xi, •i• ri, Yi) wtll be 

an execution sequence for C if and only if the followiD& five conditions holds 
( 1) {initial state] Sc,8 • (e,~,E~E), lo '~\,0 ·~, c;.,j,;•, <<>) · · 

(2) .[input SUSP'Jll&lon] x,. • ><o for all 1 . . . 

(3) (consistency] Vi~((xi•• ri1 ), <•.>>' c w~ ·:~ «•~~>. ,(r~:ro, Yi» ,€ EXT o 
, ' ·~··,. -~·.-:: J.,..; ~,,t. ··. ·.11, ' · .• ~4. 

(4) [FIFO] si• PREFIX S;.1 1 and •• SUISEQ $;.1 for all i 

(5) [connection] •;. 1
1 PREFIX ,, (or al~ i 

An execution sequence {<It, $;8)} for qltal C_~Ja..COll'l,,Plete if: ~d only tr 

V 1 3j: Si SUBSEQ $1
8• 

Note that although the PREFIX ·ua SUBSEO :relations wer-. defined over streams, 
,.' . · .:· . < . .:!• V ·_; \ ·· 'i~\ , .. -. .:_-_ 

they are being applied. to system sllcas here. 'th~ liitent is for•· these relations 
to be taken componentwise over ail•;clian~~j· ~~. \~h'.fJjf"lileans ;;that one 

slice 1a .a :prefix of• 118QDn61if ,a4 anly .u.-,..__ :c••rw_.. a».an-.bAi,Aa, in 

the first slice is a prefix or the matchin& ebaHl~e&m m ff\e;'. iHccmd ::.slice. 

Subsequences are treated i~ the same way. 

The above formal characterization or execution sequences for the 
; i_f ~' ; \, ~ • ;. ' 

system C may be extended to arbitrary paclc.et system.a with no difficulty. 

The formal structural definition for a packet system ii or the &eneral form 

System SYS 
inp1>.a W(---}, ••• , X(·:--~) 
outputs Y(-··), ••• , Z(···) 
internals U(·--), ••• , V(···) 

Submodules 
• . ' 

• 
• 

Initially U<uO>, ... ·• 
The parenthesized items are channel ]Nleket type1• ·amt may be' arbitrary. (The 

use or consecutive letters i1l the alfhdet: ·se,atak:.:1,t 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 become, 

Definition: A sequence {($;, $1
1 >} of system statu for a system SYS whose 

structural desc:tiptiOJl ia u given above will be 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 --,.zumnJ Vi: Wj • Wo, ••• , X; • >Co 

(3) (coni;ist.ency] For each module M in SYS we have 

\f 1: ((pi8 .... ,(\~). (r,-ro, ••.• •.-So» e EXT M 

(4) [FIFO] ~• PREFIX $j. 1
1 ud St~Ul~Q s.1 for all i 

(5) [connecUonJ •.,1
1 PREFIX •• for all i. 

Definition: An aile1l1Jon sequence {~. ••>} for,,a qatam SYS ts maaplete if 

and only if V 1 3J: $j MHO .,t;8. 

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 lim1ts 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 ate 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 ], whk!b means z end Z' coitlcld.e over' their common domain. This 

forces z • z• and utabl1shes the autisymmetry proJHtrt)", completillg the proof. 

Definition, A aeqv.eace {Zt) of streams is ~ to ba mo40tone if for. each ,, 

Z; PREFIX Zj.J• 
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Lemma 2, Any monotone 11quence {Zt} of IU'NIU hu a unique and well 

dertned leut upper• bo'mlcl. 

Proof, Each ffltNml Zt ii a ruacttoa that:,mq w nprl8d u a set or ·ordered 

pairs of th' form <k, ~k]). Let Z<,,.,_. ~«,,pto_a.,of ell the Z;. 

Then z will be a function, since u.y two onlend pain (k, zi[k]) and 

(k, z,[k]) -~ cbUacide {1,y mdtiott>nfclty). ~;ft; is 'tiamediatel;y apparent that 

zEZ• --- z ii .. 1'NW JIOu.4 for {Zt}:''Ullllr.--fiUt<' .. .--. i will 'be a 

~east upper bound, stJace · any upper ~- f~ {Z;) ~~ con."1111 all t:t,.e Z; 
- set-theoretically and hence their .. unto~ 'z. - -Finally', UDiqueaess follows from 

the ~ry PJOperty ·~ -ia Lnlma 1.'. 

·Lt--• !,1 PRE-FIX·ia ., aulnlattoit or:~j---Q! 

Proof: The insartton runctioll required by the tonal definition or SUBS£Q is 

simply the idenUty f'uncUon. 

It ta .easy to .see ~t U.,. SJJBS&Q, relatto~ -.\I ~vw .-t tr--1Uve. Jfowever, 

it is not necessarily antisymmetric! Couitler the two iafinite streams '(0811 )90 

and (0-111) 90
9 -each-~ of ,..rlM~ ....,- _. a4 oaes. · Thue 

streams are distinct, but each is a subalquence of the other. Thus, SUBSEQ 1a 

not a parUal ordering· relatioa. 

:;; 

The relatioas P.REFIX -4 SUISEQ both apply to streams, but the 

R,flR,itlon: /.. cha.nneL•~fl for a ~•~ Z µt a ........ , 1' .e ordered 
pair of the form <z,z•> ta Whl~ Z,,~;,• .. c,'!......_. of-,pacu&e,,,and 

iE8 P8~FIX z. 

DefinitJon: :_ For two chuael-' •afates <zi,r.8);' d.\l <t;.1,1;.1•1 "We sq 

(Zj,Zj8 ) PRECEDES (Zj.1.Z..1., It aad·onlf 1tij-,!U8sfij Z..1 and z.;• PREFIX Zj.t•• 

Detinltton, A sequence {<z1.z.1 >} _ or ;c~ ai.,tea ~- Hid to be .IDOll9'9ne tr 
and only tf <z;,Z;8 ) PRECEDES <Z;. 1,z..1

1 ) for ·au J. 

Definition: A sequence {<z..z;8 >} of channel statu is said to be complete If 
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and only if' Vi 3J s.t. z1 SUBSEO zt. 
It is extremely important to note that the 

. partial o~d.er ~. pt, U,t ~E~; .-iue~ ,.TIP~.-,..., ia.~·:.c:ase 

or the 11WicJ. ellddif·>•w: <fNlrt°:' cP·wl{l ((4\-,-!' cY,•. ~ ~ o 
~, " i j ' ··_., 

,.. - _ •i: .: ', J H!,, ,., 1C·iJ:iL .. :5 :; ' ':. ·· "-!,, .. \ ·~ 

infi~ite str~,/~,, • dlJtY --~~ ~ :J\ ...... ~W4,·1¥:·;cli.f$inct 

. and. ,eaoih 1111d• uwr ... ,1 • ._. •• t •, hi• .:1a1t.:··: ':Thua 

lt1ast upP4it' bo\11141 iror a ' ~ '-~ .. tl ::t1 
.. c~~~l ~ . ~-' not 

-·./ :· ~ ~ ,_;·~>?-~_( ... _;;_ ;.~ .:":. t:: N~r- -rr--:~r~! ·~··!""\: '., : ''-.: ··-: ; ··' /'.,t,. :· 

necessarily well defined. !Jo~, ....W•11:1~•~•••i1tt1D to 

guarantff that th• lwt u~~•!ll'II-: ...,.,_.,,.. ~·:.. 

.. Proof: ., S&w. ~ ~ 1lr ~•ttifAJ•MfJe l'l1rrn1 ti.·{~:WJJ·haW', · 

: . ( 1) . . ''. < .· , • ~•J.t:J·• ~~;~ ~)f.•'c ; ' •, 
Now given any i, by ~ we haft 

( 2) 3J• z. BISIO if":*':-,. 
But zia .PREFIX Za,, which by Lem,~ 3 lap~ 

. . . • . • . .•. , . •:'ifl~, .. iriit.i \ , , ·' ;;G,; (3')' . ?.. ,., •• • " 'z7' ~. z.; .. 
~ .. SUIAiM •·t---~, ...... -::('S)Ealll~l)tlU . ,.. 

( 4) Z. SUUEO z_. 
Th• ••biiidoll cW -,uat-..\ 01)'1~._. ·c• MRI~· Ua,~> u ,._···."~per 
bo'l&M Rr ·{<z1.--,,1. • l.tr'.!tll• PRfll!bE'S ~- j ' :r~' · · d:.',£ 

In order to mow thai nus uppei bound 11 In fact a· 1~ u)'per 

bou~. w.e •~• --~••i ~ t~W' $WJIIJ .. .-.,~for w~.H: -

(5J W-~;.~ .. -~ ~.-~.,, ' 
it must be Uw cue that ~.z.> PREC~ .~~,\ -~ -,~tioa ( 6) ~'11u 
i. ·sutt~ r'ami ~,••rx z♦-.. ~~~1~•<~~~-~~,~ot,;~,,: . .,~ • 
a prefix ot the UPJIH bouacl z8, '·•· - · · · 
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(6) Zai PREFIX z1 • 

But since <z,z1 > is a·channel stat•. z .. PREE-I• :i., so Zc. M£fIX·Z~ which implies 

("I) Z(l) SijBSEQ ~. ,' 

The combination of equations (6) and (7) yields the result 

<zai,Zai> PRECEDES <z,z1 >, so we now have establilhed that <zOl),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 of th~ least '-tippet :bou~d ~~ produced. This 

will follow directly if we show that for· aiy c:h~~n•l ~t~ <z,za>, whenever 

(ZCD,Zm) PRECEDES (Z,Z1 ) and <z.z'} PRECEDES. (Zcx,~) · tlieif' U. niilst be true that 

z • z8 • Zco. Now Zcx, PREFIX. %1 PREFIX zco·"•im. ··•· z11 .:.Zm. Also, the 

combination z1 PREFIX z SUBSEQ Zcx, implies #z1 ~ lz ~ IZa,, and this "squeeze" 

condition forces lz1 • n. .But ~ce .i:•• AAW!C Ii? .._.,~J>;Jvt•;~8- ., z. .l"hus 

z • z8 • Za,, which sets up the required antisymmetry condition and 

JuaraJltees uniq~eness pf. the least upper lip~ . Tl\~ c~mple,~e•.~he proof. 
I . ' , ' ·. .. .. ... ,., . ·• h 

All of the results utablished here have Me:iii s\ated for individual 

chanaela ia a packet· sysa.m. .Huwever, we·.mat awlY· them to 't>he Internal 

behavior ·of an entire system in a rather athdg~rd.' JlMffiMr. As an 

example, a system slice S 1s a pre.fix of a tlice $\=4f' :.a1ul, only· if each 

component stream in $ i• a prefix of the cotrespondiJtg . C:Omponent stream in 

$'. All properties ot the PREf'tx streain. ,elation ar.a , Just as vaUd f,or · the 

PREFIX slice relation. Similarly, all, propertiu of the _.r_.m,>,relatiOn SOBSEO 

hold for slices. Moreover, au propertid--« .iie,J»RECEDES1 relation on ,channel 

states apply to syatem states. bl partitula'r. the, :feUoWtng · 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 SfJP '{<Si,, $;1)} it•W.11· dliffntMl· and 'Uti,ique 
PREF'lX PRECEDES 

and equal to {._, $.>. 
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We 1IWW _.. ,a -~ ~bulioA Sm: tu notion of ~tilluity, 

wmcb w ~ ~- C. ~ ·--.. ~kV ,!'$- .& 1'l'-QPlr1Y :or a 

module's -•~Ml ~ ~-'-, wa ~ it for biAary nution.s 

over .slicea: 

. ·, 

Jltfipit/on, A re1&tioa"' • ~- ,11 c~mi~•,,~: ~~~ •·~ .:e~f. 
where, the ~ {IJ flf ;~ ~ I. llREf~ ~- {9~:~ t. ,~ll 

•• ' '.' ",;, : ' • . • ,,_ ·' '~ ~ •. I, .,.,;),f : ,:,,(,, ' "'"' ··~ 

($,$') C.., (a) iJ a~ ,(1.:) ~ . ...-i-~_,ibat. 
. ' -'. . - . '· ~ . ! ' ' .· :_. > .;.·. "'-,, , • 

,; :·-' :. -
(l)_ (l;;I{) c_.., :fGZ'_ all Ji .. 

. , '/ -~. ' t. i> . ,( 

(I} t;' ~ :l...1' tor -1 ~ ~ 

(I) ·t• ·•~-(I/) ia ~ 41!~~- "' .... 

llow ·-. ·we ~: :4dnll ~~an· N'iiunc:ea for •···.-hy'::,~ket 

ay,a\em, ,it 1- ---.lt ,lie ~• •, .... ._.tall-~~ The isiterul 

:8"C;i£iaU.Olll M ~ • ..-~. 11P- $¥S, .... llaalr.r...ctoa ~ fM ltea .,_.m 
iaput -.~, to ---•-·--t .._., ~'..,,.·ND, the ~•'a. iUDllrnal 

c]Jllr~.-:.r••· for ~-•~--• C ~Xll••· -~ diFua#q;; we 

,haw IN:'fc Ci.'°">~--~ el ... ,a-.. IIPldiflcatto• cay kr:(cmnally 

chal'acwmt - :i~Ktt- i<y» ·• --•~--;if 4114 -~.U J.._. ia, -*•Jlaxec:'11tion 

-NII~ {3,. t.'~l ,., (; _,._ .I.Mt: X.·• ,c ...,_. ~• • .,y, wMTe Me ad 1,J• are 

-4ef-ine4 bV -.. • (~-... :to,i¥.) Mt·••.-,. :euD £••r·•-bc., ·'-• .reo, ,~>. >;Note 
NlFlX 

tb-1 ~ Ml&Q-.:~-vMJa'-l .:Ut.~ 11111,'AMd to.,C ,_ ,.,_t ¥c' twn11a,1:. the 

ultimate output )'tel4e4 by C. We-~ ~,,..,__,, .. *ia • u. '~al')" 

system by quatlfytq the coaclitlon >eo • x over ,IU .. lnp~t _channels_~ "and 
' - ' . , ' . \ . . •~ . I ~ " , . ~ ~- ~~ 

qµ,n"'Yia& ...... ~l.,Uoa y. • Y.. over --all o ..... t ~nell Y. Nette thM \he 

definition of tNT m ii ln effect parameterized by Ula aft'uctural ~tit>li of 
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system SYS and by the characteristic relations of the component modules in 

SYS. 

The development of internal specifications for packet systems is no~ 

complete. We have two way-s or. formally Aetcr.Uri~ Ut.• behavior of a packet 

sy•tem: axtw~, in ter:ms of iw ~ter¥Uon 1$4fita, the ,o1"814• world, and 

internally, in terms ot U.1 struc~r- aad COJa~t• .. . We ~ epply .. this to 

corJ"ec:tne&1 proofs bf o})servin& that a .sys~•• $VS i, 40ffll0tly ·realize4 by its 

internal str.\lC;ture if aJ1d ~!UY if ua (ex;~ o~ rttlation·:iXTsvs 

and its inte,:n-1 chu~eri.lt~ relat~ .,wr SfS: u. ~.,. A correct,aen proof 

for a packet system will therefore conlilt or a demoutratioJL that •ach -of 

these two relations is contained in the other. 

Aside from the obvious QPl~n to. B)"Jt•- :wr~Uoa, ·· t.he ·formal 

•~ifications we have 4eve:Lope4 for ~t qsteJM,.,qa, valu;tble·,.Jll ac)ueving 

a frequently overlooked Qbjec.U• un4erJt-41D& D ·.· ~vtor. of these 

~ystems. Our operaUoDa.1 approacA J• u .ll,0481 tbe 4CU'Vib'nWltbia a 1y1tem 

step 'by step. The "dot Doi.tion"; ia'.bles C:O, execuU01b1JqUt111Qfll are a useful 

peda_cogical tool, ai4Jn& ill a person's coacePt1Wi~io"~ ~ whti goes oa in 

packet systems. It is hoped that even with.~ut ,_,; thrP\l&h • prQCeaJ or 

formal veriiica\ion, d85i&n~;s or upchr~,. ~-J'JaitMi. q.stems will 

find the te<.hniq~ .4eV;eloped h•e to be. ,r ,~ Ja ,builain,& p.-clc.et 

sy,tems. 
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m:·ttu·:db111•,~--=,... ~·--••ralWfJ 01lr5 ~· llt04el• 

to tu, pl'OIUm,,ot•,-,UC 1t1M lid tiaJltdJ1rrd. ,L,A/:,1hr.t·" ... - f's''-.n 

illt4trcaawu. GC!T-caat11 .. ~a1111-. 1iif•JtW·MIMa.•·~·tbriralty··,rnti•1,y 

it& iJJt1mWl,..,._III • .._ 'Slllcli·'••---'"'1if'•·•t.ct fftfWO ia~ a. 

givin .. 'at, at •tH■ill 41~ ,,~~'Of••~~~ •• 

u t~ ........ ..,..,, ... a ... -~ ~ 1'11it,1th,·•r• ·_. a"'.c,:«• ex~a1 

To. Pl'Oft oornctwa of a partkular. qatai· SYS, ou mu,t '~ow that 

· its, ,elCl81'nll< ............ Wllatli:m;'~_.~,..,_ial; 't:tiaaicmttatic r~tl.on 

fN.-fws~·•cotaci4111 -Tlllf,,~ ~ iliJai'llfiF·ftlto .·,twe 1~/'}~y· ·the 

incluamnai.;INi' ... ~·.flSrstra6iafm , •• . ~~~ timluaknr ·-~ tllat 

. · all Q9UilllPIIIQ 1Mi11If(:-" ....... ::-- ~---~ Miiilltill'. ~cml; ,,, ; "i'hia 

w1u • ,,__._ •a•ma .... ,- _.,.~·a11iai',1oa ·-illliilCe Ltor•ffs, 

tlJw, iJIKW '111118i . ..,.,_:11111tl - \ll .... tlliift ala1iJ ... aflt»~ d· ~'by 

· EX1°i¥s~ , W•eiiA1;~ ~ ·,.;--. tJt..6J•·ll1'00f, ;ldilii. ft Vlfffflu 

Ulat ct\lb_.Mlliillld111, ---- •tal"~hi~:;;rt;r•'the -~ln. 
· TM OIMf4-,tmhcNlf , .... -~the' 111 ·~· ~: t,y· ·'1ie· ~'1'~ 

spectficattou niq.·'be· TNUZIMI b)' m:me cemplete eDC.11Uon NqUence. ·••~··1s 

called the qm.,-.u »-ttoa of ill• proof, lbM:e, it iavolvu coutruction of an 

appropdaia excuUoa ...__. to rNliN NCh ·iutaace of avnem 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. 

figure 5.1-1. 

The structure of this system is shown in 

·-----------------------, I 
I 

)( : y 
I Nl N2 
I -- -- .. 1 1 · I 

: IO : 
·-------------------~---4 

z 

Sy~~;,.ID 
ini,rits, JC(boo lean) 
outputs Z(boolean) 
internals, Y(boolean) 

; sobai,du'les . . . 
Nl inputs X; outputs Y 
tit friputs' .. .,; outputs z 

Initially empty 
,_,;,,, 

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 trivial, any boolean ·packet villu•· ~omin,g in ,on channel 
~ -, ~ ,· ~ > - - ' • - ' ' • 

X is twice ne&;lted, thus remailltng um;han4ecl.. ~--, mth; ·Nl and N2 

preserve stream ordering and sin~ thei: cblln•ts 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 10 matches the external characteristic relation EXT10 ~ ((X•) x (Z•)) 

given by 

((x), (z)) E EXT10 <•> z = x. 

For the coml>O,llent module.J .N.1. and M2, :the ,,atem.al1 Gar.cteristic relations 

EXT NI s; ((X•) x (Y•)) and i>'Tu Q «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 ]) Vi ~ #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 -~ fHJnally ai.u. the ~ ~Dl f~ the given 

realization of .- ID. The 4efiai:t1on of the rel~ J~TID ii iacor~r&ted 
• .f ,, ,' ,,·,, • ,., •• ,. ' • ' 

in to the followiq aatament. 

Theorem: ((x), (~) c EXTm <•> (()c), (z)) • INT 10 

<•> 3 a complete exec:uUon aaquence {<S,, ti•>} for ID such that x0 • x and 

Zm • z, where >Co ad Za, an 4efiae4 )17 lo • (x0, .Yo, Zo) and 

Sm • ~- "{ti->· 11 (X., Ym, Za,). 

We recall the 44tftaltiou of execution aaqu•ce u4 oompl,eteu11, stating them 

fo:r our part~ .,.aem ID: A sequence of the fora (<Si, Si4>} in· which for 

each i Sia • (xi•~ Yi•• zi1 ) is a prefix of $i • (xi, Yi, z.> Will be u execution 

sequence for I) if ad. rml7 if the fo~" five\ coaltUom hoid: 

( 1) [ iniUal Mate] lc,1 • (c,E:,E), Yo • Zo • E 

(Z) [Jripiu aaJJH•/oaJ · xi • Xe,. for all 1 ·· f, ·. 

(3) [coa..aetn.rJ (<xt-•l. ·(y;n t: f.l«iwr at:· ((y;•).. CZ,)) .-9CT N2 tar all f 
(4) {FIP()} <I;,. $1•> PllECE~- <S_..,. -.,~Lr• .all i 
( 5) [ connecUaa} .i+ 1 a NEF.IX .i. f~ . all 1 . . . 

r-
An execution aeqMace { <ti, •i•>} for IC 11 eom.»lete if and only if 

'f/ i 3J s.t. Si SUUEQ · IJ1 • Note that whenever this is true, the Liqµt Exiatence 
~ . . . ,, 

Theorem guuatNI tbat we will also have ,_:
1 

{($., $i1 >} • <Sm•• $Pia), 

where Sm • IUD (t.•}. 
fllt£J:'ttc 

TA• •••••at of tae .correctn111 tbeOrem · for the system ID is now 

complete, o4 we _.. ...,-. 1D · "II•· chnialoJlllil~:.<,,nM>C. 
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6.2. Proof' f'or the system m 

We must show that for ~~ syst~~ 10 .. ~~,1,Jt~nal relation EXT 10 

and the intez:ul relation. INT.,. comctla. -Tlfe ·'COuutellaY portioD of the proof 

in Vol v'es showing that INT10 ~ . EXT 10, whicK1 
·.• m~f; ~hat fQr any Ctlmplete 

•• ' >V"• •• ~-- •• ; _ _, "; .:JC'.<tlJ -_,-· ~: 

execution sequence for. ID .. tha ULiµ.,.1 !JlP~:,~ ~·><~4'{,;•lll~ • out}?\lt Zcv 

satisfy the characteristic relation EXT 10• Ia provin, thia, we need to _e$tabUsh 
, _ .. _~,..' ~•~, . · ;; ,t:R · · ~ · 

a particular property that will be an import,ant ingredient in ~11 our 
'_t, ;:) . ., _, '. ,,_ ·_"!, . 

correct:Q.JSS proof$. Thia prol)tl'tY.-. whicll 'ti~, &M»r ~:~· ·Limit Size- Lemma, 

aoncems the size ot·•channel -sequeates,··tn 'a lt11lit Mt for a system. 
~.:, ::.,.~ :;b·, .. ~- -~i•.:r, 

Essentially, it asserts that the size of each channel strum in the limit state of 

an exec.ution sequftc• it th Hmit of thtf atiu ot''-'th4fitr--- tor ·that channel 

as oae proceed& ·throu,h t·lae · itatw · m the Wectttfoh ~uen~ Not~· that this 

property is not limited to the particular-· ~ ID! 'bUl 'rat:tter bold's for any 

sysiem we Will wish to prove aorrect. · '1'hi Limft· SiZll IJ.-.. ts · ~ · by 

using the least upper bound property of ~ Um.U ,t~t,. to ~bJ.isl\ thf least 
. '. . .. .. ,, ' . ~ .,.. ' ' 

upper bound property fer the seq)lellct ,s11ea., ,. . 
·. .. \ ,·•"\f• 

Lemma: In a'- complvt4f :monotone sequence {(Zi, "ii8)} of channel states for a 

packet syate~, if zCD • . suo {1i8}, then Iii.,: • a,p (~t •(-aU,,,{#ziil), 
PIIEF'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 = li1•~ :'. which implies 
lz1

1 = su;, {#zi8 ). Now for any k>j, tlie ,.,fo~bi,a~~n:,, 1; a • ,zia and 

Z;a PREFIX Zic a forces z1
1 • Zic 1• Thus Zm • sup {Zi1} = z a and 

PREF'lx · , l 

IZcv = #z;8 = sup {#zi8 }. 

In the second case, sup {#zi8 ) = .,_ We claim #Za:, = ao. If this is 

false, then 3N: h.00 • N. But then (Vi: z.8 PREFIX,, Za,) implies 

(Vi: lzi1 ~ #Zm = N), which would make N an upper bound for {IZi8
}, 
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contradicting sup {11;•} • •· Thus 'Zoo • •, • l'4) {1%;8 }. . 
~! (!1--.i,~_,_ ~ ~ 

Now 'by the Limit Exiatellce Theorem, we have 

<zw, Z~,> • PR~~t~<zi_•, Zj
1
)},. w~~~h 1-,J)li•; '1~: ~: ~•> Pll~CEDES/Zc..Z(O). In 

patticular, W't:' Z(SIISrO ~. ·so 'ti: -~ ~ ~. which :make, IZ°' an upper 
-~nA· .fQJ,. ~ _..l )Ilk;; a;.' ,.fI1'c;.ii llllqtii_.,,t1,0n••S .411rt. ,,., an)' upper 

bound for {'~l ~ILi~ "· aa_ u~. ~undr.J4f {~~ .. -~, ,iQ~•f~· ~ po 
less than the l...e "-'u.ner'"'bowut ,i.;,. Thia· ma1'el M. a ·least upper bound for 
{-.) as- wtfl'M'fOP"~• W'hidl,_,___. tY.,· pttiot/: 

Corollary, ;If k<• aad k ~ -.: . th•• tlle~ ~- ~ ' rw:h t~t ,z,• ~ k. 
- .. . ·-~ ~. '!,. .J;:~. ~ .· ~:·-.- 'i;: ? r .-.:~ ·: 

Proof, Suppoa that for · all i · we had 11,• < k. Thil would imply 

W·h · •~• S k•l, WMcll· .._,. k'4-t jai,,iipuJ ~ '1dt {~; · lint by the 

. L~it Si~.~. ' ~ ~•·,;~' !iiPN,;,.15'. • 'Mt>! mullt· have 
IZa, ~ k-1 < k, Which coa\rad.ictl the hypoth-.. for ttaite Jc. 

· ,. ,. j _: i. :;; -. -, •·f' ~.d!! •~--J .·_, ·"· 

. No• ~-. we:. ~ ,11~ Ua,4s, .IMt,_: ._.,,,_._,.__, .. :PZOOf fer 

systeID. IQ .... if aw,.~, :W• .~,,- pi. ~UM .W., a,·U..--, ·.-4,.all 
~- ,. "- • • . - ;• . . . ~ ., , . • r 

Consft,&f;.flr.N .~r lt~>-w~ .. ~ • ~• ... .-itilll,,.segwm~··•· i& Ula 
statement or Ula correetaali theorem for ID, we aut lbow _t~t 11 x. • ~, and 
·z ' ■ :tcx,, thirA' ((>t'), ·cz)li'Wi;/ h1a Ia tr.. ·u·i .. l-~1it"1z'. r,t ,.~. . . 

#z • IX 111481£~ ):lflJC{!t} Wt.'~•;•:.: 

so we muat ve~iff, both 8;;':"9:-ll'O~f,.~:~:~:~~ Qf z.,, 

We first~"'~- .. inpll& •UO-lllD ..... ~:Qf·aa.~-execattft. sact'ltritie, 
,,,·',ft' . 

x, • .><q • x r~ ~ J,.: ao we •~~-:~'P -~v, ~ ~f,\ JA,:~1''?UWr #~, • *· 
But ihen we hfve r1., . 

IZ~ •. ■ supt~ (I.$) 

.• ~,,;,. ~r:~~> 
• t(,,,, . (/.8') 

• IUP{ '¥.} (UL) 

• aup{Mi8}. (by EXTN1> 
• ,x.; t}.aj· . , . 

• Ix, 
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which estolishes the duired size propeftY, 

The •lement condition .)i•"Jequally easy. 'For an.y natural number 

k ~. #Z, l>Y the c:Qrollary tq_LSi WfJ p~ya ~1: #,Zia ,~•--;s.·Ji~i>:we have 
' . ~ .. ' . 

Z[ k ] • Za,[ k ] 

·. ;.,·· •'Zi8[k] (since Z;1 PRE'FlX ·~) 

• Z;[kJ . ~- ~ PafF,IX :Z;} 

• not(yi8[k]) (by EXTNi} _ . 

· · • not(y;[ k ]) ·(since Y;1. 
0

PREFIX Yi>' 
•·, not(FJOt()(11[ k ])}" o,, £KT ,h> 
• not(n°'t(x{ k]J) . (stu~ Xt,1, .PREfJ~ .~)· 

■ X[k], 
.. ,l 

This is the required eiement condition, and the con,iatency portion or the 

proof is now complete. 

The abov. 01mstatency prooff'imq afftar ·''° be' ralatt:wty 'intricate r or 

. such a· trivial system a, 10,. but it re~fi~ ~n•t:·'''All >we r~eally )l.acl: to. do ~as 
,. . . : .. . 

set up two simple chains. ot; .. , equali,ty. -~t,t-1~ ~he ,;~tefn4lJ: :~ paUls. and 

applied the behavioral. propettiu of the. d~,C,nent 'aedules:· Fot noncyclic 

systems, this presents no real difficulties .. 

The synthesis Portion or the· eorrectness proof for 10 involves 

showing that EXT ID {; INT ID• For each atven input stream >< and each 

corresponding output stream Z, we need 1o '~ct ait •x-=utton '·sequtnce for 
• , . J ~ .. , , ; t,- ;· .•. r .. 

10 to realize the appropriate system behavior. 'Fhl!•• pv,n 1\>;~ms x and z for 
~ •" •• • • C 

which, ((x ), (z)} c ~T IDt we •~t · NIUN. .ii. Jat9l'IWII •hmor o,, , 10 by a 

matching execution sequence $o, .. ;,Sj;.;,' in \\lhicli : .NCl'i system 'state $; is a 
, , , . , _. - ·. :·" •. . . , , • .;,1~ -~ .. , '-f "'.,,,1 l ..-., -: . . 

3•tuple (X;, Y;, ·z;) or dotted cha1mel stltes. · ~(The dot,· as we men;tioned ea~lier, 
. ~ . .. \ 1} - {· " . .- • ' ~ - ' • 

separates the ac~owledged prefi~: from the rut or ~ ct:)~~l ..,~.) • 
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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 10 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). ·• ,1 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+1: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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First, we make some observations about the states. In the t-th s~ate 
:{;i- . ..i , .• );::~:f ·.1_ .: t··,. 

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) ~-r·bh'chbnet''f, deio1..i' by: th~ ",y[ i ]". In 

the corte$f0Hiq ·,'(i-dil --- gtftn ·by (2)~:;tbli' pacbtllaa ·,bee1n· r~eived and 

'.aCknOWlalged' by :ft2, ant•::'N2 ·i-: .. ,.netitad iii ''aew'·'~ltet with ~alue Z[ 1 ]. 

Thu' '81ai. ia fol1owed ·1,y the'"''f.;.th stl\e -»~11"•'\b, 1t&}'/· which rerl~ts the 

If the size Jc. of the input stream x is finite, then the abQve 
~ , .. ·\ ... , . : -~bl ~;ii:,'17; ... , ~•i-fii ~· (: 

sequence of system stated Will repeat encllusly after s_. All atates from . this 
.!_ . ._,. •. ·/.~-~ t ., . '.: 'ft. ,;;-,:.:;~·~:·_-.(1.:T.•;J :_;•-~,~~-~ 1.\, · ·., 

;point on will be identical, namely 

(*) 

In this terminal state, all the in•'.' ~ta:) '8• ~ 0 p;c;c,use4 and:: a 

complete response has been passed to the outai4e :world. Since the sequence of 
.· ... ;-·; ·,'. .. ~~.... · ,' f:'"'?>~,;!~>j)f!fi6t~~ ·--~; •,_ 

··states is eventually constant in this cue, the limit· 11 precisely this repeating 
, l, 1~.b -•ii.·: ':".~·:·.(t ,y· .. 

terminal state. In the case or an infinite input at, ... x, the states in the 
, 

1
~ .• : .• -:·: .:,.~, , : ., u~:.~ ,,:·. 1 ~~;~::..r~;.,/i~·i·~:-1.~*; i . 

lnflhlte sequence are all distinct, and the ternainal state given by (•) above is 
f o ~ i·~ :~: ··: ;.J ·, .,, ;\ ;} .. ,. 

'the: limit e,·,n thou,h lt doe1 not actually occur Within the_ Nquence. In 

either case, we note th~t the ~utput st;~m z"~n ~ -~~n~~~~ t: the in!>ut 
~ ,;• ;•/;).fiS~ IT~:'• ; l•'; ~'>1-a'', .. t, '•• • ' 

stream >< •Y the hypothesis ((x); (z)) E EXT 10• 

The execu,~ion 19quences, . 1!~~::.Jr ·;~4'- PU-t~~_,\)PJ:qOf do J}Ol 

exhaust. all possible sequences for the system lD.t, l\~w•v~. -tht¥. are suffk:i~nt 
,- ·. , . . . '·.-c ·.' '. . ,. -:. . ·i .• J)t;,,' ! !.--'" ";,' ,: :"'t • " · .. , ...... , ·-'. ' 

to realize all legal 'be~viars for. Ip given. b!\,£>2"•k. 
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011e tr1Vial o'baervauon D.(?W ~P,lei. iJ,.e,.f~ri:eqtness J>~f Ioi our 

realization of sy1tem JD • Since all three channeu X, Y and Z. accept only 
.. l . ~ 

boolean-valued pac1utts, there is obvioualy no confiict betwNn. packet type 
•.; i"' ~' ,;1·~ .~.r: , 

r'estrictions. 

The proof given 1'ere IUJJJ. ,...,,J,~1 : wi, ~.4:f:Uci.al le&ical iand 
~, ~ I ' ~ • ,. "' .._ ~: - ~ ' ' • 

mathematical ~,um,ents are "wiet .,.4. •~~ttq1warfl,-·1.1T~, pi.- waere we 
,. .- .' "'lr • ': , • ~ 

took the functional compoaitio, o( ... U\e J~ .:~ .JIC~n.a .. -te,:;).yie~-,ih.e 
~ ; f J. . '· . ~ • . - -

identity relation w-. .ltl the r1..,_1 si,i, o(. tM .con,...i.,WUOQ- of'.•,ov.r .,,l'tQOr, 
' ; ,·} -f i . 1<' ' • . ; ~ - ', • .c ~::~ ~.: : ,' ·, •• ~ • " ' J - ·;. , ._,. __ , 

when we used the pro~r~y _not(not{X{~ .. ,,XEk]. ,,, puw :q.,.. .. wiMMlut 

cyclic data dependencies in their internal structure are pro'Wld in similar 

fashion. to. satisfy the ·approprtate compo,ition of the external characteristic 
,t~iL •:;~ ,,-· ::- ··,1.,.::- t;-r , 

1 ,, ', . - -~ "-1 

relations of .. tli'.;ir component mo4ule,. 

correctness !or a system with cyclic structure. 

One or the sample packet systems we have already wor~~ wtth. the 
· - ... •'· , .-- Ci .1 q ":,: ,; · :· · · · · ",.· 1, 

~yst~m C com- ;~o~ t~e adder m~'11• A and ·~~~ dlstril,ute mpdu\e .Q ... ~ 
. . ·; ,:. ·; ! ; ' . . . -.: '.·, '.1 " ,, ' '' • ' ' . . ' ' '• 

a cyclic inwrconnectiOA structure. . I:a. /his , , t~r•JD:: c- s~own ~·~ Jn 
figure 5.3-1, channels S and R form a directed cycle. Wf! shall prove, ,~e . :· _.: :.1 
correctness of system C in this section. It is not hard to give ~n informal 

-~ /1 , !£-:· 
' . 

characterization of the system behavior. Initially, mo4ule A. pair,s \lP the Jiftt 
~.. . ; ,, ': ' . ·':. · .. : '' " .· .,<("'! 

packet value in1ut from X with the zero packet on channel R. sending out 
, 

the sum· to··-both ·Y an4 R'by way or module 0. This suni,'o~ce p~ed. around 

through R baelt into' A, is added to the next packet input•, to A fro~ x: and 

the new sum is cycled aro\1114 again on channels':S ~d R. In this way, we 
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r---------------------• I 
I 

X : y 
System C 

in~uts X(integer) 
ou~put5-· Ytit1J-teo,r) 
internals S(1nt6ger), R( integer) 

SublMJdufes' · ,f,;.,,, ·· 

A inp,~\s J~ R; o,u.t,uts S 
D inputs 5; $¥1~puts R, Y 

IntttaH)'·R(,f))' · .. ' ~. •. 

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 J;,ehavtor or C is to send out 
,> T • ... ' 

on Y a stream or cumulative sums or packets talteJl 1n 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& developed here. 

We have previously given the exteraal charac~ris\ic relations 
. - . : : :: ) n'·'· .. ··. 

EXT A ~ ((X• x R•) x (S•)) and EXT O , ((S•) x (R• x Y•)). for aaodules A and D. 
. ., , - ~?. j. 5:. f ·,: - . 

The relation EXT O is defined by 

((a), Cr ,y)) e EXT O <•> r • y • •• 

and EXT A is defined by . 

((x,r), (s)) e EXTA <•> Is • min(#><, Ir) and •CU • ><[1]
0
+ r[fl V1 S Is. 

• ·, . : -f~,' 

The exteraal apecificaUou for the qat1ua C 81.'8 •~Uaal to ;those for the 

cumulative add,r modw. C •described in CbapteJ a. Tla 1eztaDM11 characteristic 

relation EXTc ~ ((X•) x (Y•)) is defined by 

l .. ·· . 

((x), (y)) E: ~c <=> ly = Ix u• y[i.l ~ ,b J[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 



correctness theorem for C iac~alel the detinit~ · of Mc. 

Theorem{, ((x), <rlt~'e><Tc <•> ((x), (y)) E Wfc 

<•> 3 a· coniJ>lete'•~uUoa .~ {<", ei1>} fctr C 1uch that "° • x 'and 

Ym • y •. ,._.re- >ff --a :y• are Wiaad bf lo ~ [Xe,. 1o:·ro. y~) ad 
' : .. :·,.c:2 . ., . ; : ' ' 

Sm • SUI) {$1 } " ~' --• '•• y-.,). ,1tt,111 · 

Execution sequeu:. r..· •••• C __. fcdJaall7' Mfln4: 1• Section 4.4. We 

reiterate here that 1:a an axecutioa -,uence {<••• t.1>} for C, each system 
'-· ,,,:'. ·. •.·/;,.• .. ·~ , v-,,;----· . . ~-"-}~;.{:~_~,.'.:;., ;r,\ ,,~ • ,, ~.~1.!/j~ .! .. ., .. ' 

·· slice $i has the form •i • (xi, •i• ri, Yi), aa4 MCh acuowled,&ed prefix Si has 
~a•'•( :.• • •, •• • ,-. \ i • •,, ·••• :i,. ••,~ < •"•< ,• :•J ff 1 ~ .... ~• ; JJ,, .. ,#'I:~ 

the form si• • (,ci•~' lj1 , ri•, Yi1 ). · We an aow' l"Nd7. to d~velop th• correctneu 

There are t':"° .1,m~u w~ ., ~U i:eq~ir4J_ t,ha~ ,f~{-,.wtth -~~,~ 
.. ; :'. . .' ': . ,., -~,·, ~~-· .•·, ·• j, . .J .. •' .. ··? ~ 

preservation of a certain kind of ·chaaael aiate rwaticm1hip u aa execution 

seq~ence tor th~ -~~em ,e~~ 1tak~ to ,;; Umi[_''' ~~-- 1 . i~· a ~ic property 
. "" ~ ,' ' . . · ..... ,; · 1>-: ~ '· •. ,. -~ ',, ~. j J'" :l :!' ·_J~ ~ · · t.,. , ; .. : . ~· t or least upi,.r bouli41. or Nq\leJlCel ot natural aum1-1. Lemma Z, which we 
~. ,t'<-"\ ~:·t .. _, t ! ,": r ~~ , ,. 

call the Miniau,a Limit Lenuu, allow, u to clraw a li,&nlficat conclusion 
·~ . .,, . • . . .... ,_ .· .' ~.r ·.,'; f ,rJ'; 

about the lize of certain ehanael ltteam.s ia,tle limit atate of an execution 

sequence. 
t ~ '.5' i ·,~ \ . ~: ·t ... r:· 

Lemma 1: Ir- {~} -aa4 {II\} an nondecnuin& 19queacu · or natural · numbers 

amt, k, i~ 11f .•for. ~;1;~, «r, k·• -,(~) • •~ ~. ,fl.-rt i •~ , " 

£root, For ••rlFt ,wwf •••II.•-$,.·-,~•• , ... , .. ui..i .;w.i,-tK>iffld-:fot ·(itil u4 

is the ref ore no lea than the leut u.,,er .~ ,~· ! , ,. -... , . , , : 

Lemma 2, If {~}, {IIIJ ud {ni} are aoa4ecreuill,I sequences of natural 

numbera aw:h the\;~ ~..own<,-,J tor an 1, <-.a·1 'if.J :it,~ iUp;{lr;),' « ·• aup{m.}. 

n • tup{ni}, th•• k • ~(m,n). 
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Prool, .'tf1: ki ~ lllj, 10 by Lemma t, k :s; 111.--. Similarly, it·~ n, so k :s; min{m,n). 

We now show that strict inequality leads to ··•'1coatridfotton. rr· we ·had 

k < min(m,n) then k < .m and k.< n, so 311: k < m;1Jot~:wise k ~ mi for each i 

would imply k ~ Ill) and 3i2: k < ni2• Now for i • max(il,i2) w,e .have 

k < ff\ 1 ~ m, and k < niz :s; n;, so k < min(m.,n;) • kj ~ k. The result k < k is a 

contradiction, which forces k • mln(m,n). 

. . . 

We now proceed with the mai~ l,,ody qr .~ correctn&Si$ proof for C . 
• i.. "· .. ~ , '~ . . .. 

Consistency proof: In this part or the proqf, ~ 1W)ill u,e Ule abbreviation 

LSL to denote use or the Limit Size ~--•·,,.If, '1ft are ii!ven a complete 

execution sequence as in the statemeat· 91;.,, t~: Th~, Mfe-: ~ust show that if 

>< • ><o and y • ya,, then ((x), .(y)) c EXTt. tll~• is U';~ if ,ad .only if 
i . 

ly ■ IX and y[1] • r: ><[J] ~-ft'fy, 
i-L ", 

so we shall verify both a size property apd an ~-~t picwer~ of Ym• By 
r-, ,;,,,· ; : ., , , ··.,,..,, r ·-" • 

the input suspensi~n property . or an ex~\J,,~+on, NCjUenc,, ,;, ~ Xo •. >< Jor all I, 
- ,· •, . , ·, .. · ._. •: "\.' 

so we must also have ><m ■ ><. In particu).a,r, #><co • Ix. Now we have 

lya, • sup{lyi} (~L) 

• sup{#sia} {by EXT0) 

• Ism (LSL) 

■ sup{ls;} (LSL) 

• sup{rnin(IX.1, lr,•n {~y EKTAl,; 'Li 

• min(sup{lx;1 }, aup{lri8}) (by the Minimum Limit LeD\Jlla). 

• min(#><c., Ir m> (LSL). 
'( 

If l><m ~ Ir w, then we have: . ly~ • Ix. • IX, which' is the desired size 

· property .. · Otherwia, (•) lrm ~ #km;,(aad: W1t have 

IYm • #rm 

= sup{#ri} (LSl.) 

= sup{l+IS;1 } (~y EXTo) 
• 1 + sup{ls-i•) 
• 1 + ISCD (LSL) 

• 1 + tnin(#Xiv, #rm> (fro1J1 the. pre\ri9~!; 1ch•in o!. ~uc1l~tie~!) 
= 1 + #rm (by (* )), 

which can only be the case it 'Ym • lrf/0 • «i.··· But '(*}'Yields ~ • Ir m S l><co, 
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so IXm a ~- Thia ~,-,;~~, /jy«l,a #Xu, , t0, which .: .. ~elds· the 4esi•·· size 

proJ)erty _in this~- ia, w.ell. 

· The element 7COndttion is· :straightforward to establish. ·We· need to . .. ,. l . 

show that 
IC 

ya,( k] = L ><o[J], ,Yk s .,yf!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'FIX Yi, we have· Y~('kJ • y;'tfl • Y;[ k]. 
We can now work. with the particular system state illdexed by i. We have: 

Yi[ k] • •i a{ kl : , ,(,t;y '00 ol · '-l , 

• 8j{k) (since S;8 PREfIX sr) 

= ~-Ckl• r;~ikl . (t,y BCT,-l 
• ><Jk] + r;fk) (sidce r;•·· f>ft£F'IX r,) 
= Xj(k] + .(otsi1M:k]. (bf EXTo)\, '. 
= xJ:kl + (O~)\)[k) (by"EXT 0) 

• .. X<j( k J +: (V'f i>t: k] , (since ><o•><i). 
·. . . . ... .. . , . ., ... ; . •. . ·. :~. ; . . , ·1. ..·. 

Thus we have y,[·k] 111 >Co[kl' + (O@~\)t:i], ·which ·yteldt the pair· or equalities 
( 1) · ,.·· t yJ:l) =· ~'i{ and .. . . . . '•c,·•· 

(2) ~k)l: Y;(k] • ><o[k] + y,tk;:rj. 
We now claim by induction that for all k !: '::,Y;; ;-i .l 

k • « ·. . 

Yi[ kl • r >Co[ J ]. · ' 
i-1 

The basis step is precisely equatioa ('1) alteve,; aad' the' '1iia.1idtion step . r allows 

directly byt' .i· .1 

1':•l k, 

Y,[_k] = Xo[k] + Y,[·~-~~,l •_,~[kl:t·~-, ><o(.~J •-~- ><o[J] •. 

in which the second equ~li\)' ~- tbe;:Jl}<lJ•f;tive b.~l\111• an4 follo.w.s fr<>m 

equation ( 2) above. But this now gives us the result 
k 

Ym[k] = y.( k] = ~- Xo[ j ], 
,;-'I .. , 

which is precisely the required element condition. This completes the 

consistency portion of the correctness proof for C. 

Note that the inductive arg\1: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 · o;puawr. . . 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) $4j • (X[l:i]•X[i+l:k], Y[l:1]•, (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.ting from one, define 

(1) $4i-3 • (X[l:i•l]•X[i:k], y[l:1:-1]•, (O.ty)[l:1J•, y[l:i-l]•), 

(2) $ 4j.2 • (x[l:1]~><(1+1:k], y(l:1•l]•Y(1.], (o',;)(l:1'1•, y[l.:i-1]•>, and 

(3) $4i-1 • (K[l:i]•X[i+l:k], !y[l:i'];, ·fotyjf\!1Ji'y[1], yfl:f·l]•Y[i]). 

The above formulas (0), (1), (8) and· (~) ·ctenne m lnfililte sequence. of 

system states Sc,, ... ,$1, ... for which it is again both tedious and stJ"aightforward 

to verify that it is in fact a cotnplete execi{hon 'seqJ~~- ' 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 eyclic of period rour and : correspc,hds to • 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 thannal. The states· given by (2) 
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correspond to IDQ4Sule· A ~Jl& .. a ~t>:~ ~t ~JJa.ei-X.. la. these 

states, the value of this input packet ii added., ~.,t~ ~--'" ~lr' .. taken 

from R and the sum is seen as a newly-&enerated packet on channel S (not 
. 'l' ., 

yet acknowJ.ed8N1~. delloted by the "•Y{k)". In. the states given. by ( 3), 
; l . ~-; ! .. -. -.. . 

module O has absorbed a packet from channel S-, and this packet is . n~ly 
~:t'~, 4 ' -

visn,·,:. in the st~te for the channels R and Y. The states given by (0) 

reflect packets output by th& system C haviD& been acknowledged by the 

If the• stze Jc of the input:.·~· >e -~ f1~ .. tken. :th~ a"ve 

S8fD1MCe of .,-qstaa; staca.·wUl ~;~;,~ -~ •. ''All' sta~ ttom 

't'his: poin( on' will" be· equal to the iimtt . st.ate 

,· l 

in which all' tb. i-aJnu· paclcsts·Nnre· ~), ~ atld a,; complete respo~se 

has been panecl to· the o,utliu worl.4. •ce tu sequence of states is 

eventually constant in tllw, .m119? tb~ ltmif.l :U5 fdciaelf' 'Ui.ft ~ng , term'ihal 
·( < :'.~ 

state. In the CDIJ . or an· infinite• input-' stream x • . the ~tu in the. infinite 
.. ' • ..- .. 't,' , ! ' ' - : -:-:: ;· ;:: - ,'. ' ": } 

seq.uence are a~ d~~••' and.,.tR.iiS teJmi~l ,we...i4s:~e, lipllt~ evd tlmugh it 

does not act~l}M ooc:W' wa»un U~• seq~••ce.. . ~. , 

't'his· completes the .correctness 1>~ for the system. C. 
- \. - <:. :,."\ ' ,i 

6.4. Proof for a,, noadeterminate ayatem 

The correctness proofs giv~n.- ia .the two- ·PHC•ing ~Upns h:ave ·. ,, ' . , . . ~ ' 

dealt with modules and systems that, ate e~p,Uqitly ~~n•-.e• our 

techniques, though, have been ~signed to .~n1Ua. ~clet&rJ1U~e ae~or. 
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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 
$y~tem S 

inputs X(1nteger) 
mtlh\J V(da taver) · 
internals U(integer), V(integer) 

SubmodulH 
· · J'~1rrputs x; Vf'otitputs u 

F inputs U;. outpµts V, .Y 
Inttially empty"' " · 

Figure 5.4-1: A sample nondeterm1nate.sy•tein S 

This system, whose behavior. was discussed in the last :chapter, is composed 

from. the nondeterminate. merge module. J · and the- feedback modified first 

module F, both or which were- described. ilf, section 3.3~ ' The nondeterminacy 

. in the system's ,behaviorLariaes from, module J pa15tng oJi its b'lltput channeI U 

an arbitrarily c:A81en tated•vm& or the packet streams .· '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~ iJ ·. output . on channel Y. 

Otherwise the first iaput value is talum. 'by ·m04:ule J an41 eventually passed 

on channel U. This packet is output on Y, ~nd • p~t w:Uh yal ue 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 win{ the /race. (gets 

processed 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 i,Ji~~ u 

input, but al,o O\llputs a pacllM with value tour ,nater than the first input 

packet. Thu exua PIICMt m&y appear in. tu output at any place after the 

first packet ta_ ~~-'~t~~/ ~\'llow pr~ to
1
._p~ve 0t~t the •:v~m S 

behaves preciMly.•.ur ial....._ 1preciflcau.r-~-., · 
\ \_ 1 J ; \ ; . ! /. r ,~ n, : "► j n }. • • -"· . .._,. .. ~ I 

,'. ,' ·,.;,, ._; .' . i. ' 

. We t~--. tile,, ,~i-&ions of the exianal·- cla:arae&ei'iatic relations 
,_; ,?_ .1 l .1 ~ .._, c ~ -.' ., r. , ._: . i · - · , 1 

EXTJ ~ ((X•·•,,',c· ~ ~--~~t .~ J.~Tif'!, ((U•) ,c CV• x ~•)) tor the IIOlul• J 

and F. The relatiOA EXTF ia Hflned by 
_'::, .:··. _t ,_,,.. ,_·., .• '/Jn~,-, ).·: ,{_;_ •.:l;f1ti!-'. • . ; ~~~ ·- ,...,_;:J·:J' · 

((u), (v,y)) c E)ffF <•> y • U and IV • min(l,IU) ad v[ 1] ■ U[ 1] Vi ~ ,v. 

;, _ '. :.-iJ~~ ('4)),41 ~Jl.<a,) .. "-. a .... «rM,..tu1';t,::iii ;r;. ; 
1 

', ~?,H~, p~a~ :~! Jr,A't ~ieft1~*· --.,IU@f-Jl,c if'J~ ll&Jat4. -v ~nu ~--

.. ~1~~9~~t &\1~8M9!.~.J.l ~ ~~CfilllMlll1'9Ml~t••nar_,-: .. ; ·Nrtt.he 

. \,-ste111 ~;.~ aH~r,~:~rQT•.fi (f~•li,!M""'lf~_.~(Jtl)1.-i&Xf, 01111t11 

hold if and onl7 if both ,c an4 y are .. pty or if 

· ly • l + IX aad y[l] ■ >C(l] and y ii~ mer~• of.x,and (>,_(,(J)+4). 
' ' t ·~: ' ',~{ t··• ·.t..d"'l;: •~(,.: .. :.- ~i~;(·!-..d'~.)t.~·ht;/~: :,:tr:itr101n 1 !!:.~.: ~-,,·n! 

We now ~tale the ~~t~ ~~',9.~,tor ou~'.r~;!~~ftftit~~i.,':¥~~~ ~~ )1 
,. , • ; ! {, • '._, • ' , ,' 1_ ! , .' "·, ~ • '• ~" " "' • ., • ' 

In an ~x~~µ.tiqa "'lft8~ fqr, -~~ W~~r;$..:,.WBMltl aateai ar•:flf ,fl\e 18rm 
' ' • , .. "., J. ~. '"• 

($il$ia) '.;~~~1 ···i /1
., ()(~ "U.r· Yi•,_)';):; ~i5 &/r,::,~-(xie, yj, ~: 'l,f)~r.~u 'ha ,·,o'Jdy 
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property that should be stated here is consistencyi 

((xia. via). (ui)) e £XT J and ((:1.1;•). (V;, Y;)) e EXT F 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 Q4)Jltained in the following 

lemmas. 

The (allowing lemma is called. the '-· . Limit I Lemma and. asserts 

that the least upper bound of the t~rmwi• sum of :two sequences is the sum 

of th_e least upper bouads of.·_ these two _.seguence.s .. , Th~ Sum Limit Lemma 

will be used in the con1iste.ncy pJrt of $e ·correc:taeu, pn,of for· system S in 

. the same way the Minimum ~m,i.t Le1Jm• was. uHd in-,the correctness proof 

for system C- in the preceding section. 

Lemma: If {xi}, {Yi} are nmwtecreasing ,equeac-. ei ... aatural numbers for 

: which x • sup{x;} and y = sup{y,}, 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: Xj=Xkl• then x=xkl• If 3k2 Vi>k2: Yi11Yk2• then Y•Yk2• If 

both of these bold, then for k • max( kl, k2) 'We haw· 

i>k •) Si • Xi+Y, = Xk+YJJ ill Sic, SO , 

sup{s;) = sk = xk+Yk • ~k1+Yk2 ~ x+y. 
Otherwise, {x;} 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, G,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 14e actual co,;rec.tn~ss .proof IQr system. $. there 

is one more preliminary result that needs to.Atil! mtabltshed. SU'PJ><)se 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 t• thla' ..._, wW a •t 'the 

right-hanf,l ••"- d tlriltr ~treaalL) ·W., wn.lf"'lib:> \ii ~t•.·,f°ta111 this that the 

system is in a Hait Nte. '·•· lull fiailhtd its ultimate reapoue to the 

presented inpu:t. la 6ther woru. 
~r.em'ina? · it ., •• ,. ia - executioa .• nee {<t,. a.•>} for ~ &t~n system, 
u-..11L•t • -,• .• ._ • : c-.-,·. · .,. ·'-' : .. / ~·,: ·· ; l - . ,, . 

Unfortunately, thia ii aot Alway-a true. . TheN are ctrcumstancu under which 

·tu nOUan Gf..~w.·r.11•..r;a,.M.m~.-i~a.r·«•moc1u1e with 

•one input -'8baaa,t< •• ou out,u, . ._...11 a4'ri,,_ tit.ii if it•t-is pte~ 

the input ~u.a •l, ti•• _.._ :«: u. ;twff. ~· .cram,' -m oi.· <ti,,;c> 

. consti'1ltfl •· Valilb·r•• .... If··• ·•• .. •·.:~ 'a 1'ackit with c;ia:tu• · b, 

· then .. u.,mer,;dle .__. • .., • 1taW11•*W1••111illlllllll6l~ito ':N ~t jaieltft11a. 

B\lt it cannot 1N 4-termlHil whether «t Mt~·tlit'~ e~·w'ilt· COM'e.'b\it 

IU~A1iy.".,O!itu• l1t·••iMy::•·.U1
'•-- 1ae ·~dtt~1MI yi~--its 

occurs if a m.o4111e allowa two 4i1Uact '11U,Ute ov.~t . ~• tq ~• 
-~ _;.i·::' ·'.;,>: _/ .,'.'' ,. _;·,,-... :..:. :":·'~,· .' .~? ({'! ,,_· ... 1, -~_.,_,-·_;• .• '.: 

given iaput .itc., a4 GIi, .a',,,._.. ""•i";"1i6ctl Ja, a:--1'.IXodf~.-oUu•jodlf 

we can rul• out audf atftlat•·, thell-''tlMt -,~ stated above will be 
,, .y. . . ' .-

satisfied. ~~dlnff:,.;• ~ 4e(j~. ~ .. ul•, ~" ~ .. ~~ jf' , 1~. ~~r 
prQho,u, ,:9D.IO\ll"' slU.,fmDt; ..._, .,,....,tx ., t1101Mf:Jffl'.;'lhffl'·1s;,.,_e 

Formally. we uve 

DetJn.#ian, A .w.aw M u attlef if Wll'lnffir~ Wit 1i.w :~swift; : S-Mout) c EXT w 

•ll~ .f •~- .~~) c ~-,-~ ,,.._ ~W? f'autL?'-Pl~,la11ar, ....... ,:: • ,,.; ~:: 
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All determinate modules are obviously strict, and any module for which the 

sizes of the output streams are functionally d-.rmthed from,.,the inputs will 

also be strict. This includes the nondeterminate merge module J. We now 

state the corrected lemma. 

Lemma: If au -mo4ulu in .,y.at•m SYS are strid, and if Sj = $i8 in an 

execution sequence {<Si, $i1 )} for SYS, then $1 • S;a. 1
• Sa, • suo {$i8 }. 

·· PltEflx 

Proof: For any pouil>l• system state ($1• 1, S;. 1
1> that ca~ f9llo~ the· given 

state J, we mu,t have $;1 PREFIX $;. 1
1 PREFIX $1 • $;', which (~rces 

(1) $18 • S;.1 8 -. .. • '. . . 

a . . I Also, $ 1 • $; PREFIX S;. 1 PREFIX $;, 1, so 

(2) $1 PREFIX $1+1• 

Now equation (1) implies that for each module M in the system, its input 
'·•Hi' 1 

slice remains unchan&ed between state J and state J+ 1. Equation (a) . ~m,plies 
• ~ ~-- . ' ' •'••• '·• ,: ~:: •••'·•.i~ ,'',1,, !il[,,,;; 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~t(!S must :be ~qual. Since 
. ". . . . · ... ! . .: '"'. ·. ' :.:\I , j.r:· '·. - .. -
this holds for all modules in the system ,•i~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 Cutoff Lemma beca'1se ,11 "c:ui. off'', an execution 

sequence once all packets are acknowl~. 

We now proceed with the main b9d)". of th~ correc~ss PJ'OO(, for 

the syatem S. We must prove that the external relation. , EXT s coincides with 

the internal yelation INT5• The proof .divide/in'to the two u.s~al portions. 
·~ ' ~ "'r ·,·:, 

Consi~tencY proof: Given a complete executi9n ~U,ence {($i• Si1 >} r~r S, let 
x • x0 and y • Yai• To _show ({x), (y)) .e' EXT5, ,tber~· ~re t~o.' cases to 

consider. If x=e, then the . ini\ial state mu~t be &i''(en by 

(x0 , I.Jo, v0, y0) • (•,•,•,•>, so by the Cuto{f I,e~ma ,,~~-' hav~ y.,, =,, Yo = e. 
Thus EXT5 is always satisfied. in this case. Otherwise IX ~ 1, and we have 
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the following chain of equalities for the size conditiont 

1y~ • sup{IYi} (LSL) 

= $UP{1'U.il) ' . -(by EXTF) 

= #U('J). (LSL) 

= sup{#u;) (LSL) 

= sup{lx,a + #via} (by EXTJ) 
= sup{#x~6l + ~{:#via} ·t_,. Q..t•p ,lJDlil • JlaJRml) .· 

. • (I~.+ #V'P' (Le$). . .. 

Now we also have 

#Vro ; sup{#Vi} (l,SL) 

= sup{mi~(l. lu;•)} (by EXT F) 

= min(l ,sup{#ui1 }) (by the. Minya~pi I4~t ~pal 
= min( l, IUa,) (LSL). 

'1' 

Now ~y ~~TJ,• #~. ,= #x0 ~• #v0 = #)(0 ~' 0 > ~. Tp.u~/~} #~ t l~~.JOJN11 ;: 1 
· and #y = '1 +· IX, which is the require4 size conditis,n. · . . . 

• · " .- , , 1 , , • _· ·~ . -:.r : :~,:,:,:~. · .. {: •.,-~·· -;.r ·, . - ; --

To· e~~ablisli :~~e e~~~~nt cq~ditio~, :~! m~t ~]'¥ -~! Yt9 ~ ~~ 11.J. ,.n1 yt1 a 

merge ,~f x an~_,<xC\~+4). We firf~ ~te. ~~~ ~~~-•Ji \~Y,~~.},tt1& 1,r,te 
property) and vm ;i, e (as proved above), ,p there.~~~- be. a st_,te t for w;t\u:h 

a , ; . a: _; '•, '." L<- .·- "'- ,•,:~J ·-~:)];If.,,,.-,.._. 1-.: •. l:.~ ~t , :i.,• 

V; = e: and vi•I - E. Now by the conneciion pro~:rty, 'v..,l J>REFI~ Yi, :,SO 
• .' i '; --·:f-,'i'. 1 •. ; . ' ,·· : '. -,. ,., 

v, pf e, which by EXTF implies Uja ·-. E. But by __ E),(rJ, ~ Joij, ,as vi~ = J! we 
•.'' .,· ' . ,,, . ' ,/ ' ... , '" . '" ' ' ' . 

have u, • X;8 PREFIX x. Then since ui1 111 c and uia PREFIX Llj, we must have 

u,a[ 1] = u,[ 1] • x[ l]. Now for any n ~ i, ui8 PREFIX Una so Un1 Cll ~ xt,O; 
th tis, by usi ni'EXT? again: we ~biain y ncl l: ii Un •r 1 { ~- x(b: Since thi~' holds 

for all n ~ i, we must have ya,[ 1] ,:• )(fl}.., ·. , ,,,: · '·•'1 

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 Whi~h ui8[ i1 ~· x[r). Then by EXT F 

we hav~,.¥,.• JX[U•~>. ,,ijow by completeu.,s;:of 1he.acatibn sequttm» tli&l'e 

must be a state j for which xi SOBSEQ xi• an1L vi SUBSEQ via• Since 
' ' . ', c, ' '' :·' •''' ' ', ! I.. ' I :., . 

Xia PREFIX X; • x • Xj and since #vl8 ~ ,·vi» • 1 for au. 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;1 anf 'V~~L\V~iclf'.~eans _Lij' i_s ~'··merge·'or ··x 

; and vro = <x( 1 ]+4). Now we· use the completeness. property ~ain: given J, 

there must be a stale k for which' U; SUBSEQ Uic •.' By
0

'EXTF, 'yk • Ute•, and by 

another use or conqffeten~~ ther~ is a state m such tha( ~k. SUBSEQ,,:r~• •. llµt 
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then Ym 8 PREFIX Ym, and by tracing a transitive ch~_i.n of $p.bse~,uences and 

prefixes we obtain U; SUBSEQ Yk SUBSEQ y"'. Finc1U,y, s~~~, ~ an~ :<><J ll•~> occur 

in U; as disjoint subsequenc;es, they must .(?CCU~_ f~ Y.. ~ disjoint ~\1sequences. 

But x • ><m and <x[ l ]+4> • v00 reJ>re,.nt _all th;. _P,Jcket~ tha,t, can ultimc)tely be 
, :• ,-', .: ' .. ... ' .. , 

passed on channels X and V, so all the pac~ts that can ultimately be passed 
. ~_('J 

on channel U are contained in u,. SiI1:1il~f.lX, . an . _tlle ~cJc~ets t_llat 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~flet~s the cq~sistency portion or 
the proof. 

The element condition· was extremely difficult to verify, because we 

had to go tracing the progr~ss of j.ndividual . PltCkA!tf. th,r(,lJ,gh the system. 
. . • !,, 

There seems to be no readily available methlo\l to-simplify thi~ pl'dof, despite 
.. 

the elementary system structure, 

For th-e synthesis part of the ittoot, if t'he sy~tem's input and output 

streams are no~\rivial, then the (!Xecuti~ _seq~,1,1~'8 ~Jl repeat in periods of 

three states. The construction fa now &J:ven...: 

Synthesis proof: Given (~). (y.)) E EXT,; we'' taU$t: ton&i'ruct' a complete 

execution sequence to realize this behavior of,:,S ftttern-alty. The execution 

sequence will be of the; form _$0, .. ~$;,nr iJb~~h~h, ~ sv~te~ s.\a\e $; is a 

4-tuple (x;, u1, v1, y1) of clot\ed cha.nllel sta~ •.. If ~ •. E:, t_he~ w•·- mu~t .have 

y = E, and the required executt,on S~l.U,tnf:e,_.,,will .~vft, all :l\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 ·1nuat also be some 

finite index m such that 1 < m ~ k+l an~ )'[RU • >ql]'f'.4.. M~eove.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[1)+4@ x(m:k]. 
:- ........... 

(We are abusing notation here to let "@" concatenate packets with streams). 

We now conatruct our execution ,equenott fer-' x 1Ui4 y. The streaitl v :1s 
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defined'by'v • <>t[l]+4>. 

'For each natural number i from zero through m-1 i:nclulive, define , 
(A0)1·$3i' • 0<[ 1: r].,c[ i+l: i), x[ 1: fl•, ,v[ l': r1: ·x(l d ].'). . ;.,, 

When i•O, thl• MllctJi to '\he case or the' ihltial ,y.-.:a 'state_ 
: '.$o ·• ( •X,· •/ ~, ;:,;),' , 

For e~ch natural num~r ' Nom one thtough fll~(inciusive, define l 

. . . , . . ';\ _': -'':1.'~' .~:--~'. '.),,7 : 

(A1) $3i-2 111 (><tl:1J•><ti+l:kJ, X[l:i•l]•X(il, •V(l:1], X[l:i-1)•) and 

(A2J $3i~.~. (><ri:11;·x[i+l:k°j, ><O:i]~-f •Vti:1f.-~i':1·~1]~~r\J): 
\ 

We now define the specific system. states 

(B1). $;, ... -2, • (x£1:m•l]•><(m:,kl, X[l:1117lJ•V!l~. r{lJ• .. ~~.:nt~l]•), 
I ' • ; ._,' • 

('B2) $3m-1 • (X[l:m•l]•X[m:k], X[l:111-l]tv[l]•, V[l]•, X[l:m•l]•V(l]), aad 

(BC1J $3111. (ktl:m~ll•xtm:l<1, '<tfii.-111vr1f( Jc1j-:, >C'[l:m~l]@V[l];):·· ,\ 
. Fin"llY,,J~~ U4?h H\µHl p~_.1 -~ 11+1;, w,n~· ,·v :· 

(C1) $3i-2 • (X[l: i-1 J•X[ i :_k], X[ l :m-1 ]tv_{.~}~t~:-1~21-xr 1~:.1:f':;;v(.l h, 
X[ 1 :m•l]tv[ l]tx{m: i·Z]•), 

(C2) $3i~I • (X£1;1-l]•.~i:kl. Xll:Jll•l],,vt-Y,X{,a,;_~).l~, ¥{J}!,, 
• , • : • C •, , ,, .. ' 0 - C, 0 ~ ~ - • 0 < " • 0 e 

X[ l :m• l J•v[ l ]1><[11: i •Z ]•X[ 1• 1 ]), and 

('CO) s;i • ()(( 1: 1-1 ],>e[1 He'], xrf :Iii-llf~[ ijtxf~:~{-1 l•, vt fi~ .. 
X( 1 :.••lltifl;}l,Cm:*4i-4~ ., -, . , 

When i ~ k+l, formula (CO) generates the system state 

$:>i • (X•i.. ~:-1 : •": l ».v,u~t•u~J ~- "'~ h, --~ 1 t~ ltv[ 1 )IM[:11_: kl•>..:.,:, -
wp.ich_ is a: Umit,•t•~ .for qswm-S~ 

The abo'W" set ·of fbfmuht 'fenetates a· ·welt~iffM tnfinite seqlience of 

system ,atam So,, .. ,$f,oo• tor wh'lch ·. it ii ·"oace ~\ta1!t \iiltf11\ightaittg' to' Verify 
·that •U fs· •a OOftijlt!'t(f e~tton Mqttdw ·tot' 1. . i. ., : . ,, . . ·,, . 

Th• form~ ·we .have just ctvea, 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(~) --cc,r-r .... ~ to the first m-1 packets 

from )( being pu,&d through the system and out on Y. In thtFst•*·;gt"Vett' by 
'i ' ~ -

formula ( A1), module J has received a ,acxe,t from X, an!i is pas.sill&. it ou~_ on 
,- • ( ~ • • \,_i-\, , ; 



- 109 -

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 ·thii · pack;t i~cremented by 4. The 
·,e, '_; ". :::,.:- <: \ J :...<o.'~ 

states given by (AO) corrupond to th4t out.side world receiving an output 

packet · and acknowtadting it. Part ( B) · handw the · processrng · .. ot the one 

,,,packet .pused· ;on chaahl ·V. In state (B1 J. ··th.ta· packet 1S alfsor~d by J and 

. passed on Ui ta atate (B8), it if received'' by ~ &'passed ouf;on Y; and in 

state (BO), it is reawtvell .and «uo~ 'b7 the outside world. Part (C) 

treats the pi:ocemq of the•· ftldintq I inpat · l'&Ck•ts f'roJil the m-th on. the 

states given b:, ferm.vJui(CZ J/{C2} ·at ··(Cl)· ~d -~tively to those 

given by, (Al), (A2),&4 ·(A~\ , 

.. 'l J,: . . :, 

The proof or correctness for the nondeterminate system S is now 
" , '• ZSJ.~1 ·-. ~.-..', ; :_\~ :i _,.j{'.:!G •-it·; i • '· 

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 chaptet, . we have ,atvan correctness proofs for three 
·7---· 

particular packet systems. All three sntems a~ rather simple in both 

behavior and structure, but a lot ot mic1ilnery 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 developed here to larger, more useful 

systems. As systems ,' increase 1Ii c~rt1p1J,dty,; their formal descriptions and 

correctness proofs grow ~ore .com1lex . ,at.!. m.~!;.~ fiilr?l'-r ra,e.. . Provin& the 
, • • :•: • ~ ~ • • '•• • , ,.., • ' F > ~ 

ones we treated may thus turn out.so CODlJ>li~ted,,!}S.tc;> be.,o, dubiqus 
_.. :, ' •·- ,.,- . . ' '' 
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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 
., ' ;1,•, f .. ·.:: -~Z,if.-. 

proofs. We now addres.s this issue. 

Much of the. complex.ttr. i~ .our c;or•t~•~ p?OO{-s comes from 

settin& ; UJ? e~ecution, sequences. , 11.o;we~r. ,,e~.U. , ,-&e11Qac;el: · were 

in_troduc~ into our .mo4el to ,handle- ou p,articulp 1char.acteristic ;.of ;sysWJn 
' •o ,' •• - •••i ' ,.• • • • • "• • 

structure~_ which ia cycli.c 1.A,-ter"a~.i•Jk ,je,nd ...... " When a 'systefll 's 

structure is acyclic, .its internal •~f~<JJ•Y be ch.-:tedzall uch more 

simpl)' than th;rough ,~~n. ~u---•. :i W.• 0
~ •)JIIGVe! Utat 'the .ilnernal 

' . ~ . -

characteristic relation or an acyclic system m4V: ~ J'Ml-4 1as a, ap:proprwte 

functional or relational composition of the external cpar9Cteristic .. relations or 
• c X / C ' ' ~-.J • ~; ••.;. ~-'(/- •"'< 'c~; ) .r~•~~•~•• '',t;.""t ~ 

the component modules. Consider, for examl)le, the .srs,~, SY,S rillu4tr,,,ted ,in 
~•'f : .;..,~~t.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 exterttal specifications for·' the ~i>aules A, s and C are given 

by the respective c:haractfftstic rerations E>CTA, 6cr: i~f'Mc, .. , Let ·u; ;al~ 

assume that 1he madule A ts determinate, 'which. makes the . relation EXT~ 
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functional over ((W•) x (P• x Q•)). Then there are two stream functions, 

ap: w• .. P• and aqs W• .. Q•' which ~ogeth~~ characteri~e the behavior of 

module A. 
T • 

·- . ,C . f, '-'· 

The internal characteristic relation INT SYS for system SYS is given· 

by the comp0sit'ion 

((w,x), (y,z)) c INT svs <•> 3r, ((x,aq(w)), (r,z)) ~ EXTc le ((ap(W),r), (y)) E EXT 9. 

This compositional characterization relieves us of th~ need to go into the 
~ I, •~ 

complications of executioll ,equences ~th the acycli~ system SYS. 

We can give a general for~ulatioJt of hQ~ the in~er.nal 
• .; l ."· '. 

specifications of any acyclic packet system can . ,be cbaracteriz,d as · an 
', "1 l; . . '! .;. • L' ' ~ , 

appropriate composition of the external characterJ~tic rtllations of the 
3:: - . . -, ; .. 

component modules. Our formulation has one condition on it: the external 
.:,o, 

charactertstlc relations of the component. modules must all be continuous. 

·Continuity was defined in the preceding chapter. The formulation is 
.l ' " .' - f_.3' ', ·: • ' ( I. ~ 

contained in the stat4'ment of the tollowin& theorem, 

Theorem: If an acy«;Uc system SYS has the ,structural ctucrtptlon · 

System SYS 
input• W(••·), ••. , )((.;: .... ,._, ·. 
outputs Y(---), ••• , Z(---) 
internala Vf•--), ••. ,-V(•""•) 

Submodules 
• 
• 

M inputs P, ... , Q; outputs R, 

Initially U~uO>, •••• 

... , s 

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 "IM ((p,. .. ,q), (r, ... ,s)) e: EXT M• 
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One has to examine the statellltJU of . ~• tb~ c.~r~i,y, in order 
., ' . . ,,,. ,. ,:_:~ . - ' 

to observe that it in fact characterizes INT svs. u a ,C,9~i~~ of the •~~.rnal 

characteristic relations ,. ~~M• . The crucial ;~~11-;t i.s the. ex~atial 

quantification of the channel streams u,. .. ,v throqh which, 14• EX.TM" ~laµons 
•' • ' ~- .. , • - T 

are composed.. Proving the . theor~~ r~Uires .two dil~ioni~:1,fl! •au.me~•• The 
) !I,'.. • ·•· -, 

"left to right" implication asserts that ~ven ~: com~ete !xecu~on }seq:~ce 

realizing an instance of the 1:Jehavior of SYS,._.t~f'9 ar~ a»,rop™~:.:int.e&:Jlal 
: ; - . ~· ~ ., ' ·: ~" . -

channel streams connectinc the input to the output in a maaner satisfying all 

the EXi M · relations. This 'will ba proved b; using the Limit Existence 
", : ~ ', . ' . ', '; t. ~- : ·,'_, i~ 

Theorem and the continulty of the 00 M•' Note that this. pan of the proof 

does not. use the assii'm,tion ·~hat the ~;yltem structure 1• ac7cUc. 

The reverse implication asserts that anythi~. r•U~ as t~e; ,,Ci ven, , c;~~i9n 
' '. " , .. '' ·i;,.. . • . . ·. '· ;,; . ':, . .. • . ' 

or the EXT M must also be realized lt.;y a com.,1tlete e;:Jecuiion ,equence !or S!tS. 
- . . '. :~. ',j:_~ . . '. ,.· I t . f • • • 

This direction of proof is more difficult, ~nd we JJ,ff,d three ~eliminary 

lemmas in order to prove it. Lemma 1 is a simple property of insertion 

mappings that re.-Ua atreaas . u S1UINNqllfincej or~ otbr· ·stre~s. Lemma 2 

asserts that a subsequence relatton bet~ ,-,... is unaffected by the 

presence or absence of certain pacilets, iii the- stilNlllAr W'lllma 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 theorem. 

Lemma 1: If t ia .any iD.settion, then re i) ~ i for all i in the domain of t. 
;C 

Proof: The reaun ia obviously true for i • 1. Inductively, if we a.,sq~ ,Jt 
true for i • m, then we have f(m+l) > f(!II) ~ m, WJ'lich iJnpij.es t;(m+U, ~ m+l. 

\ f , ., t ~ . . " 
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Lemma 2, 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]. 

Prog_f, For any iuertion I of x into y, d!!fi,ne th.e fu~cJ.iop & 'by 
' .'·. "". ' ,,·_ia.,; · , • I 

g( 1) • ii 1 < m then 1 el~e t(O. 
g is an insertion of x into y which is th, ifenµ\y m.lPping over the first m-1 . . . . , . ' . - ·. '•, ; ' ·.,· . ' . . . - ~ 

values. By Lemma 1, g(m) ~ m, 'but y[mJ• xt111] r'l1,l~ out g(,n) = m. We thus 

have both g(m-1) • 111-J and g(~) > m, whic,h iiu.piy t~at pi i~ JiQt in the range 
; . '. . ; ·. . . ' ;. ff- - . t

0 
• • ' 

or B.• This fact, together w1 th the ract thet y[ 1 ] • Y'C 1 • l ] \f Om, makes the . . ' - ' - ' '., ' -- ' ,,.. ' .- ' . 
function h defined by 

h( 1) • JI i <- m then g(i) else g( 1)-1 

an insertion or x into y•, which proves tQ.e ~•IIUll~ .. . . .· . ' ,, 

Lemma a, lf .{C.}ds a ,,equence.. of streams such that \H: Ci SUBSEQ c,.1, and· if 

c. • suo {Ct} ia uniquely Mfiaed, thea there. is a 1requence {c,~} ·of streams 
suasta 

such that Vi: C;1 PREFIX C; and \ti: Cj1 PRtFIX C;.1 a an4' sup {lc,1 } = /IC. 

Proof: For each i we shall let cia be the long,s,t. prtfix of ci that is also a 

prefix 0£ aU the Ct follo:wina 4;i.• Mor.e p,ectsely. l9l 

lllj :'111 aup {n S lciz C;[lui] ·"' ci[l2nl "J>i} 
and •Cia • Ci[ 1:1\]. 

Clearly, {A\} i1 nond~easing, so c;8 :PREFI~- c..,1 a -,id .cf;. P~£FIX .Ci for all i. If 

m III sup {mi} • sup{,C:.1}, we must· show 111 •· ~" Since it iS clear that 111 S ilc, 
this will be proved ~y contra4ictioni we .shall assume 111 < #c and show that 

< •e V • •• • - -. ,, 

the sequence. ,.c,} has another lea.st up.pert~•. lµlde~ •Sllf§EQ ~-1des c. 
If m < le, then there is some i for which mi • m and le; > m. We 

shall claim that the existence of tM1 i. fo~cu t.he •,cif~nce qf .a stream c·~c 
such that c· SUBSEQ C an( VJ; C; S:UBS~Q C'. .co~ic.~ J~•· ~~ique defini,tion 

of c = sup { ci}- First obNrve that 
sussta . 

(1) C;[l:ml • Gt[l:11] t~i,kHl • c;[.l:mJ. 

Now take any j>i; sinf:e C; SUBSEQ c1 .· (bY:·· tra&8tiv1ty or SUBSEQ) we have 

#c1 2: IC; > m. We firJt claim. that 

(2) Ci[l:mJ PREFIX c. 

If this is not true, then · there 

C;Cl:n•l) • C[l:n-1] an4 C;[nJ .- c[n]. 

UlUst be some n S m for which 

ijut theu l,emma 2 implies that 
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c,, SUBS~Q C'. whe.re .c• • cO.,;nt9 t ~[n+l;~J ... ,··$,~ ,the ; value<~ ;:l½), ls 

. independent of ,,p~r. chol~. qt J>i O,y -.i~Y,on (,2,.JJ, thM: ~~-, ~': AA:, .u~R9r 
,. • i. ·,. ' ., 

bound for all the c1 beyond c1 under SUBSEO, and _.~~n(ff ,·.al-lr ~ p,. But 

C' - C and C' .SUBSEO C, which mak•• C' • leaer upper bound th•n C, glvtng UI 

the desired ¢dntracli~\1dn. Thil~a\U~r:.jq\iatlo~ ri):' ,,. ; ) \f1.fi -: ~ ,'.:;_, ·-~ 

There are ltow 'iwo ~: ~ >Ja~der. : 1tf c1[111+l] ait C[m+l ]. th•n 

since equatidn' (2')''lmpltes c;tl:1111 • c{t:11!,'(Wa bu, .• ,;1;()1.ijmnir~· io' obtiln 

C;' ·suosEQ c·,· wlier1t;'e1 ,_ 0ct'i:iif1 'c~2·i,e:f •1'bi'h~· ct~t!1~"'ccm+}t '~nd 

'Since m+l > •~• ti;. :trutre must' e~rat a k) J (tJi• ~lch~rr~[m~ti·'~:; ct~-1 t ':)fut 
ckn :ml • c;t 1 :•l '.• c{ l:•J. • .S ·111 ··ti• tir~t "~~ ~ 1

~t ·~~i~•-~~'sus'Sf:c{~:·. 
,i ; .. 'd~,. .!~:1,:1 :\ ss,:.,. Ju,.:.,-· t1 

The transitivity of SU&SEQ then yields · -
· : . ' ' · . c

1 
suasof~' stlnE'Q ~- ., ( i ', 

In either case we muat hat•· c; ·swstctc',G~hlcI{ -~: c~ 'an u'pper; bo~nd ;Tror 

all .the c, '1Ulllff SUISEO. :'$Ut,A' a&HO,~owJaeh14Pln,·rptcteudu ~---lYlired 

cont1:;1dieti0il.. · Th.'111 it la.., hal,aailtlei, tca·-,Juinlft -~·~·'"•• ~·i mllet ha\te 
,} ;:_ '~. 

m • sup {fci11
} .J! ~-, ~ GO~:;;lhe PtW, :, ,,_ , 

PrlX>f gt_ -lhe~' t"9ffnl 0 (~)I:,_ ·fib 'lfhll- JMll ilfi. •~• 19~, 'wwt.!o ''not ~-~e 

assumption that SYS is ~U.:i, SU#olfi'..1t(w,..,;k,.1!fJ~~)}l c:•llff'ttf. •, 1hiS'~s 
there is a complete -."'tcUtSOII aquellw lar'-ffl i~4 t1he alice (y,. .. ,z) as an 

ultimate output response to the t.yai:allti tw,. .. ,>c). · tc, 

tr the .-cu\k>ll';,-q\lelictl•: 1t• • ~t~:n8"tn: .. tile ·amw,•ta1te 
is given.,by ~ •• S..)l, 1lffleH $•"• :;r:·> ~--·~ Tile 1tiaift!(jlfce ~ i\Mtf ha'Ve 

,ne form (w111 •••• ;x., •~~: .. ,vm, 1~-.""-:Z:: Wtflc:llhliilftiat-l~, .. ~;vc!·Iaf• thw ·c1e'-st~ 
u, ... ,v for wMc:n •tlft ~the' .,. .. ,1~\IW1 ~ tti~rlitlt' Htattbhs 
'Me saUsfMM. , .. • •.; <, • · ,., ,;,::! . .i :-

Fer ·uch ·module M with iapUt 'Cllanneis-·ip,:~?.Q ·b1f'cfu.tput 'Chdttila 
R,· ... ,S. th•' 1onewtic :-iflrw: ~ttiid ~,i~ cor'/al'i·Itt 12. 3:_ • ~ · ,: ,t :·, '.':i.J: 

( 1) . (pi•, .... (\•) PftEFIXJ'(~,•-~::~:v-wrr:i: C, l ' 

( 2) <r1 ..... •.>i --· tti:1i .... • .. i ). iiad1~: 

(3) , ({ffi4~.~-,qi~J,: Cr,, .. ,.,-.))c. t OOa:1' 
Applying the Limit Existence Theorem to th• ;11-, wt{hiln 

( 4) (p, ••• ,q) ••·:a : ·f~ .... q.•)), an4 
PltlFlx . . . . • 

. (6), . ; (r ... ~~•> • s~~p·:''(fri, ... :~~}_1,:_-~ \Ul1qu~l:~~~·:. . : , 
so by ccm-ttnutty of M WI 'have ((p, ... ,q). (r, ... ;s')J c brr w, Wliicb: is the clestred 
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result. 

Proof of the theorem ( <•): SupPQse we al:'e giv~n a s.tream for each channel 

_of SYS su<:h that the external characteristic relatJon ~Tl!' of each module. M is 

satisfied. We ne~ to. constI"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~~n•l C 1• ~Uher a sy.ieia !AiPut ch~n•l or else there is a 

module M for which C is an output channel. In the former case, we define 

<ci.c,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; ~\lllique l.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 such that Ci SUBSEO Ci•I for all t :and such that c • sup {c,} is 
. suesta 

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 SY$' consisting of matching 

modules connected in the same way such that the behavior of SYS• is 

· identical to that of SYS inter~ally 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 



and f'or extflna!l. c:hanllteriatic r•iationia lietine¢ by 

c~ .. •·MM)! c m-..:· <•> s1.,1 s "'- • to am (.S., sMout>cEXT .... 
: '. '. . f ··. ', ~ }. . ' 

The coat~ .,edy c1Wes .Jldf 1:cM toi 1diir· seqam ~ 
aoove, since ~.• a '-.r ~IY ,. ~- ~;.-4 c•d Hi).;.ve(.' ,_,~. m~y 
interpolate- ~ ctwlilet ,._ (e(,e.,a, Taft.WWJt. 'CtiA~-.:~ 'tc;;::c;.1-., so-• .thaf rthe 

; • . ,r ' .- •'°! ~1 · ........ J .• ) . 1 • ,\ 

connecttoli ~Pft\r 1W ~ · i€ w tliftu· ~·· a'. ci:.;;, aait ~a.·• ,:,.•,: ~ler('y,e 

lfave e;• PRIFn"~'"; ' 'r:.• PRatt Ci•· PROD t,.,•, ·•:-,~ ~- c;r SUtfSic, ~~ 1• 

C;a,: PREFIX Cj ad c:j..1 • PWif'd/. la. ~- wa:,-,. :,,;~r:~~ e~u'tlon 

sequ~nce ia ~ av·1uertia& ~ ~-~-~D-wh pair 
, , . - , - . · . · · ,, · · .. ' · ~- ; · ~ '.· l' ": · ~ - , it f i ~: ; · .i · ~ . , .. "1 l' ~ 2 

of existing s.,.._ ~ 't'lils ·co•~ illie ~-

(_ . - .. ,., .. · : ~ !-; ~ . . ·" : !: 

since acyclic ~ .,_..: --, lMr ,.iclrject ·act ·,_.itie •~i mor•-. !a&UY 
. · · - · , ; ! .. · . . · ._:... fl J :., ;. ·:. - ':: .0 "'-/; , i, . . . . , - • 

tNougbt ... ...... ac· ~. ,.. t. ........ .. ,. d-➔, -- lJL: warluag . , ,,. .... _, 

The bierarcl'lial ~ at: ~ 5J"lltme·, ~ US' ·to· apply 

ac:·yclie" shn-pTitiutktll;. fft:Utq~: ...... to'-~i~: oi < .,-s~'witA direded 
' ." , ' ·~·;•_{:· ~-f • • >", •;.~_;: "-,~-• ~-.,. ~. ~ ·"~ .}'<~r•:~. -~ .l.j 

cycles. Since a -~ ~- 1-, • ia1'•-,~·,;,8' ,~,.._ -~~. 
an¥ pmti,qa or ..,..,.._..-. lie.-.. ~-, • .,,,111,. . ?l'lm' ,ac~1.;••m 

s· shown in.· tigWe 4.$-Z laa ~ 'i',m1y· a>a111ex:·,~: iahi~hig ~ direfted 
~~ ' . fi ._',; \} /: f::, _, l 

cycle between ~· F, G aud H. We ~• areatl.y- si!P-~~\fY this_ str~~t_µre 
, , , Fi ._' ,, • ·, ( _ • • , . \., ~ • i ~ 

,or proof Pl",._. 'It:,' 14tflilPli~,-·tll~,JIO_.-'k41fS~-.., (ff Jllk)dules A, 8, 

C, 0 · aircf. E: • • :Padet system '11 (figli18' 'S.$-:JJ; ··ai"hli systttm"· S 1' 'is '~rc'lic 

and ~asy to s~ty; Us iaierul cl,aiact~~isttc: -~'1-.C~• l~!'t, is ~-n .~PfQJ>,I__i~te 

aomposiitioa fJI tnef ~,~ratenstta· ~·· fer tit• m4111Ules ~- -1:fi- 0 

and E. B'ut '\t~ .p,tnct.ples, o( packet aimmtlnicatlon archit~iure -~low' ~s to 
;·; ; . ~ ., 

t.reat sy5ten_l Sl aa a ,JDQdu.le whoa ext..,.. ~~~c l'ela~9n,, ~; is 

preciWly lttf91 • · ~ ,.,. can ,_._ tflv st~: o~· -,.stem'-' is: <to; · 01- ·'as 
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,------------------------------------------~----------------------

s 

Figure 5.i-Z: A more caplex system structure. 
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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 1tructut1c ror 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 S2 

'----------------------

I 

I 
I 
I 
I 

----------------------------------------------~------------------' 
Figure 5.5-5: A second system S2 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 

Sl S2 

I 
I 
I 
I 
I 

: S I 

l------------------------' 

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 s,«:tficattons r or the cyclic system S2 

is through execution sequences; thus, the proof for system . S has been 

essentially reduced to a characterization an4":d,rrectfths proot for the new 

system S2. For a general system, structural composition techniques such as 

these can greatly reduce the complexity of correctness proofs, but in the 

presence or directed cycles there still is no way to avoid the intricacies of 

execution sequences. 

We have JU$t seen how the struc:t~r.e, or a p4,cket 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;hnlqu, tQ&ether. :\Vit~ ,l~ .UworG we :pr9ved about 

acyclic aysleDll can &rqtly *uce the co~puuci~ or . P,tlC_ket . aystem 

verification. 

In this chapter, we have shown how· our· mooel for specifying 

packet systems can be clPPlied to proviD& them -C:Wl'eC:t. There is no question 
• I ·• ,' ',._, 

that the correctness proofs pre•nted. here ,ar~":COlllPUt:atad,: even ro~. small 

systems. However, pert of the compltXUf fo~ci .µi · tll.e.M proofs was 

contained in the developm~nt .or a basic ~t e>f, t,nunas ,that can serve as 
" C •• , • :•~:c , , · ... ,_ . , , . 

building, blocks for other pioc,ra. There ei:e :ii ~~l,, or approaches. to 

generalizing the proof tecbniqu11s. that have 1i>een F4¥eJ'te4-, :her,. •n-4 we will 

descri:1>9 some of them. 1A 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 correctness. 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 

wrtfication; With ~Ormal D'leffio4a, qstem. comactneu. ~- be mathematically · 

demonatreted u wen. 

Syatema may be viewed externally, through_ their interaction with 
' ~ ' , {\ ~ -_; ) . 

the outatde world, or internally, in terJIII of their ~mpo,ition from sll\aller 
' . j '!' ·: '.'.)•·,' ·1: ' . 

companents. From an extern-1 point of view, the behaYior of a packet system 

ia the nlattomhip between· -,queacas of pie:uta" tr~tted -o~ the system's 

laput u4 output ~. The 4aot&Uoaal ap~ we' have taken towards 

exte,;aal s,ectncatlou- for packet qatma s, eieaat p~y becawe it gives 
• . I - • 

direct mnhematieal •pi-emon to thail lli{liencu ot packets; the formal 

,descriptions that coutttute our exteri.al QeCU'icati~u -co~tain no extraneous 

llotiou that would. oaly Nl'V8 to Od:lU. the rel~vut behavioral properties. 

Thus, the UN or 19.athemaUcal operaUOJll .:on 'itreaJu. provides an appropriate 
,' ~ . ' . - . ( . ··,: . ;j. 

level or allllltracttoa to· aid. in the fol1nal ctacrtpUon· 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 10 u to perform the correct function. 

Because of the great dittiC\lltles · 1nvolve4 ·- -~ '"providing a denotational 

charactertzatlon for . the behavior of-'· an.:·' la~nn~Uoi ~f nondeterminate 
. . . -· . . ,'\ .~·. ' ·- ;-., ' . : . 

moclules, an operational approach to. system verlticaUoa WU chosen. There ls 

ao exiatillg _ methodology for formally deacribina computitons · or either 
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hardware or dtwan_ qate~,, ~ ~• ,~f~114.?9· ~HJi Ule ,~n of 
: ,. t ·, ,t ': -;,., ' \."- . ~J•, "'· , "•' .. '< , ' ''· . .. ~- . 

. :,,_execut~~i,sequeMIIIS~. ~~ ~~:ot ac,r"', C,,j:-~ ~,.ip,~ or 
the behaVior of tw coapcment mo4ules aDcl the WV: they ,_.,._. ~~ally 

rt tted to&etller. .,. MIMlliaC 4etenlliaata aa4 aoaatenataaie aysiema in a 
.. t• r : ~'. t ' ''. ; ! ', • './ ~> ... : k •.; ~ .... ~ ~"'"].t; •~:.:.. ! 4' ~:, q •' S • ,:,.,,~.1 ; : 0 

uniform !Uh-loll, Ole teaiearch here aoutihltu • nllrltaaual tJmovation in the 
,. •.. ·,-~ ~ 

field of sy1iea -1ficMtoll. 

f,':llOtber ~v~ia&• ... Qt o~ ~911!!~~:,Rfv~a, ~-.,_,~\that 

the;y ar,,_ .,bu~lt ~I d~~~~ t~~ -.~ .i ~~_,,,19~.Jl!,_,ll ,;;O~fJ(ltem 
~ '1,- • " • • - • 

r.han~~ls. _Thia ~~ ;JM>t~ ~ :,~➔;,.g~,c'?•~•~ .·'-'~"*~ • ...,,,,. the 

internal oper4tloa :f!.t paq~ -•~~-.. ·~ .. ~ ~' ~~• ·'Mli are 
\: ' • • • • • ,[J,f . ·' ; ,o.';,• > • • _-. 

beiJ14 modelecl. Monl9v~, (91-.. ~~ ~~,:t~iao~i,rM:,,wllich 
·, •. . . . • \.· - ,._ .. ; .. r, .... . . ~ ,. 

a modu~! ~t!Cid~ ~~~h ~f ~,t:~~v.,,~ 1',.1wt'fi~ if!:Mffllred 
" ... ,. ' "•-· . ~~ . 

by the w~y ~ l\ave tlefiaed Jll1r?'Y~:: pr :~rJ>r~~~) pf_~nel 

streams. Decisions .~ .. o.J .. '.~Jl!~F~Y# .. 4'f .. ~ ~~• ~\ ,M~ J~ as 

being made whea the pacllet'a receipt ia ackaoWleclCed. All the aotions 
,.,' 

·1 ·~-•~r:rt~:·'lt)' .... -::;<:·" {E<'·~·,. ·:.•.1C>i'~ 

embodied .111 eJCer:alioll ,equqces tor pacbt qateJU .ha~ been 4eve~~ 1A 
,,_- ... , : • ~ • ""., ... ·.· ~ P,. __ • ~~_;,,, ... ..,:._,,.0-.:;;,:;~ °tL-· ... ,>~ -~'!.;,.)'.:, --.,l-·-/~:-

SUCh a way as to 'be ocmaiateat with re,pect to the ~ propertt_a ot the 
•-~-~ ·t! ., ~---~ ·,.:·· ..... i .. ~- _:: ~I~ >.;; -~-- :.,~_~J::->~ ~;:_~-l ·to. t.>·.:.-*tf ~~:;- 't> ·.•-.,11!_; ·, 

systems. nw., exec11tioa 119qUeaces u PnlGted hen· aot only ctacribe system 
;1 .. ,<>f ~~< · .-;:, .\ ~r<r·.---_~ .;.·>·-· -~-/{J (!!(:11· /J . .iti -~~~.~~'·11''!" 

behavior ancl allow for fonul wnf,leation, wt alao qpport · appropr_iate 
·f 

conceptual abstractions. 
-: ,-. ~- ·"'(2. •. "{ 5 •: ·• T',,;o'¢j'' ;};· • . (y ~ •:; ,.t \~ f b ".{; 

I~ addition_~!<> the ~r 4~ve1~~~-~ ow;~•t~ ~~uwe 
. . !- •. , ' .. ,,_ ~ •• 

have d~ni~nstr•~Jts c0 ~Plll~~;-~tt~;, to.,x~lft~~• .t ~-:~h ~eu 

proofs for three ,~P,le ~ Sf~• .. ID. th,;,~:~--,Y'W ,~f'9fh.uwe 
-~ , : .. . - ·-, . - ' 



,i ... S.,a .... . , .. 
. 101. ~r?;l•#•'"H>il•¥i=~~-ais·,_;n;t. £ •~ ~· 

~t!Z!{JU $ . .D.· 'J .. Af.l:\"." a .. ·~~ .. : Pp.···· .•.•. · .•.. · ... ·.· .. · · . 

. -.. ,11sa11,1.:• 111111111111-. •··• •· • 
~ OJ JlliU~U ~ 101 ·. ~ Ii -- t._ 
. 11-,: ... 11. ii1.1t•te11tl .'. 
~'n: lo wK"@1 ~ ~i~ .. ~ : · _ 

._ '"""'• :ar · · · ·111 4&- . 
. lo 1,=Ti• . . ... ~. ~: · ... ~&ill--~ .· ... -·. ·' .• _; 

...... • · . . . . . ~ . ·. - ·•:11111.1:;.111·• 
' •• " ; ' .• •' ~ • r - • ' •• - C ; \ 

t,,· •u• If.;,.,, ... ':imi_lllt\i tll • ... · ; . ~ 
_. l~ ·, . , ·'. _-, "· .. - • . , ,. . . ' ,, ._ ".. -~• ., ,; 

, . - -- --~. ~ 

..... 111·1i-lJ)tll·~flll,ltllJ.·.-- .JI .... 4Jlllt}~. ',,,;-·-~---"'. 

t•4WQ,i&.~~·!'· ~~. 
·_ .. ~-...-· ftltt.·· . ' 

· 1&qh.a11fl ow: •~ tw41' .~I\.?!\. . · .. • · · · · · · · · ... ·· ·.· · · ·1 1.-•1 
· · ···•··• Dl1J·_' IL. -- · .. ·. · .... ~40li&;UH10 ~x:& -. . ....,. ··•· · · _. · . -~=·1~=-· ~---,._A :J. ·illll'.lllltiU•l!J',,·· .. ·.. .... 11!111!~·· . -

... _.! t.•" 

1lfllrt,.l1Qt11l11 ........ , ...... , •• _ ...... ,. 
~-- ·.· .· ' -~- . . <.,; ·. > :\ , .·.· . 

C)l ----
rladL_ · -.-.. · · ... ~~-,-.• _·-~ ,. 

~~~t- .·.·· __ ··: ';;1\1.~'-· 
... l~l· UJWiMAF.41•~-· 

SUM &%11- •ll!flF· 
. . . 

. A: . . ,. . .. ·· 

.lino• ....... 
it 

■llFillP 

... · . ..ro.,,/-. 
......... 

-·•'\-. . .. - . ' ~"~- ·, ~ --~~ · .. - - ,. . ·: •-, . . . ; : t . ~ b&.<li"Mt · .. . ............. :·:~·"•• --; -~-..... .... 
4'$4!" rM1,t 11~1·.. .·. . .. . :tJII .~J. co11t1 

Wl .... ~.,, •• 2.;l•1f'!·••"-ff'~Ji-..•''•·.1•-.f~. ·ts . 

ibui ~a ot ,-1.r:<1 -al ...;.- 10 · ~!f•♦ ~ •. • • •••-•i:•...-•- ao 4olur1e<10 
• qo~v~b Gf Tf..•-l •w"!" ·•. . . . . . . . . . . . 
£. J:Jt':fflJ8,~--~. ··•· 



• 124 • 

arc:hit1!<:ture, we have exhibited a Juch-level 4eacriptive forJMlism for 
~ , ... _, •

4 

: ;.,.,-~ :·:~J:,. f• !. ')'J:~.$~'._'S .. ;, · '.$ 

specifY1DC tu tawracua of packet :modwea aa4 .~ with the outside 
·· • · _ ·:i>C. J , : ... , . ....:~,-,-. ~ ·:-,~ · .. ,, ;~;:-:· ~,•. ,._~,··_:,,_h;.:,. F> .. ::~ r:, "'!.;_-.J · · ~:r::J}:t,,.. 

worldi we have fonulUll84 the coacei,t of wut it. IMIM · for • system. to be 
·,,,,.:;. -, t -;. :·. . ~ :: ~:J :r t'!l,:,·: ~1 ~; ,'., -, : t .,._. :"f'": .' 

composecl froa a.4•• alld. how itl operatloa aq IMt detiaed. ia t•naa of' the 
",- ·:~ :- ""'f : .• ~ . :,j·;ft.~,;;.::1!··;:1.:,.~ [ff~ ·,·"'if' 

behavtor ot ii. COll,pOll.ftt ao4111-, a4 w. haw 'balun the uvelopm.eat of 
. · .:,'::, 1 t/ ·, ,,:{.».{rt ,. rnL~~ ~ --,v'!' i" '~{j.i•)q\>,f',. 

methoda for fonaal 'ftl'il'icatiea of the corNICtllW ot ,acut ..-U. 
r" -· t:aflon, •)f~".'< -i· • _.:;~ 

The work here hu opened up: ~t~-M:.J°!4a
1
~~· t\~ o_r .. 1'u~ther 

research iato qa1ea IPICU'ieatioa al vertnaauoa. There are two. principal 
... , ~·.:. ;ii '.ti -'· .... i· ;,~-~-:E'.-:~Y O~) -'..L_. ·::;., :~'! 

areu opea for flltun iaftlti&atloll.1 the ue of ltrelJa8 aa4 afflNml operations 
,·:,·;_;..!' ;:, ~- ''.•j l",• •. .~·;~). ,;,;·;.1~-';i-J'l~ .. - :·v-.. :,'Jfr-•. F~~-b, 

in external -,.oiflcatlou, ail4 cea...U.Ucm of Rr proof i.chatqu• to more 
!1J, 

complex qstema. 
..,.., .. 
. "} . ~. . . ~ ~ 

There 1a ao way to ~~ th~ -~-1\,~~Y ~:-·/,~ht_,.•~i,ma1 

characterilUc rei.uoaa of m04ulel witbia • packel ~, J>Ut it ii feuib-le to 
- ; - _; •·:.-~ . .,,_ ·--. i .:;::- .. ~i _;"~1 ::r ---\ ~- • . '\i -2;£.i'.;! .,. i(~"'r;-· ··, .. ·-_: • .Jt:-:1,~-~ 1:~ ~:~,"'~~:.:.··.! 

_ de!elol> hiCJrer•level •~~1~ for~~ fe>r, IJ!NU,, ~r!"~:I ~cl Jheir 
•.,~-;:• 

0
' c:•' • i.:_•, •_.,.<,.,, ,~,,,, '• ••<•~-.•~ '•,"•"•• ~•••""• >\M •~•/••• ,1 • 

operations. .~ tot example, t~ .~ .. , ~~ ., A, . ,~~ic~ ,. , adds 
• ._; , .+ • .,-:··z' . Al_l _. ~-' ·f.Jt.. <.·:.,i: (.~"'9-_L/ i,,~ <';_ •• ;,1..._,.--11,__,.: ·,!t•-':1,.J 

correspon418' pack.etl from ita ia,PUt c:hanll )( aa4 JI to Y1•l4 the. ,aclteu for 
. ~~ . . • ~( :-,- , ~-~-· ,. .:~. ';' _,;;,_;~i·.:~ .. -·,t;1.rrr;.i ~{/'if) t--:f:.;.:~:f;~· _1s''. .n-: ,'1.:: '.;;.>=::•,,: ~~ 

its outtut ..... s. We char~ , ... ~~.ltf \lle·~r-1,uoa ... EXTA 
: J'._\. -. : ·i:~u"' -~ Lh-:l{j· -.;-~·-.,~~- -~~ ". ft'i'" is:: •·-~ - .. ,. 

defined by 

((x,r), <•» c £XT A <·•> It • rnin(lx, Ir) a4 •C 1 l • x[ 1 ] + r[ 1J Y 1 S ,., 
· .,· .· -..: ;,;; ·,_·:·,· ~:. t~. '~ ·~· L- 0

• -

at a hiper level, we ahoulcl IMt abl.~ t(t ,,,.."!s-o~~~i~~Hf,~ 1~~·• :~nci~~nal 

operation on streams, expreuad u • • ,c + r. Of COVN, in order to UN such 
.. -· __ : ·.·, . - -.~.; · .· -'.".'~_-,, :, "~·; .J.G_'~-:-.. ,_· , , , ,, .- · "' · .- ~A i~.'.' ... r .• ,, ~ •. ;., ;,> J.. 

ht&her-level 4elcrtpuou prol'ttably ill ,roof•, 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 . (';1~~~,r JJIPf,'r~ ~.· studyi;D& the 

development or a &~neral proof method~!°'( for ,v.,r~pq&. ,H~et 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 

systematic approach to the art or proof generation. We now discuss some or 

the Issues involved in abstracting the correctness proofs we devised. 

All of our correctness proofs have both a couistency Piµ't and a 
! .~;, : ' ". . ·, ; . ~ (, 

synthesis part. The consistency part ii . Nt ~>' to. ~o~ ~t for a &1ven 

execution sequence, the system input and output slices. !4l~i,sfy the external 
'. ·:, ',··., f .. t . ! . ,;,_ ,; 

specifications for the system. Since the , ext!~n~: ~ificati~~';• are. ghr~ in 

terms or streams, the consistency part consists of .. ~~.
4 
,~~ ~-119~ streams 

. ,.: ... '. ' ,.•, . ' 

satisfy desired properties. For our proofs, t~ese Jro~•·· r«.JJte · .. to tbft size 
. .;;._,,' ~. ' ' -· ·. . ' 

and elements or the streams. Accordi~Y~. the c:o.~~,ncr •·· p01:tJ.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<>Of ,n~ the 
•. ~- :•• I • .;. • ,. ' ' 

construction or execution sequences to realize given .system behavior. These 
·. ·~ r::. . 

two parts, consistency and synthesis, compose the framework of a correctness 

proof fo,. any packet system. 

In order to produce a correct~~ Pr9"~ ror,,t~:•··en~al case Qf: an 

arbitrary packet system, one must develop -1 set of t~½,,. ~9r 1Wt~~ .the l'4rts 

of a proof mentioned above. We now discuss each of these parts in detail. 
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For the c:oa.sistency Portion of • correctneu proof~ . we need to 

establish chaiu ot equalities conn.ectin& the vario~ systezq. input ud, qV,tput 
' ~ .~: I . ,··• '; "\'" ' : . ' • ' ' •J,. 

. . 
streams. Construction or such chains, of course, ta ~~pliah~ thro~ the 

' ~, ,, ,- . ' , .. . ' ;:: 
.i" ~ -

use of the exteraal specifications of the component modules of the syat~. 

With all but the·· aoat 'trivial of' system,. aeparate chains muat be set up to 

handle the ···sia a1l4 ..._t · PJ'Oputiet of the chan~l streams. 

In our proof, of the system. C and S, we made use of special Umit 

lemmas to complete the am chaiu. ~ Sum. LiJllit LeJD.JU, f'c;>~ •~ple, 
_.A'.'(:. t- .· - I t. ' J 

asserted that the limit or a termwiN 8\Ull or two streams is _the SlUll of the ; ~ { - . - . ,· ,'' . . ' 

limits of the two streaJU. MathemaUcally ,q,aakin&, we may view th:l& 

· temm:a as stipulatlq that swu aa4 limits "commute" under appropriate 

conditions. S'w:h a'commutaUVity property ~Ually ~tates that t~e termwtse 

streani 'rum d,-ration · .. ii conun~ ta; a - certain aath~tical ·· sense. For an 

arbittary packet·~ in &eaeral, conUauity iemJUS such as these are needed 

in otd'er ;.to eital>Hall · ~elation., amoaa -ream, ti a; system's limit state from 

cort'1!spon41n& re~iou that hold for iateraecliate staltu. A fairly lar,. class 

of artihmetie aa4· Jocical o,eutlons satiaty the desired continuity properties. 

It''may be wise to restrict the clus ~f pack.et;~ to iaclude only those 
._,, ,.JI 

behmors rot which the size properties· are contiauous. 

There ta an eatirely different concept~ abstractiqn associa\ed , with 
' . •' ,:-C"\_,- -

the element properties in a consistency proof. Ill C)l'der to reltte paz-U~ular 

output pack.et valuas with correapo1141DC iaput pack.et values, it is i:a general 

· uceuary tt> ··tna the ,....a ·•at mti"14ual ·.packet, thr~U&h the internal 

channels : ot ·'the q-atem. Thia becomes a· difficult ~ even with relatively 
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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 hare should paint the way for further 

investigation. 

8.3. Partin, ahota 

A detailed development of a pack.et system. :,,_rification methodology 

based on the ideu presented in the preceding .cti~~ la' not an' easy. task., but 

there ts a far more difficult problem to :be considet~: The complexiiy of the 

systems that are studied will always be. a cob.lti'~niD& 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&D,ificantly 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 



- 130 -

way. we feel that UMt concepts that have 'be8Jl uvelopecl ia oar research can 
, , 1 ·,. 

be .11ppliect to aid li&aUicatly in Uw proceu or d~~ ~ _ and 

understaadin& paclr.et systems. 

In swnmery, tile ruearch here hu opened up a new area of formal 
" f ~ :f'', { ,-_ :j 

specificaticm and. verificatioa of coaputta& syaaaa, both hardware aD.4 

soltware. The o.n.,inalit, of thil wo~ t, ~Y e'4_4eat :~• the context 

or har~_ware system ilui&L The __ •~• _GA ~,ci~'-: ~v• !:leen 

developed hce _are ,..ru1_ 1a their qwa .n,ht u4, .. ._ ¥1.( ~t .. -W~ for 

future work. ill ~ ud Wft~ .~ 
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