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dolng so, j-f necessary, lt makes use o.f backup l-lnes Rr and Bp, whlch areand RB ( the funct lons of  a l ] -  l_ Inks of  the Ce f ,ärre been desc¡ fUeá fn t f . j j .

-  In  a sense, .CRA 1s a PA operat j -ng envl ror¡ment ,  wl r lch lnsul -ates pA f rom al l  nbread-
and-'DuEf,er'r problens that may sprlng up from unrel-iabre c¡¡annài ir:nound.lngs (-the , 'trans-
Pa¡9!9y"  pr lnc lp le) .  Thls  Eethodology ts  the hardware."ã iãs"ã õr  r r ,  approach d.escr lbeciin  [3] ,  based on Ëhe idea of  an autoãôrny of  aËou1c act lons of  progra-- lng processes anda local lzat lon of  a l l  recovery funct lons 1n so-cal - Ied.  exeeptroñ i ränalers.

In the present  paper we w1l1 d lscuss only the PA deslgn.  The development  of  cRA hasO 1 988 bv A¡lcnon Pre¡s, lnc.

A  F A U L T - T O L E R A N T

B .  M a r a k h o v s k ì  i
A .  V .  Y a k o v  I  e v

The pr inc lp les 1s c ies ign procedures ícr  a channel  adapte: '  c i : .cu l t  ln  a systemlncer face of  a r lng LAN are d.1scussed. .  Methocis of  ser f -synchronous J-mpJ-ementa-t l on  o f  a  coEnun jna tJn r  nF^+^^^ r
rransmission or r ' i3"*33t3::f" i :r1"t i ;"u::: i : l lu:. 

1ne1udlng a concept o'r dlrect
of cielays 

"¡ ";; i ;rååi i3i";nåiå3,."!ïJ: l : : .å"åti ï i : : .operai lns 
lndepenoenrlv

An lnformat lon exchange protocol ,  whlch ls  a set  of  rufes of  jo lnt  operat lon ofmodules ln  a network archi tecture,  can aLso be used as the ln l t laL specl f lcat ion of  thebehavlor  of  adapters whlch l lnk the mod.ul -es to the ln fornai lon channer.  rn l l l  a  conceptof  d l rect  t ranslat lon of  physlcal  layer  p¡ãtààoi  rnto the l -nter face adapter  c l rcu l t  wassuggested '  The concept  euployed s lgnal  graphs as the forual  language of  protocor  speci -f icat lon '  r i  has been nent loned,  hõwevei ,  ihat  the method 1s eo-ùalJ-y appl lcabl -e to other . ,nore lmportant  model  c lasses whlch descr lúe not  o l iy- -ã"1""n"ã"ãü" . "o para l_ ie i  opera-; : -cns,  but  a l -so ihe c iepencience of  process ¿yna.¡n ics on the vaiues cf  ;he iaca :ecej_ved o: ,?ÞhêFâ=ô' ì  -^  r2 l  a  sr Ì 'ucEural  organizacion was c iescr ibeci  of  a channer wi tn a: , ing a: -
: ¿ ¿  L

n h ì  r c n r r r ¡ õ  l F . ì  -e¡ ¡¿esuus .E  L : . 'B '  2  l n  l 2 ]  )  and  co r ¡mun lca t i on  p ro toco l s  wh l ch  p rov loed  fau l - t - co l -e ran t  seL í -synchronous lnter face at  the physical  layer  o i  a  locaf  area nätwork.  r .n  ¡h is  paper weoesc=1be ihe pr inctpres and proóeciu¡es o i  cons¡ruct j -on o. f  a  chan"åi ' .¿äptåí ' i t i i " " i rcu j . r]mplement lng these protocors in  a way lnvar lant  wl ih  respect  to  oelays of  e j -ements andl rnes of  the cornnunicai ion channel .

]  .  P R O T O C O L  A U T O M A T O N  A N D  C O N T R O L  A N D  R E C O V E R Y  A U T O M A T O N

Genera l l y ,  cA  1s  a  c13cu1 t  wh l ch ,  bes ld .es  a  se t  o f  p ro toco l  f unc t l ons  l nc lud lng  cap -tur lng the channel-  and t ransmlt i lns nnd ?.ccel  r ¡ t  no
t i  n n  ¡ i a f  a a i {  n ¡u¿v¡¡, usucçu.Le,, locarlzatl ';; #än":ii_;:::+åiiu"ä"å:'få';"liråi;t:Ht:i:J:T äitå"ä::si red faul 'u- to lerance 1eveL.  I t  1s convenlent  io  d.1v1cie the cê-  i t " . , " ¡ l r " .  ln to two suo-sEruc tu res  (F lg .  1 ) :  p ro toco l  au iomaEon  (PA)  anc i  con t ro i  and .  recovesy  au tomaEon  ( cRA) .
T h c  P A  n â ñ f ì r F 6 c .e4veq4=o Eh€ channel  and t ransmlts  and recelves messages operat lng as the o¡ ' lve: ,and the recelver .  PA also forms mal funct lon s lgnals of  both-messäøe h,uf fer .s  tFì r r .O) anC anumber of  aux1l lary lndlcat lon s lgnal .s  for  CRA. 

! ¡¿¿\

cRA dlagnoses and local lzes mal funct lons on buses I lnk lng cA wl th the connunlcat loåchannel-  and ldent l f les cA roal funct lons;  1t  a lso swl tches and reswl tches tbe cornmunlcat j_on' l J n e q  
ô f  f ' Ì a â  Q Þ  ¡w¡¿s s!  Csource data bus)  and RB (recelver  d.ata bus)  wl th ln ternai  srgnãl -  I inesof  the buses t ransmJt t lng a hal f -byte ln  a sel f_synchronlzed.  code (SCC) such as an opt j ._

rual  equl1 lbr1un code (oEc)  c l  ore Cl :6)  and DPV O:6) ,  and the respect lye acknowledgmentsö
SïV and
I  n a ' ì  r r â a ¡ l

v ¡  r  ,  ¿ ¡ ¡

1n SB

5 9



B l  ^ l

_;_1

Áð
(oE s8 RP)

! ' 1  I

BP Æ d¿NFz

'--lssr
'  (hmctf)

ìt
t i
t l
l i
|  ' , - \ l  I; -  - l  l a

--.- ì  lwxl, lo¡v

I | | | I I I l.-,f-l
'  ! l  |  |  I  t - ' l  l a
r-I-r L---.-: lwxf,lon- '------ :rl F'*--- -L_J

trr'l c )

t m ( b ) C R

F lowcha r t  o f  p ro toco l  au toma ton .

ce ¡ ' ! a1n  spec l i l c  f ea tu ¡es  assoe la tec  w l t h  t he  oes lgn  o f  l - n te rna i  p ro toco fs  f o r  exchange
o l  d lagnos t l c  and  recove ry  l n fo rma t l on  and  l s  i he  sub jecE  fo r  a  sepa ra te  pape : ' .

A  d l scuss lon  o f  PA  c l r cu l t  syn thes l s  mus t  cove r  essen t l a r  aspec ts ,  l nc lud lng  c ieve rop -
menE o f  t he  ope ra t l ng  s t ruccu re  f o r  PA  anc i  t he  cho l ce  o f  t he  con ¡ ro l -  p r i nc lp le  f o r  op -
e=a l i ng  s r ruc lu re  e i -emencs ;  < ieue rm ina t l on  o f  t he  t ypes  o f  ma ln  ope ra l i ons  and  the  cho l ce
oÍ  an ac iequare language fo i '  speei f lcat lon of  the asynchronous conErol  of  PA scructure e l -e-
men ts  on  the  bas l s  o f  co ¡nnun l ca t l on  p ro toco l s  spec l f l ed  by  I I ] ;  anO c ieve lopmen i  o f  me thocs
and  means  Eo  suppo r t  t r ans la t l on  o f  a  p :ocess  desc r l p t l on  l n to  a  PA  con t ro i  c l r cu r i .

? .  T H E  O P E R A T I N G  S T R U C T U R E  O F  A  P R O T O C O L  A U T O I i I A T O N

The  s t ruc tu ¡e  o f  a  PA  cons l s t s  o f  t he  f o l ] ow lng  b locks  ( see  F1g  .  2 ) :  b l ock  rece l v i ng
lnformat lon f rom the channeL (BPl( ) ,  b lock recelv lng ln format lon f rom FIT 'OI  CBPF1),  b lock
sendlng ln format lon ln to FIFOA CB\fF2) ,  b lock sendlng ln fornat lon ln to the c i :anne1 (BVK);
se t  o f  aux l l l a r y  b locks :  an  a rb l t r a to r  (A ) ,  coun te r  o f  add ress  by tes  ( .SCbBA) ,  p r l o r l t y
ccmpar l son  c l r cu l :  (SSP) ,  and  " I 'm  the  d r l ve r t r f ea tu re  t r j - gge3  (T ) ;  anc  eonc roL  c1 rcu i :
/ c r f l

Al l  t he  b locks ,  excep t  f o r  SU ,  be long  to  t he
i ro¡o SU by specla l  comm¿n¿ s j -gnals of  reo-uesL.oLi
¡ ' l  ê f  Þ . r  f  hêr '  Þê<r )Ond by  the  appropr la te  response S lgnaIS b .1  .  In  th lS  way a  SeI - f -Syn-r  v ¿ ¡ Þ J  Y ¡ . L  b F - Y -  -  v u F Y . . v v

chronous ("quest lon-answert t )  protocol  ls  malnÈalned at  the level  of  PA- lncernaL lnter-
'o lock communlcat lons .

Severa. I  b locks l -n the operat lng ccmponent  are lmplemenced on the basis  of  ex ls t lng

operat lng component  of  PA and are-star tec i
a f t e r  t he  app rop r l a te  ope ra t l on  l s  com-



""="i io5.,"t i Ï Í"" inåi i";" i :";å#:t 
jescr"be -n cietal i  ;he s;ruc: ' , :-re oi '  eac:: biocx; we :v:.-:

3PK receives f : 'om the inpui  channel-  a hal Í -byte ln  ssK RoK c i  ana converrs 1t  j -n to epa raphase  ccde  o f  i nce rna ì  reDresen ;a i l on  o f  ha r î -by te  C16  coc ie  sã ¡s )  o f  l n fo rna t l on  andi : lEc uni tarx i  nd icat i  on s lgn^ iÁ 
- :or  

" . " "  
of  

-  
tnJ- iou= marKess ,  Ml- - : , Í4  (aì  cogelher . ,  oRÍl :  prcv ides 20 i rork ing ensemoies i ;  rn is  is  c ione íor  forn ing ;ne daEa cy le anci  senci ing : ;' : : ¡c  3VF2 anci  BVK ( i ¡  Ís  sen:  lnro.3VK..cy hai f_.o5,¡s5 ¡ ,  senci rng :he hal f_.oyre cf  ;he .Ðr i_c l ' l : Ï  nunber ln io- the compa: ' isoä^cl rcui t l  

"ã"ãr"ä 
:he ac idress ìeng¡h hal - Í -byres inroschBÁ ccun'er '  and execu" i "s-ããï¡ - ¡y"" - "Åi i i - 'ä iåî . t j .on af te¡  recerv ing an add: .ess or  ;neasç worc i  accor i ¡  ng ro rhe õ" ; ; ;¿" i ;  

- "1- i i - j  w v! ,s¿

3PFr .eceives f ¡om f r ¡ -of  ani  s¡ores tempora. ' r ly  a nessage o] ' !e ,  proc iuces pa¡ :s  o i -¡ : a i r - bv tes  i nco  tY5^ l l : - l = l J . i Jv - - ; ; ; ; ;  ; ; äã " iS ,_ lnc remenrs  p= io r r ; y  rn  : he  , , r , ece i ve r -compeE i to r , 'mode  (acco rd . i ng  t ã -äap r l - , " e  p ro roco l  i i l l ; ; - ; ; ä ; i  i ¡ , i " i .  has  rece i vec i  a  requesEfor  nessage t ransEi-ss lon ãFtã= i i ' r "  
" . , " "unt  

arb l t rat lon seci lon a¡cÌ  has not  received accessas the channer c i r lver  rs  a l rÀr+eã- uy or . " -har i  uv- l i r "  next  arb i t ia ; lon session io  lncremen-.i ts  ps ior l ty) '  sends t ¡ "  ò¡ã""ã: -  
" .p t , - r "e 

requel t  s lgnaI  rnto t ¡ ¡e-a¡ .b l t ra i lon unl t ,  i r -crcates error  ln-  case of  reeepcion i ' roo ¡ r ið i -ãnc sencis ind. lca¡ ion s-{  pnâ. Ì  l , rç , ì  tn  ii n te r faCe  COnt rO l_ l -e r  CaK) .  
- - - ' .  - - "  ' ¡ vs  ¿  ¡ ¡ ' v¿  é r r ( i  senqs  ] . nO l -CaE ion  S i -gna l  

.N ¡ ' l  
t o  Q-buS

BVFZ sends lnto FrFo2 an lnfornat lon byte formed of  two hal - f -bytes stored.  1n BVK, o i .a  byte of  the status word recei låo r"or  À*;  
- ; " -ð i r .  

t . " t -wor¿ 
-w¡rãse 

n lnrh b l r  (89)  eo-ualt o  1 ; l t  a r so  de tec t s  t r ansn l i i l ãn  e ro rs  1n  F rFo2  and  send .s - r r rä iàa t ron  s lgna rs  NF2  to  eK .
BvK t ransmlts- ln to^t ! ¡e output  channer.  sequent la l ly  ln format ionfror¡  the byte recelved f rot r  F i ¡ 'õ i ,  or  har f -byte f rom BpK, or  one of

wi th the codlng of  haÌ f_bytes anC markers fn OBK Cl- .

ape r i od i c  c l r cu l : _eng inee : , i  ng  concep ts  .  Fo r  exam-ÐIe ,
t i ona l -  code"  conve r i , e r ,  1nc lude .  i n  l h i s  sys ten  1n  BpK

1 - l ì a  I Q q ' 1  ^ Þ r  n JurrË ùùrr  uru\  uZ -  paraphase posi_

,  has  been  c iesc r l bed  l _n  [ 4  j .

ha l f -bytes formeci
tbe Ea-rkers M1-M4.

Auxi ' ì iar r ¡  b iocks A,  ssP,  and T per form anci - ì iary func: i "ons.  The a i 'b j - r 'aEo:  .oe=for : rsioca:  arb icra l lon be¡weán thé ãã¡aan¿- s i .gnal -  rãããl r r "c  f . ¡ .om sü anc ¡ 'o ' ,nec on i i re  basr-s o:'  a  request  narkel '  recelveo f ¡ 'om the chanñei  
" .ptù"u 

reques!  featu¡ .e formed ln BpFi  as a¡ ' esu ] ' ;  o f  r ecep ; l on  o f  t he  f j - r s ¡  by te  o f  .  r u " "ãg "  o raced  , ' a t  t he  ex l t r r o í  F ro r .  T i : e¡ ¡ h i  ¡ ¡ ¡ r n Þ  ^ ^ F + ,qeu¿ ' su r l  ca ins  a  i j - x i ng  t l ' j . gge r  o f  t he  ¡eá iu re  RZ  1nd .1ca ¡ l _ng  the  p resence  o f  a  cap_;u : ' e  d ' emanc ;  i i  i s  usec i  by  5u  a - "  va3 i . ous  sEeps  1n  the  con t ro i  p rocess .
ssP compares pr lor l t les:  the ' ror¡ ¡n"  pr lor l ty  numbe¡.  oÍ  the mooul-e N^ formed l_n BpFla l i  rh :  pr ior l ty  num'Der N recelved f ¡ 'om the channer âÌ , -J \ ¡ r ¡c  r ra¡

S;:". 
Nc ¿ N ",''ä ¡¡^:-ñ ;";-;àä"0 ro derermi;; ;;å H;ïåå"Sr'ilä 3:i¿"3ì ;"å::Tl';"i1.î;-

^ T h e  t r l g g e ¡  o f  t h e  r J  r m  t h e  d . r l v e r t t  f  e a t u r e  i - s  u s e c i  t o  s t o r e  r h c  i ¡ o  J  n r l  l  a a t ¿cess fu l  cap ture  'o f  
the  channe l  by  tne  dr lyer  

sÈsu ue  òueÍe  u¿¡s  ué6 : -¿ lL r l . :a . : : rg  suc-

B e s l d e s  t h e  a b o v e  f u n c t l o n s  o f  t h e  b l o c k s  w e  s h o u L d  m e n i l o n  - e h e  f u n c t l o n  o i  q r ô F ì h -1 : :  t s P K  t h e  f e a t u r e  o f  s e r e c t l n g  r h e  r e c e l v e r  R B B  l a e e o ' r ì r n e  i ^ . * : t : ^ : : : : : I " "  
o l ^ o u w r r : r õ

FrFo sisnar- ro¡raatlon mechanrsñ rn BpFl and BpF, i3";:::å"3"t:n;t:.å3$i"åì'o.i l lrñ1"i..t ime  a i  r+h i ch  t he  c r l t l ca r  vã iüe  o f  t he  c1 ¡cu1 t  r tme_ou t  C ihe  sca l_e  de lay l  r .  
" * " ! åä30 . " "?ií"t i l*" iË3rTl*.t ton 

or the cu¡rent slgnal- of-reo-uest al (fron ¡tFol) ano response v2

3 .  T H E  P R I N C I P L E  O F  T I . I O - L A Y E R  C O N T R O L  O F  O P E R A T I O N  B L O C K S  I N  T H E  P R O T O C O L  A U T O H A T O N
rn the PA c l reul t  the organlzat lon of  the st ructu le controÌJ- lng the operat l -ng Eooures1s c losely connected wl th sevãraJ-  deslgn an¿-- iunòt1ona. l -  pa"ar" t " rs ,  such as ope¡at ionspeed' '  equlp 'ent  s lze,  lengtb of  wl re ðonnect lons,  ete.  Two cont . "or  ]evels a 'e corûblned.in P '4 to obta ln the desl reã varues :  one centra l - lzéa ana orru aãõär. ï ra l lzed. .  14e proceed.f rom the not lon that  a protoeoJ-  descr lpt lon t ranslated 1; ; ;  

" -J i ] : " , . , r t  
1s ln  face thespec l f l ca t l on  o f  t he  uppe r  (een t ra l r zeà )  

"o " i "ã r - reve r  
*mõn-cãå i c rna res  t he  aboye  b r -ocksby execut lng the commands of  the Pl 's  generãr  ãõr . r r "o1 c l rcu l t  .  Thls  ass,r?nes that  thecontroL c l rcu l t  executes the ent l re_prótocor  aLgor l thm. on- i ¡ ¡e J i ¡ r . ¡ .  hand. ,  an analys lsof  protocol  funct lons executed by BPi( ,  suci :  as-ããdr." "  
"uãäpi ïJr . , -àno 

reaolng,  recepr lonof  a pal r  of  consecut lve hal f -by ies f rom the lnput  channeL ano senarng e l ther  a data byte



1:g ,  t  .  J  l  owchar:  of  ;he uni ;  receiv: I ì3  i : : f  ornac:-on

i : c n : : : e : h a n n e :

: : i ¡ c  f r goZ  o r  z  ca i : , o f  ha l i - ' oy res  1n ¡o  3v11  (poss ib i } " . ' r i i h  ? : ! i - f : ' ' j '  
i t  1s  an  ac Í i ' r ess

cr  :he iasr  , ,+o: .c i  I  ,  ina icaces ;na-u f  or  ef iecf ,  j -ve opã"ät iã"  oÍ  BPK 
"ót  

= i "u" lec i  cn :ae casis

c l  an asynclu 'onous buí Íer  wl th two reglsEe: 's  and an ' lnpu!  conver--e l  SSK C¿'  ccnve: ' Ï lng

d .a ia  t o  a  pa raphase  i n l e rnaL  code ,  l i  l s  oes l ra ' o l e  t o  have  the  con t ro l  l ns lde  t sPK  to ' oe

qecentra. r lzeo and made lndepenaeni  år  ;h"- ; ; t * "ã: - -su.  par t ia iJ-y,  1 i  is  organizeo accordine

+^  f  hô  ,¿ ra r r  q1?êo - .  ¡ ¡ . , r  n ¡ r  n1  a  Bp l i  l s  a  n ine -b t t  r eg l sue r i  ! , hq  f ou r  l owes t  
' o i ' us  con -

- -  = É L D  P :  r ¡ ¡ v ¿ v ¿ v  '

s1-"ure the pr1or1;y counter .  The-ãci ' le¡  iwo b lock"-g\ t : "ã- t "A ÉVf co not  s tore ( 'buf íer ' )

haf í - 'oytes or  bytes and per forn . , . i t fp f  
"*1ng -of  l -n fornat fon f lows '  The l Ì ! ¡nedlaËe ccntro i

oÍ  the regls lers ls  oone Uy locai  ãoni rof  tð¿*f . " -  *h lch produce,  upon recelv ing cornmanos

a.  f rom su,  roca:- -ãontro l  ä lsn.r i  ; ; ' : " ' i : : î i ï : Icat lon ãrrcul ts  Gn aceoroance wi i i r  iae

se i f _synch ronous  coo rd lna t l on  p r l nc ip re  t a l )  wh l ch  p lace  work lng  and  sepa ra t l on  se t s  on

informat lon buses (outputs of  regl -s ters or  nul t lprerers)  generate lnd ' icat ton s ignals d 'k '

These s ignals cause local  contro l -  mod.u les to produce responses b,  whlch serve as acknowl--

ããgu"t t t t -of  1nd'1v lduaI  protocol  operat lon '

mhe ô?--qaÌr lzat lon of  the lower contror  leyet  can be l r lust raced by the BPK st ructure

: : :  ?J -g .  l ;  : ;  ccmÞ ines  :he  p rJ -nc ip ie  o f  d i s ¡ : r  bu ¡ec  ccn ; ' r o - '  ( coo rc inacec i  l nce : ' ac ; : on  c j

:ne f  i=st  regis !er  Rgl  wl ;h fnpu;-  iå t  
"orr , , " tce¡  

pVf¡  )  ano cenrra: : -ze i  con;¡o ' : -  (by s ignais

¡Éôñ  i hÊ  ê i . r e r l i  con t roJ - r l ng  da te  : . ecep i l on  l " o to -úËr ' cnánne r ) .  The  cco ro lna t i on  o f  t he

icrne. .  rype is  execuçed on lhe fã l iã* iãè-pã-""  of - f l for tat lon and acknowledgment s lgnais:

D iV ,  S ïV ,  Cy i ,  Y . ) ,  ano  r ,  wh l cn  f np lenãn t  a  s tanda rd  gues t i on -answer  p ro tocoJ "  The  cen -

i?e! ' .  ze l  conrra l  l -s  ca. :e: ' led ou*,  ln  response to the comnand Ci-CI  proc iuceq f rom UPK inrc

pVKh ,  Rg l ,  anc i  Rg2 ,  : ' espec t l ve l y .  The  seman i l cs ' ã f  ó .  i "  f a ¡ ' l - y  i : ' anspa ren t :  C i  a : l - ows

pVKh io per forro ihe receprLon of  ihe next  set  SSK Ci  f io t  DfV c i rannei  anc conver"  i - -  e i - ;ner

r ¡ *n  rn fn rm¡ r l ona Ì  pa raphase  coqe  o f  ha l í - by tes  ( fX )  o r - l nco .un l i a ' r y  marke : ' coqe  (M) ;  Cz
I l 1  V  V  ¿ ¡ ¡ ¿

permirs recepr lo '  o f  ln- format lon- f i -nãi  l roä eVfùl - -åna C3 and C4: 'eáuj - re wr l t lng a hal í -

1 , ,+^ ;n fn  Ro2  fnom Rg l  w l t hou ¡  a  À i t f f ã  o r  w l t h  
"  

én f l t ,  r espec i l ve l y  Cacco rC : -ng  co  p ro -
u J  u ç  l ¡ ¡ u v  ¡ t å ê  ! ¡

: oco l  o í  r ecep t l on  o i  an  ac id ¡ess  o r  i be  l eas ¡  wo rd ' ,  r espec t l ve l y ) '

T h e c o m m a n d s C , p r o o u c e d b y U P K a r e a r e s u l i o f i r a n s f o r r D a t l o n o f c e n t r a ] c o n c r o ]

commands a4 ar tð,  a5 arr lv lng f rour  SU. In Part lcu lar ,  a4 specl f les t i fe  colDnanq " ' I 'ecelve

fnnm rhe channel  an ln format lon hau-byte or  a Inarker t ' i  a6 specl f les the command "recelve

;" ; ;  ; ; ;  ; ; ; ; ;e1 e l rher .  address har_f-byre o¡  last  work har f -bvte wüh a shl f :  roward

h lghe r  b l t s  o r .  r * i . " " . "  BPK rãspon¿Ë to  t heõe  commanc i s  l n  iwo  poss lb ie  b lays :  oy  a

; ; ; " " " ;  s1gnal  
'U]*r"ä: .å" t rnä-  

t r ra i  l i  t thas t .cetvåa1 new i ra l f  -bvte of  aodress,  or  l -asr

, . ,n¡¿r  ar  nrJôì .J ty  nunber,  or  data hau-byter t  or  tbe response s lgnal  b¡ ,  lnd lcat lng that
w v r  u ,

i i  "has recel -yed a token. '?  In addl t lon,  BPK.forms -þredlcate s lgnals R2 ( 'byte readlness

feaÈure )  an¿  RVB c rece l ve r  se le " ;1 ; ; - ¡ ; å tu ¡e )  wn rãn -a re  used  by  su  to  se iec t  t he  o l - rec -

t l on  f o r  t he  P ro toco l  a l go r l t hn '

4 . D E F I N I T I 0 N 0 F T Y P I c A L 0 P E R A T I o N S 0 F A P R 0 T 0 c 0 L A L G 0 R I T H H

proceedlng ro the actuai  deslgn of  a centraf  conl ro l  c l rcu l :  (su) ,  the in i t la i  func-

r lonar  prorocol  specl f lear lons áËËãirËå¿-; - ï i i - in  rhe form or  marked Petr l  ners shourd

f l r s i  be  conye r ted  to  a  rep rese t t i á t ro "  desc r l b l ng  exac t r y  t he  con t ro l  p rocess  by  Ehe

; rn ¡Þ  n r  nne r .a r l ona l  s l r uc tu res  se lecced  j - n  t e rnE  o i  
"  

cä r ta ln  î i n l t e  se f ,  o f  t yp l ca i  cp -
! ¡ v u Ã  v ¿  v y v ¡ e v - - _ _

erac lons  on  such  
' c l ocks .

__,aæ
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l :9 .  !  .  r - : 'agment  o f  a  ¡narkec i  Pe! r .  re r :  snF.  i  ô , ¡ .  ¡ ¡  ihe
c  ì  : n n ¡  n  ¡ n  n - , '  - È o  ^ a - - - ^ ,  

- : : - : : . .  
, : - -  

-

¿ - ó J ¿  - ¡ ¿ c  c C I ] E j . o ì  c a I . C u t r t  o D e : ' a E L o n .

Typ i caJ -  ope ra f ; i ons  a re  t o  be  unc ie rs tood  as  f o rma l  ac i i ons  ! . ep resen t i ng  t hose  func -l i ons  o f  oDera t i on  b rocks  desc r i bed  l n fo rma l l y  1n  secc lon  2 .  A  1 : - s :  o f  cyp i ca l  ope ra -t i ons  pe r fo rmed  on  b rocks  o f  pA  ope ra t l on  s t ruc tu re  1s  g l ven  be low .

F o r  B p K :

BPK(M)  -  r ecep t i on  o f  a  t oken  (one  o f  f ou r  M1-M4)  f r om the  channe l_ ;P
BPK(B) -  recept lon of  r -nformat lon hal - f -byte f rom the c i ranner_:

BPK(s )  -  r ecep t l on  o f  i n fo rma t l on  ha l f - by te  w l t h  a  sh j - f i  t owarc i  h l ghe . r ' b i t s ;

-  BPK(S ,  M)  -  execu t l on  o f  e l t he r  BPK(S)  o r  BPK(M)  c i epend ln t  on  the  va l -ue  o f  t ¡ . ì e  coc ie?

C /  r . e c e i v e c i ;

_  3 P K ( P ,  i ' ! )  -  e x e c u i l c n  o í  e i ¡ h e r B p K ( p )  o ¡ , 3 p K ( . M )  c l e p e n c Ì r n g  o n  r ; l e  v a r _ u e  o i  ¡ : r e  c c i e?
1 -  ¡ c n c i  ¡ ¡ a ¡ ì

c

F o r  B V K :

t svK(M,  )  -  t ¡ ' ansm iss lon  i - n to  channe r  o f  t he  Eoken  M.  (1  =  r -4 ) ;

tsVK(P) -  forwardlng in to channei-  the hal - f - 'oyre recelveci  f rom channel :

BVK(Pl)  -  forward ' lng ln to channeL hal - f -byte lsoLaEeci  1n the byte recelyed.  f rom Fr, ro1
( i f  i  =  1 ,  t he  l - ower  ha l f - by te  1s  p roc iuceo ;  I f  i  =  2 ,  t he  h lghe r  hau -by te  l s  p roc iucec i ) ;

tsvK(ø)  -  t ¡ 'ansmlss lon oî  the zero hal - í -byte in to the channel  ( io  form the last  worc) .
F n n  R 9 t r l  .

BPFI ( t s )  -  r ecep i l on  o f  l n fo rma t l on  by te  f r on  F IFOJ- ;

tsPF(+)  -  lncrement lng the pr lor l ty  1evel  by one*: :aJ_. f  t

BPF](NFI  )  and BP! ' l  (NF1 )  -  seci lng and c lear lng emor s1gnal  of  FrFOr NFr,  respec-f J  r r a l  r r

F o r  B V F 2 :

B\ fF2(SS)  -  t ransmlss lon  o f  s ia tus  worC ln to  F fFO2:

BV.q ' :¿ ( . ts I  )  -  t ransmlss lon of  ln forr la t ion byEe lnto FIFO2;

B\ |F2(KF) -  t ransmlss lon of  }ast  word byte ln to FI I '02.

F o r  t h e  o t h e r  b l  o c k s :

SSP -  s ta r t l ng  p r l o r l t y  compar l son  c l reu l t :

6 3
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F1g .  5 .  An  l l l us t ra t l on  o f  t he  p r l nc lp le  o f
t 1 ô â n s l l l ì l n n  n f  a n n * ¡ a l  { * + ^  ^  ^ ¡ -ev r¿u¿-u r  ¿ l l uu  e  c r r cu l t  on  t he
bas l s  o f  a  phased l s t r l bu ted  l np lemen ta t l on :
a)  a f r lSment  oî  ass lgnment  represented by a
markeci  Petr j .  net ;  b  )  a f ragment  of  the eorre-
spond lng  ccn t : ' o l  c l r cu . j _ :  cons l s r i ns  c f  asyn_
c i : r onous  c Ì i s r : ' i bu ¡ i on  ce i - l s i  c ,  d )  

- imp lemen ;a_

i lons of  t i^ ¡o cel - ls ;  e  )  s lgna]  grapi r  spec j_ fy i  ng
the  sequence  o f  t he  change  o f  con t ro l  s l sna f  

-

l ypes  by  ope ra t l ons  Op l -  and  Op2 .

+A  -  i n te r roga t l on  o f  a rb l i r a to r  ( l oea l -  a rb l t r a t l on )  and .  se t t l ng  RZ  ( f eacu re  l nd i -ca t l ng  t he  p resence  o f  a  reques t  f o r  channe l .  cap tu re ) ;

-A  -  c l ea r l ng  RZ  to  0 ;

+T -  set t lng feature- t r lgger  r r f  a¡n the dr lver ' r  to  I :

-T  -  c l ea r l ng  t he  t r l gge r  T  t c  O .

The  fo l l ow lng  p red l ca tes  f ea tu res  a re  used  to  se lec t  t he  d . l r ec t l on  o f  t he  Ð ro toco l_argor l t i rm dur lng the course or  conrro3.  by su:  RM' i iã ; - i "ã1; . ;1 i l - ; i ; ; ;år r i "ãr" ioken M,
â t  Ê Þ I .  ' l  ñ ñ r r + .  Þ r \  f  ì  a -  ^ ¡  l4v  uL¿ \  ¿¿¿Puu i  * l  f i l g  q i  a  reques t  f o r  channe l  cap tu re  ( se t  du . r l ng  a rb l t r a t i on  1 f  a  re -quest  ls  present) ;  R2,_f1ag of  presence of  rwo i ra l i . ' -uyte i  rn in ì - reg1slers Rgr and Rg2of  BPK (generated by BPK to cooid, lnate the nocie àf  reóeptrãn ó i  a wnole ln format lon byteand  l t s  t r ansm lss lon  l n to  F IFOZ) ;  RB ,  f Lag  o f  seLec t l oà  o r  t he  rece l ve r  (a f t e r  adc i ress lngthe recelversr  the c iev lce operates 1n the mod.e of  se lected recelver  or  an unseLected.  re-ce l ve r )  gene ra ted ,by  BPK;_ I8? ,  f l ag_1nd1"a i r " t  i r , " r  t t "  n l n th  b l - r  o f  t he  by re  rece l vedfroro FfFOl  1s on Cset  y  BpFl) ;  n l  ,  f la t  ' r I  am-the d. r lv lerr r  (set  by the operat lon +T).

once the set  of  operat lons executed by the operat lng b loeks ls  speel f led,  the formal_language of  contro l  descr lpt lon is  chosen;  the act lon syñbol-s  1n the J-anguage represenithe operat lons to be executed,  and the cond. l t lon syBbols g lve the varues of  the feaEuresgeneraced in course of  execut ion of  the operat lons.  r t re fanguålã s i rourd provl -c ie a possl -b l l l ty  of  fo¡ : ¡ ra l  t ransl t lon f rom a specl f lcatLon of  a para] . re l  a lgor l th-E d. l rect ry  to a^ ^ ñ + F ^ l  ^ { ã ^ r r { + .çvrruÁ-u¡  s¿r 'cur-E;  as mueh as posslb le,  th ls  should oeeur by a f ragàent-by- f ragmun!  t rans-Iat lon (process of  a l lnear  ôonpl-ex lÉy) ,  whlcn ãt" , . "u"  automat lc  val -1d1ty by construe-t1on ,1 .e . ,  ob la ln ing  a  conËrc l  c l r cu l t  whose  behay lo r  1s  l nd .epenc ien ¡  o f  d .e iays  Ln  1 t scomponen ts .  Anong  poss lb le  cho l ces  c f  no ta t l on  a ¡e  marked  pe t r l  ne rs  (Mpñ i -ãåã  Jä ra r re rssynch roncus  g raph  cha rEs  (PAGC) .

6 4
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I l e '  6 . . .  Examp les  o f  t ypes  o f  e remen ts  o f  DAC l i b re rvt Y P e ;  b )  c e l l  c i r c u l t  
Y n v  ¿ ¿ u ¿ 4 ¿ J

t

c  e 1 1

rn th is  o?puf  preference 1s g lven to MpN notat lon used ear l ier  ln  [1] ;  an i l l -ust rat j_onis g lven in F ig '  4 '  which 
"ãf"å"uñts 

a comt; r r " r . t .o f  an i rp i "*"" tat ion of  channel  captureprotocoJ- '  Transi t ions (eveni-noaes)  or  miñ-ärä 1nr . "p"etãã- in" terms of  typ lcal  conrro loperat lons.  The^arcs ernânat lng r rom con¿i f iã""  (po" iã iãrr . . ioää")  1n MpN can be inrerpreredin terrns of  the features I i ;Ëã above.  rh l ; -üFry,  rn essence,  descr lbes ln  c iera l r_ thetransl ; ions lnc ldenr  ro ,ãrã 
-pðsr t ro. ,  

r r , - ¡ iFñ,  
. *å.s  

snow-n 1n F1g.  3 in  t1 l  .
5 .  T R A N S L A T I O N  O F  P R O T O C O L  A U T O M A T O N  C O N T R O L  A L G O R I T H I , I  I N T O  A  S E L F - S Y N C H R O N O U S  C O N T R O LC I R C U I T

the  necnan i s rn  : r ans ia t i ng  qN  ( see  F ig .  ü )  : n ¡o .a  se l f - synch ronous  conc i , o r  c i r cu : :generecj 'ng corunani  s lgnais A.  anci  receiv inã 'ací<now-r-ec igmen;  s ignais o,  is  basei  on a iur-lne: '  eraborat lon of  the atgoi r thm, specl fJ-ca11y on an appr- icat j -on of  a s ignai  rnue=preca-;1on :  1 )  MPN oos l t l ons  
" "ã " i " f " "p re ted  

tn  re rmå  o r  menã i i - ; i ; ; ; ; " "  s ro r i ng  r i . r e  MpN s - -â rê .2 )  a rcs  w i t h  poss ib l -e  p red rãä iã "  a re  l n te rp " . c .a  1n  te ¡ ,nä  ð i - i ãäc , . r "e  s l gnaJ .s ;  
" r rã "3 ; - * " - ,

t Ì "ansl i lons c ienoced by operat lons of  t ¡e oõerãJiona: .  
" " " , - , " " r "=- t - ro"*"  are ln terpreteo incer .ms of  reouesi  s lgnals-  a-  anã-  actnorrãaerã" i  ! tgnaJ_s b.  .

A  mechod  mode l l ng  Pe t r l  ne t s  as  c l r cu l t s  on  the  bas l s  o f  cond l i l ons  desc r i . oed : -n  i a . ¡ lcan  be  used  fo r - t h i s  pu rpo "u . - - - i t  p9 r9 -g " - f ã - t i r ä  g roup  o f  me thoc i s  o . f  so -ca r r_ed .  phase_dlst r lbuteo lnplementätLãn-ãi  pårarre l  õontro i "ãrgorr t ru.s ;  they are based on a convenËion;få:"3ï;'ff;""1,.3";"1:lr:liï:å:-ùiil";::niliii T" .o"rvalént rå execurlns borh operaiion:rcr. speciricaiion by MpN i"-"i,o*j';"";ïä:';å: åi.:iiå";;:::3r:å.iåË."ii;li; *:j!l*r;:l;pnase-drs r r lbured  lmp lement r t ið "  l s  d :_ag ianmÀå in  ¡ re .  ¡ ¡ . - - i i -äàmpr lses  d isc r ibur lveasynchronous cel ls (b¿C) ya, cãrrespondlng to tñe poslt lons Q. ' ,  of  MpN, ani sometlmes aciq, j ._t ionaL ce l l -s  ( ra r t )  fo r  lnp ienenta t lon  o f  1n¡erm.ar " r "  
" " ; ;= ; i  

i "u r " .  The lmp lemenra ' iono f  c e l l - s  o f  t w o  t y p e s  u s e d  l n  t h l s  e x a m p l e  _  y a , , 1  =  I _ 4  ( t h e  f 1 ¡ s ;  t y p e ) ,  a n d  y a 2 r  ( t h esecond type)  Is  l l l -us r ra ted  Or  
" l : i , ,L "_  

* r , * .d ,  iespec t tve ty .  The 1n1t1a l  s ra re  o f  the;l::i '; ': '"fåf;" t:oå;r*ll"¡"il#Êi:í; .*' inä' 
"v'ouðr 

(i ) i-;"=ns"ãxcitea signar sEares,
T h a  c n a a  {  € q¡¿¡ t  ùvçu¿lrc  feature of  phase-d ' ls tT lbuted lnpi -enentat lon ls  the fact  that  the se-quence ln the execut lon of  thè operat lons oPi  and op2 o,r  

"ã"öuãã1ve 
brocks ls  per formeciin  such a ¡ tay that . the ord 'er i "g-å¡  t i , .  

" r t " r re;"  
I ; . request  s¡ .ànais and response s lgnarso ! ' o t  and  a2 r  b r  l s  o rgan l zed "acco rd lng  to - the -s rgna t  e " .ph -ã i *F re .  5b .  As  a  re iu r t ,

;ff":'?:1"::ì'i:;l"iï,'iiir'33i;il :ff iï;l*"3,:'î:""i;ii:;åå:""" -a,, -b. ) and brankins
Ïn  order  to organlze the above s1gna1 contror  

_d1sc1Þr lne,  each operat lon nark lng aMPN transl t lon (see Flg.  i+  j - - i " -ã!srngeã tã i r r . l -s1gnal .ä-å; ï  Järru" . r  response s lgnar .s
¡

Hffir*""
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For exa-nple '  the operat j -ons of  BPK are associated hr i th  the fo l l -owinq comblnaElons of  ccn-
r ¡ n l  q i o ¡ a l c .  Þ P f l i ¿ M l  ¿ ,  h ,  È D t { l p ì  ¿ , . -  h  Ê Þ l { / S \  a - -  h  R p I ( / Þ  M . \  n .  ( i  h  \ .¡ t \ ¡ . ¿ / ,  É 4 ,  v 4 ,  D L : r \ ¡  / ,  ø 4 ,  u 3 ,  Ð r i \ \ ù ) ,  u 6 ,  U 3 t  D r S L : ,  ! ' ! ) ,  q U ,  \ O 3 ,  U 4 ) )

BPK(S  ,  N t )  ,  a ' 6  (b3 ,  b4  )  .

Af ter  conpl ; t lng the s ignal -  in terpretat  j -on of  MPN ooerator  t ransi - t lons,  a l - j ,brary o i
DAC must  be formed to be useci  subsequent ly  for  consrruct ion of  conEroi  c i . rcu l ts .  At  theI t n r tn r r r ¡ac t t  n r  â l ¡ 9g t . l l nks  be tween  seye ra l  ÐAC,  t he  respec t l ve  con t ro l -  s l gna l s  (a .  -  ¡  )
a re  gene ra ted  to  na rk  t he  respec t l ve  t r ans l t l ons  be tween  MPN p rec l s l ons .  1 '  

- L '

F lgure 6 shows exâmDles of  se l -ected types of  ÐAC ] . lbrary e lements whlch provlde a
n J F ô l t l f  < r r ¡ n n ¡ ru¿¡vu4e  ùsyyv ru  t o  t he  gene ra t l on  o f  a  des l ¡ed  "obJec t  code , "  r esu l - t i ng  f r om t rans la t l on
of  ?t ln l i1a l ' r  code specl f led by an MPN. Colu¡¡n a g lves the notat lon of  ihe ce] l  type wl thrrQ rn¡{¿ran# r { lks ( the arroÌ {s  lnd lcate the d. l rec i lon of  s1gnal  t ransmlss lons t ¡ ¡ rough
the conmunlcat lon l lnes:  the r lght-polnt lng arrows nark d l rect  l1nks between DAC and the
ci l rect lon of  l j -nks 1n MPN; the le f t -polnt lng arrows specl fy  the feeciback l inks 'oe¡ween
DAC anci  se=ve Íor  inp lementat lon of  a -Dhase-<i ls ; r lbute i .  c i . l 'cu l :  cÐeracj .on c isctp l - :ne.
a ¡  ì  , ¡ n -  È  æ r  ! - ^ ^  - L ^veru!¿ u ò:  v  c¡  ¿he correspono3_ng c i rcu ics .

The t ransiat lon procedure can be caf f led out  ln  iwo stages.  In  the f l - ¡s i  s tage,  ther r cÞ jec t  cooe" : - s  gene ra ted .  f r om DAC se t  i n  acco rc iance  w i th  t he  l i n r ; ec i  se ¡  o f  r u j , es  < ie -
f in ing the semanElc eo-u lval"ence of  DAC for  lnd lv lc iual  local  MPN eomponents.  For  exâmDfe,
a  c o n C . j - t l O n  n o c i e  ( w l t h o U i  ' O f a n g h l n s )  

c o r r e s n o n d s  r o  n e l  l  ô f  i v n ê  I  ¡  n a z i Ã  , . ' i  a ;  ^
ê ô h d r r r ^ ñ  , ^ - ^ ^ * ' ^ j I : : " : : t ^ : : i : Î : - " " )  

v e L L s o u v ¡ ¡ s o  v v  v ç : :  v ¿  u r v s : ;  a  n o o e  w : - " n  a  b r a n c : : i : : g
e v ¡ ¡ s ¿ e l v r ¡  \ y ¡ q u ¿ c â t € s  o n  o u t g o l n g  a r c s )  e o r e s p o n d s  t o  a  c e l - i  o f  t y p e  2 ;  a  n o d e  o f  a  s y n -
ch ron l z l ng  i r ans l i l on  t ype  w l th  seve ra l  l npu t  pos l c l on -cond . i . t l ons  i s  rep resen ted  by  a  ce i l
a f  f r r n o  ?  ê r ô

v ¿ y v  J ,  e v v .

The  second  s ta te  l s  t he  op t lm lza t l on  o f  t he  t ' obJec t  code" "  S j -nce  the  ob jec t  code
o ê h ê ? â f ê d  a ¡ n a r â5v¡¡s¡  . * lng to the above ru les can be red.undant  1n terus of  ihe ÐAC useci ,  a  deepel 'qêmânr {ê  âñâ ' l r r c r s  o f  MCN f ragmen t  1s  des l rab l_e  ( f r agmenr  concex t  ana }ys i s ) ; l i  a l l ows
mooe l l ng  by  a  s l ng l -e  DAC ce l l -  a  ce : ' t a l n  se t  c f  t yp l ca l  MPN nodes : ' a the r  t han  j us t  one
node .  Such  comb lna t l on  o f  f unc i l ons  l nvo l ves  t he  poss lb le  use  o f  AND,  OR,  AN¡ , /OR,  anc
atÞ , /  ^  tT l ì  I  a - {  a  ^*u^. /H.r . r ! ,  ¿eg.r - ( - :  on d l rect  and reverse DAC lnputs.  I i  resul ts  ln  a saylng DAC memory e le-
men ts ,  wh l ch  l s  a  key  t o  ra l s l ng  SU ope ra t l on  speed .  I n  pa r t l cu la Ì ' ,  conEex :  ana fys i s  can
be based on separate t ransfor t rat lon ru les;  for  s¡ ¡mp]e,  DAC of  type 4 mocie ls  a sequent ia l
connect lon of  t ransl t lon-synchronlzer  node anci  posl t lon-condl t lon wl th branchlng;  DAC of
type 5 represents a comblnat lcn of  synch.ronizer  and posl t lon-assembl-y as ¡ ¡od.e led Dy ex-
c l -us1ve 0R (note that  onl_y safe MpN are ¡aocieLed).

An ltrportant aspect ln MPN modellng ln te¡lBs of ÐAC ls arlanglng feedbacks between
ce l l s .  Fo r  examp le ,  t he  ce l l  r ep resen t l ng  t he  pos l t l on  Q2  l n  F1g .  4  w l I I  l n l t l a te ,  dê -
pend lng  on  cond . l t l ons  P3  and  PJ ,  e l t he r  t he  ope ra t l on  BPF ICB) ,  and  then  the  ce l - f  co r re -
spondlnr  to  0^ or  bhe ceI I  correspondlng uo QÀ ( .  The ioglcaÍ  funct ion of  r -eedback r -or- l  

.  r l

t he  ce l l  02  1 ; ,  t be re fo re ,  l og l ca l  OR.  o the r  i eedback  func t l ons  a re  a l so  poss lb le .

A contro l  MPN can conta ln ldent lca l ly  marked t ransl t lons represent lng a mul t ip le use
of  the sa¡ t re operal lon.  In  other  word.s,  the SU behavlor  should prov lde a posslb i l i ty  of
repeatedly cal l lng an operat lon f rom dl Í fe¡ent  polnts ln  the a lgor l thn.  A repeated calL
c l r cu l t  l s  used ;  1 t  1s  ' l l ] us t ra ted  fo r  BPK b lock  and  BPK(P)  ope ra t l on  w l tb  s l a r r  s l gna i
aq and response s lgnal  b.  in  ?1g.  T.  The c i iagfan : I l_ust¡ 'ares Ehe Eerhoci_ of  scar t ing gpf  (p)
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