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Reducing control '\rrc:%c in o distribuled ‘\mp\e-

men-‘cﬂ-ion o() mu‘uo‘\ E‘xc\uS'ton

We consider o nebwork o? machines Fhal can

send messages Yo each other. Each machine is
n A o€ 3 sloles | viz.

n (’or "he.w\ro.\\:) ensogec\ "
d for “del ayed " or
< For “ Cri)fit:a\\j Ensaaed )

A criYical enaa e.men)r \Qs*s on\:j Ca -Fmﬂe \oer'\oc\
and 15 immedia e\b ?o\loweci \93 O Y\eu\m\ Q“SQE)Q‘
ment o? the machine n o\ues\ion. 'Be.\ween o
‘neu){rc\\ and the Su.\:)seo‘uen} Cfi)’icq\ QY\SQSQW\EY)}
o de\aj Moy oceur in view o? the requirement
thol ot om:j moment o} most 4 machine \oe crit-
‘(c\“d ensqaed (SO-CQ“Qd ”mu‘uc\\ eXQ\usion "). 'ﬂne

'lmp\ied sfjnc\nromzo.)rion has Yo be 'nmP\emen)}ec\ n

SUC») . nonmmer “'k&} no de\aj \QS\'S ?CJT'QVQ\" CSQ-
called ” ?o\'.rness .

We iniroduce a s‘\ris\e_ Yoken s either held \03
one o? the muc\ni‘nes or beina sent ?rom one

mac\r\ine Yo Omo'\-})er‘. Hu‘uo«\ exc\us'\on S Hnen
G chieved \o:) mo\\nxc\'m'mﬁ

a ICriHco\\\‘j e.nsoe)ecl madhine holds Yhe Yoken .

The mac‘\ines mo‘mxain %-\\'\s \03 (0 ‘ncﬁ ‘mi)r":o\\'ina

Ca cri\'ica\ ensof)emen\ un\ess holdin +he ‘\'o\<em,
ond Cii) no’lr sendine the Yoken Yo onother machine
while be‘:nﬁ cri\-ica\J engoged.
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Turn\ermore eom:\n mac\'\ine. mmn\‘a‘ms
Fhe machine ho\dina Phe doken is not de\obeci

by () ckipping the dela upon Yerminction o?
o neutral ensasemen-‘r while \'\o\dir\ﬁ Yhe Yoken,
and Cii) in‘u\m\-lna G cri)ric.o.\ enscﬁe.men‘\ Upon
rece.ip'} o? the Yoken while c\e\o«:jecl. ‘ro.cnrness is
'\'\nere@::re ensured When each delayed moachine

receives the Yoken within o Pnile period o€\-\me.

The rest o{) Yhis note dedls with the conire) o?
the movement o{) Phe Yoken. To this end the wmo.-
chines are o«r'rcmged n o rlns, Yhe dwo C‘\rcu\or
directions in which are colled “to the \e@-" and
“Ao Yhe ﬁa}\}.u reswpec\'uve\b. The token is sent Yo the
\e?-}, s o-called signo\s are sen} do Yhe r\SH-.
Each \‘m\< Conﬁecx'ma two neia\-,\oour'mb \mac\n'mes
M the ring is in A og) 3  shrales, viz.

[/
u %r “unused

t %r‘ ”Carraina —\'\he 'xo\(er-u Yo ‘\-\we \Q?‘\ )
S -?qr' ”Corrdinb o, S'ISHQ\ Yo Yhe Tls\'\)'”

“The latrer dwo shrekes are Fos\u\o}e& ‘o lash 0“\3
C ‘mi\e Perioc\ o() Jnme.

The ideo. is thal o delowed mochine can send o
$i3n9.| ‘\;o the r'lsh-‘- }o call the Yroken Yo +he \QP. Tn
order to mark ring seamen’cs draversed to Yhe rig\-.\r
by sisno.\s but nol :je} Ydroversed 4o the \e@- ‘ob the
loken , mochines on such se ments will be black; the
others will be white . We shall now moke ¥nis precise
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bb deue\oF'nr:j ‘“13 Poss‘u\o\e s\‘o‘es og the ring, ond
bea‘m bn descr'\\a‘ma the c.qdina convenHons we s\ncx“
use ?or--H\e descriFHon °F Hhese rins s\-a\es.

The slade e.? o link will be coded \03 u,t ors.
The slote of a machine will be coded hy the colour
b or w , tollowed by n,d, or ¢ ; the machine
ho\din3 Hhe "o“&n s iden\'\gca \D:j wri\inﬁ s Co\our
wi}h Q. QQP'A‘Q\ \e-ne-r'. "nf\e. s“o.\c. oF 'H'le. rins 3-8 dg-
Scr'nbe(.:\ ]93 e N s}ﬂnﬁ o? Yhe &PPro\orier \en5\~\\ m

which mochine stoles ond link slales alternale;
Yhe direchon “Yo Yhe riﬁh\-" n the s}r\nf) Coincides
with Yhe circular direction “Yo Yhe T'us\n’: “in the r'mﬁ.

Sh*inss are Siven b 5o—co«“ed ”regu\o\r‘ exFresslms?

’The:j enoble. us do describe Yhe 1nitial shate \DD
Wn w CWr\ u)* ’ (0)

e, o while neulnl machine \no\d'mﬁ the }o\en,

on unused link, g)o“owed by 2ere or wore occurrences

— Hhat is whatl the star slonds ?cr—. o? o whike
neu\-m\ machine not \')_o\c\inj Yhe ‘\'o\tcn ?o“owec\ b:j
on unused \in\<. 'ﬂ'\e o.\aove. re or ex‘:rcsSicm ex-

resses - Q“ Pno.c\'\\nes are w\ﬂ o\'n& neu}ro\“'b evi-

So.se.c\,, oll links are unused and the Aoken resides

a}k some mochine.

Hd '|n¥en\r\on s do \Dw\d wp the '\nvar‘uo.n* as +he
ronsibive closure o? He successor re\o.\‘icm, hand in
hand consic\ermé, as the need arises, more Qocal )
successor re\o\icms and the resu“-inﬁ exxens'ncms 0?

the grammar o? reachoble shales. We shall mark the
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successor relohioms since H’\QS have cll o be colered

For‘ m the ‘?'ma\ Q\aori'\'\nm.

Tn order Yo ?‘mc\ with the progrom s s\ronges\' n-
variont we propose ‘o Froceed GS '?o“ows. To bes'm
with we assume }hal machine stotes n and <
and link stales s ond + \ast ?orever, assump-
Fons thod will be discarded one \ob one . Each
Yime we shall exlend +he reﬁu\qr expression , i.e.
weo.\»cen }\ne 'mvc.riom’f, so as Yo cover Pa‘ec‘ase\b Yhe
S)fOAES reqc\r\o.\r)\e b:j means o the '\ransi\'\ons MNIro-
duced n Yhe wmean yime. The ”qusive” states o
ond W —in contrast Yo the other ?our—- are
Yreated as not ‘\'erm‘mc\):'mﬂ "s‘oon\aneous\b”_

With n.c., s, and ¥ \as‘r]ns ?ore.ver, Yhe

2 2

wmitial shtole (0) 15 invariomk. The «Plrs'\- “‘\'ma

*C) do is c\sviousl:j '\'0 *0\(2 Fossi\ole "erm'mo.sr'acm
0? n  indo cccount, and (0) }ells us thot dwo
Yronsitions have 4o be ‘m¥rocluced. We have q\read:)

decided on

(n.0) Wn — Ve )
Cor ¥he obher we propose

(n.2)D wWn U —> wd s

Their Yransihive closure bie\ds —with a rolalion
so as Yo hove de\ujeé mochines Yo the \e?—} o? bhe

Yoken —

(1) (Wd S (wn u)i)* (\Nn\\r\'c) w (wn u)*
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. which , A% usual with reau\ar expressions, the

“1”is used }o separate altermnahives. (T} will be
po

given o lower \a‘md'ma power Yhon the cancodena-

Yion which s 'mo\‘\ca)«ea \Dj a B\Qn\&)

TFrom (1) we see thaot -\rermina)rion o? 3 is
Yhe next event Yo be Yoken into occcounkt; it com-

E?rt‘mx‘s us with ?ou'r cases, and we pProypose

(S.O) S Wwn U — u bn s
(s4) s wd — u bd
(s.2) s Wn 5 %+ wn
(s.3) s We 5 uw Be

Tn order Yo determine the new tronsilive
closure, we ?‘.rs’r consider (s.0), Uie\d'ma

() (wd G bn)' s (un u)*)* (WN\WC) w Gwn u)* ,

at which shse. o new circumslance has been in¥ro-
duced under which n may Yerminode. To Cope
with i} we Pmpose Hne. ¥roms‘u}'|on

(n.2) bn — bd ,
the tronsilive closure 0? which b'ie\cis From (‘2)
3 E (\Jn\wc) w G w) with

E= (wd (u (onlbd)" s Gun YD

“nere\)-j ho\' ‘m}rodw:‘mj i 2w C.ircums}ance-s ?cn“
Yermino¥ion o? s Yo be considered. Transition

(s.‘t) Yno.:j oCClAr wi\'\nm on E o? Yhe ?orm
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E wd Gonlbd)®s wd (uConjbdD™ s Gun W' E
which (5.4) dransforms inke
E wd G ChnbadD” u bod (u Conlbd)) s Gun W' E,

w\ﬁc\n \s o Speciq\ 'ms\‘omce o? E i}se\ez "ron‘:‘,i\‘icm
(s.1) does -\-herefcrre not introduce new reachoble

shotes.

Transi‘ricms (S-Q) ond <$-3) con occur Within
instomces o? ) OF the Form

E wd (\on\\od))*s (\:\)n\Wc) w Gun w)”
ta‘le\ding
E wd (u (\m“‘;d))* ('\' wWh u( u Be u.)(\nm w)' .

Thonks Yo (n.1) and the {')orm o? E H‘-is con
lead Yo

E wd (u. (bn\\od))* (*\u’Bc u;) (Wl"\ u)*
which extends (3) o the readhohle shayes
(4) & ((\dn\\dc)u \ wd (w (bh\\')d))*(+\ uBcu)) (un W)y

w\mc\n 1S now c\osed as ?or Qs -\-\1e, Ccms‘ndered '\ermi_
nahaons o? N ond S oare concerhed.

Now we loke 5;erm'mcx}icn o? < o o.ccoxm)r;,

(4) Yells us Yhor we hove Jwe coses Yo comsider
and thal the dransilions

(c.0) We —  Wn
(c1) w Bae — 4+ wn
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do not lead %o new reachoble staltes.

Tino.“tj we "O\\<e '\'ermino\\-ion o? t in)o aC -
count; (4) Presen\'s Yhree cases Yo be consi-

dered , ?or which we Pro?ose ‘Pne, )rrcms'\)hons

(‘\'0) bd '\ —> B \A
€XD L bn ¥ — ¥ wnu
G.2d wd ¥ — Mc u

2

none o? which leads Yo new yeachoble stales.
Hence (4) is nvariant oand Yu virtue o? s
cons¥mc\'non i)r 1S 'Hne s}rorges? 'mvo.r'navn\-.-ﬂ'
allows o\ovious\:j desirable conclusions such as

the recip‘aenx oP o s‘.snc\\ is white

‘he rec‘.Pien}- o{? Yre yoken s black or is dQ\Qge&

Yhe wmachine \no\c\'ma the )ro\van s not c\e\o&jed

o cri\ica\\j ensaﬁeé machine holds the ‘oken

o} ne.u%e\\\\j engage.d Vlack mochine does not
hold the Yoken.

For Po.’urne_ss, }oke o de\&:jecl mochine and consider

-Hne S)rr‘ms o? \'mks ond mo\c\n'mes )ro '\\'s ﬁs\n\' Uup Yo
and ‘mc\udins '”\e. \'m\< CQ"J""ﬁ or Hne moc\\‘me
ho\d'ms -nne }o\«en. Le)-

k= the \eng’f\n o? Yhe s¥r’|n3 + dhe nuwmber °€

w\l'v\e Vnac\'\‘snes N Yhe S)rr'rns

Obv'uoxasl‘z:) , k30, We ocbserve

() -see (4)~ e s’rr‘mS contains oF least 4
5,c, or 3 3
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Gi) —see (L)~ i{? ending with (\Jn\\Jc) , Yhe

s)rrins con}o\‘ms oY least one s 3
(i) all shales s ,C, or T ore o? {)’!ﬂ'i)rt duro}‘non;
(iv) oll Yerminotions o? Yhese sroYes decrease ¥,
except Aronsidion (e0): We = Mn
Trom Yhe cbove we conclude Yhol no de\&a \asks

{,OT'QVQ!" .

From the obove it f?o“ows that the ?o“owin% g)our

o}omic acYions wﬂ-h'm c-.'.ac\n mac\r\'me. '\mp\emen our

mu\ wo) ex<:\u.sion o\sorﬂ‘)\m .

uPon comp\exion QF o heu}rq\ enao;semet".}f:

if ho\d'mg the Yoken — % n.0} initiake critical engoagement

“"l\'m\d‘ms the Yoken A white 5{n1} send signal Yo
Yhe r‘ua\n)r ond nitiate c\e\oﬁ

- holc\ina he Yoken A black — 4 n.2dinitiate de\aj

2

upon receip3r o? < ‘SiSno.\:

'\_g"lho\dms Yre token A~ heu}ro\\\a enéo. QC\-—){S.O} be -
come black and send siSmR Ao Fhe ris\n\r

U \no\c\ins Yhe Yoken A heu.}ro.\\b engaged ~ §5.2%
Send }he Yoken Yo Yhe \e.?'\‘

“ = heu*ro‘\\:) enaasec\ _;{S.‘t . 5.33 become Wlack

&

upon COmp\e\-ion o? o cri\ricq\ ensaaemeﬂ\':

i_€ white — {¢.03 'mﬂio.}e neudra) ehsqse.men¥

0 Wlack —> {C.‘\S become t.o\\'ﬁe,senc\ Yoken Yo Fhe \e(—’-‘-\‘
and initiote neudral eh3Q32m2n¥
¢
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wpon r'ec.e.ip'\- of the dcken

:I£ de\a:jec;\ —> {4-.0,4.‘23 ini Fade critical engaﬁemen)r
il heu’rm\\b engoged — become while ond send the
E Yoken +o dhe \eﬁ

Remark. Since }he above code -por the ?ou.r evenks

Containg nothing new, my decision Yo Include it in this
tax} s questionable. (End o{? Remark.)

In relros rect

The chove Presentation coes nol reflect ot all the
Way in which 1 discoverd his Q\Sori%m,-}\ne Poss‘n\oi-
lll‘n cf m}nid\ 1 SOowW In o ﬂos\\. —ﬂne ?\as\w r’r\us'} }10.\(‘2
beenn hel ped \o:j the circumstonce , which T remembered
only o few days later, ol RAlain J- Markn [1] had
skou.m me -H':e sSame Q\jor'l'“'\m —be i}- Ctadecl in a %rm
o? Hoare's Com'n'\unico.'hnﬁ chuen%o) (Pf‘oc.esses—

@ve Years o.9o.

The ?irsl» time T wrote i} down 1 had nol bokrhered
a\oow} v?ormu\c.)rina the invarion} and _as was o he
QX'Pec}ed-. MY program contoined on error. The second
version exp\orecl -H'\e ideo o-? deve\o]oinﬁ 'H'-e mvarian}
Formu\o}ed bd meons o? regular expressions; 1 de-
Ve\oped” 'H')e ‘\ransﬂ-ive c\osuﬂe Wi’r}\ou¥ Ca c\eo.r ‘oic}w’e
o? the Proof o\a\igqhons and —as was Yo be expected -
moy “invariant” WO s Wrong. Tn His version 1 Some.

~hat be\o}edt:j ncluded the Po.irness o«rsume'n}‘; my
Firs} ePFor} ,w\r\ic\n I F:\;\ec-l '\-o c\wec\«: cure?u“j , Was borona.
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Jus}' 3ivin3 invariant (4) » \is\-ins the 3rana‘|¥ions,
s\\owins Yhe comp\exeness o? ol list and c\emons\m\-ans,
one \o:j one, tho} the Fronsitions maintain @) could
hove led Yo o much shorter tert, i} would, however,
?q‘.\ Yo argue Yot (&) is the S\‘r‘onses}‘ invariom},
ie. dhat all rina s%ﬂes W+ perm‘}s can indeed occur

Omd ch\'\ %’fomsi;‘ion cqx-e.red ?or b:) "}he Q\Soﬁ)rhm mab
indeed be required.

The ?o.c" '“)Q“ Hne S oGwme Se‘f o? Tina s\'cﬂes COu\A
be characlerized b:j man di&?ererﬁ' r'egu\qr expressions
oannoyed me o ?‘.rs‘r becouse , @:r \ock o? experience,
T hod litle guidance what Yo do with Pho} {reedom.
T suspect, however, such ?rQQAOm to be oan essential
'W\Bt'echeh“ oP any notation on which o calculus com

be based: it allows one Ao massage an expressiwm
into different forms suitable (or different subshitu-

}-ions.

M Curren'\ esl'imo\hon is }'\ncﬁ- re&u\o.r exPressions
ore o suitable Yool @r Yhe Prob\em ot hand. Note,
(-)cn" instance, thal there was no need Yo number the
machines gvm o 'H"rouj\n N-1: we could do withoul
oll Hne sdoscripx‘s Hﬂa‘c quom\"u*?ico\)ﬁon wou\ci hove
\’equu‘red. Note Q\So thot ¥ was o {)or\‘wnq}e decision
1o introduce in Yhe characterizin s\-rinf) seporo}e
elements E)or machines and ?or \in S, it Qove us
more Freeclom -(O) cou\d equiva\en¥B ho\ve \OQRn
wrilen as w Wn G wn) — but witheu} Mne, ?ree-
dom Yo Ecnr o link  eidher with Yhe \orecedsna or

with +he o“owma machine , our invariant would hove
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been wmuch more c\umsS o ?ormu\o}e.

There wos another reason w\r\:j 1 deve\o\—:eci Yhe al-
Sori-ﬂnm in the woau L did, ie. b:j "rq\ﬁns Poss‘ub\e
events into Qccoui one o:} Q'hme., eoch ‘\'ime ’P"°P°S‘
"“5 oan oction and , i-f necessary, an qd\')uslrmen* QE)
Yhe jnvariant. 1 used this *ec\nn‘nque last yeor ?or
e deve\oFmen\' o? o new dis‘:ri‘oded a\sor'u-}rhm ?cr
the deleckion o? -}erm‘mo\‘:on and Yhe ‘\'ec\'\nio'ue

could be more Senero“:j QPP\ico&a\e.

Ack &m\ed gem erﬂ;s

I ex)oress Yn\xj Sro‘;"r]ude '}*b K.\J\Qn'\ C»\Qn&\\j [0}
?or drawina my oMention o the Pro\;\em, "y

respe& {)o’r lain J Markin T_‘\-] -?or \ho.vi'ng 'g)o'.and
Fhis solubion 5 years age , and Yo the members

o-? Fre ’TUQSdQ‘:j Aferncon Cluh ?or Yheir comments,
n ‘:ar\'im«\or Yo . E.'j. Wruseman Prevrz ?cr yemind-

'\na me o? my Proe? o‘b\ia&*ions.
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