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Sgyen n tef®s of a reduct_on re.at on between Conflguratlons,'e%t‘_sets of Agy
c.osed express ons or progra®s  nfortunate y th s operat ona_seW ant cs s not
co® pos tona ., n that the behav our of a Aoy express on, or ndeed con gurat on,
S not dete® Jied by that of ts const tuents
Here we gve a cc"pos J.ona_ operagona. s ant £S teWs of a .abe_ed

trans t on syst& for u>CML progra' s kg not ony descrbes the eva uaton
steps of progra"s, as n k ], but a_so the 1 coW¥un JLat on potenta.s, n ter® s
of the r ab_ ty to nput and output va_ues a ong cWWyn Lat on channe s

¢ then proceed to ddWonstrate the usefu ness of ths coW pos t.ona_ oper
atona_ A% antcs by usng tto de me a vers on of weak observational equiv-
alence, IR ], sutabe for .CML £ prove that, 'oduro the usua. probre' S
assoc ated w th the cho ce operator of CtC_, our chosen equ ya ence s preserved
by a.. .CML contexts and therefore'ay l§e used as the bas g for reason ng about
CML progra‘f' s In th s paper we do not nvest gate n deta, the resu t ng theory
but con me ourse.ves to pontng out soﬁ e of ts sa_ent features, for exa'pre
standard dent t es one wou d expect of a ca__ by va ue A ca_cu_us are g ven and
we a so show that certan a gebra ¢ aws co‘* on to process a_gebras, R ], ho.d

g now exp.an nWore deta the contents of the rWa Jder of the paper

IN EC—‘ ION 2 we descr be the anguage HCML, a subset of CML It s a typed
.anguage, w th base types for channe_ naWes, boo eans and ntegers, and type
constructors for pats, funct ons and de ayed coW putat ons, these ast are ca_.ed
Event types It has the standard constructs and constants assoc ated w th the base
types and w th pags and functons In addton [ has a se ecton of the CML
constructs and constants for ‘Pan‘pu,,at‘pg de.ayed coW putat ons, spawn gener
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transmitp -
receivep -
choose -
spawn *
wrap
never *

chan A - unitevent

chan — Aevent

Aevent Aevent — Aevent
(unit - unit) - unit
Aevent (A - B) - Bevent
unit - Aevent
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Jhce Av !" ed ate_y eva uates to the constant v we have:
S

- Av— v
ke cho ce construct choosee s a choce betsieen delayed computations as
choose has the type Aevent Aevent — Aevent o nterpret t we ntroduce a
new cho ce consiructor ge; ge, where ge; and ge, are guarded express ons of
the saWe type " ken choosee proceeds by eva uatng € unt_ t can produce a

va ue, wh ch Wust be of the fo® [ge, ], [ge,] , agd the eva uat on contnues by
construct ng the delayed computation [ge; ge,] ks s represented by the ru e
o —Geillger] o

choosee — e [ge; ge,]

K

he. notaton Jatroduced n Kk ], s unfortunate, as t s used n l4] to represent
the internal choice between processes whereas here t represents external choice:
we have the fo ow ng aux ary ru es, whch are the siWe as CCS, sl o on’

a
g€y






r VvHIIdIT FEIIEId, IVIALIEW FIENTNESSY dilu Aldll JElliey

ForWany purposes, strong bé! u.aton stoo 1meanequya enceas f ssenstyve
to the nber of reduct ons perfori ed by expressons ks Weans J W not
even va_date e Wentary propertes of B reducton such as Id = where Id
denotes the dentty functon (fnx  X) g requge the ooser weak bisimulation
whgh a_ows T actons to be gnored "
€
ks 0 turn requ res soWcWore notat on Let=bethe re axye transtye

c.osure of =, and et = be=f -, e any sequence of s_ent act on fo_owed

~ W=
by an | ac';t‘pnb Note that \Ive are not aﬂ,oiv g s ent ac't \ons after the | af:t on .Let
be = fl=Ttand= otherwgse "hen R s a first-order weak simulation

Jf b s structure preserv ng and the fo_ow ng d‘ggra' can be coW p.eted:
€1
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€1 =" € €1 =" €
hl
I as I || where I; =" |,

€ €1 = )
R OPosf' 1I0N3  ="isan equivalence.
R oor S'! ar to the proof of Propos ton’b 1 O

A ks attW ptfa_s, however, s nce tony ooks atthe mt¥ ove of a process, and
not at the mtioves of any processes | s trans t ons  hus, the above H{CML
counter exaWp e for =" be J1g a congruence a so app,.es to =N T S faure was

sinoted by~ kdWsen R2] for CHOC
Wsen’s so_ut on to ths prob e® s to requ re that T Woves can a.ways be

Watched by at east one T Wove, wh Sk produces ks de mt on of an irreflexive
simulation as a structure preserv ng re at on where the fo_ow ng d‘ggra' can be
coW p.eted

e1 R ) €1 R, €

|Q where |1 KI |Q

€ €1 R )
—i
Let =' be the argest Jre gxye bé! u aton
R OPOSl] 1on3® =i is a congruence.

N ' | N

R OOF e proof that =' s an equ ya ence s S! ar to the prooi of Propos_
ton 1 ke proof that t s a congruence s sW _ar to the proof of reordW 4
1 the next sect on

- W

However ths re.aton s rather too strong for Wany purposes, for exW p.e
add.g,?) =l add(1,add(1,1)) snce the rhs can perfm"o_re T Woves than the
hs Ths s s!“ar to the prob, ei’ J CHOC_ whereatP ='aP

In order to md an appropr ate de m‘;‘pﬁ of b‘_s! u at on for JCML, we ob
serve that (\CML ony a .ows to be used on guarded expressions, and not on
arb trary expressons ¢ can thus gnore the nta T Woves of a.. express ons
except for guarded expresSions For th s reason, we have to prov de two equ ya
_ences’ one on tes where we are not Jaterested n nta T Woves, and one on

te'W's where we are

A TTIEUTY Ul vvEdK DISHTIUIALUIT TUT CUIE CIVIL 1y

A payof c.osed type \ndexed re atons R = (R.", R°) fo® a hereditary sim-

ulation_we ca_. R" an insensitive simulation and R ° a sensitive simulation) ff
S .
R> 8 structure preserv ng and we can cW p.ete the fo_ow ng d‘ggra's

n n
e; R ) el R )
I as | || where 1; ' 1,
ne
e &g R &
and-
e R® e e R e
|1 as |1 |Q where |1 KSI |Q
nO
e &g X &
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clusions:

D
>

- >

h —h

fr _ =
R OOF For each nc.uson, show that the mtb uatonsats @ the cond ton

requed to be the second fo® of b ‘_s‘_'u‘,at on o show that the nc us ons are
str,ct, we use the fo_.ow ng ex W p.es

(fnx add(1,2)) " 1 (fnx add(2,1))
1=l lletx=1inx
choose(receivek, tau(receivek)) =' " tau(receivek)
add(1,?) =S=' add(1,add(1, 1))
1 ="=° letx = Linx
never() ="=" tau(never())
1 =M= letx = linx

I

where-
tau=fnx wrap(alwaysx,sync)
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and s nce R
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refinement, LIA( be de med
~n
R = {(Dn [a: Dn






20 VvHIIdIT FEIIEId, IVIALIEW FIENTNESSY dilu Aldll JElliey

R OPosf' ION 4 If R is an equivalence then " is symmetric.

R 00F A varant of the proof n W8]
It suf ees to show that fe R f then f R™° e, and that fe R™" f then
f R™" e, whch we show by nductonone Ife R f, then e ther:
e e=D[e] ﬂfi\fs D[f] R*° f and &; ®"° fi, so by Jnducton fi R™° ej, so f R’
DIfIDR [¢] =, or
e e=fixx="fny e)ﬂ/i\’sfix(x:fny f)YR fande R™" f, so by
~5
nducton f R e,so f R fix(x=fy )R> fix(x=fy e)=e

A ke proof for R" s ¥ _ar O

gcanuse th s resu t to show that =" s a b‘_s‘_' u at.on

o W . . .
R opo_MioN 4% When restricted to closed expressions of UICML™, =° isa
hereditary bisimulation.

R OOF‘PBy Proposton 4 4,=" sa l\er(id Jary s'u‘,at on, and so.= $ ahered
Jary sWu aton By Proposton 4 ,="ss etr,g, and so =" s a hered tary
bé! u aton O

]h S gyes us the resu t we set out to prove
HED EM 4 7 =S is a congruence, and =" is an uneventful congruence.

R oor Frd® Propos t.on 49, =" sahered tary b s'urat‘pn, so =" /:‘:", and

by Propos ton 42 =" =% s0="and =" are the sx ere.at,on Sv‘pce = =7,
we have the des red resu t by Propos t.on 4 1 a

5 Properties of Weak Bisimulation

In th s sect.on, we show sdWe resu_ts about progra' equ.ya ence up to hered tary
weak b s Wu at on e of these equ.va ences are easy to show, but soWe are
tr ck er, and requ re Bropert‘_es about the trans t on syste' s generated by |CML ™
A though Wuck rdW ans to be done on e aborat ng the a_gebra ¢ theory of JCML
prograWs we hope that the resu ts J ths sect on nd cate that th s equ va ence can
fo® the bas s of a usefu,. theory wh ch genera_ses those assoc ated w th process
a.gebras and funct ona_ progr Jg

have g ven an operat ona s antcs to UCML by extend ng .t w th new
construtts, Wost of wh ch correspond to constructs found [ standard process
a.gebras hese nc.ude a choce operator gpara.e operator  and su tab e
vers ons of nput and output pre xing, R ] ke pre xes n HCML® have a

A THIEUTY Ul VVEdK DISHNUIALUIT TUT LUITE CIVIL 29
s.2ht.y unusua. syntax ther equya.ents n CC_ are g ven as'
CCS prefix  UCML® equivalent

kxP k fnx P
kﬁ(/P k'v fnx P
TP A) fnx P

£ now exdW Je the extent to whch  and act ke cho ce and para_e_opera
tors'fro® a process a_gebras
can md b é!uﬁat wons for the fo_owng_and hence they are sens tve

bs ¥ a0
ANe le
(&1 &) & le (e &)
1 &) & '(& e) &
g

hus sats csw'any of the standard aws assoc ated w th a para_e_operator na

T
process a gebra However { s not ngenera_s etr ¢ because of ts nteract on
w th the product on of va ues'

ve le

For exW p.e
LA A AL
ks Weans that we can vew the para_ e coW pos,t.on of processes as be ng of
the fo-

(|l f

where the order of the €; s un! portant Note that t is ! portant wh ch s the

rﬂt"ost €Xpress on n a para. e coW post.on, snce t s the 'a‘p thread of

C utat on, and so can return a va ue, wh ch none of the other express ons can

ke cho ce operator of HCML™ a so sats @ the expected aws froe- process

a.gebras, those of a W utat ve "ono‘g, a.though 't can ony be app.ed to
guarded express ons

AN ge lge
(e, ge,) o0& “ge (g8, 08)
ge;, 96, " Qe 9§
ks Weans that we can vew the sul of guarded express ons as be ng of the

fo
Doe
i

1
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where the order of the ge; s un! portant
In fact guarded express ons can be v ewed n a Wanner qu,te s! ar to the
sum forms used n the deve,Lop" ent of the a gebrac theory of CC_, R ] g can
nd bé! u at ons for the fo. ow ng_and hence they are sens t ve ! «an’ n

(ge; g&) v '(ge v) (ger V)
ge fnx x=Sge
Av=*A() fax v

FroW th S, we can show, by structura. nducton on that a__ guarded express ons
are of a g yen fo¥-
ge="Poe; Vi
i

where each ge; s e ther ki'vj, ki <OF A() FrdW th s and'

¥

cv=!3(c,v)
we can show thata. va.ues V- Aeventare of the fo¥-
v ="choose[wrap(e;,Vv;), ,wrap(en,Vy)]

where ey s e ther transmit(ki, vi), receiveki, or always()
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Acy express ons Instead of"upt‘_sets we use configurations of UCML® expres
s,ons g ven by the graw ar

C Conf-=e|C C|A

Note that con gurat ons are restr cted fos of uCML ™ €Xpress ons A ks w,.
fac _ tate the coW par son between the two s ant s snce t can be carr ed out
for,ion gurat ons rather than UCML express ons

ke sdWant cs of Kk ] 8 expressed as a reduct,on re at op = between con

gurat ons and reduct ons have four ndependent sources ~he Bt nvo.ves a

sequent a_ reduct on w th n an ndy dua. JCML express on and th s n turn s
de med us\ng another reduct on re.at on —- , the second s the spawn ng of new
computation threads wh ch resu ts n an ncrease n the nui ber of cW ponents of
the con guraton, the thrd s co'i un cat on between two express ons and the
.ast srequed to kand e the always construct £ need notat on for each of these
and.we cons der thdW® J turn A

ke operatona_ ru.es for sequenta. reduct on are de med in context n the
sty.e of  rght and Fe_esen K], and the contexts that per' J reduct on are
gyen by the'fo ow ng gra®@Ww ar-

E-=[]|Ee|VvE|cE|(E,e)| (v,E)|letx=Eine|ifEtheneelsee
ke re aton —— s de med to be the east re at on sat sfy ng the fo..owng ru es:
Elcv] — E[d(cV)] (c  {spawn,sync}) const
E[(fixx=fny e))v] — Efe[fix(x=fny e)/x][v/y]] beta
Elletx =vine] — E[e[v/x]] et
E[(":W)] - E[ V:W] pag

Here each ru e corresponds to a bas ¢ coW putaton step [n a sequenta_ca_ . by
vaue anguage g shou.d pontout that the astru e does not appear kgg
!pf‘g‘g;ﬁi eppy’s tatdWent _the syntact cc ass of the e (v;,v5) s ether EXp
or Val, ths » bguty sreso.ved n favour of Val ” ghave'ade the gra" ar
una"b‘guous, and have added an exp, ¢ t reduct on ru e'for reso v ng » b gu ty

Note that the de mton of —— s not co®pos tona - the reductons of an
express on are not de med n teWs of the reduct ons of ts sub express ons ke
fo..owng LW, w,.. be usefu. n ater proofs and shows that we can recover
coW pos tona_ty

Lemma® 1 Ife— e then Ele] — Ele].
R ooF By exa"‘pat‘gn of the proof of the trans tone —- e a

o capture reduct ons wh ch nvo ve W uncaton t s necessary to de me a
not on of when two guarded express‘gnsvay gyerge toa coW e un cat on For

A TTIEUTY Ul vvEdK DISHTIUIALUIT TUT CUIE CIVIL

ge Dk<1 ge with (e,e)

KIv 54 k quith (0,v) ge o ge vwith(e,ve)
gebkq ge with (e,e) ge Dk<1 ge with (e,e )

gebkqge ge with (e,e) gebkqge ge with (e,e )
ge o ge with (e,e)

ge o ge with (e ,e)
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ton 2 as the LlCML+ s ant cs and we now coW pare th® In order to do ths,
we extract a .abe_.ed trans t on syste' froW the uCML® s antcs by de mng

C»C ffC=C

c-Yc JfC=C vandC =C A _upto assocatytyandA eftunt)
CHC ffC k= C v

c¥c ffCc kx= C ()

£ W then show that th s abe_ed trans t on syste' S weakyb ‘_s!“ar to the
HCML™ ts:

A ned EM® 2 The HUCML® semantics of a configuration is weakly bisimilar to
its .CML™ semantics.

K

e rdW¥a JDder of th s sect on s devoted to prov ng th sresut A though the sty e
of presentat on of these two scWant s are very d fferent the resu tng re at ons
Rre very s\ Lar and there are essenta. 'y on'y two sources for the d fferences

ke mt s that certa n reduct ons n UCML®, whenWode ed JQ the JCML™ se
Want s, requre n add ton S(‘)-‘P e housekeepng’ reduct ons A typca. exa'pre
S the reduct on-

(fnx  e)v—— efv/x]
+ .
In UCML™ th s requ tes two reduct ons
(fnx  e)v— letx =vine — efv/x]

A ks prob S hand ed by dent fy ng the set of ,.l‘ousekeep‘pg’lreduct‘pns, such
as the second reduct on above, w th n the pCML+ s antcs  hese turn out to
be very s! p.e and we can work w th kousekeep ng noW a fols’ N wh ch no
futher housekeep ng reduct ons can be Wade

ke second dyergence between the s antgcs concerns the trealent of
spawn, express ons n HCML™ Way spawn new processes whch gve rgse to
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ke equya ence = s a strong 1t order b s‘_' u_.at on wh ch respects house
keep ng, that s are at on R where we can co‘- p.ete the d‘ggra"

el R e e R e
TH as  TH TH
€ € R )
and s!' ar.y for R
R oro MoN®® =5 a strong first-order bisimulation which respects house-
keeping.
R oor S,ee the Append x O

can aso show a very strong correspondence between reductons of
HCML™ con guratons, and the 1 t dy noW a. fos

R 01>osf'10N9 If C . e and e is tidy, then the following diagrams can
be completed:
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c.ude channe. generaton t w_. be necessary to adopt the context bisimulation
equivalence, orgna_y deve oped n Kkil] In short a though s ant ¢ theor gs
are be ng deve oped ndependent.y for these anguages 'any of the techn gues
deve oped w . nd Wore genera_app..cat on

Appendix

b hs secton s deyoted to the proof of Propos‘g‘gnaa and Propos‘g‘gn') 7 But mt we need soWe
auxary resuts  he fo owng three Propos t.ons state
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