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1 Introduction

1.7 The problem

Trmis monograph arises 1trom an exercise in information systems design
sponsared by IFIP Working Group 8 1 ([01eB2). This was inlended to provide
a means of comparnng varnous design methods. proprietary and atherwise.
by asking their exponents W prepare designs irom a camman specificatian
10 a level where the system could be produced by a lypical apphcations
programmer

The problem as posed by IFIP 15 10 produce an informatian sysiem (¢ supporl
the ocrganizanon of a conference. They expiain that working conferences
arg normally run by a programme commitiee, responsible far the tlechnical
content, and an organizing commetlee. who are respansible far finance.
pubiicily. and the holel and conterence facilities required by delegates. This
clearly involves copperawon betwaen ihe commitiees. and a substantal
amount of shared information to be kept up to date

The description of 1the axisting arganizauon identihes various aclivities which
the committees perfarm, and with which assistance is scught. The
programme committee invites contributions, and receives declarations of
intention 10 submit papers It also registers the receipt of papers. arranges
their refereeing, coliates the reporis and selecls papers, and finally draws
up 3 timetable. with appropriate people chosen to chair each session.

Meanwhile, the orgamzing comrmmittee i3 responsible for 1ss4ing invitations
10 atlend the conlerence. registering replies, and ensuring that the
conference goes nol grow too large for its accomodaunon. N is ihewr pohcy
10 nvite aulhors of papers. as well as certain categories of IFIP ofticial
They occasionally send several invitations to the same person if they come
inta mare than one of these categories. and they would like the system



1o spare (hem this embarrassment They also prepare a final list of atendees
Cther aspects of the work of the committees are not detailed in the exercise.
and were not required as part p! the submitied design.

12 The geoals of formal specificabon

As producers of computing systems, we find curselves with the insoluble
problem gf crealing objectis whose behaviour. which can be objectively tested.
is 10 correspond to some partlal descripiion of a system which we do nol
fully understand. Qur approach is lo divide il into iwe: 1o 1ind means of
implemenling precisely a precise specification, and means of agreeing a
specificalion in precise form wlth our client belore construcling @ complete
system.

Qur aitack on ihe first of these problems is through the appiicaton of formai
notation a malhematical syslem in which every statement and all the means
of manpulation are precisely defined. sa that unambiguous speciicalians
can be written, and proposed Implementalions can be checked for
consislency with them. at least in principle.

The segcond problem remains nsoluble, and is one common to all the
pratessions: the lawyer knows the law. but not the client; the doclor knows
the body but not the patient. we know abaut constructing compuler systems,
bul not about the particular application. Al the same time. the clients are
seeking prafessionat help only because they ¢o nol have the krowledge f{of
the law, of medicine. of computing) 10 help themseives. They do not
understand what intormation they shou/d give 1o help their case

The doctor resolves the situation by posing questons of the patient which
are inspire¢ by an internal model of the body The purpose of a systems
design methodology for the designer 15 10 provide a pattern for systems
In general within which the natere of a parucular system can be determined



Such a patiern need nol even de exphcit if it 15, 1t may be expressed formally
or nformally The more detailed 1t is. the more specific the questons may
be. but the fewer Lhe sysiems it will describe we should therefore be
prepared 10 deploy a variety of patterns, (n the fight of our knowledge of
their areas of appiicapility. So far. we have developed them as the problems
have arisen. so each |5 a praototype to be prepared and tested in the course
of a specihcalion.

The completed speciication serves as a summary of the discussions which
led 1o its creaton  The clients should be confident thal it represents what
they want. and the designer that a system wwth the given properhgs exisls,
even under extra constraints such as a particular choice of machine, budget
hmitations, speed of response and so on. 11 can therefore be entered as
part of the contract for the supply of the sysiem.

13 The notation and the 1heory

Our siarung point for the formal content of this specificatian s set theory:
specihcally 1he axiomatic set theory of {Abrlal81}. Its attractions for our
purposes are the ease with which the 1terms can be given informal
nterpretations (ndive set theory}! and its expressive power, which Is adequate:
consistency ot much of mathematics has been shown by exhibiting set
thearetic models.

The whaole of Abrial’s set theory is expressed as a synlax for a language
in which its terms and predicaies are wrnitten (a few lines of BNF or simijar
nolation}. and eighteen axioms and a proo! rule which together allow us
to categorize some of the sentences of the language as theorems. The
specificalion of an Informally descriped system is lhe inverse process fo
that of informally interpreung a formal system {for example, giving the naive
intuitive expianation of a term in axiomatic set theary) We wrlie senlences
which incorporate the words used In 1he informal description as identiers,



ana which express propeches thal these identitiers possess. So far as lhe
Iheory 15 gcongerned. these properties are ngt (necessarily) deducible. but
axiomatic the resull is a new theory, conaining the new identifiers as
constants, in which new theorems can be deduced it must be checkeg
at lwo levals. Tﬁe first check »s for internal consistency: it is possible to
Introduce mutually inconsistent axioms and the result is a theoary where
everything is a theorem. The second 1s to relate the theory to the inlarmat
specificanon through the nwerpretation ot ideatfiers. 1If the Interpretation ol
a lheorem corresponds 10 an untruth :n the interpreétaton. then the theory
1S NOL consistent with reality. conversely. if some property of the real world
cannot be shown as a theorem ithen the theory s incompiete, and admits
maodels which do not have tne property. (A simple repair Is 10 add the
property as an axiom!

This compietely describes the principfe of our approach 10 specification.
The praericg! problem in carrying out tms programme is that the formally
stated properties must be amenable 1o expressien and manipulation, and
s0 the stungs of symbols which express them must be shorl, and the procfs
which gemonstraie their propertiés must also be short. Within the framework
of the language. the method of attack s through abstraclion. the nesting
of the final theory inside clher theories of greater generality, which introduce
new constants (o be used 1n gonstructing sentences. and axigms concerning
lhese conslants which can be used In reasgning about them. Some of this
reasoning wil be done immedately, to estabhish theorems of peperal utility.
This menaa 15 evident tn [AbrialBl], in the successive introduction of
funcuons finite sers. naiural numbers, and sequences, each bwiding on the
previous ones

We also make use of some simple notations for generating mathematical
text we define an idepufiler which expands into an arbitrary piece of
matlhemaics (n many ¢ases, aof a form which could be assoclated with a
quantifier) by

<name> = <(text>
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(name >

{text>

The text may pe modfied by sysiematic substitunon ol 10entifigrs by general
1erms. so lhal given, for example

XRANGE = t € ¥ -» X
ihe predicale XRANGE[Z x 2/X] becomes f € ¥ -» 7 x 2.

We shail save some effort by relaxing our rigour shghtly. For axample.
we shall tend to move IJreely belween the possible somorphic bracketings
of extended cross products. informal nolaulcnal convenuons can also be
convenmtent  n particular, where auxiiary conslants are introduced in
definitions and theorems, we frequently find predicates of the form
{1dentifier> ¢ (set). Where the set is denoted by a singie capital
letter. for insiance S, we shall assume that identifiers derived {rom 1he
lower case lefter. such as 8, 8', s, 8, and s0o on are members ol it
unless olherwlse indicaied



2 A thearghcal background

'n the inrroduction, we identified two desires for a pattern for Informaton
systems lo structure our dialogue with our chent, and for a theory of
infgrmation systems to lighten our notation for the specification. We bring
the two gether here: our pattern (he running informai text) wtll be the
inigrpretation of the theory (the indented formal 1extd. We shall proceed
in three steps. from a consideration of the nature of informalion systems,
through a notatign for the commands that act upan them. to an approach
10 designng a practicai system

2.1 Extending the theory for detining systems behaviour

The aciivities of many organizations depend on knowledge about the slate
of the world for example, a manufacturing company may decide 0 order
more of a particular item when the number in the warehouse drops below
some level The need for an inlormation system (compuler—based or nobt)
arises when the direct observalicn of the state of iha worid is 100
gifticult - 1gr example, when the crder clerk is too far from the warehouse
0 go and look on the appropriate sheil. The sysiem being merely a
simulacrum of part of the warld. the obvious place to begin is In the
specification ot the part of the world which interests us, and its behaviour.
This will determine the boundaries of the simulabon, and we must be sure
lo make them exphcit and be prepared to justity them: it seems unnecessary
1o record the calours of the warehouse Shelves unlil we want 1o know if
we have enough peint to reparnt them.

The required observations are pnly one part of the specificatton. The state
of the world 1s not stanc. but changing In many cases, this is not a
caminuous change. but a discrete cne the s5l0Ck level changes because
an order is despatched <(On the gther hand. the volume of brandy maturing



in @ cask decreases with lime through evaporahon) In the discrete case,
we can maintain the sirmutaton of the state by sunulaling the event in the
informanon sysiem There will normally be some tme difference beilween
the event and its simulation Its magnuude will nol be specitied formally
here, bul. given 1hat the simulahon rellects anly the state resuitng from
the evenis i the system, we shali racord the pious hope that 1t shall be
‘as small as reasonably possible’ Making the choice ot events also sels
boundaries 10 the system which we must justfy. [t may be reasonable 1o
ighore the possibrity of a warehouse fire. despile 11s effect on stock leveis,
but less reascnable o ignore delivertes.

Given the sels of evenis and observations. the sgecilication must show how
the observations are affected by the events, and the order in which events
can occur. This ordering has an imphcn effect on the possible observations
for example, a person has a single social securily number becauvse the ’‘issue
a numper' even! happens only ance for each person Dascribing the effects
of evenis may lead to the identilying of further events and ohservations to
be included. and the tinal form thar will be presenied nere s the result
of many ieratons of rdenufying events and specifying their effects, Domg
this ileration at the spectication stage 1s cheaper 1han wailing unul
implemeniation or lesi.

We need notatons for presenling the temporal relationships between evanis
and theirr elfecl on observalians. We begin with the first. which we regarg
as establhshing the patterns of behaviour 1n the world. and we shall restrict
ourselves to the possible orderings in time There are cases where inis
1s not adequate for example 1o record the constraint thal goods paid for
by cheque are not despaiched for ten days. but Ihis loss ol expressive power
1 compensated for by a corresponding simplitication of the theory.

The srnplest behaviour s 10 do nothing before stopping. We give this special
Dehdviour a name

SK1P ¢ BEHAVIOUR



Another fundamenial behaviour of mainly lechnical interest does nol even
stop:

NULL ¢ BEHAVIOUR

The next most simple bebaviour 1s to do one evenl once. We can identity
the sel of events. which we shall cail E, with these bhehavipurs.

E ¢ BEHAVIOUR

From these beginnings. we may then censtruct more complex behaviours
Given iwa behaviours. we may act like one then the cther, one or the other,
or pne and the other in paraliel. We Introduce the ihree corresponding
operators

; € BEHAVIOUR x BEHAVIQUR —» BEHAVICUR
[ € BEHAVICOUR = BEHAVICUR ~— BEHAVIQUR
)l € BERAVIOUR = BEHAVICUR -» BEHAVIOUR

Conversely, if we take a particular behaviour, thén we expect it 10 have been
created irom the raw malerals of E and SKIP or NULL by use of these
operators, rather than existing & prrori.  in an equatonal specilication. these
would be the generators of the sort. and in Larch ([GuttagB3D) special syntax
is used for introducing a rule of compulational tnduclion over fhem in
QuUr case. we can Iniroduce this within ihe language

BEHAVIOUR e (SKIP, NULL} U E u
{; U U /i) (BEHAVIOUR » BEHAVIOURD

We can then define tunctions yelding the evenis which comprise any
benhaviaur and the orders in which they can occur by recursion on the
siruciure 0f that behaviour.



we may dehne the alphabel of a behaviour as the set of evemis which n
involves. or formally as

a ¢ BEHAVIOUR —» P(E)

a SKIP = a NULL = @E {Al)
e € E = ae = {e) (A2)

a(b1; b,‘,) = a(b1[)b2) = ::!(’.t:l1 H b,‘,) =ab U ab2 (A3)

It will be helplul to formally define the pairs of behaviours which have noc
events in common

Independent € BEHAVICUR <> BEHAVIOUR
Independent(b1, b2] o= Disjoint(ab,, abz)

We can express the orderings of events as 1he possible sequences in which
they can occur. Those sequences aher which no meore evenis may occur
arg delined by

finals € EEHAVIOUR — F(3ed{E))

finals SKIP = ({2}

finals NULL = d:seqm

finalse = {<e)}

finals(b1; bz) = {s*t | s3: f1nalsb1; t: fmalsbz}
finals(b1|]b2) = finals b1 u finals b,
flnals(blllbz) = (t: seqg(E) | atcu(b1llb2} &

tlab‘efinalsb1 &
tlal:;zet'j.r:alsb2 i



traces ¢ BEHAVIQUR -» [P{seg(E))

traces SKIP = traces NULL = {{?}
traces e = {(, (e}

traces(b1; bz) =
traces b1 U {s*t | 8a: finalsb1; t: traces bz]
traces(b,ﬂbz) = traces(b1) u traces(bz)
tracesl(b1 lib,) = (t: seq(E) | atca(b1||b2) &
t c!b1 etraces k:)1 &
t ab2e traces b2 }

and {rom this we Can derive the relatlonship between sequences of events
and the gvenls which can follow them in a behaviour., and the relationship
between behaviours ang the evenls which can slart them.

accepts ¢ BEHAVIOUR -+ (seg(E) <« E)
t (accepts b) e e t*{(e) ¢ traces b

starts € E «» BEHAVIGCUR
e starts b < (> (accepts b) e

Are these definitians carrecl® They are clearly internally consistent, since
we can hind models for BEHAVIOUR, but do they have the properties we
expect when we talk of these types of combination of behaviours? They
have been carefully construcled 1o be reascnable. but we should lke 1o
have more confidence. which we can gain Dy estabhishing a few required
propertizs as theorems

L « traces b —~ a t ©c a b

— traces b = PRFX(traces b

t— finals b c traces b

— t (accepts b) e = t ¢ traces b

t ¢ traces b; t # () +— hd t starts b



Froofs o! these theprems depend on the computational mduction principle
enunciated earler In general. sinCce we Can oniy construct behaviours which
slop after a finite number ol evenits. we might aiso expeci thal the traces
could be oOenved as the prefixes of  the finals The behaviour
(91; ek) 1 (e?; e1) 1S an opbvious cOQunigrgxampte: in some cases Of
paraliel combinauon. behaviours may disagree with each other. We shatl
be more nlerested in behaviours which do terminate at expected points,
which we shall call cansistent

Ccnalstent € BEHAVIQUR
Consistent b <= traces b = PRFX(firals b)

Canaistency ls preserved by ; and [J. and inconsistency by ; and ||. NULL
is not consistent, so we do nol expecl to use it much in defining other
behaviours

In our set theory, all sets. including BEHAVIOUR. have an equality defined
amongst their elemenls.  We can be sure that there are many bebaviours
in the set. by logking at ithe functions @, finals, and traces delinad
over 1t.  For exampie, e, * eie, since thewr alphabets are different,
On the other hand, although our intuition tells us that b and b [J b should
be the same behaviour. our theory is not sufticiently developed 10 prove
this  As usval we could repair the defect by introducing axioms 1o state
this and other basic algebraic properties as equalities. We should then
have lo show that they did not equale benhaviours detectably different in their
alphabet or lraces The aliternative i3 to dehne equivalence undeér these
functions, and show tha! the desired properties are theorems for this
relationship  This can be made more altractive technically by barrawing
lhe 1dea of reduction from Larch, which we express by makng BEHAVIOQUR
1Isomarphic to 1ts equivalence classes under the functions.

Vb1, bg: BEHAWVIOUR.
ab‘ = ab2 4 fir‘latl.sb1 = finala b2 )
traces b‘ = Lraces h2 = b1 - b2



We can now use standard equality theory rather than define a new relation.
and take as a nalural (semannhc) model of BEHAVIOQUR a subset of
{P(E) x PiseqiE)) « Piseq(E)). defined n part by the merrelationships of lhe
lheorems above. The 1theorems betow estaohsh the standard algebraic
properles of the gperatars tnat we expec! ¢ held under interpretation. such
properties are a useful source o! conjeclures whose estabhshment grves
grounds for confidence (n lhe gefinthons made They are also sulficient
an their own 10 perform usclul proofs.

— (b7 b,); by = b; (b, by) (c1)
b; SKIP = SKIP; b = b (c2)
b Ob =b (c3)
b 0b, = b, 0D, (c4)
(b,0b,) Db, = b, 01 (b,0by) (cs)
b DNULL = b (c6)
b b = b (C7)
b llb, = b, b, (C8)
(b, 11by) 1l b, = b il {b,{i by (c9)
bl SKIP = SKIPlib = b (C10)
b; NULL = b [l NULL (C11)
(b,0b,); b, = (b; b} 0 (b, b, (c12)
bi (b0 k) = (b: b)) D (b by) (C13)
Stnce [ and il are both commutative and associative. and have units, we

may denne

i
[l € F(BEHAVIOUR) -» BEHAVIQUR
I continuation()l, SKIP)

m

F(BEHAVIQUR) —» BEHAVIQOUR
continuation(, NULL)



where continuation. as defined n appendix A, places the dyadic
operalor between elemenis of the set  Anolher derwved operalor 1s ?. defined
by

7 ¢ BEKAVIQUR —-» BEHAVIOUR
?b = b [] SKIP

The behawiour ?b represents a choice In the world between behaving ke
b and doing nothing

It 15 convenient when describing and redasoning aboul behaviours W0 be able
to deal with partial definitions, Or constraints, as well as compiete delinihons.
i one behavigur consirains ancther, then we expect it 10 conirol the possible
orderings of the evenlis which it comprises, whist leaving any others
unronstrained

sat € BEHAVIQUR +«» BEHAVIQUR
b1 aat bz <> YL: traces bl. tol abz € traces b2 &
Vt:finalsb1. tl.abze flnalsb,‘,

This clearly has some resembplance to the defliniton of |I. ntuwuvely, the
behavlour 1s to be compteted by describing the rest of 1t 10 run in parallel.
Farmally,

f— b, sat b, & ab,cab = b = b b,

e 3b: BEHAVIOUR. b, = b, lib

and n follows from the algebratc properties of || thal this restriction ol sat
defines a semiatunce on BEHAVIGUR, with || as the join operation

sat, = sat n {{(b, b') | b, b': BEHAVIOUR | ab' < a b]



— b sat, b (51)
b, Bat, b2 & b, sat, b, = b, = b2 (82)
b1 sats bz & bz satS b, = b, sat, l:)3 (53)
b sat. SKIP ({54)

Thearems 31 and S4 cleariy apply also lo sat The fundamental theorem
for reasoning aboul behawours lollows directly from the definion.

—5cab, & b' sat b2 =
ft 15 1 t:tracesb} c ftiS | t:traces bz]

The following thecrems allow us (0 estabhsh satistacbon of one behaviour
by another n each case. il the alphabet restrictions are met, _E:_.:-ES can
be substivted for sat and the transilive property used to conslruct chains
of satisfaclion.

b, Il b, sat, b, (55)
]ndependent(bw, bz) = bj sat bz & b2 sat l:n1 [86)

]ndependent(bl, b} & t:)1 sat b2 =

b, sat b b (57)
b1 sat b & b2 sat b = bTDb2 sat b (S8B)
Independent(bj, bz) = b]; b2 s.al.t:E b1 1 b2 (59)

Independent(b1, ba) & Independent(bz, b3) &
I:a1 sat b3 & b2 sat b4 =

b1; b, sat b3; b

, (510}

a
Let us now turn 10 the effect of the evenls ¢n the observations. We may
imagine siationing an observer where he can see lhe evenis as they oaccur
in the part of the world whose behavicur we have described. (Such an
observer makes a suitable operalor for lhe nformabicn systiem). He may
choose 1o record various levels of information: he may count the events
lhat occur. he may record which evenls have occurred. he may record the
order in which they occur: or he may even record the frmes at which they
happen. From these basic observauions of the world. we may deduce octhers,



ang the ncher the wnlormatgon recorded, the more we shall be able 1o deduce
subsequently When we developed the theory ol behawviours. we decided
t0 resirict ourselves 1Q specifying only relatve arderings 1n time, with the
ungersianding thal we could not express some constrainis in that Iramework
We shall take an anatogous decision here. and deal only wilh gbservatians
defined by the order of even!s. which we c¢an lormahze as f(unctions In
seq(E) -» X for some X. This 15 adeguate for ine IFIF specrfication
presenled here, but could not be used. lor exampte. lor deriving the interest
payaple cn a savinge account A specihcanon ol the IFIP problem based
on a full treaiment Of ume 15 given n [Guslalsson81] and makes an
interesting contrast with our approach.

Since any irace ol a behaviour may occur, the domain of the abservanon
shoutd nciude lhem all Conversely, as no olher sequences wll be
opserved. the domain need be no larger than thal. We shall define our
observations over precisely the obaervable sequences of events

22 Defining ihe alphabet of events

So tar we have (reated the events in the syslem as an arbilrary, unstructured
set 1 we examine a typical nlormation system appircation. however we
TiAg 1hal we have the ‘same’ event occurring to differemt membears of some
sel of enlites, more correctly, that the events form famiies whose members
are disunguished by the value of one or more parameléers Far example,
in the conference system we hnave lhe tamily ol evenis corresponding ta
the submission ol papers and parameterized by the papeér and s author,
the tamily of events for refereeing parameierzed by paper and referee. and
50 o©on

We should hke 10 use the nalural notation f P, wnhere f {s the family and
F the parameler value, 10 denote an event We also aeed 10 caplure the



mtuihion thar an event is rdentilied uniquely by £ and P. We can formaiize
this dirgclly by giving axiam schemas for ihis type of term.

f ¢ FAMILY == £ P ¢ E

£ fzeFAMILY&fIP'=fP = f =f &P =P

1 22 1 2 1 2

In general. we expect the parameler terms (0 be tuples. so that we see
events ol the form Referee(p, r). Terms of the form f or P are to
be tlaken as parameters of the sChema.

This exiension of the axiom schemas of our sel (heary to enable us to reason
with a gregter variety of terms can be compared with the ‘abstract synlax’
approach aof [SufrinB3). In that treatment. each f in FAMILY would be
assomaled with an (njection fram its parameter sel into E. and the
disjointness of the ranges ol the injections asserted. To lighten the load
of stating Ihese properties. a new synlachc form is introduced, and the
associated proof rules given informally The prool rules lor events we have
iniroduced abgve are then thearems of the caonstructior. We can complete
the ‘isamorphism’ bewween the two approaches by defining injections from
Ihe parameter sels for each family

rep € FAMILY — (X >» E)
{rep f) x = £ x

This can be extended to give Lhe set of evenls corresponding 10 a set of
parameters in a family

from € FAMILY x« {P{X) —» P(E)
f from S = {(f 5 | 8: §])

S0 we can talk of Submit from (FxA)} and so on



2.3 Backtracking

Once we bave delined the behaviour of our world, we know the possibie
sequences of events which may be obsérved 10 happen Iin A
corresponding sequence of evenls shouwld be entered 1Nto the sysiem which
imitates the world, We can make the system reject sequences of evenls
which could not possibly happen. bul we gannat prevent the entry of
sequences which might have happened but didn't. We can make provision
lar recovery Irgm the simplest 1orm of error — accidentally entering the wrong
evenl — by providing a new event. QOPS, with the :tention (thal we shall
make formal laler) that entering UOOFS5 ‘undoes’ the effect of the previous
event. This new event 15 disbnct from the evenis in the world.

OOPS ¢ E

EODPS = E u {(00PS)
A syslem with capacity for undolng erroneously entered events must accept
sequences g events Tfrom the set EDOPS. Given such a sequence, we ¢an
define the carrgsponding sequence of desired events. where the erraneous
entrigs have been cancelled.

edit ¢ seq(E ) -—» seg(E)

QOoPS

edit(¢y) = O
ed1t{(OOPS>) = ¢

Vi seq(EOOPS).
e ¢ E = edit(tx(e)) = gedit{t)r*(e> &
€ € Epqng = edit(t*<e, OOPS>) = edit(t)

The rather uncaonventional right-recursive definilion is much more convanignt
1n definitjon and proot than the lefl-recursive form. Examination of the
definittan witi show that we bave defined the behaviour in cases left



unmenugned 1n the informal gdescrniplion two conseculive OQFPSes cancel,
leaving the event pefore ‘done . and an mtial OOPS will be gnored The
former s a reasonably naturai choice t(and certainly more efficiently
implemeniabie). while the latler 1s made for the techmcal convencence of
having edit 1otal  As one would expecl, edf leaves a sequence of events
not contamng OOFS unchanged (The proo! s by nduction, trivially).

— vt: seg(E). edit(t) = ¢

We should tke to characternize e set of sequences of evenls with
carrections which should be accepled Dy a syslem wilth given behaviour
Any such sequence, when edileo. must give a legmmate trace of the
behaviour The same property must alse haid tar every prelix so  that
impossible events are rejected immediately

backt.racks ¢ BEHAVIOUR — P(=eq(E
backtracks(bj(t) <«
Yo' PRFX(L). edit(t') € traces(b)

OOF'S) )

There are certain properties that we expecl of backtracks. First, wnhere
an agperator makes no mistakes. the original seguence of evenls shoulg be
valid hat 1s. every member ol traces(b) s 1 backtracks(bj.
Secand. OOPS shguld always be allowed as an event. Finally. as events
are ontered one al a ume. we expecl the set to bg prefix closeg. It migMm
0e possiote 10 use these properlies lo deline bacKtracks. Instead. we
must establish them as thcorems and lhus justfy our more canstruclive
approach The hrsl 1s inivial. given the theorem on edit and the prehx
clasure of tLraces; the second follows from case analysis on the end of
the trace. and Ihe third s proved by induchon

b € BEHAVIOQUR
— traces{b) ¢ backtracks(b)
— Vvt: backtracksib). t*{Q0PS5> ¢ bagcktracks(b)
— Vvt: backtracks(b).
Vt': PRFX(t}. t' ¢ backtracks(b)



The observations on the  syslem must now  be defined over
backtracks(b), rather than traces(b). It 1s possible io define
funchons whose rgsults depend on the presence of QOFS evenis we could,
for instance. |ust count ihe number of errors made by the operator of the
system On the other hand. we expect the cbservauons for which the system
was designed (o depend for theirr results only on the evenis carrectly entered
We can characwenze sach funcuons as forgiving.

Forgiving(s) =
{r: seq(EOOPS)HS |
Vt1, t,‘,: seq(EOOPsJ; g: 5.
edit(t1) = edit(tz) = rit,, 8) = r(tz, 8)1}

Grven a sequence of events within the backtracks of a behaviour. we expecl
the possible next events to be those acceplabie 1o the edited trace within

traces(b). It we defhine a new relaticn 19 include QCQPS
ar:cegt:sB € BEHAVIOUR -+ (Seq(EooPs) > Eoops)

t (accepts, b) & « t*{ey ¢ backtracks(b)

we can siate this as

b € BEHAVIQUR — F‘orgivmg(Eoops) (accegtss D}

The proot follows from the defimitions ol the terms and case analysis on
the accepted evenl.

Thae function edit detnes equivalence classes over seq[EOOPSJ. each
of which contains a unique member of segl(E). We can systematically
dehne relations en the enhanced traces from those on the traces of events
In the world by making use pf this.

enhancement € (seg(E) «» X} — (seg(E
enhancement(r) = edit; r

DDPS) > X)



Clearly. by construction. since forgvingness require@s only that the
equivalence classes of ed1t be respected by a relation,

r ¢ (seg(E) «» 3) + Forgiving(S) (enhancement(r))
We can therefore defline observations for tne sysiem in the nalural way over

the sequences of real events which comprise the traces, and characilerize
the funchors over the bachiracks that we actually require by ennancement



3 The specilication

We have now completed the theorencal background, and have some idea
ol the shape the system wi! have. To make this paltern more specific.
we shall agopt the ymage ot an ‘intefligent filing cabinet”. which allows the
recording ol particular even's as they occur. and the retrieval of infarmation
for guiding the activities of the committees. but daes not attempt? to aviomate
any of their acuvilies.

31 The behaviour Of the system

We should begin by giving the behaviour a name. This provides a new
constant in our theory whose properties we may then slate

CRIS ¢ BEHAVIDUR

we have developed mechanisms for constructing a behavigur from its
subcomponents. A natural division in the informal description 1s thal between
the programme commitiee. who are responsible for the papers submitted,
and the organizing committeée, whao must lake care af the deiegates We
shall begin with the events concernming the papers once lhey have arrived

A paper comes into the system by bemg submitted by tts author. It may
then be sent for consderation by ane or more referees.  Normally. this
will result in a verdict being returned, but in exceptional circumstances we
shall allow the relereeing process lo be lruncaled al the request of one
or Olner party When ail the referees’ reporis are received. a decision
can be made and the author informed Ar accepled paper must be assigned
10 a conference $e€s5510n. We also prowde for the possible acknowledgement
of the recerpt of a paper.



To formanze this. el us represent the papers by the sel P, refarees by
the set R, thewr verdicts by V, aulhors by A, and umes {or preseniaton
by T. We shall assume these (and the rest ot the sets introduced: 10 be
finilg. so tat all our combinalors on behaviours can be used freely. A3
usual. lower case single leller denuhers and their varants belong to the
upper case sels. We shall allow lor two possible decisions, acceplance
ang refysat

{Submit, Referee, Report, Cancel, Decide,
Inform, Schedule. Acknowledge} © FAMILY

Dec = {ACCEPTED, REJECTED)
From the wewpeint al the referee. some of the papers will arrive, and he
will either referee them or return them If he does neither, then he may

be toid not to bather He cannol referee the same paper twice.

REF

Referee(r, p);
(|:|[Rt=_lport(1:r pe ¥) | v: v}) [J Cancel(r, p)

¥r: R; p: P. CRIS sat_ ?REF

It this 15 the only restricion on refereeing. then an arburary number of
papers may be sent 10 any one referee. This 1s in accord wih our declared
policy of leaving decisions 10 the users: we shall expecl 10 make the workioad
of the referees avallable 1o the programme commitiee 1o help them make
a selecnon (They should also be aware ol other constraints beyond the
scope of Inis syslem. such as, for example, a referee being a spouse ol
the  authar)

Note thal there 15 a difference between undoing the seleclian ol a referee
by using QOP5 and cancetling the appointment with Cancel. In the latter



case. the referee cam nol subsequently be reappoinied 10 the paper (as
one might expecl) Canceliation can ais¢ take place alL any ume afier the
appciniment. whereas the use of OOPS applhes only to the immediately
preceding evenl. whatever thal may bDe

The author. having subrmitted a paper. may get an acknowiedgement. angd
will be ngtied of the programme committee’s decision.

AUTHORP __

hcknowledge(p, a}l;
(l{intorm(p, a, d) | d: Dec)

Yp: P; a: A. CRIS3 sat, ?AUTHORP

We can then describe how the programme commiliee must handle a paper
They may choose ta acknowledge the receipt ol a paper at lgast unul a
gdecision is reached Subseguentiy. they must inform the author and schedule
the paper it necessary. wnere scheduling requires lhe choice of a ttme slot
for the paper to be presenied

DEC

Decide(p, ACCEPTED}:
(Inform(p, a, ACCEPTED) |
[]{schedule(p, t) | t: T})
[l Decide(p, REJECTED); Inform(p. a, REJECTED}




PAPER

D[(submlt(p, a);
7Acknowledge(p, a) i (|][?REF | £: R}});
DEC)
| a: A}

¥p: P. CRIS sat_. ?PAPER
We can establish that

— vp: P; r: R. PAPER sat, ?REF
}— va: A; p: P. PAPER sat, AUTHORP

by using the satistaction theorems of the previous chapter as lemmas. Hance,
given the fransitivity of sats, we can be sure that any sysiem which
salistigs ?PAPER will meet the rost ol the specilicanon so far.

In scheduiing the papers. we have one more. rathar unexpected. ‘aclor’ in
aur benavigur: the conference lime siots. Thase must be allocated 10 at
most ane paper.

¥t: T. CRIS sat, ?[|{Schedule(p, t) | p: P}

The programme commitiee may alsp take suggestions for potential authors.
issue a cali for papers. and then register ietters of intent, We shall assume
thal these are not mandatory, and thal they will not happen once a paper
has actuaily been suvbmitled




{5uggest,, Call, Intend} c FAMILY

PRESUBMIT

?(SuggestA(a); Call(a)); ?Intention(a)

Vp: P; a: A. CRIS satg ?{PRESUBMIT; AUTHCRP)

The organizing commitieg must coordinate the invitations to delegates.
These delegates may be suggested. in which case they will cerlainly be
sent an invitaton. They may then accept the invilation. and will recelve
a repty from the dgrganizers. We shall also deal with the self-inviled, returning
the answer 'no’. Formally, we use D for the set of delegates.

(S8uggest, ., Invite, Accept, Reply} < FAMILY

DEL

Invite{d):
?(Accept (d); [|({Reply(d, d*) | d': Decision})

DELEGATE

(Suggesto(d); DEL)
(0 DEL
0 (Accept(d); Reply(d, REJECTED))

vd: . CRIS E.at5 !DELEGATE



Aulhors. as we have estabished. submit papers and expectl replies from
the programme commitee. They are also entilled 10 invitations as a resull
o! submiiting a paper Therr campiete behaviour as far as ihe system Is
concerned is thus

AUTHOR

PRESUBMIT; Submit(p, a); (DEL[a/d] || AUTHORP)

¥p: P; a: B. CRIS satE ?AUTHOR
We can rsadily show that
l— AUTHOR sat, FPRESUBMIT; AUTHORE

and hence that salisfacton of the requirements of AUTHOR guarantees
satistaction of those of AUTHOREF.

We have now defined the behaviour of the world as seen drom various
viewpoinls, We wanl all these actlvites to go on, as far as possible. in
paralie! we can aiso say at this slage 1ihal there are no other events,
We can therefore define CRIS as the paraltel combination cof all the
behaviours 1t must satlisly

CRIS = {|(?PAPER { p: P] /I ||{?DELEGATE | 4: D} Il
[[{?AUTHOR | p: P: a: A) |l
jlt2[] (schedule(p, t) | p: B} | t: T}



3.2 The observanons

Having gefined lthe behaviour in which we are interesled. we can now discuss
some observations that we should hke 10 make It 15 caonvermienl 10 name
the resulls of applyng some pf the funcuons on behaviours to CRIS.

TRACES = traces(CRIS)
BTRACKS = backtracks (CRIS)
accepts = gccegtsB(CRIS)

We intend to oefine some funchicns from BTRACKS 10 provide the subsliute
observalions which the usér needs. but we must firsl decide what
observations are required. OQur ultimale authorrty 1s the chent. but as usual
we shauld like some paliern for shapirg our dialogue with mim

The observalions we can defing are bounded above by the information which
BTRACKS canvays The raestrictons mplied by the theory itsell wore
discussed as it was developed: by choosing specific events associated with
parbcuiar informahion we have limited ourselves further It is no use Irying
to ask apout! consequences of evenis which we have decided not 1o record.
ang i we find thal we need (o0 4o so, we mus! revise our ideas of lhe
events in the world. Completeness 1s confirmed Dby exhibiting a detinitian
of the observauon

Let us consider the observations that the user might wanl lo make of the
state of 1he retereeing These might include the referees still fo produce
reports. Lhe papers with reports oulstanding. papers which need referees
appointed, the referees’ reporis on a paper. and so on. ano indeed, the
actudl observations chosen may beé constrained by aspects of the design
nat yel settled. For example. if a reieree’'s verdict is expressed on a scale
out of 1en. then we rnay convermently show ail the vergicis for a particular
paper in one screenful., whereas f they are mare involved they may need
10 be tlaken one al a ume At this level of abstraction of speciticauon.



thergfore. we shouid am ta find a small set of gbservations frgm which
Wwe can expect (0 derwe others, and defay the determination ol the actual
s€! lo be presented ta the user untl ilater

There are two properties of CRIS that help us in this. In general. the
Observauons define the effect. or "meaning”. of a seguence of events. Our
inwinon in this case, however, is that individual (real? events have a meaning
independent of the rest of 1he seguence m which they appear (although
lhese sequences are constrained by 1ihe behaviour to be meaninglul
collectively). Feor example. Submit(p, a) means ihal paper p has been
recewed from author a, and It occurs only in seguences where no other
author has submitted the paper It therefore seems thal knowing 1he set
of events which has occurred might be encugh to deduce any further
Interesting observauons,

Further support for this 1dea comes from the second property of CR1S. that
events happen once if at ail" 10 know that they have occurred s to know
how often they have occurred. Further. If the behaviour lells us that it is
ane of a sequence of events, then we know the order in which thosa events
oCcurred, and f 1t 1s part of a set of independent aliernatives. that the
events ol the other allernatives will not occur. Oniy where events ray occur
1N parailel 1s there any doubl as to the actual order of occurrence. bul
parallel combinavon in CRIS 5 used only with ndependent threads of
behaviour we are unhkely 1o want (0 know H a given paper was recewved
before some person was invited lo the conference. Thus, given an
observalon frem which we can determine (f a given event has occurred,
we expect iIc be able 1o deline almast any (fergiving) function definable frcm
the traces themselves. the remainder being ‘uninteresling’.

For sequences of real events. this observation can be just lhe alphabel of
the trace Far the mare general case of traces with correcltions, we have

oba € BTRACKS -+ P(E)
oba = enhancement(a)




- ran obs = {a t | t: TRACES}
which. applying the theorem of alphabets of behaviours. gives
— ran ocbks <« #(a CRIS)

This observalign is rather inconveniently monolihic. and we can consider
breaking 1t up inte parts that. taken togathgr, provide the same rnfgrmation:
that s, i we have f1 n PE} — X f2 in FE -» Xy and so on, then
the gcombined funclion f1, fz, . . defines an Iisomorphism between

ran obs and the range of the combination.

Dur programmer's intuitlon says that this can ‘aobwiausty’ and ‘nailurally’ be
gone by providing one observation for each family, which for SuggestA
would yield the set of polential authors suggestad 1o the commitiee. for
Referee the relalonship beiween referees and papers. and so on  Wilh
the suspicion ol words In inverted commas born of axperience, we should
ke a linle more juslification tar this proposal. parucularly as diflferent
programmers may choose ditterant interpretations of the observations: for
example. by returning the referees who are sull to repari on a paper rather
than all the referees who have ever been asked to report on il

The justificatton is a constructon of the (samorpmism between the
unstructured and the structured observations. We have already established
by axom the isomorphism bebween the parameter values of a family and
the set ol evenis they define. Projection ol the sel of events which have
pccurrep onio a single lamily 1s clearly not injective: if. however. we combine
projeclions so that every event is rppresented somewhere In the image. then
the resuiting operation wilt be. This shows that one observation per family
s necessary. and thar it is sufficient to consider only the evenis in the
alphabel el the behawvieur. as dehned by the parameters of the families.



This simple process ol projection and label siripping uniformly gives us the
historical rather tham Ihe curren! observation of processes like refereeing:
fustuiying the current view 1s more nyolved. and we shall refurn to 1t when
we consider impltementauons 1 the next chapter In the meantime. let us

define a pattern for lhe observauons for a given family and parameter set

Cbservation ¢ FAMILY = P(X) -+ (TRACES — P(X))
x ¢ Observation(f, S)(t) < x € $ & fx € at

Submitted
Refereeing
Cancelled
Reports
Acknowledged
Decided
Informed
Scheduled
Suggested,
Called
Intending
Suggested
invaited
hccepted
Replied

Observation(Submit, P = A)
OCbservat:ion(Referee, P » R)
Observation{Cancel, P x R)
Observatien{ReporfZ, (P xR) «V)
Observation({Acknowledge, P x A)
Observat:ion(Decide, P = Dec)
Observation(Inform, P x {A x Dec))
Observation{Schedule, T x P)
Observation(Suggest,, A)
Observation(Call, A)
Observation(Intend, A)
Observation(SuggestD, D)
COkservation(Invite, D)
Cbhservation(Accept, D)

= Observatilon(Reply, D x Dec)



4 implemeniing ine system

The funclhional specificaticn of the system was campleled n the previous
chagter: by lhe end. we have a descriphon ol what the system s 10 do.
but with no ndicahion of how, even lo the exient of indicanng hardware
ar user inwerface At (s stage. the projecl should be reviewed The cheni
can decde how much a system with the specified capabilites 15 worth. and
this limits the budget of 1he implementation phase The designer can then
decide !f the sysiem can be provided within the budgel. possibly by exploring
the outhnes of some designs in privale |f both parhes are then saustieg.
the contracis can be signed ang the implemeniaitgn begun

4.1  The properbes o©f implemeniatans

In thys secupn, we shall esiablish a framework lor talking about a parncular
implementanon by developing the praperties Ihal aill implementations must
have.

We can regard the impiemented system as a ‘black box'. which s provided
with means for indicating the occurréence of individuai events (ncluding
Q0PS). and for determiping the current values of the observations at any
time The pox presumably has internal slalg. since the observations depend
on the sequence of events input, »n a way which mimics the cbservations
detingd for the sequences of evenls n the specihicaton An allempt 1o
enier an evenl wh'ch s nol acceptable s a continuation to the previaus
sequence ceuses nNoO change n the observauons. We can infer that the
state must be rich enough to support the computauan of the results of 1he
cbservalions and (he effects ol the operauvons which lollow the ndication
of an event



Farmalty. et us assume that the internal states are in some set DB and
denole members aof 1l by tdentifiers like d. To allow the resyits of the
observations 1o be computed. the implementallion must pravide a function

obs“ € DB —» ran obs
where the partiality of 1the funchion allows !or ‘unused’ states. This reminds
thay the implementaton musl provide at least as many siales as there are

distinct observations.

The elffect of entering an event 1n a given state may pe tormalized as. a
function

effect € EOOPS — (DB —» DB)
and 1his can be extended naturally Lo sequences of events

effect ¢ seq(EODPS) -» (DB —» DB)
effect = extension{effect}

where extension is defined in appendix A. i the implementation is 1o
mimic he specification. then, for some 1nitDB in DB. we must have

¥t: BTRACKS. obs t = obsM(effect £ InitDB)

H. however. we wani to intarpret £ in this axiom as “the seguence of events
entered by the user”, Lhen this requirement is nat strong engugh: the result
of any sequence mus! be correct. Qur goal for establishing the correctness
of an implementation then beccmes

G = Yt: seq(E obs t = obsM(effect t InitDB)

ooPs) *



The Iunction obs is so far défined only over BTRACKS. and we shauld
formalize what we mean by observing arbitrary sequences.

vt: BTRACKS. obs t = obs (purify t)
where

purify € seq(E,,,) —» BTRACKS
purify(<(>») =
purify s accepts e =
pur:fy (s * {e>) = purify(s) * <e>
T'purify 3 accepts e = purify(s *<{e>) = purify(s)

The nterpretalion ol purlfy clearly saushés our nlormally staled
requirement ol no observable change caused Dy illegal events Purdication
1s clearly idempotent. and hence an identily on BTRACKS: hence

— vt: 3eq(E ). obs t = obs (purify t)

The obvicus stralegy for proving that G holds for an implementation 5 by
inductton. tn expanding out the basis slep. we arrive al the goal

Gl = obs (> = cabsM InitDRB
ang tor the Induclive step

G2 = obs £t = obsM (effect £ InitDB) +—
obs(t*{(e>») = obsM(effect (t*<{e>) InitDB)



This latter goal can be subdivided according 1o the walidiy ol The event
introduced to give

G3 2 obs t = obsm(effect t InitDB); purify t accepts e
- ohs(t*<ed) =obsM(effect [t*<e>) In1tDB)

{a particular fgrm of G2). and

G4

m

obs £ = obsM(effect t Ini1tDB); "purify t accepts e
— obsM(effectt Ini1tDB) =
obsu(effect (t*<e?) Ini1tDB)

which together subsume G2 (the lalter restating whal we have always known.
that iega! evenls have no eflect). Il we assume the forgiveness of obs.
Ihen we have

Forgiving(obks) +— vt: BTRACKS. obst = obs(edit t)

and hence

Forgiving(obs)
¥t: seq(E ). obs(purzfy t)

obs{edit(purify t})
obs t

QOPS

which yields new subgodls from G3 by anaiysis ol Lhe iast event
G5 = obs t = obsM(effectt In1tDB)
; purify t acceptse; e€¢E —
obhs(t¥<(ey) = obsM(effect {(t*{e>) Tn1tDRB)

Gb = obsM(effect COP3 In1tDB) = obs,, initDB



G7 2 obat = obsM(effect £ In1tDB); purify t accepts e
— ObsM(effect 00PS (effect (L*¢ed>) IN1tDB) ) =
obsM(effect t In1tDB)

Qa1 the goals so far. enly G1 and G5 depend on the torm of obs. By
adoplting the defmnuiorn of the previous section. we may rewrite these as

G8 = c:at:)sM In1tDB = @E
G9 2 ohst = obsM(effectt In1tDB); purify t accepts e
;e €E b obsM(effect e (effect £t In1tDB)) =

obsM(effect t InitDB) U {e}

respectively The goal set to be estabiished atter this analysis s {G4. G6,
G7, G8, GS}.

42 A particular implementalion

inspection ¢l lhe goals shows thal. depending on the condivons salshed
by lne previcus hislory ang the event. the observable effect 1o be produced
by lhe event s no change (G4). the resull belore the previous event (G7).
ar is derwed from the previous cbs@rvation py adding a&n evenl (G9: a
process which s guaranteed n the case ol CRIS to produce a change
in lhe observation we mghl herefore take as lhe state a par ol sets
ol evenis

DB = P(E) x P(F}

where gng represents 1the current and lhe other the previgus observaton.
The cobservation function is 1irivial

obsM(c, p) = ¢



Formally. we can take G3 ang G4 and our new found f{although not
unexpected knowledge thal evenls always have an effect, and deduce that

G3; G4 — wr , t, seq(Eoops ;e: E.
effect t InitDB = effect t, InitDBE =
purify t accepts e < pur 1fy t, accepts e

Intormally, we can interprel thrs as the discavery ihat, if the system is 1o
perform as specified. then the states of the implementaion must contain
enough inlormation to decide when svents are allowed. QOPS. of course.
s always possible. An implemeniaton must have this properly O have any
chdnce ¢t correctness.

it we tlake the stronger condition of equalily of the observation i1mplying
equivalenl acceplance. we may rewrite the precongihon on correctness as

¢l = vt t2: TRACES; e:E | at, = at?.
t1 accepts e < tz accepts e

We shoug like 1o establish this for CRIS withoul having to enumerate all
s traces We can generalize the properly to all behaviours

DRBLike © BEHAVIQUR
DELike(b) e vt . tz: tracea(b); e: E | at, = at,.

t1 (acceptasb) e « t2 (acceptsb)e &
Einals b t, = finals b t.2

The clause invalving f1nals slrsnglhens the condition of G11 to include
the "event’ af terminatian. it 1s required of the firsi behaviour 1n a sequential
combinalion to praserve the weaker condition, and s preserved by the
consiryctors In a simiar way. It is therefore lechnically convement 10 1old
the wo condibans together when stahng the thearems below,



Definlions of properues of behaviours in terms of Lherr sets ol (races are
not very helptul. since Llhese sers carn be large It 1s possible la deduce
some sulficient (bul not necessary! condibicns on the siruciure and alphabel
©! behaviours which are maore readily determined

— DBLike(SKI1P)

— DBLike(e)

b], b2€ BEHAV IQUR; DElee(b']: DBlee(bZ)
— Independent(b1, sz = DBL1ke (b, ; bgi
— Separable(b,, sz = DBLike (b, Dbz)
F— DBLike (b, i b))

where

Separable € BEHAVIOUR <« BEHAVIOUR
Separable(b , b2) =
Vt1, t2: traces (b, 0 bz) | a t? =a tz'
(t1 € Lraces b1 b= tze traces b1] &

(t1 € traces b2 <> tzetraces bz)

Separability s nol. of course. expressed as a struclurai conditdon. bul we
shall show 1wpo forms of separable bhehawiour 1in the next sectign  In each
case above, the preconditions make the proof trivial. and are relatively
slrong: independence ¢! pehaviours Joined by ; imphes that each eventl (as
in CRIS) accurs only onrce, We can use Ihese theorems to show

— DBL1ke{CRIS)
f— Gl1

Now we have shown the acequacy of the siate. lel us complele the
constryclion by building the operations uwpon 1l and det@rmining the nmal
stale  Let us spht the eflecl functions along lhe lines suggested by the
condinons aof G4 and G9.



Ye:E. effect € = Id 8 effectNe &
dom etfectNe =
feffect £t In1tDB | t: seq(EODPS)

| purify € accepts ej
With this conslruction, ctearly.
Yt seq(EoopS). effect t = effect (purify t)
Then, as a consequence of Gl1, we have
— vt: seq(EODps); e: E.
effect £ InitDB ¢ dom effect, e & purify t accepts e

which immediately estabhshes G4. | we choose

¥ic, p):dom(effectN e).
effectNe (c, p) € ({cu e}, 5) 0 8:P(E)]}

then G&% 5 also estabiished. and we can lake
initDB € ((@.. 5) | 5: P(E))

10 sauwsly G8. Consideratgn of the requirements of OCPS dictates 1hat these
be strengthened 10

V(ic, p): dom(effectN e). effect e (c, p) = (cU {e}, c)
[NitDB = (D, O)

with
effect OOPS (c, p) = (p. C)

given which. the remaining goals G6& and G7 are readily estabhished.



43 A more elbcient implementalion

There are three areas n which the ‘eifictency of the proposed
implemeniahon 1s dublous  particularly with regard 10 the space required
Ing representation of the previous slawe for QOPS3. the form 1n which the
domains of the operations are expressed. and the representalion of the state
as an arprary set of events We shall deal with these 1n turn

We know thal each evenl Ooccurs al most once. and hence the eflfect of
a tegal. real event 1s 10 agd precisely that event to the observauon Thts
suggests that we can represent one sfate by lhe single event needed to
derive (L from the other Il 15 convenient 10 derve Lhe previous slate from
ha curzenl stale

DB, = P(E) = Egpeo

We can wrile a rewrzé@ve funclion to the previous state as

ret « DH‘ »3» {effect t InitDB | t: TRACES)

e ¢ c = ret(c, &)y = (¢, ¢ —{e}}
e § c & e # O0OPS = ret(c, e) = (c, cd{e})
ret(c, COPS) = (c, ©)

and. since this s a hbyectien. immedialely derive the corresponding
operaliens from lhe previous impleménlabon by defrming

effect € E -» (DB, — DB))
— (DE!7 — DB1)

oaPs
effectH e E

oapPs
effect e = ret; effect e; ret™
This gives
e € E = effectN e (c, @' = (cu{e}, e)

effect OOFPS (c, OOPS)Y = (¢, QOPS)



e ¢ ¢ = effect COPS (c. e€) = (cu {e], e)
e € ¢ = effect DOPS (¢, e) = (c- {e}, e)
DOPS)

=

e €
e €
InitDB = (&

&}

E*

Now let us turn our anennhon to tne domain conddions for the operations
We can reshape the collected domain c¢gnditons as a reiabon analogous
10 Ihe acceplance reiauans on sequences.

accepts € DB «> E
d accepts e <= d ¢ dom(effectN e)

What we are seeking 1s a relation accegtsu equivalent 10 1h|s.r but
exprassed in a form more oriented to computanon than a set ¢t pairs of
slales and everts  Eqguivalence in this conlext means giving the same resuit
over lhe subset of DB reached by seguences of evenis

accepts, € DB > E
vt seq(EOOPS); e: E. effect t InitDB accepts e <
effect t InitDB accepts e

Making use of the results on accepts and purify. this can be reduced
10 an eguvaleni goal

G12 = vb: BTRACKS; e: E.
effect t InitDB accepts,6 < t accepts e

ngd o as
anc i we agree tao construct acce;ggtM

acceEtsA € P(E) - E
_accegtsM = obsM; accegtsA

then this finally reduces 10 showing
513 = vt: TRACES; e: E. at accepts, e <= t accepts e

G1ll gwves us grounds for thinking thal such a relauon may exst



Let us look at a particular event. Reportsir, pe V). Looking at the
specificalon of the behawviour. 1t seems that (he view REF gives us sufficient
coniext 10 determine when the evenl can occur afler Referee(r. p). but
nol if any Report(r, p, v') or Cancel(r, p) have occurred. We
should atiempt lo iorrmalize these ideas and jusbly our mtuiton  The basic
lest of a state logks at the events which have occurred and those which
have not

FPAIR = P(E) x P(E}

sel ¢ FPAIR + [F(E)
(0, n) sl § <« o c 5 & Disjoint(n, 3S)

We can take a sel of these. and defling the new tesi as the disjuncbon
of lhe tests of its elements

FILTER = P(FPAIR)

sel ¢ FILTER « P(E)
F sel 5 <= df:F. f s5el S

and. gven a ilter 1or each evenl

has filter € BEHAVIQUR —» (E « FILTER}
we can conslrucl, given some hiter F far e

e (has filter CRIS) F = 5 accepts, ¢ = F sel 5
and hence can defline n general

e (has filter b) F <=

vt: tracesb. F 5el at < t (acceptsb)e &
o F = b



where

a ¢ TILTER -» [P(E)
a F= Il|{leue' | (e, e"):F}

The 'no junk’ condtion 1s useful when weé come 1a construct fiters for
particular shapes of behaviour

Then. from the basic cdservations

e, e' € E; e’ # e

— e (has filter SKIP) QFPA'R
— e (has filter e} (&, {e))}
+— e' (has filter e) ¢FPA|H

it follows 1hat

Reporta(r, p, v)(has filter Reports(r, p, v);
[ (@ {Reports(r. p, v}}},

Reports(r, p, v)
fhas filter D{Reports(r, p, v} | viV})
{{®., {Reports(r, p, v | v:V})]

Dy apptyng lemma

H: Determinlstlc(b‘, b2);
- e (has filter (b1ﬂb2)
({5, sU {e:E}t estarts bz“ b (8, s' )
((s, 5Ufe: E | estartsb1]) | (8, 58" )

F )} u
F2]F
Feports(r, p, vy(has filter REF)
[(fReferee(r, p)}., (Reports(r, p, v|v: V) U
{Cancel(r, p)} !



oy apptying the previous lemma and

H; e starts bz; b1 has ends F‘: Independent(b,l, bgj
— e (has filter (b1,— bz))
((s,s' 0Ly (s, 8 ):F;t':FPE)
I (@, t')eF, }ou
{(s, 8"} | (s,s'):F2|s'¢rbEJ

and that this s also a hiter in CRIS by applying

H; eeab,; Irxdependent:bl,bz)
— e (has filter (b,: bz)) F1

H; eeab,‘,; e starts b2; Independent(b1, bz)
— e (has filterxr (b1; bz)) F2

Hi eceab; edab,;
— e (has filter (b Illb,)) F

1

where

He2 e (has failter o) F,; e (has filter b,) F,
Determinist ic ¢ BEHAVIOUR «» BEHAVIOUR
Determin15t1c(b1. b,] =)
Ye: E. & starts b1 = & { crb»_‘l &
e starts b, = e ¢4 ab,

has ends ¢ BEHAVIQUR <«» FILTER
b has ends F <=
vt: traces(b}). F sel at < finals b t

Determrmism 1mphes separabilily (see the previous secton) behaviours of
the form e b‘ 0 51 are also separabie  We can buid a struclural analysis
for has ends by treaung termination as some special evenl gccurring and
tinding the (iter for that evemt



This process. ol going Irom simpler 10 mere compiex behaviours in stages,
guessing al each step how to modily the hiter to preserve ils carreciness,
and then graving the consiruction correéct. can be carried out for each evenl
We might expect 1o arrnive reasonably quickly at a sufficient set ol lemmas,
ravering al the special cases which have parucularty compact forms of hilter,

Finally, el us consider how to represent seis of evenls We can gan mgre
msight by ocking ar ine resutls of The separale functions which callectvely
yieid a resull tsomorpmce to thal of the onginal observation obs .

oLy, = Submitted,Refereeing,Cancelled, Reports,
Acknowledged,Decided, informed,Scheduled,
Sugges tedA,Called ,Intending,Suages tedD P
Invited,Accepted,Replied

Whal s the range of this function? Il we Ilgok ai cne of the components.
Reports for example, we can see that

Reports ¢ BTRACKS -» P((PxR) = V)
which t5 conventionatly writen

Reports € BTRACKS —» (P =R <> V)
Such rewritings nto relanonal (orm apply 1o all the observations 1nvolving
Cross pipducts in thrs case. we can go further Afler some manipulation.
we can wrile lhe range as

ran Reports =

ifrep Reportj_l(]cttb |
t: {tiReport fromP=R2V | t: TRACES]]



Reparts € BTRACKS — (PxR —» V)
we need 1o demonstrate. far t wn TRACES

Gl4d = {Report(p, r,v1),Report(p, . vg]}cat = v, =V,

We have by enumeration

t € traces( ?[| (Report(r.p.v) | v: V}) — Gl4
and. since

— CRI5 sat ?[]{Report(r, p, v) | v: V}

we can vuse the theocrem concerning traces and sahisiaction to gwe lhe
desired resull  Followng this pallern in each case. we can show that

obs, € BTRACKS -» RANGE
where

RANGE = {(P -» A} x (P> R) x (P¢>R) x (P xR =» V) =
F(P) x (P »Dec) x [P —» AxDec) =x (T = P} =
P(A) xP(A) xP(A) xP(D)
F (D) =P(D) x (D —» Dec)}

and lurther, that

dom Refereeing ¢ dom Submitted

dom Reports c Refereeing

Cancelled < Refereeling

Disjoint{dom Reports, Cancelled)

Acknowledged © dom Subm:tted

¥p: dom Informed; a: A; d: Dec | Informedp = (a,d).
Decidedp = d & Submittedp = a



We can conclude thatl the sel

DB2| = RANGE «x EOOPS

impiements Dfil1 in an obvious way

As a last siep. we shall explore lhe sels which are isomorphic to the subset
of RANGE adetined by the theorems inlerrelaling observations. to present the
struclure 1n a way more appropriate to a fihing system and to attempt 10
have {ewer unreachable states in the obvious implemenlation

In a manual iling system, we might consider allccating one drawer to files
labefted by paper. contaimng the authorship. refereeing and reporting
inormanen relevant ta that paper, another drawer 1o files on people
udenuhed by elements of Q. which (s hencelertn to inciude A, D, and R}
recording theiwr status as delegales and authors, and a timetable to be filled
In as scheduling progresses. Formatly, we can define wo sub-observations

obsp = Subm:tted,Refereeing,Cancelled,.Reports,
Acknewledged,Decided, Informed

obs, = Suggested,.Called,Intending,.Suggested,.
Invited,Accepted,Replied

such that

nbss = obsp, Scheduled, o};:'sQ

Consider obsP

obsp € BTRACKS —» RANGE,

RHNGEP = ((P—+A) x (P«>»R) x ([P R} x {PxR-» V) x
P(P) x (P —» Dec) x (P — A xDec))



We want o converi elements of RANGEP 10 Tunctions in
PF = P -» PAFER

for some {(structured> sel PAFPER. which we can do n four reversible stages
The first 18 to convert each componem of RANGEP to a partal funchion
over P.

RP, = ((P—>0) » (P =P (Q)) x (F»P () x
(P—> Q- V) x (P—» [ACKD}) x (P -» Dec) x
(P -+ (A xDec))

stage, ¢ RANGE, »> RF,

stage, = 1d x # « 4 « ® » const ACKD » Id = Id

where the bijection property comes immediaiely from that of the components
(of which #, o and const are defined in appendix A).

To turn thes into a single function wik cross-product target. the use ol
the comhbinator . 15 appropriaie We c¢an show that 1his is bijective il
I1s restricted to funclions with common domain, sc the secand stage is 1o
requce the functions 10 this form. It follows from the restrictions pn RANGE
that the domain of Submitted t includes 1that of any other lunclion. for
any £ in BTRACKS. Domain exiension can be done conveniently and
reversibly by “hiling n the gaps’ wilh a new vaiue.

extend ¢ ¥ —» (P(X) x[(X-»Y) —» (X -»Y))
extend ¥ (8, f) = const(S, ¥) 8 f

— extend y ¢ {S= (S — (¥I)) € Sx (8- {y])» (§ »Y)



RP, = ({(P-»Q) x (P —P(Q)) » (P »P(Q)) =
(P-»Q-3V)] x (P -» [ACKD}l) x [P —-aDecl) x
(P -» (A xDec),)
stage, € RP, »» RP,
atage, (s, ¥, ¢, Vv, a, d, 1) =
(s, extend ® (doms, r), extend ® (doms, ¢,
extend ® (doms, v), extend J'(ACKD} (doms, a),
extend Lnee (dom s, d), extend 4 oo (doemsa, i))

where. for all seis S

lSlS
Sl=su(ls]
Then

RE, = P —» (AxP(Q) xP(Q) x (2 -» V)
{ACKD}lxDeclx[AuDec]l]

stac_:,le3 € RP2 —» RPJ

stage (s, r, c, v, a,d, 1) = 8, 1,C, ¥, a, 4, 1
Lasily. given
v, = V U [PENDING, CANCELLED}
we can simplity the range of the resulting function

PAPER = (A x {Q -2 V) {ACKD}, ~ Dec, « [VSENT} ,)

stage, € RP3 — PAPER



stage,(s, r, ¢, Vv, a, d, IA_De:J =
(s, extend PENDING (r, extend CANCELLED (c, Vv)}.
a, 4, {VSENT} )

i e AxD == stage,(s, T, c,Vv,a,d, 1} =
(s, extend PENDING (r, extend CANCELLED {(c, v)),.
a, d, VSENT)
and. since the compostion of these slages over ran obsp 1s byectuve, it
15 & relatively simple mattar 10 deterrune how the events should ypdale this
new regpresentation

Simtlarly, we can Construct

QF € Q -» PERSON

PERSON = {SUGGESTED,}, » {CALLED) x {INTENDING}, x
( SUSGESTED,}, » (INVITED), = (ACCEPTED), =
Dec,

1o give an impiementation

DB, = PF x QF x (T»» P) » E

3 OOPS



5 Summary

In the previous chapters. we have presenied a scheme Jor describing the
benaviour of the real world in terms of sequences Of evenis communicated
o a central point. and used it 1n the particular case of describing the
process ol conference orgamzahon  From this, we denved the sequences
of events which could be ted into a machine equipped wilth a simple system
for correcung errars 1n data entry, and described a set of observalions which
could he made from the machine and which would mimic the situation in
tne world. We inen developed a design lor the slale of the maching, 1o
a 1evel from wnich the impiementiation in lerms of arrays. hles and other
cunventional data sirucluras should be trivial

The philosophy of our approach. of taking parl of the world and describing
s behavicur before embarking on a lunchional description of a system, s
aiso that ol the Jackson Systems Design method ((JacksonB83D. This too
has been stirongly influenced by CSP. drawing on 1t as a structured approach
to programming concurrent systems A JSD specification is a coliechon
ol sequennal programs with siate, and the method produces programs which
emphasise human comprehension rather than efficiency, although they are
al ieast 'walkabie’ «o use Burslali s lerminology). These specifications are
then transformed syslematically 1o programs more ellicienlly executabie
Ustng currént computer sysiems In contrast. cour approach draws on the
more matnematcal end of the CSP lilerature, ang deals less systemaltically
with 1mplameniation 1ssuegs

Wc can aiso compare the approach here with the constructive specilicalron
stytc of onesgd) The specihicanon in that case would have started with
a proposal tfor the state. perhaps that of DBl. and ogperalions
corresponding to the events and defined on that state: that 1s 10 say. al
a much laler stage than here  Subsequent refinements would require the
construchon of a retrieve function o show which abstract state corresponded
10 a given representabbon  This then forms the basis for proots of adequacy
of the representation and correctness of the operations construcied on it



The operalions ol the specifigaton woutd nclude precondilons similar 1o
Ihose derved 1n the previcus chapler 1o ensure 1hewr activalion only al 1he
carrect ume

The advantage o! the method presenied here 15 10 make exphcd nformanon
which 15 only a cansequence of the gperational dehinition The domain
conditions ol the o@peranans are there to satisty the requirement that
operations shouid occur only in a given order. This requirement is stated
in this spectication and 1he consequences for the implementaton Qerived
later Certan incidemtal advantages follow  COPS was introduced by sianng
general properlies, rather than as a separate operation on a specific state.
We had ar each level of implementation a characternizatan ol the precise
subset of the states which were actually reachable. which facilitated the
refingment ol thg state by means of bijecuons. and hence guaranteed
adequacy and made the definition ol relined operations a mare or less
mechanical task We were also able 10 separale out the rather camplex stale
oriented characilerizations of demain from the rather simple actrons of the
operaligns,

The other point of comparnisan 1s CSP ([Hoare80. Hoare8l1)). The original
mncentive 10 develop the theory of the second chapter came from th's work,
aithough 1t was developed wnh Ihe dea of descnbing a limited class of
lerminating behavigurs, rather 1han potentially tnfintte processes There are
thus dilterences 1n the Interpretation of the terms: what we are doing 1s
‘tapping’ (he hne of communication beiween the commiitees and the rest
ol 1ne world, and attempnpg to describe the possible sequences. The
attempl may lake the lorm gl poslulating various process-hke entiltes, such
as authors and relerees. which may even make ‘silent transitions’ as a result
of activily we cannotl see.

There are some dilferences between the model suggested here and that
of [Hoare80). The wuse of 'y ralher than explicitly separatng aut the finat
traces 1s. for fizite behaviours, purely one of taste Qur madel 1s maore
explicn aboul alpnabets. but allows the distinguishing of two behaviours by
alphabet alane, which is hard lo justity on the Dasis of experiments on



communicaions.  Finally. lhe behaviours. unhike the processes of [Hoareg0]
as restricled by techmcal nole (2). do not necessarily tlerminate
determinmstcaily. This allows us to usé ?., which caplures a common
silvation in a world where we are not privy to all the information which
influences others.

The mplementation 1s by no means complete. since we have deliberalely
abstracteq from 1ssues of the user imerface This was explicit in the choice
ol observatons. and 1t 1l 15 now lime [0 honour Qur promise 0 consult the
chient We have alsp made an implicn absiraclion by saying that P and
Q denuly papers and people. without explaiming how the operator 1s to
communicale these identihers to the system. Work remains to be done on
formaiizing these aspects of commumcanbon petween user and system



Appendix A
Some exiensions 1w the theory of [Abnalgl]

There are a few simple novons which we have vsed in ihe body of the
speuification which are not defined n lAbrial81]  They are presented here
lor compleleness.

The first 15 the disjointness relationship between sets  The abstracuon is
rather more attractive In use than |Is delimtion

Disjoint € P(X) > FP(X)

DlSjDLnt(S], 52) > S1 n S2 = ox

The same applies to the second, which provides a definition of the aiphabet
of a sequence

a € seq(X) — F(X)
a8 = ran s

Given an associative ang commuiabive binary operator. and an element of
s source set usually a unit), there 15 a natural promotion to finile sels
of operands.

Associative ¢ X = X — X
3 - x x = * x
Assaciative () < V){1, Xgr Xyt X. X, (xz x3) ()c1 xz) X,

Commutative © X « X — Y

Commutative (*) <= v‘xw, X, XK. xl*xz = x *X

2 2



continuation € (X=X —+X) x X = (F(X) — X)
Bssgcilative(f) & Commutative(f) & x' € § =
continuation(f. x) (P} = x &
continuation(f, x) 8 =
f(x', continuation(f, x)(8 - {x'}))

Grven an indexed set of homogeneous relalions, we can convert a sequence
of indrces into a relation by composition.

extens:ion € (I -» (X « X)) -+ (seq(I)
extension F () = Id

extension F({1"s) = F(i); (extension F s)

-+ (X e X))

The remaning combinalors are simple rearrangemants of structures 1o put
them into a more convenient lorm,

const € P(X) x ¥ »» (X = Y)
const(S, ¥) = xx: X | x€e5. ¥

curry € (X » Y —» 2) »» (X — (Y - 2))
Yix, y):domf. curry f x ¥y = t{(x,y)

e (X x Y -» 2) » (X —» (Y —» 2))
(*F = fcurry £) { {9}

be MeY) » (X=wp(Y))
dom z# = dom 1
Vidomr. y € rR(x) = x Iy
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