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SYSTEMATIC DERIVATION OF COMPI

P.A.S. Veloso , J.M.V. de

+Pontificia Universidade Catolica
Rin Grande do Sul,

* Universidade Federal do

ABSTRACT

A methodology is proposed for the svstematic
devivation of a series of complementary specifica-
tions of a data base application. The starting point
for this series is chosen so as to be obtainable
wlthopt undue difficulty from an inforwal specifica
tion. Thereafter each formal speci{ication is sys-
tematically derived from the preceding one. This
wmultiplicity of specifications is further Justiflcd
by their complementary nature. Having distinct aims,
they jointly provide & multi-purpose, comprehensive
characterization of the data base application. The
formalxsms employed can be categorized according to
sevprul criteria, including the usual definitional,
dLnotat10na1, operational characterizations of se~
mantils. A simplified example is used throughout to
illuskrate the development.

1. INTRODUCT1ON

There are several possible ways of formally
specifying a data base application, each one having
its own advantages apd disadventages. S0, it is of
interest to be able ro derive a particular formal
specification from nnothgr one, which may have been
constructed with Anolhcr alm in mind. Alsc, the
crucial and error-prone step of going from an  in-
formal specificatipn to a formal one may be facili-
tated by an adequafe| choice of formalism for the
formal specificati nl. In this paper we start with
an informal, natural' language specificatinn of a
data base appllcatlon and present a series of "com-
plementary" \f01ma1 SPePlflClLLOHJ, in order to show
how one can‘systemat;call derive one formal speci-
fication from another one.

Now, formal specifications are not praised for
legibility or ease| of understanding. One of the ad-
vantages of complementary specifications is exactly
in aiding our intuitive understanding, another one
being suitability for diverse purposes.These points
have been stressed in connecticn with the defini-~
tion of the semantics of programming 1ancuabes] L&
and in connection thn abstract data type specifi-
cations20,27,28, A1¢0 the ability to transform one
formal specificaticn into another by systematic
means has been advpcated as a useful approach to
the process of progxan constructionls

Let us assume’ tLat each state of a particular
data base can be fully characterized by its observ-
able properties and there are available a number of
functions which map states into states.

A first question of practical interest presents
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ion L: ¥or each state i, what other states
reachable from i through composition of

functicns?

Notice that Si, the set consisting of such
states, 1s in general infinite and, therefore, we
cannot exhibit it explicitly. A reasonable approach
begins by characterizing each function by its pre-
conditicns and effects, i.e., respectively, by the
values that certain predicates must have prior to
the application of a function, aud the alterations
in the values of predicaces resulting from the appli
catlon. We can put this in the form of a finite set
of ”‘!1IU and by their possibly repeated use we can
determine what state j results from the application
of sowe sequence (rompuALLlon) % of {unctions to
the staie i.,

GCiven two states i and j, there may be more
than one sequence % mapping i into j. This leads to
a second question of practical import, which somehow
stands as a dual to the first one:

- Ques“'£ﬂ~"~ For each sequence £* of functions,
what other sequences of functions will, when
applied to the same (ilanput) states, map them

into the same (cutput) states?

Apzin, the set Sf* consisting of such sequences
of functions is in general infinite. The axioms used
in connection with question 1 are often not conve-
nient for use directly in treating this second ques=-
tion. Let us bepin here by considering some sequence
g* such that, for any two states i and j, g* maps i
into j if and only 1f f* does. This property clearly
induces an equivalence relation R. Now, a rescnable
appreach to determine that R holds between two given
sequences of functicns would be to use a finite set
of equations, capable of transfoiming one sequence
into the other, possibly after repeated use, if and
only if they are equivalent under R.

Besides providing convenient ways to handle our
questions, axioms and equations lead to two comple-
mentary ways for the full specification of data bases.
The former does so by defining the data base, where
states are given by predicates. Since predicates
will be regarded as our query operacions (see the
PLANNEQ*IikL fLaturea in sncticn 4, Z), we call this
to thgmhlgebraxc specification and deala U]th se-
quences of functions. Since functions will serve as
our update operations, this will be called the
update orieuted approach.

Each of the two forms of specification will be



expanded 5o as to have either
1- the properties which implicivy deline the set
of data base states (axioms in one  case and
equations in the other); or,
2~ explicit representations for the states and

either

(2.a) vperarions defined functionally; OV

(2.b) operations defined by means of procedures
on abstract machines.

This the classifica-

triple expansion follows

tion of semantics ﬂLo (1) definitional,
Lrong

tional and (2b) ope mal methud”~v7>1“

(7u)

The discussion in the paper will be centred
arovnd a simplified example, presented in the next

on. Section 3 will deal with query-oriented spe

ications illustrated by means of the example. In

. v oa company vy hires a pcrson:n 0
(provided that x is candidi#be and’y
has wacant positions; if so,, then
the number of vacant positions in y

decreases by 1 and % ceases to be a
candidate);

. : a company y fires a person x
(provided that x works for v; if so
then x becowes a candidate again and

i pumber of vacant positions in vy

increased by 1).

. . tests whether & person x is a candi-
date
(holds if x has applied and iz not
caployed);

. ¢ tests whether a company y has n

section 4 we continue cur exawple by deriving three vacant positions
uwpdate~oriented specifications for it. Finally we {holds if y has czactly n vecant
conclude by comparing various specifications and positions, and is false if y ! not
with co on spect ion formalisms in general yet ribed);
and their interrelatiouships. . : tests whether a person x works for a
company
2. INFORMAL GPECIFICATION (holds if x has been hired and not

. . . fired by vJ).
As an example of a (simplified) data base appli y

cation we shall use the data base of an employmeat

Informal

specification

agency. Here, persons apply for po itions, companies
ibe by offering ons, and companies hire
candidates or fire employe We impose the follow- 3. QUERY-ORIERTED ST IFTCAT

ing constraints: a person may apply ouly once, thus

becoming a candidate, losing this stacus when lhired The so-called state-space :

by a company but rugﬂ‘ning it if fived; a company solviny is frequentily uscd in int

may subscribe several times, the positive number of yfntelda-6. In che data bhuu aoxogy its basic
offerings being added up; finally, only persous that a may be descrived as fol dans base,
are curvently candidates wmay be hired, and only by starting from the inicial ewpty evalves
companies having vacant positions. VWie shall  have rhrouph several states obiained by the application

queries for ch

king whether a person is a candidate, of updates, ne can identify the curcent state
whether a person works for a company, and whether a of the data by means of quevies.
company still has some number of vacant pesitions. ‘nunpvlon - that one can identify the current sl'LL
We assume the data base te be initialized to an empty _\mp" by iw -ogating it with no need to change
state. - is of fundamental importance. It is generally

satisfied in data basc applications, but
arbitrary data type which may be poor in
such as, for & pushdown stack.

ot by
queries,

an

A first step towards giving a more precise s
cification might be simply to organize the above ver
bal information by operations. This increases reada-
bility and facilitates referencing, as shown in fi- .
qure 1. I

spa-

example,

iomatic specification

In deing sc, we arve conceiving updates The above id sugpest describing

as oper each update

tions {with parametevs) mapping states into states by means of its effect on queries. This is somewhat
and queries as predicates (with parameters) indicac~ similar to the Floyd-Heare axiocmatic description of
ing whether or not a state has the correspending the semantics of program i language constructs by
property. But the specification of each update or means of asserticns® can describe the fect
query is still couched in natural language. In other of each update o by its pre- and post-conditions,in

words, we are clarifying the syntax, but the seman-— the form
tics remaing informal. 33 )
: {pra(s)} t:=0(s) {post(s,t)}

that if
= {8

Updates:

in
{This method

in gtate s pre{s) holds then
posifs,t) will hol%.

meaning
ate €t

- initag : initializes the data empty 18 erit evaluated elsewhere*’).
o o, ‘.
state Thus, we may describe an update such as hi
1op 1 P 3 y s
» apply oa pevsen X beccmad 011 on
L . . follows
{provided that » is not a candxdﬁte :
and x is not employed): if  In state s
. subacribe : a company y offers n positions L% isoa
(ivcreasea the total nuwmbeyr ol vacant . company v has pos sitions(s poﬁitiv@ number )

positions

iny by n, if n » 0}

416



then in stave t = hire(x,y,s):
. X is no longg?“a candidate
. the number of vacant positions in y is
creased’by 13
. kX works for y.

de-

This is basically a more structured presenta-
tion of still informal descriptions. However we have

made explicit the assertions buiit frow queries.

These assertions can now be translated into the
first-order predicate calculus notation. As a result

we obtain:

if in state s:
and

(x,8)
“(y,n) An >

o)

= hirw(x,y,s):

at most one n. lhla thchLL, cu
consequence due to underlying a
explicited later on). We can tra
ticn into the predicate calculus

to
ate this informa-
formula:

Abaspos(y, n=1, b !::fx,yvm "
Ahaspos(y,n, hire(x,y,s)) A

A¥orkstor (x,y, hire{x,y,s))])

which is the ovigin of axiows 8-11 in Figure 2. Sim-
ilarly the first three axicwms corres pond to the ini-

tial empty vtate. Axloms 10 and 17 introduce nopos

Thuq, we obtain the axiomatic specification for
our example given in Figure 2. Clearly, the axioms
do not have to be regarded as coilected in groups
pertaining to certain updates. Notice that states
are referred to only by means of the variable s.

1 iscand(x,initap)

[l

—~haspos(y,n,initag)

3 ~worksfor(x,y,initag)

4 Viscand(x,s) A —tworksior(x,emp

)]

- iscand(x,ﬂggix(x,s
5 v>0+lhaspos(y,n
6  v30-fhaspos(y,n,s) »=has

sos(y,n,subscriy,v,s))]

7 v>0-+[=haspos(y, nopos (y,s),s)
c(y,v,s))]
5) An>0

+h

spos(y,v,subs

8 iscand(x,s) Ahaspos(y,n,

hire(x,y,s))

»=yiscand{x,

S iscand(x,s) Ahaspos(y,n,s) An>) +

+ haspos (y, n~1, hire(x,y,s))
10

iscand(x,s} A haspos(y,n,s)a n»0 =+

* nhasposly,n,hire(ay,s))

haspos (y.n—1,t)ATha pos(y,n,t?

411

11 iscand(x,s) Ahaspos(y,n,s) An>0 +
-+ vorksfor(x,y,hire(x,y,s))
12 worksfor(x,y,s} + iscand(x, fire(x,y,s))
13 worksfor(u,v,s) =+
-
14 worksfor{x,y,s} + Lhaspos(y,n,s) -
+=haspos{y,n, fire(x.y.s))]
15 (x,y,8) >~ =worksior(z,y,fire(x,y,s))
16 ,8) =+ haspos(y,nopos(y,s),s)
17 » worksfor (x,empcoix,s),s)

9.
“

Axioms

This specification Is supposed to describe
pletely the (effect of each update on the) data
However, ir does not appear to seitle explicity
following guestions:

(1)

cot-
hase.
the

Can x somehow become a candidate other
applying (or by bezing fired)?

than by

(ii)

Does z's applying influence
the number of vacant

in any way, say,
positions in a company?
(iii) spite already being

What happens if x applies de

a candidate?

In £a<L certain assumptions underlie the whole
process 0f state-space specification (with (d) below
corresponding to identification by queries as men-
tioned previcusly and each one of (a), (b), (c) set-
tling questions (i), (ii), (iii) above, respectively):
Only~1f assumption i
The axioms express the only conditions
which an assertion holds.

under

e_assumption
Tf a predicate is not explicity indicated in the
as being affected by an update, then it

is not affected.

ax l oms

Won-applicability assumption
If the sntecedent of an axiom fails, then the
property in the censequent is not affected by

the execution of the LOYEL‘pDHdlnL update.

Observability
Two states s

Jnd t
for every predicate (t

are _qunl if (end only if)
he other possible argu-
ments regarded as parameters) p(s) holds iff
p(t) helds.

Two of the akove as-
sumptions

interesting consequences
ave:

. negation failure6, irom (a);

a5

. 2(s) = s whenever the precondition for 0 fails
to held at s, from (c) and (d).

It is worth remarking that the axioms are expres
sible as Horn clauses, extended to accomodate nega-
tion as failure. This ensures the existence of mini~
mal modeis3%, a fact to be exploited in the sequel.
Also, the frame assumption could be formalized into
frame axioms}i9,

From the axiomatic specification fcr our exam-

ple, together with the underlying assumptions, we



constraints, in data base ¢

rminology) are preserved
s {reachable from juitag):

at every state

(a)

c(%,y,8)

works{
on is both a candidate and an employee)

(no per

(¢) 28) v y=z

or{x,z

(each rson works

(d) worksfor(x,y,s) =+ Fvily

(any company with eup!

3.2. Predicative normal form
The state-space approach reli on the observa-
bility assumption: states are identifiable by queries

One can bring this explicity to the reground by
identifying each state with the gueries that hold

true of it.

In our employment agency example, consider, for
instance, the state attained by the data basce when
persons el, eZ, o3 and e4 have applied, companies cl

and ¢2 have offered, respectively, 3 and 2 positions,
el and e2 have been hired by cl, ¢3 has been hived

by ¢2 and subsequently ¢l fired e2., Thig state
be described by the fact that in it the following

assertions hold

can

&

3
N ey { o
, spos{c2,l,8)

or(el,cl,s) wied, c2,s)

(1

This set of assertions 1is to be interpreted as
a set of clauses the sense of ced theorem
proving5n29_ Then our only~if assumption becomes the
minimality assumption: a predicate holds at & state
if and only if you can deduce the corresponding

& in autom:

assertion?3. An equivalent way of srating this is as
follows. Consider the set of clauses (note the chan-—

ge of language: the state variable is absenc)
{c1,2)
i

5

Iscand(e2), Iscand(ed), Haspo

B

arfe
(is a model of)

characterized by
sumption) that no

State s referred to above satisfies
the above clauses. It is completely
these, if we understand {only-if
other clauses hold.

In ral, each state s is characterized by
what we call itg pre icative normal form, whiczh is
the set of all positive pround literals holding at
$. Notice the contrast with the axiomatic specifica-
tion. Thers we use state variables to refer to ele-
ments of a sort (the state space), about at the same
level of abstraction as, say, the sort of companies.
Here, each state is thought of as a (relatiomal)

clauses.
dle?,s)

structure which is to be a model of cert
This shift of viewpoint - from, o.g.,"3
tolds" to "s satisfies I
to the one from Hoare-logic to dynamic log

S

in

programming language semantics. In (al
ready used in connection with data an up-
date is still an operation mapping states to stules;

only now it is viewed formally as trunsforming a
structure (which iy what a state s now) jute  an-

otherld,

€ similar

412

Now, a state is viewed og & structure defined
by its predicative normal form (its positive diagram,
in logical terminology32). The definition of queries

is lmmediate: the result of a query q{s) is true iff
s satisfies Q. The effect of an updote consists  of

additions to and/or d
normal form,

elations from Uhe predicative

The process of obtaining the pnf (predicari

normal form) s ic on from the axiomatic o
can be illustrat with the case of the update
We want -

pof Pl e e e e mf N

by

I
represents I
|
|

La S

fir )]

te

3 state

e(x,y,

update

Lxioms
update:
deduce

5.

Then
sld satisfy

e

Cii

and (x);

, Whenever

< Morks ov(x,y)

We have above an input-output specification for
the update fire, which can be easily translated inte
the one in Figure 3 (which uses the primitive p
in {for belonging) of the type of T

specifi

cate 5

1

for
ding similarly with the ocber

ion obtalned

figure presents the pnf
2380

upda

ample by proce
s and querlies.

-of {ground-clause)
ground

~¢lauvee

cand {x} j %t person
hos(y,n) ;3 yi company, ni patural
or{x,y) ; %! person, yi: compi

nene (initial)

| i(w) Zj N

pre:

post:

h
N (e, 1)
cand(x) i M
i3
N 3
in M) in N
in Na

N re(x,y,H)




Iscand(x) jn N
¥n (Haspob ,n) in M- Ha spos(y,n-1) in

A Hdsggi(y ny o N

Worksfor(x,y) in N

N A

N o= fire(x,y,M)
Wor 'for(w,y) in M
post: 1 Land(x) in B
Yn (Haspos(y n) in M- Haspos(y,n+l)

A Haapos(y,n) }ﬂ N)
" Worksfor (x,y) FAN

in N A

Querxes.

acand T 1t ‘lmd(x) in M
haﬂpoq(y,n M) ® T JPOS(V ) in #
worksfor(x,y,M} = I-ﬁ+Woerfor\x ) in M

Figure 3:

________ pnf specification

The pnf specification has an explicit represen~
tation for the states, so the observability assump=
tion is already built in, We still nzed the other 3
assumptions, which imply that only the states satis-
fying the integrity constraints of section 3.1 can
be generated by updates.

3.3 Characteristic-set model

In the preceding section, & state was viewed as
a model of a set of clauses. We can explicity  de-
scribe such a model as & velational structure, with

relations Lonsxstxn& of the tuples formed by the
parameters ‘of each query which has the value T at
this state. .

In the example of section 3.2, the state g de-
fined by the pnf (2) can be described as consisting
of the folloving three relations, called its char-
acteristic sets

I = {e2, e4}

H= {(c1, 2) (c2, 1} (3)

W= {(el, c1) , (e3, ¢2)}

The cs (characteristic set) specification of

our example agency appears in Figure 4, where be-
sides the notations Dom and Im for domain and lmage
of a relation, respectively, we also employ H(y/m)
to denote the (partial) function obtained from H by
redefining its value at y to ba m.

Domain

= (I,H,W)/1 ¢

TSOT,
X natural,

state = {§

‘H ¢ company
W ¢ persen x company : such that

(8) InDomVW=0¢

(L) H is a partial map
(c) W is a partial map
(d) Im W g Dom H }

Updates

initag = (G, ¢, ¢)
BEEIY(X’S) =

= (Tu{x}, H, W) if x¢I and x¢DomW
= § otherwise
ubggr(v. v, 8) =
o (I B( JH{y)+1),W) {f v >0 and yeDomil

I, Hu{@,v)}, W) if v>0 and yebomi

413

= § ctherwise
e (x,y,8) =
(I-{x} By /uCy)-1), wul(x,y) D)
xel, yc<DomH,
otherwise

if
H(y)>0

= §
fire(x,y,S)

T (Lol By /)y, Wu-{(x,y01) 1E (xuy)eW

= g otherwise
Queries
T T if xel
1scand(x, 8 f - .
iscand(x,8) « §; otherwise

if {y,n)cH

5) = { ;
1) otherwise

o

haupos(y,n

if (x,y)eW
otherwise

Figure &:

¢s specification

This specification describes explicitly the
state diagram by defining (a representation for)the
states and defining completely the functions deno-
ting updates and the characteristic functions of the
predicates denoting queries. In particular, we can
discard the underlying assumptions.(Some simple set-
theoretical concepts still remain.)

Also important is the fact that this specifica-
tion can be obtained fairly systematically from the
cne in section 3.2 by means of the underlying assump-
tions of the latter. First, notice that the domain
of states gopsists exactly of the states satiafying
the integrity constraints. We shall use the gsimple
case of the update apply to illustrate the process
of obtaining a ¢s specification from the ccrre-
sponding pnf specification. First, the conditions
x ¢ I and x ¥ DomW are immediate set-theoretical
translations of the pre-conditions

Iscand(x) Jf M and Horksfor(x,y) jof M
(Notice that y is not a parameter of apply). The
1Qn—appl’cdblllty assumption then gives the "other-

wise" case. In case the pre-conditions hold, Figure
3 gives the post-coundition Iscand(x) in H, Whlth
translates intoc % ¢1', but does no¢ suffice to
specify (1', #', W) = apply (x,S). The only-if
assumption says that I' should he as swall as possi~
ble with x ¢1' aud, by the frame assumption, includ-
ing 1. Hemce 1" = Iy {x]. The irawe assumption forms
the basis the definitions of I’ and W',

{or

3.4. Operational specifications

Both the pnf and the cs specifications are based
on explicit representations for the states. The
operations of the formsr were presented by means of
input-output specifications, in the latter we defined
them explicitly. (We could lLiave chosen to do other—
wise.)

In any case, states are represented zs sets and
the effects of the updates are to insert and/or re-
move certain elements. Such an operational view can
be realized through an implementation on a set~theo~
retical abstract machineld, This would be easy to
translate into exccutable procedures in a convenient
programming language (¢f. scction 5).
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4.

As already mentioned, the data base,
at the initial eapty state (Initag in the
attains other st applications

starting
sxample),

of

ates by means of

updates. So far, in the query-oricnted speL)fz -
tions, states have been de ibed by 2ir proper-

25, each state bei characterized by Lts possible
mswers to the queries. Now we shall switch to  de~
scription by means of updates.

In order to visualize what these dual stand-
points mean, it is useful to imagine the s pace
as a graph whose nodes covrespound to states and Lave
theiy characteristic sets as labels, and whose edyes
are labelled with the single updates corvesponding
to one-step transitions between states, What we pro-
pose to do now is to denote a state s by some chosen
composition of updates (sequence of edge lables)
leading from the initial state to s.

4.1. Canonical term aigebra

Within the state-space graph, choosing for each
state s a sequence of updates leading Lnlt Lo s
amcunts to determining a spanning tree, rooted at the
initial state, over the whole grﬂph There may be

cholce
(or deriving

several such spauning trees and
can be very helpful in construct

such term-based specifilcations.

a judicious

A term is a well~formed (i.e.
cerrect) sequence of
cally distinct terms
instance, both terms

syntacti
updates. However some
denote the me state;

sally
syntacti-
for

xnxtay)))

)

QLp[y(é?,suﬁecr(”l 3,apply (el
subser (c¢l,3, Ayulu(ﬁ~,appjv(“l

Ty

othe

denote the same state, as do many
v ./

Another aspect is the fact that scme updates
gitive the previous appchathn of others if therx
15 to be any net e U, i y,ﬁ? =5 ounless
the proconditions for hir ed, This re-

quirement establishes a partial

which have at least one common argument,
initag, which is always the first of all.T

sthiowing this partial order is

J

This partial order tells us which updates will
genaora new states if applied after
We are still free to choose ]

updates, as for a lv(x,.“
EP

@ riven
of

e )

and with

x # x'. We would Iike to have unique term to repre-
sent ecach attainable state.

Cne way to obtain such vepresentacives is as
follows. The attainable states are exactly those

saquence .
unrelated

rep ented in the domain of states of the characte~
ristic set model (c¢.f. Figure 4). So, let us consider
an attainable state ropresented by
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b {pl"" Pm}
q o= {(-::},v\"),“.,( }
Y {(qlqci‘),”..jiqn, 1}

tnat, having in mind the characteristic~
Uication, cue way to trensform injtag into
5o1s the following
~ firet all the p,'s and the g,'s a
P; 1,78 8

-~ then ch ¢j

the number
- finally cac? ng i
the relative ovder within each step belng irrelevant.
We have already made some choices, like all
apply’ before  all subser's. We may complete this
to a total order by or ing varicus occurrences of

the same update lexicographically according to their

avguments, Thus w oY at a upnigue resentative
for state s. For instanc the canonical term for

state 8 described by (3) in section 3.3, would be
hire{el,cl,hire{ed,c2,subscr{cl

shser(e2,2 yiv(et,a 2,apply(ed,
apply(ed,initag)}i)))))

that subterms of this term, e.g. s

bacy

all

»2, 00,initag)))) ), apply(eb,initag), are them—
¢s canonical terms, thcb repregent intermediate
states on the way from L'p to the state a. S0, it
is naturel to define the LLlet of uvpdating, say

apply (el ply(eh,initag)))

be

Ay
,apply

bscribing 3 positions to

ply(el,apply(ed,apply(es, iv

£2))))

Thus, we have a one-to-one cbrrvap@ndcnce
between states and cavonical rerms, the latter having
the property a compusite term is canon-
iecal then so acnts. We can  take

) the updat 50
sy i) a canonical term then the
) of nlying o to ol,...,tn oftl, .., tn).
If we do so we obtuin a nonical term al ‘hralo
which is ur Iw? ¢ for consivucting abstract data

type

of

A complete the form

seciption

for onr ewampic ey appears i speci-
tion of the domszin i wre &, where we
wiite the terms with capital ¢ to atd in
distinguishing thew from the opukdtiwn" proper. T
15 prnrrdrl rg not t with this information we
can derive the def ons of the operations on the
canonical tevm alpebrez from some other specification,
say chavacteristic-sets., Tn order to Lind the value
of 30 10% op on 8 cancy ieal term can we use

ification discover

o

LVeEn spe

ate sented by ca
ate st pist-avrg);

canonical term can-res representing st-res)
ro the following diagram

Al

op

o e e e e 0 T e 0




Figure 6 shows the definition of the updates
and queries on the canonical term algebra. Notice
that they involve symbolic manipulations of the
canonical terms

Domain

state = {¢=WIRE{z,w,...,SUBSCRIBE(y,n,...,APPLY (x,
eeoy INITAG. . ). 0 ) o)/

X,2 € person, y,w < company, n € natural;
such that
~ gach % occurs abt most oace as an argument of  an
APPLY;
- gach 2z occurs at most once as an argument of a
HIRE ;

- each y occurs at most once as an argument cof a
SUBSCRIBE;

- each argument z of a HIRE is an argument x of some
APPLY;

-~ each argument w of a MIRE is an argument y of some
SUBSCRIBE;

- each argument n of SUBSCRIBE i3 positive;

- the number of HIRE's with argument w=y is at most
the argument n in SUBSCRIBE (y,n,...)

- updates of the same type are lexicogravhically
ordered, according to their fivst argument.)
initag = the ferm INITAG
_apply(x,c) = the term c with APPLY{(x,...) inserted
i in its proper place according to the
order, if APPLY(x,...) does nol occur
in ¢;
= ¢, otherwise.
subscr{y,v,c) = the term ¢ with SUBSCRIBE(y,v,...)
inserted into its proper place, if ¢
contains no occurrence of SUBSCRIBE
(Yyeepeas) and v>0;
= the term ¢ with SUBSCRIBE(y,n,...)
replaced by SUBSCRIBE(y,n+v,...), if
SUBSCRIBE(y,..,...} occurs in ¢ and
v >0y
= ¢, otherwise,

hire(x,y,c) = the term ¢ with HIRE(x,y,...) inserted
in ity proper place, if

naspos(y,n,o) = T if ¢ contains an occurrence of
SUBSCRIBE(y,m,...) and (m~n) occur-
rences of HIRE(..,y,...);
= F otherwise.

worksfor(x,y,c) = T if HIRE(x,y,...)occurs in ¢

= [ otherwise.

Figure 6: Canonical term algebra

4.2. Procedural specification

The canonical forms give a one-to-one corre-
spondeace between states and terme denoting them,
Thus, if we waat to describe the effect of an opera-~
tion on states we may as well describe how it affects
the corresponding canonical terms. This is the idea
hehind specifying the data base by means of a
canonical term algebra, as in Fipure 6.

A procedural specification consists of symbol~
manipulating precedures, which implement the opera~
ticns of the canonical term algebra8. Here we write
these procedures uging a pattern-matching coastruct
and the PLANNER-like features "?", which stands for
an arbitrary valid value of an argument and
"?{variable>"”, which assigns the value found to
{variable>. The structure of the procedure bodies we
use cousists of an optional pre-condition testing
followed by a case~like pattern-matching command,
which recursively scans the term.

A procedural specification for our example agen
cy appears in Fipure 7 where we use '">'" to denote the
lexicographic order of the parzmeters. As an example,

consider the execution of

The first step consists of testing the pre-conditionse
iscand (e2,1HIRE(el{cl| SUBSCRIBELc1]3|APPLY el INITAQ]] )
= iscand(e2, SUBSCRIBE[cl|3|APPLY[e1|INITAG]]) (as e2fel)

o>ave = Lscand(e2,INITAG) = false ; and

worksfor(e2,?,HIRE[el]c] | SUBSCRIBELc1|3]APPLY
{el4INITAG]]T])
= worksfor(e2,?, SUBSCRIBELc1]3|APPLY e1|INITAG]])
(as 22 ¥ el)
e = worksfor (e2, INITAG) =» false

Having obtained —(—£{
proceeds with match

apply(eZ,HIRE[el|cl| SUBSCRIBE(cl|3]APPLY el [INITAG]IT)

(i) APPLY(x,...)occurs in c;
(ii) HIRE(%,y,...)does not occur in c;
(111)SUBSCRIBE(y,n,...)occurs in ¢ with
n greater than the number of HIRE
{vv,¥,.0.)'s already occcurring in
<3
= ¢ , otherwise,

=oHIRE[e1]cl{apply(e?, SUBSCRIBE[cl|3]APPLY e | INITAGI])]

= HIRE[el|c1| SUBSCRIBE{c1]3|apply (e2,APPLY[el | INITAG])]

= UIRE[el|c]|SUBSCKIBEcl|3{APPLY(el|apply (e2, INITAG)]]
(as e2 > el)

=»HIRE[el]cl|SUBSCRIBE{ c1]3|APPLY 21 |APPLY 2| INITAGT]]

fire(x,y,c) = the term obtaired by the removal of Two important points are worth mentioni in
—— - . - . 2 JOT L LT oY 5
HIRE(%,y,...) from ¢, if it does cccur; . e p \ 9 mentioning
c. othervise connection with such procedural specificationg. First,
= L a2 . - = .
’ they consist of ~ generally straightforward - trans-

#

tations of the descriptions of operations of  the

Queries: ) \ '

e canonical term algebra. Second, the result of any such
. - e . procedure (which always terminates)is a  canonical
iscand(x,c) = T if APPLY(X,...)occurs in ¢ and no : (u ay ates) is & )

e term, As 2 consequence we have a method to convert

JHIRE(®, .., ... Joccurs in ¢}

b ; any term into its canonical form, namely by inter-
= F, otherwise. any vl » @ly oy in
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preting the operaticu symbols in the
dure calls, working inside out, siunce the
s must always be a canonical term. Motice,
Ticular, that this will leave canonical
canonical terms
sformation
cursive

Lerm 8% procer
argument
in par-—
rermy (lxed
as

ass0~

and thus we may view the set of

sed-point of the tran
get of mutually ro

the least f
ciated with this
dures.

In  brier,
presentation of the cra on che typo terms. The
lying assumption ig the semantics of the PLANNER-
like constructs. Alsc, notice that a proce el
(fication ean be viewed as a deterwinistic
ration of asystem of torm-rewriting vules. This
system has the properties of finite termination and
confluence and its irreducible terms are exactly the
canoritcal terms*’,

prece=

a procecural specification is a re—

Pinp b emen

agdb = constr-term
h constr—-term =
wu?nwﬁ
APPLYDx|constr~term]; x:pers mw
SFBS&RTBT{foILon ste-term); yicompany,ninatural
HIRE[ x|y |constr-terml;

Xipeyson,ylcompany.

‘{:.:3_,13,_( ) cagdb

op 3Lkli(x perbon,u‘abd@ agdh
zipersoen, wicompany, m: natural,
and(x%,8) A=wWoL (x,%,8))es;
ch s

t:rapgdb

TTAG= APPLY[x |87,
appLY(z|t] =
if

x>z

APPLYL 2]
APPLY(xl s
SUBSCHRIBE w{m|t]
leleth J oo HIRE 2 ]w |2

I apply (5,00 ]

**SUBSCRLBB[wfmlg
1y (x, )]

5]

1y (%,t) 3,

1

,sapdb)ragdb
a:natural

_(y:company,m:natura]
Ay Xiperson, tragdbh, wicompany,
“(m>0) =835

match s

*ﬂf&tl G = SUBS CRIBE [yimls]
} ae SUBSC [HI_[y]m]es],
5LB R{%P(w!n‘ti e
if y=w ﬂ
SUBSCRIBECY [n+m|t]
L vou
n SUBSCRIBELw|n|subacr (v, m,t)]

alse SUBSC hlﬂb[;ln s,
BIRET x]w |t J=»HIRED % wisubscr(y,m, t)]}

endmateh

,5tapdb)sagdb
A, nnatural

ﬂ{y,‘d,w) A 086 g

op h%re[x:pursmn,y:compenv

GOTL W COmMpany, €l

mder

spec

‘
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anumpdny, nerson

UYU”/,&)w“ﬂ

HIRE ziwie] =
if xa
then HIRE] @

Juls;

_‘_()‘:n\/ﬂ:) ]

seand (x:person,siagdb)ilogies 1
fads ¥ ’

ompany, £ragdb,minatural

K=2

aspos (y:company ,m: natural,stagdb):logical

ZIPETHEON, W COUPAny, tragdb,ninatural

‘JRP‘/ ek R

.t)

IPETSOn, FLCOnpAny , 8 e:ragdb )i logical
wicompany, tiagdh, minatural

RTBL[W n|c1
APPL f(z]e] =

INTTAG =

ion

Procedural speeifics

A



calhrate eneelfreats
4.3, Alyebraie specification

ab-
of

been used
descriptions

cifications have
tion-independent

Algebraic
stra§t, rej ( eger
data itypes 12,

as

spec
i
Algebraic specifications contrast  with the
other specifications where the effect of each oper—
ation can be defined independently of the other op-
Lratlona. Basically, an algebraic specification

tells us ex plicitly which sequences of operations
have the sawe effect. Despite this marked difference,
algebraic specifications may be regarded as somewhat
similar to procedural ones in that an equational
spocifibd(iun can be vicewed 25 a termerewriting
s5Y8 Lum, where each LunL)on 51v0b rive to two
w51txng rules, onc for each "direction” in the
Lquauxon17 hesides the directional difference,there
ig another important point concerning procedural
versus algebraic apecifications. In a procedural
specification we have ordered  statements to be
executed anfl we assume the parameters of each proce
dure to be already in canonical form., On the other
hand an algebraic specification consists of an un-
ordercd set of (conditional) equations which are to
hold for any assignment of values to the variables.

re-

Keeping in mind these differences it is possi-
ble to translate a procedural sppcxtx(atlon into a
corresponding algebraic cne. The equations obtained
should be sufficient to ascertain whether any two

termsg are representzble by the same canonical term?

'We Shﬂil illustrate this process by showing the

steps involved in translating the procedures of Vi-
gure 7 into corresponding equations,
The language we will use to write the set of

equations is slightly different from the language
used byl3. We have logical and natural wich their
usual opevations. Iustead of the if-then-else cou-
struct, we will use the logical conditional + (cf
Thatcher et a133) and to shorten the description of
each equation, we will define as new predicates the
pre-conditions for each update operation, which intro
duce neg3t1¢ns and existential quantifiers (cf L)ﬂu*
re 8).

The extraction of the "equations" frow the pro-
cedures will be illustrated with the simple case of
apply. First, the body of apply(x,s) (cf Figure 7)
can be rewritten as follows, replacing < by ¢ (see
below):

fmﬁxh<ﬂ
t'ﬂpcappTJ(x,ﬁ) then s
cllse cass
g = INITAG =» APPLY[x]s]
s = APPLY[z|t] = if x#z

then APPLY[z[apply(x,t)]
se APPLY[x ST
SUBSCRIRE[w{m|t ] suB SPKIBY[wiml:
HIRE[L!W t ] e y(x, e
This jmay be!translated,
-else and the case by

- gyglx(x,s) _ .
» {3 IRITAGC + apply (3, 8)m APPLY x!s1) A

=

#

pply(x,t)]

¥

by replacing the

if~then~—
+'s, as

= 5

qpeapply (x, i )
peappiy (x,s

.

A (s?ﬂlkﬁ[zlw]t]'rgﬁﬁkz(x,s)

Mow, the capital=letter terms are canenical ones and
we may replace thew by the covresponding all~letter
terms only if their associated pre-conditions hold.

dismember the ond formula azbove into

Lelow

Thus, we
the four

can

se

]

JISACTEDRACS

pply(x,s) + (s=

piy
j)L}(r ayyky(x,t)))JA
apply(x, By = apply (x,s)]

b)nyl((,

A '(xm;,: >

peappl ly (x,s) + (s=subscr (w,m, t) Aprﬂubfcr(w o, t)A

A pesubser(w,m, apy_j(x D
~ nly(x s)=subscr (w,m “LR_Y(K t))
b1y (x,8) - + (s=hive(z,w, t) A

] . chire(z,w,t) A
A pvhxre(z W, aL:ly(x !%7_

» apply(x,s)=hire(z,w,apply{x,t})
Now, if we further dismember these formulas we see
that some, like the first one, have as counsequent

_PPIX\X,J) =apply (x,5). Disregarding these and actually
periorming the subsiitutions allowed by the equality
we arrive at the formulas 2, 3 and 4 of Fipgure B.

The general methiod for extracting

procedures can be cutlined as follows:

equations from

- for cach procedure, and
for each output condition
build an axiom of the form
oo condirion > lefrside = rightside
whore

is a description of the output con-
on four the procedure, presented as an

expression whose result is a logical value,
and

side is quite similar to the actual proce

dure call with the proper value for argument

5, 1n small letters;
righrside is the output value corresponding
to this actual procedure call, written in

small letiers.

When one mpust

be con-

extracting equations from procedures,
take some care. ldentities will eventually
structed, Atomic formulas corresponding to lexico-

graphic ordering should be included in the  conve-
nient condition part with a ¢ instead of >or <,

because in the equations this order is xrrelcvant.

Figure 8 shows the equations, wvhere
variables of sort person ;
gort company t are variables of sort
m, n are variables of sort natural .

X, Z are
y, w are varisbles of
agdb 3

S,

The derivation of some equatioms (23-31 in Fi-
gure 8) does not follow completely the general method
described above. The reason is that in the procedures
we are alwavs dealing with canonicel terms, 'and some
times we use this fact when constructing the proce-
dure bodics.

The underlying cumptions are

every state is denoted by a vaviable-free texm;

t and t' denote the same
t = t' from the spacifica-

free
can

two variable-
state 1ff
tion

teyrms
derive

We



B;ipplv(h applv(z t)) A ps
appl y(-'MJ '

[

4 3 1 i L)

Ly (x,t3)

5 S
6 posubs Lr(y,m,sab ] ‘fvzﬂw,n,t)hy:v+
subser (y,m, sub\gx(w,J,é) (y,nem, L)
7 pesubscr(y,m m,subscr (w,n,t))Apes W, EIAYFE
subscr (y,m,sub r(w.n,t))
subscr (w,n,subser{y,m, t))
8 pesubscr{y,um, hiLO(L,W ) A

(“,wyr)) hx

10

1w, b)) A R
fire(x,y,t))

Z,W, L) A RTZ

14 Rgpirq(z,w,t; fomy
anq(x,h"'(.

v( 1))
tag) = false

ann(x,ngyl
19 iscand(x,inl

20 pehire(z,w,t)
haspos (y.m, hire(z,w, £)) =

A=y ok

21 pehire(z,w,t) Awdy >
spos (y,m,hire(z,v, t}) o

22 Ev«;nbxcr(w,n ) Aty >

haspos (y,@, subscr{u,m,t)):

23 pcsubscr (v, n,t) Awsy Ahas

haupos(y,m,subsrr(w niey) = frue

24 pesubser (w,m,t) Awsy Awsneiv -

Shaspos (y,m,subavr(w n,e))

=y awena Jvih
(y 1, 5ubs won, L) f

25 pesubs i (w,m, &) Au
haspos |

D¢ P
26 haspos

om(qunr)

(v,m,apply (z t)) = ha
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C) A=z A YT
x,y,hire(z,w, )y o=

ue

Equations

about the form of our
"oquarions”

Hlere a vemark
important. Gur

"equations”
have the general form

-

. . et
antecedent » U = 1§

and the antecedent mdy involve quon&lilvrf and nega-
tions, but these eonscructive' in that we only
have in each case to check sublerms of the state
term. Thus, we have a2 minimal mode123,356 ta sat
the specification.

£y

above cxplnins wht
equat cou , our specifi-
cation could be simplified a L(E with some (not
always systemacic) work. For instadce, Yequation” 2
states that the updates vix,.} and apply(z,.)
commne ar certain conditlons.Onz can check that
they aluayﬂ commute and replace 2 by the simpler
cquation

The reasoning
strive for "pure”

y we do not

spply (x,apply{z,1)) = apply(a,ap )
appiy pely appry

ism levelled against alvehra;v apaci~
fications is ir nonfconstvuctivencsﬂ“l X3
we feel it is more natuval to start wich axiomg ex-
Prpgxﬂu’pVQTUUU\tLUu" and effects of operations

than addressing, via algebra ations, the problenm
of determining the equivalence of sequences of oper-
arions. The arrows in Figuve @ depict thz path that
we chose to follow.

Netice that withi
cions we follow

in the query-oriented specifi-
ed a path of diwminishing uaderlying
ssumpticus. The convectlon between the triangles is
via specifications with minimal underlying assump-
tions in that they concern models. Finally,

in the updatesor we went from a
ticnal specif
a4 definitional spec

ion by equatioas.

The whole process n be simply described as a
e of underlying ¢ mptions. The reason why we
cousider it natural is twofold

- macroscopically, starting {rom an inform
cation it seems iey tO pass to a query"“xrnrﬂd
one ~ where objects ave described by their prop-

- than to an update-oriaznted one - where

are actually congtiucted;

- microscopically, since the uvﬁcrlyan 29 S UM
vary from one method to anether it
alene derive, specifications

ferent formalisms; that is why the Yhyid
the "minimal”

compare, let
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5.2. Complementarity

) The!matter of choosingbetween the two styles of
specifications is of course related to their conve-
nience for different usages. Specifications based on
logic seem to be preferred by researcheys in the area
lof artificipl intelligence, vhere they ave used for
)designing ihferential data bases’. Specifications
based on, algebra have an appeal to ressarchers in
abstract| data types, and are used, for ,igstance,
for veriﬁying the correctness of conventional imple
mentationsl®, A combined approach is taken else-
where30, where theorem-proving is used for synthe-
sizing update pransactions (terms) able to take
[cuprent states| into target states(both described
iby}ptediyates);‘

As dar as suggesting the structuring of data
bases, one may note that our query-oriented approach
shows the ifems’'of information grouped together as
they are likely to be retrieved, wherecas in the
update-~oriented approach the grouping mirrors how
information is ¢reated and changed. In this connec~
tion, we might remark that the update~ oriented
specifications tend to be longer and more intricate
than the corresponding query-oricnted ones. The
reason for this appears to be the fact that the
queries are less tightly coupled, in constrast with
the strongly coupled term structure underlying the
update~ofiented approach.

Concerning the finer subdivision, generally a
denotational specification will furnish a  model,
useful for intuitive global understanding. An opera-

// atgebra spec.

the derivation process

lower-level implementation; in particular, opera-
tional specifications can be directly translated
into some s&mbolwmanipulation language (as we did
with SNOBOL®) for providing experimental confirm-
ation”t that the original intentions have been
duly captured A definitional specification is often
more adequate for proving properties of the objects.

5.3. Specification formalisms

We regard a specification formalism es con—
sisting of two parts

~ gyntax: a language for writing expressions;

-~ gemantids: a map assigning to each correct expres
sion an object (a model of the expres-

sion).

As a simple example, ler us take the case of
formal language theory, when we want to specify sets
of strings of symbols by means of grammars. We may
regard a grammar as a syntactic expression. The
semantical map assigns to each such grammar the set
of strings of terminal symbols it generates. Notice
that underiying the definition of the semantical
map arce the notions of applying a rule, derivation,
etc. Thus, simply giving a grammar, say N = {8} ,

T = {a,b} , P = {5+a8, 5+b} , is enough to specify
the semantical object if we have the semantical map
which underlies the formalism.

Another specification formalism used in  the
seme arca is that of, say, finite automata, Here, we
may view a state graphas a syntactical expression of

tional one can be a useful guide in obtaining a the formaiism. The semantical map explains how the
orientaiion
query’ update

implicitd axiowatic (3.1) algebraic (4.3) defin.

char. set model (3.3) can. term alg. (4.1) denot.

data functions
explicit} pred. normal form (3.2)
procedural (4.2) oper,
abstr. set mach. (3.4)




@5

automaton responds to & given ieput string  and
signs to the state graph the set of cings recog-
nized by it, Thus, the same language specified above
by s grammar would be speci in the fiailte~auto-
maton formalism by a differe

Jevics.,

4 third specification feormalism used in comnec—
tion with the above is that of regular expr
Bere, a syntactical expression would be, say,
The semantical map assipgns teo each expr s5sion
of strings of symbols, in this case la*b] = {a®b
a = 0,1,..0

These examples of specification formalisms for
are intended to illustrate the follow-

s

regular set
ing points

- within a fixed formalism, a syntactical expres-
sion suffices te specify an object because the
semantical map is understood;

~ the same object can be specified in different
formalisms and this can be quite advantageous
(complementarity: finding the intersection by
means of repular expressions is difficult, but it
is easy with finite automata);

- frequently ome can derive a specification for an
object from anott one for the same object in a

different formalism, e
forming finite automata

algorithms for trang~—
nto repular expressions.

L
i

Furthermore, some analogies can be drawn between
specification forn Y. and those
we used for data hase
correluates automnaton«g
siongl descriptions of
grammars, respectively, with  query-oriented
processors (as in sections 3.2, 3.3, 3.4), wvalid
sets of terms such as canocnical forms of section
4.1, and rewriting rules underlying procedural
spect in section 4.2,

-

w. e such analogy
ranvducery, oNxtens
sgular sets and generative

yre
J
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ifications as

5.4, Concluding remarks

seen some
for the
sms, each

In the preceding sections we have
specifications (syntaciicsl expressions)
same data base (object) in dive formali

systematically in deriving these formal speciiics
tions, Notice that part of the underlying assump-
tions of & given formalism can be formalized.  As
mentioned, the process of translating from a forma-
lism to another one amounts to shifting underlying
assumptions.

s

Since the object of
tured data there are various useful
assify the specification -formalisms
important criterion is whether the formalism relies
on an explicit vepresentation for the data or whether
the nature of the data can be left implicit,the oaly
referenc to them being via var it is typ~
ical of definitional methoeds. Anothaer important cri-

specified consist

struc—

e
S

«

as

terion is ~ once we have explicit data -  how to
specify updates and queries: one can specify di-

r

ctly the mathematical operations and predicates
they denote or one can use procedures to implament

them. These criteria rogether with the distinction
between observing objects via their properties ver-
sus constructing them supges a taxenomy. Figure

10 Cabove )shows the classification of our s
tion lormalisms.
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