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) ‘decides. to adopt- the. data base
ap 3 72 ] iorn  area, its first concarn shouild
no 5 ALerml hw data - will be structured, but to
3PGLEy S what in of data will ka2pt and  the usage
charactaristics +ha t can b= awkwc3p3+#d

formal - techniqucs exist [Lis kov and Zilles] for this

1 s ication phass.  Thay have bszen discussed and
svaluated recs ntly [Brodis and 7%illes).. We shall briefly
inicate  sz0m2 OF - the potantial benzfits of thes so- called
abstract data type dlelplvn :

o Using this. disciplin:, wa may concentrats initially on
Fh2ianstrast cla33@¢ of data we  need and the usage of such
Aata, by introducing an adnquatt set of operations and
pradizatss) Th= ﬂa; rlbflOH“ of . thes operations and predicates
ars such that itiis ible to convert +he. d*¢cr1ptlons into
=X“”uf‘31P' W”)C“dl g CFU tain - and V=sloso], So, W& . can
axpariment - with the speci f¢carlon,_l;‘ting the users €ind out
o1t really hhaves as thay imaginad, baforz the enterpriss
Tommite cditsalf ko oa Tostly and +1m—~con suming process of
structuring the data and dc&lgﬂinq the - production
inplam: rfafton to conforam to tha given. s p“leluaTlOH.

S Ta. oaddition ro baing ﬂX»cutablv, this  formal
Sp%cificaf‘un lends self well to the verification 'of the
fact thet the ens u1nq implementation is correct {(i.=. will
2xhibt the bAhwvwor ru«c1f1ad), remains as gooi documantation
for tha.benefit of thosz users who.do not want to know: ahout
tha deotails of 1mplﬂmwnta+10n, and . can be :re-us ed 1n the
futurs for - ﬂxp»rﬂmmnfvnq Wlth poq51ble changeb. : :

WJWAv-r, the general style of the abstract: data type
literature is not directed’ to ths practitioner, thus
diminishing the  opportunity of application  of ' these
techrnigquas . in ths business data procobalng arad [blbley],
where even: +the more 1mmpdlately - practice-oriented new
t2chpigues ars no* mﬁntznq ample dCC“prnCQ ftotlxeb] “One
strat2gy - to be’ pursued in this paper - to bridge the gap is
to show that "seviral notions that have. been. presented in
loyical or mathomatical fﬁrmlnologv aro trinslatable ’1nfo]
‘notions quite famlllar to thb ﬂafa prOCﬂsclng oD“ClallSt "

TRATA wvuqt amopg fhes; is vthe rotlon of"traCQ (of
oparations- =ax:cut=d). Traces constituta a Wld"ly used tool
for. t:STl“q programs, ﬁeing ganprafoﬁ AS . a by~ Dvoduct ,of
their oxescution. Here, we st 1@ )1l show that traces can ‘play ye
annthmr rol=s, " garving ie‘ a“"unlvyrsal" data‘Ac*ruc*ure ubon'

which -~ to » bzage  thg ‘praviously . mention=d executabls
sprcifications,



+
Tsing traces as a data structure means, for example,
that,  in order to answer +he guery- "does Peter work for
Acma?", we ipep=ct  the ‘trace to see if an operation
hire(peter,Acme) has been invoked in the presence of the
reguired pre-conditions {in turn c¢reated by other operations)
and has not basen suparseded by some. subsequent. operation.

Dur contantien is not that all the logical and
mathematical treatment 1is a mere enbellishment to a few
trivial practical concepts. To say that the Herbrand terms
from the algebraic theory of abstract data types are "just®
sophisticated forms of traces is the same as saying that
relations (from the relational data model) are "Hust® flat
files or that CODASYL sets (from the netwvork data model) are
"just" a pointer structures. Our contention is that the deep
theopy undarlying abstract data types is not an impediment to
the practical application of its  results and that the sigple
analogies proposed in the paper can pave the way towards an
intuitive understanding. In a nore formal setting the word
traces, in the sense of algebraic terms, has already ben used
in [ Bartussek and Parnas].

Section 2 introduces a simplified example to be used
throughout the discussion. Traces. and trace “lévels are
tr2atad in  section 3. Section 4 contains exanples
illustrating in enough detail how to write , at each trace
level, the symbolic procedurss corresponding te the updates
and guerias informally described im section 3. A few
comnnections with the theoretical fundamentals are drawn in
section 5 Section & presents the case for and against the
use of the formal technigues described. '

2. A sinmple data base application

As an example of a simplified data base application we
shall use the data base of an employment agency. Here,
persons apply for pesitions, companies subscribe by of fering
positions, and <¢ompanies hire candidates or fire enplovees.
We impose the following integrity constraints; a person may
apply only onece, thus becoming a candidate, losing this
status when hired by a company, but regaining it if fired: a
company may subscribe several times, the pumber of offerings
» which must be positive, being added up; finally, only
persons that are currently candidates may be hired, and only
by companies having vacant positions. We shall have queries
for checking whether a person is a candidate, whether a
person works for a company, and whether a company has a given
number of vacant positions. We assume the data base to be
initialized to an empty state.

3. Tracs levels




2en defined as ' providing "a record of each
processed instruction, by the recording of all instructions,
oparanids and r:?xl?s for = analysis of computer runs" {Sippl
and Sippll. Hare, an instruction -is the invocation of an
update o puratlon, and the rocordlnq will be produced on what
we sh 11 SLleY call a ssguence.

Tracing has b
b

For us, the idea of gtate or data b ase instance is
crucial  in both the formalisation of the concopts to be
outlined” and the understanding of tha- 1ntuitive-and lass
formal notions we'use to,develop the concept of trace. A data
base can b2 seen as a series of states where the transition
from one state § to another s! is accomplished by means of
updat :s applied to the state s . Thus updates have meanlng only
in tha contaxt of the state to which the update is appliad.

1m116r1y, queries are applied to partlcular states and have
a meaning only in this conrtext. Hence a given query applied
to two different sates may yleld different results. What we
shall in fectattempt to do is to represent various states of -
the data ‘base by traces of update operations.,

Note that,  in a rlqorous sense, the state to which:-an
~apdate: or ‘qaery is: applled is an argument of the applied
oparation. However, it is often left implicit as is the
anvironment in conventional programs. when an assignment is
performed. ' ' ‘

The execution of an update operation, recalling that
traces - ar= assumed to be recorded somehow on,"soquenceb"
consists of adding to the sequence the name of the Operatlon
with +the actual parameters used. 'The execution of queries
will consist of scanning (analy81ng) the  sequence and.
iefermlnlng information based on this scan. ‘

If a . trace 'in fact includes all update operations
invokad, thea rnsultlng sequence will contain more information
than 1ust what is needed for ansvering a query related to the
current state attained. An analysis of the sequence would
disclose what operations were attempted but- failed to alter
the state { by not nmeeting some pre- condition), vhat
internediate states were traversed and by means of what
oparations ("historical data'), and the chronologlcal order
of the operations, This extra information may or may not be
usaful., If it is not, we: gain the freedom of not keeping the
recorl of such updates or, in general, . of restructUtlng the
segquence in convenient ways. These. cons1deratxons lead us to
identify different levels of ?race,

The rsader will notice that, for higher levels, the
diffizulty of the operations increases for -updates and
dacreases for .queries. Another interesting property is that

the queries as "programmed" for .a level. will work.over traces
of alll th2 subsequent levels (although less eff1c19ntly than
those pertaining to’ those levels) .Table 1 shows the series
of updates tobe referred to in the discussion..



#& note harz again t;af formally each ' operation has an
axtra - argumant, namely the state to which the update is
applied iThus, we - have apply{?etpr ‘present~state} and
hlr&(eetnr Acme,present-state). Assignments in programs do
not explicitly mention environments but can be thought of as
mapping a given environment into a new one 2eGe,
{x:=e) (present-environment) results ir an environment  in
which if we quaeried the value of x, we would get back as ‘the
answer the value of ‘e evaluated in present- envmtonment).l
Analogously, w2 may think of updates as d@fnnzng raps between .
states and so we ob+a1n operatlons such as

(anply(?ater))(present state), {hlre(Peter,hcme)){present~state}.
Now a sequence of updates opi{argl), op2{(arg2),  eecs o
opn{argr) applied to the state any_state takes the following
form: '
{opn{argn}) ((opn-1{argn~-1)) { ... ({opi(arg1}) (any_state}) ... })
However, this reverses the sequentiality of operations

in tim2 ard so we convert from the above prefix notation to a
variant of the postfix notation to get:

{ enn (({anyﬂgtate{{op?{arg1}))(opZ(argZ})) +es ) {OPn{argn)).

Removing obtrusive brackntlnq and using the ";" symbol
for "concatenation® of operations we obtain the sxmpler form:
any_state; opl{argl); op2(arg2); ... ; opn{argn)

Bxanple_ series of updates

initag;

apply (Peter) ;
subscribe{Acme, 1)
apply (John); .
hite (John,Acme);
hire (Peter,Acnme) ;
fire {John,Acme) s
hire {Peter,Acne):
'waSCflb“(ACNQ 2)

. LA TN ] 2 + Ll ®

D WA O W N -

Table 1

e e s v 2o o

3,1; Laval 1: the intended trace

v e e Do - St v e e

The intended trace includes -all update operations,
rejgardless -of whether they succeed or fail to change the data
base. The trace must also start with the ' initialization
updata.



At this levzl, the sywmbolic execution of updates is
trivial, Ezzh ne+ operation is simply recorded at the end of
th® sequenca that represents the trace. Processing the
guzri2s, on the other hand, is a somewhat more involved task.
For example, 1f we want to find whether Peter works for Acme
it is not sufficient to find a HIRE (Peter,Acme) in the
racorded s=:qu=2nce; we -have to check if the preconditions for
the operation hold, and such tests may propagate backwards
until the ba=ginning of the segquence,

Figura 1 gives an infcrmal description of updates angd
quaries as Yprogrammed” to work on seguences, and table 2
contains the saquence obtained by the execution of the series
of  updates in our example (of table 1), In fiqure 1, ¢
denotos the prosent state, whose trace representation is the
s&guence rerordlnq the updates thus far exescutad.

Intended traces bring to wmind the notion of audit
trails, familiar from the data base area. In fact, for
auii*ina and for the study of- usage patterns it actually may’
be eful to r=q1ﬂtpr quch full tracas.

S o A D e U

lnlfaq v C <— IWITAG

c; apply.(x) , c <~ ¢ * APPLY(x)

c; subscribe{y,v) ¢ <= ¢ * SUBSCRIBE(y,v)
¢y hicte(x,y) - c <~ ¢ * HIRE(X,YV)
c:‘fire(x,Y) c <~ c * FIRE(X,Y)

Quaries at fha intended trace level :

1scandlﬁate(x) = true, if. APPLY (x) occurs in ¢ and,

for no vy appearlng in HIRm(x,y)'s,

worksfor (x,y) is true in c

false, otherwise .

truoe, if n = n - k and m > 0,

where m is the sum of all positive

i in the SUBSCRIBE({y,mi)'s eccurring

in ¢, and k is the number of distinct

X's appearing in HIRF(x,y) s such that

worksfor {x,y) is true 1n c

false, othervise

true, if  Cc'¥*HIRE(xX,y)*c?!' occurs’

in ¢, where the indicated occurrence

of HIRB{x,yY) is the last one 1n c such,'

that iscandidate{x) and :

haspoqwtlons(y,n), for n > 0, are true
- in ct, and 1f FIRE(x,y) does not occur

 incw

- =false, otherw15e

'ﬂ i

haspositions(y,n)

i

worksfor(x, v)

Eigg;g 1



Intendad tracs

"OINITAG ¥

APELY {Peter) W
SUBSCHIBE{%CNQ,{) *’
“APPLY (John) * "
‘HIRE (John,Acne) ¥
HIRE (Peter, Aoie) *
FIRE (John,Acneg) *
HIRE (Peter,Acme) *
SUBS CRKRn(Acme 2 "

Table 2

3.2. Lev2l .2: the effective trace

v Sy

The =affective trace includes only the updates that
succezd in changing the data base.

‘The exacution of wupdateés’'is still relativaly easy,
because only <concatenations to the end of the sequence are
performed, with the reguiremant, however, that the
concatenation is not performed if the precondltlons for the
operation fail. A particular kind of precondition is that the
desired effacts should not already be present; for instance,
one precondition for apply{x) is that x shonld not already be
a candldate, for othervise the (redundant) apply{x) would not
succeed - in changing the data base. Queries becone simpler
than in the previouns level; now, for example, if we find
HIRE(Pater,Acme) ({and FIRE (Peter,Acme}) does not appear after
that) we can be sure that Peter works for Acme, without
baving to check the pre-conditions for the hire operation
{t.e. without having to inspect the initial portion of the
trace) i

FPigures 2 defines the updates and gueries, and table 3
contains the sequence representing the trace for our example.

As before, effective traces remind us of a familiar data
base concept: the logs that are kept for recovery purposes.
More importantly one conld think of data bases vhere past
information is not deleted but, instead, all informatioen is
timé=-stanped [ Bubenkol.

Updates-at_the effective trace level
initag c <= TNITAG

c; apply(x) ¢ <~ c * APPLY (x) if iscandidate(x)’

is false and for no y v
vorksfor (x,y) is true in ¢
: <~ ¢, otherwise
c; subscribe({y,v) ¢ <- ¢ * SURSCRIBE(y,v) if v > 0
<- ¢, otherwvwise



i

ok # HIRF(x,y) if lsvandldate(x)
and haspOSItlons(y,n) for
n > 0 are true in ¢
- L= ¢, otherwise
2 {%,7) c <~ c * FIRE(X,¥) if worksfor (x,7)
ig true in'c
<~ c, othexwl e

c; -hira2{x,vy) c <

fi

Q

g
]

rigs at_the effectlvp trace 1evel
an &Ldat af{x}y = true, if APPLY(X) occurs in ¢ and,
: - for no y's app@arlng in HIRE (x,¥)' Sy
worksfor(x,y} is true in c
= false, otherwise
true, if pn = m - k and m > 0, ,
where m is the sum of all mi in. the
'QUBSCRIB?(V,mL)*s occurring in. c and
k is the number of distinct x's
appearing in HIRE(X ¥) 's such that
workufox(x ¥y is true in c
‘false, ‘otherwise
true, i€ c'*HIRE(x,y)*c‘* occurs
in ¢, where the indicated occurrenco
of HIRE{x,y) is the laGt one in. c,
‘and if FIRE(x,y) does not occur Anp c"
= false, otherwise )

Qusa
isc

i

haspositions(v,n)

0oh

worksfor (x, y)

.Pigure 2

oo

Effective trace

W INTTAG *
APPLY {Peter} * :
' SBBSCRIBﬂtécme,1) *
RAPPLY {John) *
HIRE {John, Acme) *
FIRE(John,Acme) o
HIRE (Peter,Ache} *
SUBSCRIBE(Acme,Z) "

ey deiem et

Tgb e 3

'3.3. Leyvel 3;: the current traCP

At Jlevels. 1 and 2, th@ fracgs are GV“?‘IQCY@E&IRQ. If we

are not 1h+erpqt°d in keeplnq historical information but only

~elsments in a ‘trace = which are sufficient to

chara~teri7D the current state of the data base, we may want
to consider ways .to obtain compreSSQd sequences. In fdact, ve
may want to  substitute a differeént but eguivalent trace for
the one we hava if the second expresses the present state of
the data base in a more succint manner.



The current  trace contains only the updates whose
effects still heid and, if fewer operations can produce the
affeétﬁvof'a,agivan;seﬁies;of.QperatiQHS, then the former is
substituted for the latter, Two examples will illustrate such
reductions: '

- sinc2  Johkn has been fired from Acme, the effects of
RIRE(John,Acre) no longer hold and  can be removed from the
seguences notice that  the combined effact of
HIEE(John,Rcme)*FIRE(John,acme},;'»ﬁcr‘ : the - purposes of
characterizing the present state, is nil and so the second
operation "cancels® the first and. nene need be kept in the
sequence; '

- the net effect of Acme offering 1 position and then 2
more positions is the same as having offered 3 positions, and
thﬁ$‘SUBSCRISEJACma,ﬁ)*SUBSCRIBE(Acm@,2) can be replaced by
SUBSCRIBE (Acme,3) . ‘ ' ,

At 'Eﬁis level . the. updates: becone considerably 1less
simple, becauss an internal manipulation of the sequence is
needed, For instance, the-.execution of subscribe (Acme, 1) is
still simply a concatenation at the end of the sequence, but
subscribe (Acmz2,2) causes the- recorded SUBSCRIBE{Aicme, 1) to be
replaced.  (where. it .. stands - inside the seguence) by
SUBSCRIBE {Acme,3). Conversely, the execution of the queries -
is further simplified, since we do not have to search for
"nagative" operations {such as fire} . and . because the
information that remains is more concentrated {e.g. there is
now a single SUBSCRIBE per registered company) .

Figure 3 defines the updates and queries, and table &4
the current trace for our example.

Current traces can be related"tc,effonts"tofoptimize
transactions [Smith and Chang], that is;yfuaérhinteractions
involving several oparations within a'sinqleHSQSSiOnJ

Updates_at_the current trace evel
initag ¢ <~ INITAG
c; apply(x) C L= cgi;APPﬁYfX)'iﬁﬁiScandidate(x)
’ _ , ' ‘is false and for no y
vorksfor{x,y) is true in ¢
<- ¢, othervise
C; subscribe({y,v) ¢ <~ ¢ ¥ SUBSCRIBE(y,v) if
‘ v > 0 and for no w
- haspositions{y,w) is true in ¢
<~ ¢ with SUBSCRIBE(y,n) ’
- replaced’ by SUBSCRIBE(y,n+v)
ifi'v-> D and for some n -
.. haspositions(y,n) is true in ¢
. &~ c, othervise : o BRI
Cc; hire(x,vy) C £~ ¢ * HIRE(x,y) if iscandidate {x)
o and haspositions{y,n) for
> 0 are true in c




9
<~ othervwise
c; fire(lx,) c <~ ¢ w1thout HIRE (%,y) if

worksfor{x,y} is trus in ¢
<~ ¢, othervise

. Queriss at the current trace level

1 scandidate (x) += true, if APPLY(x) occurs in ¢
but not HIRE(x,yv), for any y
false, otherwise

true, if ¢ contains an occurrence
of SUBSCRIBE(y,m) and m - n.
occurrences of HIRE(X y)'s

false, otherwise o
true, if HIRE(x,Y) occurs in c
false, otherwise .

I

“haspositions (y,n)

LRI

vorksfor{x,y)
Figure 3

. Current tracs

CINTTRG *

ADPLY(PGth) :
SUBSCR Rn(Acme 3y %
APPLY (John) * '
_HIBF(Pcter Acma)

.Table 4

3.4, Level #4: the re-ordered trace

Hn L e

Even wwth fhp rsductlons at level 3, there may be more
than on®2 (resduced) series of operations leading from  the
initial state to the current state. This happens because, for
some oparations, the end effects are the sanme regardless of °
the order of ‘their execution. For instance, it does not
natter’ who applies first, Peter or Johr, as also there is no
fixed precedence between candidates applying and companies

subscribing, On the other hand, a hire(x,y) operation depenis
on  the pravious execution of “apply{x) and subscribe{y,n) ,
Wwith n > 0, '

Figure 4 “sketches the partial order characterizing the
inter-dependencies . among operations, ' in the sense that
operations -that producw‘ as effects. the preconditions for
other operations must be executed before the latt@r.

apply{x') v ‘ :-hlre(x',y}
7
apply (x) A
lnltagﬁﬁﬁ:;; \\5h1re(x,y)—-fire(x,y)

~=sub bS(y, 1
\\\\Eisu scribé (y, 1)

subscrlbe(y',n')~———-—;-e.hire(x,yw)



e s o s s

Given thasse considerations, we «can say that the
re~oriered trace includes the updates .  that would appear in a
current trace, arranged in a way that is compatible with the
partial  ordaring of the operations and, in addition, for
operations whose order does  not matter, arbitrary ordering
criteria ara chosen. -

Qur arbitrary criteria are that all apply®s are placed
before all subscribe's and occurrences of the same operation
are ordered lexicographically by the first argument. Thus, in
the -trace we shall  have RPPLY (John} before APPLY (Peter),
assuming John < Peter. ‘ ‘ ~

At this 1level the execution of updates involves, more
than before, the manipulation of the sequence, since each
additional wupdate will be recorded in . its proper place
accoriing to the chosen order. The execution of queries is as
simple as at the previous levels the only difference is that
on2 can take advantage of the order 'for speeding up the task
of scanning the sequence, Suppose. that we want to know if
John currently works for Acme: we start scanning from the end
of the sequence until one of the following cases occur:

= HIRE{John,Acne} is found: worksfﬁt(John,Acme) is true;
- HIRE(¥,Acne) is found, where x < John: vorksfor{John,Acne}
is false:

. ~ an op=ration is scanned that is not a HIRE (this is
the case in cur-example):‘workstr(thn,Rcme) is false. .

 Figure 5 defines the updates and gueries, and table 5
contains the sequence representing the re-ordered trace.

Re-ordered;  traces provide a unigque way to represent
equivalent series; of operations. Again this has a parallel in
data processings. if you want to - compare two sets of items of.
information,. -perhaps stored on different tapes, you first
perform a sort on both sets, using the sane ordering
criterion; then the comparison can be simply and efficiently
perforned.in.a merqge-like fashion., ’

Updates at the re-ordered trace level

initag . c <~ INITAG

c; apply(x) ¢ <~ ¢ with APPLY(X) inserted o
in its- proper place according
to the order, if iscandidate (x)
is false and for no y--
worksfor (x,¥)} 'is true in c¢

S <--¢, otherwise "' :
c; subscriba({y,v) ¢ <~ ¢, with SUBSCRIBE(y,v) inserted




1%

in its proper place, if v > 0
and,»for'no%w;'haspositions(y,w)
.. is true in c’
<~ ¢, with. SUR%C&IR“ey,n) rnplacad by
SU3SCFIBE(y,n+v), 1f v > 0 and,
for some n, haspositions({y,n).
- ‘7i° true in'c
, K- ~othervise '
c; hire({x,y) c <~ c, with HIRE{x,y) insarted in its
S proper place, if iscandidate{x)
and haspositions(y,n), for n>0,
are truz in ¢
‘ - &= <, othervise
c; fire(x,y) c <- ¢, without HIRE (x,y} if worksfor (x,y)
is true in ¢
£~ ¢, otherwise

Quaries at _the re-ordered trace level

o s wAn o S

Same as at the previous level, With the tlm&—vav1nq pO%Slblllfy
to 3t0p s 3Prh1ng for the indicated occurrences as the scannlnq

qo2s - bovond their proper places according to the ordering.

# OINITAG *
APPLY {John) %

" APPLY (Peter) *

_ SUBSCRIBE (Acme, 3) *
HIRF(PQtpr Acme) "

-

i
|
{
i
§
4
|
{

4. From the informal gdescriptions to Sy8 mbolic Eg..ceduzs.s.
Figures 6 and 7 contain procedural specifications
[Furtado and veloso] of an update (subscribe) and a query
(haspositions), respectively. A procedural specification
trzats the trace asa. sequence of symbols’ and "implements"
quaries and updates as symbol manipulation procedures defined
on th=2 traces The procedures (called op's) are fairly easy
to understand for anyone with some experience of symbol
manipulation,. anrd can be promptly translated into any
existing  symbol manipulation lanquage (e.g. SNoBoL, ‘ICON,
LISP, REDHUCE, etc.), The statements in  the hody - a
procedure are axamined sequentially and the first one wwth a -
valid: prﬂconiltlon {the condition to the left of the‘"~>"

symbol). 1is =executed. The procedure is then exitad, By
execution , «we mean that the value of the  expression
specified on the right of the “=>u symbolis returned as the

value of tha procedure, If M=>" has no oraconﬁltlon, then it
is executed whenever it is encounteréd. The . ‘match statement



fo
2

15 ex2cuted by wmatching in order the input seqguence of type
agdb against the alternative patterns specified to the left
of the "=>" symbols: the value of the expression specified to
the right of the "=>" symbol whose precondition was the fitst
suzcessful match is the result of the entire statenment.

Note ‘the use of upper and lower case names for the
queries and updates. The lower case versions clearly describe .
procedures vwhich inplement the operation. The upper case
versions denoste the record of the operation in the trace.
Note also the use of the normal bracketing and commas for
procediures as compared to square bracketing and vertical bars
in the trace, Again, this arises from the need to distinguish
an  oparation's. implementation (and invocation) from the
necurrence of operations and arguments as subsequences of the
trace. Finally, notice that we have again formally included
the trace (state} as a formal arqument of the operations;, in
turn each update operation :is “described as a  function
returning a nsw state as its value, The resulting nested
prefix notation is particularly suitable to. recursive
handling.

Tn the iamplementation of haspositions at the intended
trace level , we search the trace and, depending .omn what
subsejuence we encounter next, return a-new pattern (in this
case just representing either true or false). Note ' that we
need to use the hidden guery (i.e., one that cannot be used
directly by users of the data base) haspstns. This @ query
computas the number of positions represented by thé trdce by
adding up subscribe's +o the same company ~and subtracting
hire's by the same company.

Procedural spacifications of subscribe

””"”é"gﬁhggribe{y:company,m:natﬁral,s:agab)=agaB 
m > 0 => SUBSCRIBE[ ylm|s]

10

v
]

bseribe{y:company,ninatural,s:agdb) :agdb
Zyperson;tiagdb, w:company, ntnatural
> 0),=> 8

h s
£

£
3 it 65 e

g
o

i

IRELZ|W]t] => HIREFX]W|subscribe (y,m,t) ]
IBELwinjt] =3 :

= ¥

SUBSGRTIBE[-yPmeni "

(2]
&3

IRAEL Z
SUBSECR
if vy
thep
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#lss SUBSCRIBEf yln|subscribe(y, m, t)}
ARPRLY{Zzit ) => APPLY[z|s ubocrhba(y,ﬂ t)}
INTITAG =>. SUBSCRTIRE[ yim|s ]

andnatch

op subscribe(v: company,m:natural,s:agdb) ragdb
- ¥ar x:person,t:agdb,w:companv,nsnatural
~(n > 0) => g
HIRE[X]w]t] => HIR B[ x| wisubscribe{y,n,t} }
SUBSCRIBE[ win]t] =>
if y = w |
then SUBSCRIBE[yin+nm|t]
else if y > v
then SUBJCRTBF{wxnisubscrlb@(y,m,t)]
@1 e SUBSCRIBE[yimls]
A“DLY[xlf} => SUBSCRIBE[V]|mn]s]
INITAG => . SUBSCRIBE[ yimls] o
andmatch
EEﬂEE
Tigur=_ 6

Procedural sn9c1t1car10n of haspositions

i T e . i anp mn

1
haspositions(y:company,mrnatural,s: agdb) : logical
vAr X:person, ,.agdb,w company,n natural
match s
INITAG => falsc
ADPLY[x;f} => haspositions(y,nm,t)
'SUBSCRIBE[w]n|t] =>
if w=y
then haspstns(y,n-n,t)
21se. haspositions{y,m;t)
HIRE[xjwit] =>
if w.= y and iscandidate(x,t)
and haspositions(y,?n,t) and n > 0
then haspositions(y,n+1,¢t) = °~
alqp ha°posxtlonaiy,m t}
FIRP[X!W{T} : -
if w =y and worksfar (x,« t)
then haspositions(y,mn~1,t) "

s e o e

alse haspositions(y,mgty:

leval 2:
op h939051f10ns(y company,m natural,s: aqdb) 10918&1
var n:natural,t: aqdb wicompany,z:person :
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match s
INITAG => false
APPLY[ #1t ] => haspositions{y,mn,t)
QUESC?TRwa!nlt] =>
lJ.Y:TJ
then haspstnsiy.m-n, t)
nlse haspositions{y,m,t)
HIRB[zIwif] =>
if- W
+hnn haqutns(y,m+1 t)
glgg haspositions {y,m,t)
FIRE[ zjwit] =>
ify=w
then haspstns{y,mn-1,t)
21se haspositions{y,m,t}

" Top haspositions(y:company,n:natural,s:aqdb)zlogical
var z:person,v:icompany,t:agdb,n:natural -

match s
INTTAG => ialsa
HIRE[Zlwlt] =>
ify=w
then haspositions(y,m+1,t)
alse haspositions({y,m,t)
APPLY{ ft} => haspositions{y.,m,t)
SUBSCRIBE[ winjt] =>
if vy = ow
thanqig m~-n=20
 then true-
else false
else haspositions(y,n,t)

i A st st dt

op hasposxtlons(y company,m: natural = agdb} logical
yar z:iperson,w:company,t:agdb, 1% natural

INTTAG => false
APPLY{z ]t ] => false
SUBSCRIBE[winjt] =>
if w ¢ v
+bmn haa9051t10ns(y,m,t)
@lqe if mo= n
“hgn fru@
else false
HIRE[ z1w]t] =>
if w =y '
hen haspositions{y,mn+1,t)
lse haspositions(y,m,t)
tech
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'Since tha purpose of +this paper is to provide a
framevork for a non technical understanding of sone concepts
we baliéve will be useful ~to tle practitioner, we have
generally restricted our remarks on theoretical questions. We
take this opportunity to provide for the interested reader a
bridge from the earlier ¢ sections to relevant theoretical
concepts, Re-ordered traces derive their lmporfance fronm
thair connaction with technlques for data type Vurlrzcatlon.

Thus the techniques we presented attempt to provide a.
methodelogy for developing  axiomatizations which capture
relevant intuitive details, simplify the specification

roblem - by reducing the gan@ralxty of the situations that
havé - to bs treated in the -specification, and offer. a
criterion for- ‘determining whether a specification is in some
r'ﬁnﬂ'&-*‘Omr)lmim by spacifying - rnlatlvoly few standard sets of .
combinations .~ of operations or gqueries on the re- otdered_
2xpressions. Rach re-ordsared trace denotes unxcuely one valid
data base state,

Techniguas based on the concept of . abstract data types
also exist . for dafining implewentations, ‘proving the
correctnass of an inplementation and studylng other relevant.
properties of the specifications. Thus it is 1mportant that.
we establish some connection between the concept of traces .as,
e havn cutllned it and the normal spec;flcatlon of datau
types, fact thﬂ‘ transformatlons.undexgone by traces in
moOving from one level to the next can be formally expressed
as eguatlonal axioms. Bgquational. specifications are’ the basxs,
of “the“current theories of abstract data types.

As, in  the notat;on, used for the ' procedural
%pQCwacatlons of the last sectlon, we use the nested, prefix.
notation for equations and . we again include the data base
state as a formal argument {parameter) of the updates and
gusries. Let us now examine the passage between the various
levels of traces. to determine the kinds of equations needed
in an Xmomatlzatlon., ' :

a) Level 1 tq..leveluZ: If the preconditionss for the
update gp to:ba‘applied to the,statefs?fail, “then the data
'ha ) qtafe is .anchanged. That is, opf{i.s,s8)=s. We used this

. .W_inffould write the ax1om‘
.m0 -> subscribe(y,n,s) =

whare n is a natural number, y a company, and s a data base

fo ﬂllMlnatP from the trace 'opératlons which -
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state. Thuas, « .if the nunber of positions offered is
non~-positive, ths =2ffsct of subscribe on the -data base state
is nil.,

b) Level 2 to level 3: If, for two sequences of
oparations

9_21 (; Y 9_22,( oo eceo [ose -,QR'E‘((- v e S) .. o) I .‘..)
and ' _

QQJ—:—("”Q’.E?LL('" -"a.(‘-».,Q'Egifog.,s}a.-)a-,.)

the precondition for initiating their execution is the sanme
and their final effects are the same, we can then state that
they are equivalent., This kind of equivalence is often used
to reduce the length of the trace({and hence of the re~ordered
trace eventnally used) by substituting the shorter of the two
Sequences for the longer one. WNotice that the shorter
seguence nay be the empty sequence (i.e., just the data base
state with no updates applied). For example, the final effect
of hiring and firing the sawe person vwith respaect to the sane
company is nil, & formal example wusing the subscribe
oparation is:

m> 0 and n > 0 ->
subscribe(y,m,subscribe(y,n,s})
= subscriba(y,n+n,s)

where m, n are naturals, vy a company, and s a data base
state, Thus the cumulative =aoffect of various subscribhe's
perforned one after the other 1is reflected using one
subscribe with the total of the positions being offered.

c) Level 3 to level 4: Tf, for two sequences of
opsrations

QRl('Q"ggz(n-u aot(n’a’QEQ(a."s)'o-)wrﬁ)

and

,.93»1:-("'?92:?‘.1("’ LR R (a.,,QQ_ﬂli(...,S)»oo)p».)

the precondition for initiating their execution is the sane
and their final effects are the same and, moreover, m = n
(i.e. the seguences are the sanme length) and one is Jjust a
permutation of the other, then we can say that they are
equivalent, This kind of equivalence is often used to achieve
the total ordering of all possible update operations
discussed in section 3.4, This is used to achieve the
canonical form which is our objective in going through the
various traces. As an example, we have:

m > 0 and n >0 and y # w ->
subscribe(y,m,subscribe(w,n,s))
= subscribe(w,n,subscribe(y,m,s))



17

Thus two. subscrit by.. two Qlﬁﬁgggg: companl.g‘ can  be
re~ordcrad {frthay s “'h2 to achieve a re-ordered trace if
ths laxicoyraphic order for the cowrpanies, which are the
3

first arquaent, i: ncohrmct)

Ha hav» had sone experlehce with this methodology for
1nf1n ng canonical: - forms and then = extracting an
axiomatization from the: procedural spec1f1catlon, and we can

say that,  this experience has  proved to be enuouraqlng. The
specification method based on  canonical expressions has besen
put forward in .  a variety of place [Goguen, Thatcher and
Wa;na”; Pequeno and Veloso] but it is not always clear how to.
choosa canonical forams and how to choose what should go into.
thr qnecxflratlon. : ‘ o o ‘

< L
our as*umptions and a;ma and those of reports whe"e'canonlcalv
forms and id2as of observability are assumed. For data. bages,‘
it is quite reasonable to assume that data base states ‘differ
only if gu=ries can differentiate between them. We might call
this concept observational completeness. Note that the traces
it. the vary lowest level exhibit a very ‘pure form of

n this v sp°c we should note the connoctlon betweq
S

observational conrpleteness, Any well  formed expreoSLOn]
denoting . a state:*can be examined. by ‘gueries and  our
specificatio at this level  must - guarantee complnte

obsnrvablllty, mhis complete observability must be guaranteed
at’ 2ach subsequent level, -'but at each lovel the domain of_
axpressions over which the querles are defned is reduced in.
scope, - This is because we ‘are defining eqnlvalencws among. .
traces and providing. ways ‘of transforming traces. which are
not: in:. the "legal" set for that level +to OHQ".,thCh are. .
These . equivalences are defined by stating equivalences
betwesn sequences of update operations, as in the examples
presented above, o ' -

At the final level, expressions denoting states nust be
in canaonical form before a query can he applied. The queries
at . this level guaraantee observable completeness only for
states denoted by; canonical- ~expressions. (This seenms to, be
tha»vmaanlnq of Guttaq' suff1c1ent completeness= crxterlon_

sed. . in his work:: {Cuttaq] It 'is also what is meant by
"complOtenesg criteriona® in [ Bartussek and Parnas]).. d wever,
we ~have desfined enough rules of -transformation ~yia. Qur.
Dracedural,.apec1f1cat10ns and the’ ﬁquaflons obtained . :frbm
them to -guarantee the existénce of an aquivalant’ cauonlcal‘
PYpEe@%lOﬂ denctlng each state.

In’ summary, at  the lowaqt level, two expressions
denoting a data base state are equivalent if and .only if
there —are.n>: queries (predicates) “which can’ dlfférentlato‘
between them. At the- highest level, ~twor nxpra531ons denoflng
a state are eaquivalent ~if and- only if fhey have the. sane.
canonical form. Note that’ "abservatxonal Lqulvalence" is-
generally  quite ‘hard. to prove,  since one has to use some.
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Jehderal foram ot fau@ﬂ1ﬂg cabout, all uudllvb.~ﬁ@atlng wuetnc:
tWo expression wive the ‘sume ‘canonical form is. generally much-
easiery

In future work, we hope to study the process outlined
abvove for optaining a SmelﬁLCathu in terms of- canonxcai
expre3519ns.-fuauh level " of trace. above can - be seen: ‘
choosing &« smaller and .amalie: clas@ of ﬂapreatntatlves of$
each equxvalencu class of expcesuxoub, eventualLy ending ug
with  the: alngla cancalcal represantative, - ‘and at -the Same”
time’ QEOVLQiug ways of tzdnbtarmxng expre Sians not  in tha
dealgnatem subset into eguivalent, ones -~Wwithin the . subsét;
And, aLthougu wa’ ‘have used foyr . levels of trace netd, in“the
BaTe . general theory it 'is not necessary to fix the number of
levela before applyiny the methodology. The nature of the
apyllcatlon,. the . nature. of the caponicali«form, -and . the
trangformatvions chosen wxll deuermlna -the pumber ofilevels:
ne&de»\fMo:uovez, we may BOt want ;bo assume the ‘observational
campleteneas property if oux application is mot "a data bdse
one.

Finally, ‘we note that with the use of predicates in our,
axiomatization, we avoid the usual cowmbinatorial explosion-of
selcctors;*nacusaxtated tol query a crelation. For ‘instance,
instead of ‘needing 2%#%2 = 4 selectors to tast ‘the relatidm
defimed by n‘SPQSLtLGQQ (#¢ do not count thne state argument)’
for' ‘the " various comblnatlanb'f oL ' coustants’ (gJiven) -and
van;ablea (fo reoexve ‘the selecred VdABdS)-=UhiCh we can’
possxnly uss as . a:guaentq for a query, . we.uss ex;btentxally*

quantxtled”*veLaxous .0f " the pEmGlCdt& in place of ‘thel
selegtor Por © examp&e, En rhaprSLtlona(Acme,n} shduldf
select tha" noawnegdtxve number of positions which ' Acme has’
ava;lable, . An hdSyOhltanS{y,n} returns - some: compahy’

with the’ auner of positicns ofzerea by that company.

6. An "apstract" dlalwg

Au%hcrs.,To summarlze, e woula 53y that a4 pays fo to
produce: an executable specification and experiment with it,
perhaps cnanglng it several times. as demanded by the:future
users; - before ccmm;txag oneself to a lengthy and costly
melementatzon. Further,: 1tv: s useful ‘Lo have thisg
spacification” “Last ‘in a'.styla that. zavors “'rigutOus
varlflvatlonb ’ of”“correctness. : Flnally, the executable
specification can, be re- activated during  tae- maiutenance
phase; tn¥ order’ to~”experlmcnt with. Changes . necessitatedi py
shortcomings in the original design or by new needs of the
user commuenity.

PLactltlouaﬁ. it i centalnly niGe, to hayve
SpdvlilvdﬁlOﬁ awaxlaulq with all “chosge. dtgresds The ideaof
proguciag a  first veraxcn for expeslmeut_, iene jonly-has baen
in- fact defendeu by somtware englueers {br@oksjana hastvbegn:
used:- Wlth ‘good: rébults rupoztad (db in. {AS.J,Mau @ty al, ‘for
exawple) Howcvat, I have’ certaln ®isgivings as to the effort

cab-executaale
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necdea to prowducs it, pnrtlcuxarly when formal mwetnodologizs
ave employed., Fircst, iet Wme  point out the matter  of scals.

You were  alsoussing  a very small example » L fear taac
pruuuvxn; 3 sV:ciﬁication Sfort o any Leuxxgnlc gata . pase
application ana making ‘reliabiy:consistént  would pe a

dlttlcult jou inueed.

A Tuagv ai2 efanples’ of’ nuu»tL1v1al aygllwatlons baing
ayec;fled using - thcse techniques Lauttag and’ Horning}, .and at
least  one  of theam- LBstun seéK and  Parnas ] uelgda finding
8rLors that sevaral ‘people ‘had failed to degtect in a previous
;nIOLm¢l specification, BLLOLS thut would ope t;lcky and
sxpcn;LVJ tu COLP&Ct la tme pEOngﬁmth‘_nqoe,

B~ xes,. but th@ specifications were done oy upiversity
p&ople. Also it is coavenient to employ symbol-manipulacion
lanyueyes for handling the tiuces, whereas most professional
prograumers are not- trained to use such languayes. The size
itself of the pxogrammlug task in  the cass of rsalistic
applications could - be such that, for bhaving the executionle
spegification, we would- pelbaps double the time  and cost of
embarsing on an implementation after @ simpler reguiremeuts
anaiysis, ‘ o ;

_ Az iDesiyning a-data’ vase’ uppllcdt;on is JLCldelY notig
outright programning job, unless one confuses ‘it with the
Rere superimposition of a data base management system over a
Duaper of existing files. Highly trained’ pecple are neadeld,
altnough, admitedly, not necsssarily university people...
Anyway, in order to blmpllty this  task and also to take- care
of the - bulk of ‘thHe" effort’ 1nvol’~u, ceptain  software tools
have begun +to ' appedr (e.g. { Gerrart; Goguen and farao;
Burstall and Goguen}) .

53dow 4o T co&munlcata .my lntuuthnm to- Luebe systens?
Can Just: indicate the queries and updat2s with their
precondltlons and effects?

R
I

uégwln”généfal“”you'are required to ‘supply the equations
{see section 5) which show what eXpLebHJQHh ire aquivalent.
But lt may be possible to construct . some interface enabling
you “to communicate “throuyh it as you - said and having the
systen (pernaps with youwr. help., interactively) - derive ‘the
equations. T '

P: I look forward to seeing such software tools widely
dValldblp and featuring usen- friendly . interfaces. ft'is Fina
to. Prdlb“ ‘a formdl "non ~procedural®. cietnodolagy - tor ita
znaedom from programmlng and other  implemantation’ details
but to dispdhss the users of the mvthaualagy frox xnowxug
about programming’ by . acmaudlug in exchange that™ ‘they becoasd”
logicians or’ matneuatxcxanb 1s totally . unrealistic. Aflother
objection that 1 have to 'the formal - specitications “that we
have .geeh- -ulbcassxng is that they leave out more than the
structuring of data, which you <claim to be convenient to



postposie. C2rtain propertics ot Systems saca  as time  and
BpaCe Tsyuirenznts, Hewory access patterns, reliabality,
syanchrondization, and ProcCess indepehdedCe 4Ce  LUft out as
waell {Shaw j.

4: This is true. Yet an execataple specification can .
help in prepariny tor the phase wien those Lejuillemelts widil
be consieered, if you put it to a mopitorea egpsrimental
Usage and collect some statistics. But it ract the main
benefits of executable SpeCitications, at the curreat state
of the art, refer to Twsting the pehaviour of .a. data base
application suvjected to integraty constraints, thereopy
JIVINY to prospective users ab Opportunity to dassess it and
react te it.

E: 1 submit tadt we still  have to wait for Leports on

Leal dapplications of als this by peoplie working in  tle
buslhuess <@uvironment, as has ween done tor structured

programming and top-down desiyn (iu pdoltouy, tor exampile).
Only rfrom the analysis of such T2poLts oue wiil be uble to
Settle tihe Case 0f Whetner this line of rescarch 1s relevant
to practitionirs, or Wi ll Twlld il CRCLUSIVelY  as a
coutripution tuwards the understahding  Of . data  and
data-handiiog. functionss ' ’
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