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Dv oin Daa a m

A database system is not an end in itself. Its ur ose is to enable its users
to ex lore, monitor and control some real-life situation. et, hile its internal
structure and or ings are of relatively little interest to these eo le, they are
of fundamental im ortance to the develo ers. or these reasons, e create such
information systems in t o distinct stages because, to adequately re resent a
situation on a com uter, e must:

describe that situation in our human terms, and
convert that descri tion into a machine-executable form.

In the rstste , e the situation, using hatever language or languages
e feel best allo us to ca ture and ex ress the nature of that situation and any
constraints u on it. It is fundamental requirement of information systems

develo ment that any condition ex ressed in a s eci cation must be ro erly
im lemented. Any constraint that e ex ress about some real- orld situation
must be matched by a corres onding constraint in an information system mod-
elling that situation. This requirement is a direct consequence of the decision
to have se arate s eci cation and im lementation languages. According to ig-
ure 1, e begin the rocess by listening to users and ca turing their vie oints.

rom these e develo a so-called conce tual model hich is an aggregation
of the user-vie s. rom that conce tual model, e design a relational database
schema, assuming a conventional SQ -based im lementation. inally e rite
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rograms that o erate u on that database and hich reconstruct or simulate
the original user-vie s.
It is the rogram s ur ose to sustain a ma ing bet een the t o ictures,
one that simulates the external icture by suitable mani ulation of the internal
icture.

and

In this a er, and for reasons to be discussed shortly, e use the notation
asour s eci cation language, and SQ as our im lementation language. The
language has been used to formalise a iderange ofa lications, such as the Unix
le system, reservation systems, tele hone systems and the I S transaction
rocessing system. These case studies ere brought together in ay . The
language has been standardised S i  and given a formal semantics S i
Ob ect-oriented extensions, of hich the best- no n is Ob ect- 1, are
re orted in SB 2 . is based on ty ed set theory and redicate calculus.
rom that base are de ned the commonly-used discrete mathematics of relations,
functions, sequences, and so on. The unit of s eci cation is the ma hich
is a redicate that constrains some as ect of the a lication domain.
ore com lex statements, again in the form of schemas, may be created using
the ma a . Aty ical s eci cation consists essentially of t o arts:
one art describes the structure, and the other describes the dynamics, of some
situation or domain:

The rst art consists of a , hich is a static descri tion of
the a lication domain. It consists of a number of named observations or
vie s. These are then related to one another in such a ay as to rovide a

xed icture of the situation being re resented or s eci ed. In a less rigorous
s eci cation, this ould be accom lished by means of an entity-relationshi
diagram or equivalent.



The second art contains a number of each of hich
sho s a articular ay in hich that situation may change. ach change
is described in terms of 1 the reconditions existing that change,
and 2 the ostconditions that must a ly the change. These schemas

ill be im lemented as rograms or transactions. In a conventional s eci -
cation, these o erations ould be s eci ed rocedurally, using seudocode,
for exam le.

The state schema could be im lemented as a database and the o eration schemas
as rograms that e ect changes to the database. igure 2 sho s the relationshi
in a small ban ing system. There is a state schema called and four o -
eration schemas that describe the rocesses of 0 ening an account, de ositing
money, and So on.

Bank Bank
(Conceptual (Database
View) View)
Open operation Open program
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Withdraw Withdraw
Close Close

The relational model od 0 is a data model that has the same originsas . A
database relation may be vie ed asaty edset. or exam le, a
relation may only contain elements of a articular ty e. Set o era-
tions may only be a lied to sets of the same ty e or scheme. urthermore, the
relational calculus, u on hich SQQ is based, is a modi ed form of the redicate
calculus. It ould seem that is a natural language for s ecifying relational
database systems, and vice-versa, a relational database rovides a straightfor-
ard target for a s eci cation. But ho is the lin bet een the s eci cation
and its im lementation established es ite their common roots, and SQ are
di erent languages. is arich and varied language ith an extensive vocabulary
of o erators, SQ is com aratively sim le. This is not a coincidence. e udge a
s eci cation language by its ex ressive o er. eloo for
and o erators that hel us economise. onversely, SQ  as originally designed
as an end-user query language. One a roach is to the original s eci ca-
tion. This requires that e re rite that s eci cation, still in , but using data
structures that are close to those available in the target rogramming language.
A ty ical re nement might involve the re lacement of a sequence by an array.



Of course, the o erations u on that sequence must be re laced by a ro riate
array o erations. This rocess of simulation entails a number of roof obliga-
tions. These are designed to guarantee that thet os eci cations are equivalent.
Once this has ta en lace, e may convert the concrete s eci cation into a

rogram. This a er uses the concrete data structure most commonly used for
database systems namely database relations.

The a er has the follo ing structure: in Section 2, e resent a small ex-
am le hich e s ecify and then im lement. In Section 3, e discuss hat it
means to im lement by introducing data re nement. In Section 4, some la s
are given: these concern the use of relational calculus in data re nement roofs.
In Section , e examine the , and statements of SQ .

ach of these is given an equivalence in terms of the relational calculus. The ar-
ticular syntax used for the relational calculus is ada ted from the notation.

inally, in Section , some or ed exam les that use these techniques and la s,
in the data re nement of a sim le database a lication, are given.

i
Su ose e are required to develo a s eci cation for a very small savings

ban . The manager sees the ban and its relationshi s ith customersint o
ays:

1. o much they have saved:

2. here they live:

e can abstract these vie s:

Based on these vie descri tions, e may decide that the follo ing basic ty es
should be used to re resent the savings ban :
The set of addresses.
The set of integers 0 1 2
The set of account holders.
e can no further abstract the vie sinto declarations:



o ever, both these relationshi s are many-to-one. So e ould declare them
as functions:

avin an a ma

Both user vie s have no been ex ressed formally, but in isolation. o e
may form a global vie  a single icture of the ban as a hole. To do this, e
combine the individual vie s and say ho they relate to one another.

The state schema incor orates the t o vie s and its redicate requires that at
all times:

verybody ith a balance has an address, and vice-versa.
Things that can be said about a state schema are that:

It is as if the information system, at the user-level, is ust one big record
itht o elds or com onents, and .
ach com onent rovides one articular or .
Good design suggests that e loo for com onents that are as unconnected
as ossible, that is, have as little overla as ossible.
It is an ex ression of the user s conce t of the a lication domain. It is the

database.
It ill be re laced by an relational database.
Daa a ma

A relational database is a collection of relations, each of hich is restricted in its
structure. A relation is a set of com osite ob ects or o d . The com onents
of each record are limited to sim le atomic values, giving e ect to the at- le
or tabular a earance associated ith database relations.

The information on any given account may be e tin arecord of the follo ing
ty e:




The savings ban may be ca tured by a database consisting of ust one relation:

The account attribute is the relation . The number of account records
equals the number of account names, that is, every account has a
di erent name. elation eys are used to enforce n iona d nd n i
The language most commonly used to im lement database systems is SQ
hichisbased onthe a iona a , an amalgam of the redicate calculus
and set com rehension. If e use the notation for set com rehension, then e
can say that the general form of an ex ression in the relational calculus is:

here:
The allo s us to introduce the sets, in this case database rela-
tions, used as a basis for the query.
The o tional allo sustoex ress constraints that elements of these

sets must satisfy. In relational calculus, the elements are tu les of some ind.
If no redicate is su lied then all tu les are selected.

The o tional allo s us to identify the exact nature of the ne set that
is to be formed. If no term is su lied then tu les from the base relations
are to be used. Any term s eci ed must conform to the requirements of the
relational model, that is, it must have sim le-valued com onents.

A sim le exam le is:
1000

This statement returns the names of those account holders ith a balance less
than 1000. The tu le variable ranges over the entire relation, ta ing in turn
the value of each account record. e can see that SQ is based on relational
calculus if e read the ex ression above as:

a ma and Daa a

The state schema and the database schema are sim ly t o di erent ictures
of the same situation. The database is a machine-oriented realisation of the
state schema. e can sho this relationshi bet een the database and the state
schema by means of a ma in schema.



This schema constructs and de nes the com onents of in terms of
com onents. rom these equations, e can see that:

Thus the redicate of the schema is enforced in the
database by re resenting them as the same column of the relation. The
functional nature of and is guaranteed because the com onent is

the relation ey.

nin an on

A static database is of little interest to a ban . e need to be able to handle
change. hat ha ens hen an account is to o ened hat e ect does that
o eration have u on the database

a ion This schema describes hat ha ens hen ane cus-
tomer ho lives at o ens an account ith a de osit of dollars.

The erson must not already have an account. ntries for the ne customer s
balance and address are made.

aion o , , e il
redo this o eration, but this time the savings ban  ill be re resented by the
database. This is hat a rogrammer does hen im lementing a s eci cation.
The rogram that im lements the o eration ill involve t o segments of

SQ

1. It ill chec that the erson does not already have an account:



2. It 1ill insert the ne customer:

To com are this rogram ith the original s eci cation, e 1 vie the
situation as a relational database, and 2 ensure that the language used is
restricted to the relational calculus. That language is as close as e can get, in

, t0 SQ .

The ex ression:

constructs a ne account record from the tu le

i a ion

So no e have t o versions of the o eration:

An o eration that modi es the situation as re resented by the abstract
state.
An that modi es the situation as re resented by the concrete
state.
o do e no that the rogram, as described by , is correctly
im lemented o do e verify that it is a valid n m n of the original

There are three roof obligations S i . All of these assume that the abstract

and the concrete states are related in the ay s eci ed by the ma ing schema.
iaii

If the re-conditions of the abstract o eration are met and then the concrete

o eration should go ahead, that is, its re-conditions should also be satis ed.



If e assume that 1 the reconditions for the abstract o eration are

satis ed, and 2 that the ma ingisin lace, then e must sho that the
reconditions for the concrete o eration are satis ed.
o n

Once e have demonstrated that the concrete version of the o eration is still
a licable, then e must sho that, if the concrete o eration ie, rogram goes
ahead, then its e ect is exactly hat the users ould have ex ected.

If the re-conditions are met and the concrete o eration is satis ed, then the
abstract o eration should also be satis ed.

ni ia a
The third condition requires that e establish that the initial state of the
database satis es the initial requirements of the abstract state:

The a licability and correctness criteria must be demonstrated for every o er-
ation. The nal requirement need only be demonstrated once.

v

In this section e ill examine the a licability and correctness requirements
ithin the context of the savings ban situation and the o eration of o ening
an account.

iaii ere, e must establish that the recondition of leads to
or im lies the recondition of

re O en
a ing
Q

The usti cation comes from the schema and its consequences as dis-
cussed in Section 2.4 . o n ere, e must establish that, given the
changes to the database described in e can establish the ostcondi-

tions of . There are t o conditions e must establish:

e ill loo at the second of these.

a ing

O en



S3

a ing

Q

The usti cations S3 and 3 are described in Section 4.

ata re nement is the rocess of ensuring that o erations on some relatively
concrete data structures are equivalent to other o erations on more abstract
data structures. In this a er, the concrete data structures are the relations of
a relational database, and the abstract data structures are those used in some
s eci cation ritteninthe notation.In thissection, eloo at three collections
of la s that may be useful in develo ing re nement roofs.

a in a

e begin by describing, in schematic form, ho a situation ex ressed in a state
schema, isto bema ed to a relational database ex ressed in a schema,
.Su ose e have a state schema:

In articular, it has an observation in the form of a function. Su ose also
that the corres onding database has, as one of its record ty es, the follo ing:

The database includes a relation




The attribute is the ey of the relation.

The observation in the state schema is re resented, according to the ma -
ing schema, in the follo ing ay:

If e roectthe and  attributes from the concrete relation then e
form the abstract observation . ere are some la s arising from this ma ing.
The symbol re resents a term of ty e , that is, of the same ty e as the
relation ey the symbol is a term of ty e

1 an equivalence:

2 an equality:

3 an equality:

4 an equality:

a

These la s allo us to sim lify a set com rehension ex ression that, in its dec-
laration, contains either 1 a set o eration such as set union, or 2 further set
com rehension. The rst grou of la s involve set o erations:

S1 istribution:
S2 istribution ith redicate.

S3 istribution ith term.



Similar rules or equations ill a ly ith set intersection and set subtraction
instead of set union.

The second grou a ly hen the declaration itself involves set com rehen-
sion:

S4 Sim 1li cation:

S hen there is a redicate involved:

od a

These la s sim lify ex ressions involving records. Su ose e have a schema or
record ty e:

e are also given:

andthat , and aretermsofty es , and res ectively. Su ose also
that e assume that e can use the ty e name as a constructor. The ex ression
creates an ob ect of ty e ith its com onent equal to

its com onent set to and so on.

1 Pro ection:

2 In set com rehension:
3 Set com rehension over a constructed record:

4 onstructing after versions of a relation:



Sim lifying set com rehension:

In this section, e examine the , and statements of SQ .
ach of these is given an equivalence in terms of the relational calculus.

am Da a a

Su ose ehavea ersonnel database itht o tables, onefor ermanent mem-
bers of sta and one for trainees.

et the  attribute be the ey of both these relations. e de ne each relation
by rst introducing a record ty e that matches the tu les of the relation. There
are t o corres onding record ty es required:

The database may be de ned as follo s:

a mn

The ur ose of this statement is to enable one or more ro s to be added to a
table or vie . There aret o forms:



E am Su ose the IS de artment hires a ne sta member, evin, at a
salary of 4 000. e might rite:

In e could rite:
4 000

In general terms, the insertion of ane ro  ould be ritten as:

here is some record ty e, is a set of records of that ty e, and are
terms consistent ith the attributes of . The second form of the state-
ment allo s the insertion of ro s extracted from other table s in the database,
or even from the same table.

E am Su ose e antto romote all trainees in the IS de artment ho

have reached level or above. The starting salary is to be 30000.

In e could rite:

30000

The syntax of the statement may be re ritten as:



In general terms, the insertion of several ne ro s could be ritten as:

a mn
This has the form:
E am Su ose e eretogive atea 1000 raise. e ould u date her
ro in the table:
Because the clause equates the relation ey ith some value, this u date

ill a ect only one ro in the table. e imagine that e are removing that ro
and re lacing it ith a modi ed version.

1000

e establish the existence of a sta record ith an com onent equal to
e then construct an after version of that record ith the same

and com onents, but ith a com onent equal to 1000 more than the
original. The relation is reconstructed by ta ing a ay the old record and
inserting the ne . Generally, the statement allo s a set of ro s to be
u dated. In set theoretical terms, the o eration involves the subtraction of a set
of ro s, follo ed by the insertion of a modi ed version of that set. The set to be
removed is determined by the clause. the modi cations are determined
by the clause.

E am Su ose e antedto give everybody in the IS de artmenta 000
raise. e ould rite:



This is equivalent to:

000
The is the set of sta records to be u dated the is the modi ed
version of these records. The syntax of the statement may be ritten
as:
The is a list of assignments, but these may be vie ed as a condi-

tion relating the after-version of each attribute to its before-version. The corre-
s onding tem late is:

here ondition

Set ondition

This has the form:

E am Su ose that, having romoted certain trainees, e ant toremove
them from the table:



The corres onding ould be:

The syntax of the statement may be re ritten as:

The corres onding tem late is:

In this section, e s ecify some further ban o erations and their im lementa-
tions. erifying these im lementations ma es use of the material introduced in
Sections 4 and

D oiin om on

a ion This schema describes hat ha ens hen an ex-
isting customer  ma es a de osit of  dollars.

The erson must have an account and something in that account. If so, the ne
balance is calculated by adding the amount de osited to the current balance.
The customer s address is not changed.

a ion The SQ for this o eration ould be:



The rules for re riting an SQ in  terms are discussed in Section .3.
v o n
a ing
e osit
S3
a ing
2
2
e osit
e osit
ro erty
e osit
2
Q
o in an on

a ion This schema describes hat ha ens hen customer
closes his or her account.




The SQ  ould be:

a ing

lose

S2

a ing

3
3
ro erty of

The creation of a database system is an activity that, , involves
the use of di erent inds of notation at di erent stages of the rocess. ach
notation ill be chosen because it is articularly suitable for ex ressing or de-
scribing some art of the system and its domain. In using these notations, e
may choose to re resent di erent arts di erently, or the same art in di erent
ays. As an exam le of the latter, e may s ecify a calculation using summation
and rogram the same calculation by means of a loo . e ta e a multi-
notation a roach because it leads to a more com rehensible and maintainable
information system.
In this a er, e have deliberately restricted ourselves to a s eci cation
language for conce tual descri tions, and an im lementation language for im-
lementation or com utational ur oses. o ever, even this restriction obliges
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us to demonstrate the equivalence of the t o re resentations. e have discussed
ho e might erform such a demonstration: see igure 3.
The transition from an abstract descri tion of some o eration to the
equivalent rogram cannot be erformed directly. As ro osed by this
a er, several stages are required:

1. Using the s eci cation language, a relational schema must be de ned.

2. Still using the s eci cation language, the o eration is restated as an
o eration acting on the database. In this latter form, the language
is restricted to the relational calculus.

3. The validity of the is chec ed by against the a licability and cor-

rectness criteria. This validation is su orted by the various la s discussed
in Section 4.
4. Once validated, the o eration may be transliterated into a s eleton
rogram using the tem lates of Section as a guide.

I ouldli etothan Athman Bouguettaya and Peter Bancroft for comments on
earlier drafts of this a er.



