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Abstract

The necessity of integraling database and programming language techniques has
recenily received some long-overdue recognition. This paper reviews a number of
atlempts to construct dalabase programming languages by which we mean programming
languages which incorporate some kind of database technmology. Traditionally the
interface belween a programming Ianguage and a database has been through a set of
relatively low-level subroutine calls. More recenily, a number of attempis have been
made to construct programming languages with completely integrated database
management systems. Between these iwo extremes lie 2 number of other systems whose

purpose is to ease the burden of wriling database applications in high-fevel languages.

The design of these languages is still in its infancy; and the purpose of wriling such a
review is to atlempt to identify those areas in which further research is required. in
particular we shall focus on the problems of providing a uniform type system and
providing mechnisms for data to pessist. Other areas, of equal importance, such as

transaction handling and concurrency are not examined here in any detail.

Note to readers: In reviewing a subject that is changing so rapidly, it is impossible to
keep abreast of all developments; and while we have attempted a comprehensive survey
there are undoubtedly ommissions and innaccuracies. We would be grateful for any
information on new languages or revisions and developments of those we discuss so that
these can be included subsequent versions of the paper. We would be interested to learn

of better solutions to the problems that we bave used to illustrate the fanguages.

Categories and Subject Descriptors:
S.1.4 [Programming Technliques]:
Sequential programming, Functio sl programming;
D.2.2 [Software Englneering]: T'ools and techniques;
D.3.3 [Programming Languages|: Language constructs.

Keywords: Data bases, Data types, Prograraming languages,
Persistence, Polymorphism, Data models
Conceptual languages, Embedded languages,
Integrated languages, Persistent languages,
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1. Introduction

Developments in davabases and programming languages have pmccedcd almost
independently of one another for the post twently years. Since nearly every program we
write requires access (o some form of ®*permanent® dala, enormous manpower has been
expended on developing individual databases for specific applications or in using a
programming language - database interface that requires considerable expertise. Worse
still are the impediments placed on system development by the lack of adequate
programming tools for databases. [t frequently hnpbens that the presence of an existing
database, mﬁintained under an established database management system has put an
effective stop to the use of advanced programming tools simply because the interfaces do
not exist and because it would be operationally impossible to restructure the data for a
betier programiming environment. As a result there are organizations that cannot adapt

to changing needs because of these limits to system development.

Until quite recently, the picture in database and programming language research was

equally discouraging. Both subjects had accumulated a few good prototypes; so that

-research in the separate arcas could be fairly easily classified by reference to one of a

limited family of languages or data models. Only recently has the weed to produce an
integrated system for programming and data management been recognised, and this has
led to a number of attempts to produce such systems either by wriling a completely new
database programming language or by enhancing an existing language with some form of
database management. In either case the usual approach has been to combine an

existing language with an existing data model.

Our purpose in writing this paper is to give an account of these attempts to integrate
programming languages and data bases in the hope of extracting certain principles that
should be used in future attempts to design programming languages or databases. In
fact, it is our hope that all future attempts at research in cither area will attempt to
develop a unified solution. Such a unified solution needs some guiding principles and
should take note of what has aiready been attempted. We therefore want to present a

survey of past and current effocts with reference to some test cases.

The three principles we shall eclicit are persislence, lype complefeness and
computalional power. To a limited extent, each of these can be given some formali,
semantic, definition; however, much theory remains to be developed.  We are more

concerned here with the practi:al consequences of these principles and will altempt to
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clarify them and justify their importance through examples.

To illustrate persistence, imagine a second-level programming course in which students
are laught to write B-tree type declarations and manipulation routines in, say, Pascal.
This well-known excercise is an excellent illustration of how Pascal's dais lypes may be
used both in formulating the problemn aund in preventing the kinds of error that plague
poinier manipulation. Unfortunately, the student's code serves only as & model for the
code that is involved in a real implementation. It cannot be used to exploit secondary
storage - the raison d'elre of B-trees - since the only persistent data iype in Pascal, the
file, will not accomodale this structure. To implement a working D-tree, the student will
have to resort to a lower-level language for implementation or play tricks on the Pascal
compiler that violale the type rules, in both cases leaving open again the possibility of

pointer errors.

Type completeness refers to the way in which all data types should enjoy equal stalus
within a language. A well-known example of failure of type completeness is again to be
found in Pascal in which functions can only return values of a limited set of data types.
Another well recognised problem with Pascal's types is the impossibility of expressing a
new paramelerised type. The student’s B-tree code should surely work for an arbitrary
index type and an arbitrary result type, yet if we use Pascal’s type sysiem strictly, new
lookup and update procedures must be generated for every pair of types.! A more serious
problem will be seen with many of the languages in this paper in which cnly certain daia
types {such as files or relations) have the right Lo persist. For the most part, persistence

and Lype completeness go hand-in-band. They are however separale issues.

The lack of computational power is well known Lo anyone who has used 2 database
query language. There are programs, often involving numerical computations or
complicated manipulation of the database, that cannot be writien in the language. The
traditional solution to this problem has been to use iwo langunges, sometimes embedding
the query langiage in a computationally more powerful ®lower-level® language. While
nearly all tie programming languages we shall investigate provide adequaie
compulational power, they have often been embellished with new programiming

constructs for manipulating databases. The uniformity with which these constructs

ll_t should b2 strted that we are using, and criticizing, Pascal fop purely pedagogic reasoms. 10 s
prc?|§ely bec;;uac ‘ae language achieved sc much in making practical use of data types that we are in a
position o discusi Lhe next steps.
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apply lo other data types is then the issue. In fact, computationsl and type completeness

are closely related; while persistence is again an independent issue.

We have writlen this paper as a review of a number of langnages which, we hope, will
provide ideas for future language designers. We have chosen certain languages because
we believe they have made contributions to the development of database programming
languages (DBPLs). The fact that we are often critical of these languages should not
detract from their importance. They were chosen because, although programming
language research is extensive, only a handful of language designers have recognised the
importance of database programming. There are undoubtedly omissions and the authors

would welcome information on other systems that are being developed.

Finally, a word about our methods. After elaborating on some of these concepts we
shall present the languages through a number of worked examples. The reader may get
bored with the detail and - quite reasonably - want to skip whole sections. This is
especially true of the first sections in which we have tried, through various examples, to
explain the problems for the benefit of both the database and programming language
communities. We hope the accompanying text makes it easier for the reader both to
understand the examples and perhaps to experiment with slternative designs for a

DDPL.

1.1. Provision of Independent Perslistence

In procedural languages, we normally think of objects as having a well-defined lifetime.
A variable declared in a block or procedure will ®persist® during the activation of that
segment of code and thereafter will be inaccessible. If an object is created as part of a
data structure, ils persistence, from the user's point of view, is the duration for which it
remains accessible. Some languages allow the explicit (and dangerous) control of
persistence through the use of storage de-allocation procedures such as free or dispose.
Without explicit deallocation, the logical persistence of objects during program execution
is well-understood. Moreover these mechanisms {scope rules, allocation and de-allocation)

can be apply to a wide range of types.

However, when data are required to last longer than the duration of one program
exccution, the lreatment is much less regular. For example the set of types that may
persist from one program execution Lo the next is often a small subset of, or even

dilferent from, the types available in the shorter time scales. In most languages the only
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objecis endowed: wiih fong-term persistence are files; and while, in Pascal, files may
parameterised by other types and therefore can be used as a vehicle for the persistenc
olher objects; the parameterization is incompletc and cannot be used on, for exam
pointer iypes.  Thus the programmer is consirained either ic use a possi
unsatisfactory subset of the available types, or must resort to "loopholes® through wh
the physical representation of types may be manipulated. The dangers of the lat
opiion need no further elaboration hiere:

We have argued elsewhere that this discontinuity in the treatment of dats associaf
with. a ‘change ‘in persistence is both deleterious and avoidable [Atkinson el
83a, Atkinson ef al. 84, Atkinson & Morrison 84]. The languages presented here displ
the discontinuity to a varying degree: the well-known programming languages, merc
support a very small subset of their types as persistent;? some languages provide
different sublanguage for their long term data storage; others introduce new types f.
data storage; whilst some exiend the range of persistence beyond program execution |
having a mechanism for storing their workspaces. Generally, in the fanguages w
examine, we find persistence presented as a binary division between near permanenc

and transient existence though we suspect that intermediate forms may be useful.

Although we cannot yel give precise semantics for persistence, we hope to convince th

reader thal there are certain principles of persistence that should govern languag
design:

k. Persistence should be a properiy of objects, not of types.
2. All objects should have the same rights to persistence.

3. While an object persists, so should its description (type).

The first two of these staie that an object’s persistence should be independent of its

Lype; persistence should therefore be regarded as a properly of data orthogonal to its

type. A corollary is that the code used to manipulate an object should not depend on its
persistence.

Failure to comply with the third principle is a common source of system
error. It should not be possible to write out an object

a3 one type and subsequently io
read it in as another.

This may be regarded more as a property of program
environments rather than programming languages.

We believe] that for data base
programing  langnages the

issues of programming language and programming

2This subset is often farther limited by the language's implementation.
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nvironment cannot be separated. Indeed, one of the authors {Atkinson and Morrison
¢ - .
8jhas recently demonstrated that program linking - normally associated with

programining environments - can be neatly represented by persistent functions.

A language in which the programmer has to include explicit statements to initiate or
organise transfer of data objects would not comply with the requirement tlnf‘xt the code to
manipulate an object should nol depend on its persistence. The required transfers
between stores can, and should, be inferred from the operations on the (l.utu. .A
programmer is distracted from the essence of an algorithm when reading or inserting

explicit transfer statements.

A counter srgument o providing persistence is that it is difficult to find good
engineering techniques to support arbitrary persistent structures. Certainly, possibly
because of the research effort expended, the mechanisms for some types, such as those

constructed as relations are better understood at present.

1.2. Data Type Completeness

Data Type Compleleness is only meaningful in languages that offer some form of type
parameterisation. For example, if the language allows an array of o construet, then we
should be able to use this with any type value for a. Thus array of char,
array of array of record ..., etc. should all be permissible types. Since procedures and
functions may themselves be regarded as having types (determined by the types of their
arguments and results), compleleness demands that any type should be admissible as the

value of such type parameters, including procedure or function types.

The concept recieved a boost with its practical demonstration in the languages of the
early seventies, especially Algol68 [van Wijngaarden ef al. 69] and Pascal [Wirth 71}
They demonstrated that it was feasible to specify languages with a high level of data
type completeness, and then to implement such languages. lHowever, engineering
considerations have tended to deter complete adherence to the principle. For example
set of in Pascal is limited to scalar Lypes; one cannol have set of array..., set of record...
elc. As another example, arrays, records, sets and functions may not be the result o* a

function.

While languages in the Algol-Pascal family allow the user to construct new data types

by use of predefined type constractors - types such as erray and file, which wheu
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®applied® Lo a type yield a new type - they do not allow the programmer to define type
constructors such as list, stack etc which require a type parameter. Thus a programmer
who needs (o build several different types of linked list must replicate the type
definitions for each type of element, s consequent problem is that the same procedures
{cons, reverse ete.} for each type of fist must be written. A more recent development has
been - the introduction’ of languages {ADA [Ichbiah ef al. 79|, ML [Gordon et al. 79],
POLY [Matthews 85a], RUSSEL [Demers & Donahue 70] and PONDER [Fairbairn
82, Fairbairn 85]) which, in various. ways, allow user defined parameterised types. In
these languages the user. may: define a data type list_of and use it with dilferent
parameters: . list. of record ..., list_ of Integer etc. In ML, for example, an expression a
tist {ML uses reverse notation for types) denotes a type for any type a. The term
paramelric: polymorphism is used to describe this form of parameterization. In other
languages {Ichbiah et al.: 79, Demers & Donahue 79, Matthews 85a] one may define a
type sorted list o, which is valid only if the type o satisfies certain conditions {e.g. there
is a comparison function < defined for it). It is also important to distinguish between
overloading and paramelerizalion. The former refers to the ability of a name to refer to
different_objects depending upon ils type, which is usually inferred from comlext. For
example, the implementation. and bebaviour of + depends upon whether its arguments
are reals, integers or (possibly} character strings. Despite its importance, type
parameterization is not yet widely understood, nor has it been developed to cover all the
requirements. of . database programming langusges. An excellent survey has been

prepared recently [Cardelli £ Wegner 85},

The data type declarations in a program perform a very similar function to the data
description language in a database schema, and we will be concerned with their relative
' capabilities. Type declarations can serve to describe named classes of data structures.
In the case of abstract data types, they introduce a set of names and associated
specifications for their use. These specifications can be formally described by an
algebraic aignalure. Where both data description languages and type declarations exist
separately the database interface needs ap arrangement for match'ng the names and
associated constructs. In early interfaces this was quite cumbersome but mechanisms to
simplify "the import of database names into the program have been developed
progressively. However, semantic differences remain to trap the unwary. The set of
objecls of the *types® provided by the DDL invariably persist longer than the execution

time of a program, but methods of providing transient instances of these types tnay not
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be supported. Similarly, the instances of the programming language's types may have
transient persistance (i.e. within the execution time of one program) but may not be

allowed longer persistence. This failure of independent persistance, invariably results in

a failure of type completeness.

At present there are marked differences between the capabilities of the type regimes in
the programming languages, and those that we would like if we were to be able to
declare all the types introduced by the data models in their DDLs. We can view a given
data model as a type { type constructor) which when parameterised (with a schema text)
yields a new type. All databases described by that schema are then instances of that
type. Although it is not, at present, possible to wrile down parameterised types to
correspond to each data model in any programming language yet developed, this is such
an important path towards unification that we explore the language trends which make
this look potentially possible. These include the polymorphic and parameterised types

introduced above.

1.3. Computational Power

To a programming language designer it is unthinkable that a language should not be
able to perform abitrary computations; but in database query languages there are usually
severe limits to the kinds of computations that can be performed. We shall examine in
this paper an example of a common class of computation that defeats most query
languages. Another failure of many of these languages is that they cannot evaluate, at
the top level, simple arithmetic expressions even though such expressions may be

permissible as part of a larger relational expression.

There are several arguments that can, snd have, been given in favour of restricling the
power of a query language. One is that it simplifies the language for the uger, who is not
usually a programming language expert. It is certainly true in the languages that we
shall survey that the languages that allow arbitrary computations are considerably more
forbidding than the query languages. We do not yec know whether this is necessarily the
case for all future database languages. We hope no: and are encouraged by the simplicity
of logic programming [Clocksin & Mellish 81] and some of the simple applicative
languages such as SASI, [Turner, D.A. 81] that allow the user to start by evaluating very
simple queries but do not impose any limit to the power of computations that can be
performed. Another reason for limiting computatioral power is to provide a subset of

operations that can be efficiently implemented ov o language that can be effectively
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optimised. Again, the limits are arbitrary. While most query languages will compute an
average of a sct of numbers, few will compute the variance, even though any data base
machine or management system that can efficiently compute an average should be able
to do the same for a variance. Moreover, many of these langnages will not allow the user

to define a function that compules the variance.

Since most of the languages we shzll deal with are database programming languages as
opposed Lo query languages; they do provide adequate computational power. lloweves,
the way this is provided is mot always uniform. Several of the languages allow an
iterator of the form for  tn Sdo .. but limit this to cases where § is a sequence or set in
the database.: Whether this is a failure of computational power or lype compleieness is
arguable,  nevertheless a’ shift of. compuatational strategy is often forced upon the
programmer. for the performance of more complicated tasks. This is especially true of
embedded languages and - languages that are in some sense combinalions of 2

programming language and a database query language.
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2. A Test Case and some Basic Approaches

In order to illustrate in a concrete fashion the issues presented in the previous section,
we shall use throughout this paper a specific set of database programming examples. In
doing this, we must obviously make some compromises. Database schemas can be
extremely complicated (hundreds of record types or relations may be involved), and
programs can be lengthy, involving widespread interaction with the user and with many
parts of the database. Given that space prohibits the presentation of large bodies of
code, the database example presented here is intended to suggest realistic components of
some large system. The example we shall use is an illustrative fragment of a
manufacturing company’s parts database. The reader is invited to imagine the rest of
this database, and the other processes and programs that would use it. The database
represents among other things the inventory of a manufacturing company. In particular
it represents the way certain parts are manufactured out of other parts: the subparts
that are involved in the manufacture of a part, the cost of manufacturing a part from its
subparts, the mass increment or decrement that occurs when the subparts are assembled.
Note that manufactured parts may themselves be subparts in a further manufacturing
process. The relationship between parts is therefore hierarchical, but it is a directed
acyclic graph rather than a tree, {or part D may be used in the manufacture of parts B
and C, which are both used in the manufacture of part A. In addition, certain
information must be held on the parts themselves: their name, identifying number and, if
they are imported, (i.e. manufactured externally) the supplier and purchase cost. The
first task is therefore

Task 1: Describe the dalabase.

In traditional terms we are asking for a database schema, however in the languages we
shall examine, this description is sometimes part of a type definition. Not all the
descriptions will be equivalent (in the sense that they could be automatically transformed
one into another). For example, there are conditions on the database that in some data
models are implicit, in others, can be represented explicitly in the type declarations
{schema definition) or as integrily constraints automatically enforced, whilst in other
systems it mar be the responsibility of programmers to ensure that all updating
programs preserve these conditions.

Having defin=d the database, we want to write three programs against it. The first is
simple and is chosen to provide an introduction to each language:

Task 2: Prind the names, cost and mass of all simported parls that cost more
than $100

10
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Database query languages are designed lo make the expression of queries like this
extremely simple; and a measure of programming languages in general is Lhe simplicity

with which the code for jueries such as this can be expressed.

The next example is somewhat more complicated and defeats many query languages:
Task 3: Print the lolal mass and lolal cost of a composile part.

Since a part may be made from other parts including parts which themselves are

composite, this calls for at least one recursive traversal of the paris hierarchy of the

database. The inability of relational query languages to perform recursive traversal or

®transitive closure® has long been recognised [Aho & Ullman 79).3 This example poses

some additional cfficiency problems: avoiding repeaied computation of costs and masses

of subparts, and the desire to compute both cost and mass in parallel.

Finally we would like to demonsirate update by adding some information to the
database:

Task 4: ltecord in the database a new manu facluring slep, i.e. how a new

composile part is manu faclured from aubparis.
The point of this last example is to examine where, in the program or {ype system,
integrity constraints are implemented. Implementation of such updates are dominated by
user interface construction and by the need to isolate ihe dialogue with the user from the
consequent action of changing the database. In our examples we have largely ignored the
user interface, but have shown how the isolation may be achieved. This update task also
raises several issues central o databases, but largely ignored in programming languages.
How the change is reliably recorded? When does it becomes visible to other users? These
questions introduce the topics of concurrency, transactions and protection. Lack of space
precludes their detailed discussion in this paper, but their omission is certainly no

indication that they are of lesser importance.

As we have already remarked, these examples only serve to represent a small fragment
vi what would actually be involved. The need to represent other data would better set
the context of this example. For instance, it would be desirable to provide details of

suppliers, their reliability, current stock, current orders, delivery times, assembly times,

3 : . -
Consulcn?bl.e work has recently been done to extend query languages to include some form of teansitive
closure; but it is not clear whether these address efficiency issues. Even then, a solution to the transitive

tlovure operation itself dves not ecessarily solve all the problems of a database interface, in particular it
does not solve our third task
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manufacturing processes, part strengths, shapes ete. Similarly many processes would
pormally use such data, such as design, testing, maintenance, production ete. It is also
likely that short examples like these will fail to do justice to certain features of the
languages we shall review. While we shall comment on these where possible, we must

again excuse ourselves from a detailed presentation on the grounds of lack of space.

To present the technical issues in terms that should be familiar to most people, we shall
atlempt these tasks in Pascal and a relational database query language. Neither of these
languages can be regarded as databose programming languages; Pascal has inadequate
persistence and most query languages have inadequate computational power. However,
many of the attempts to produce database programming languages are based on a fusion
of the two approaches. These two examples will therefore serve to introduce the basis

for many of the later comparisons.

2.1. The programming language approach illustrated with Pascal

Many applications are wrilten using a programming language alone, either managing
without permanent data, or using some programmer contrived mechanism to store the
data in files between program runs. Pascal has seriously limited forms of persistent data,
so, like the B-tree example cited earlier, our code is no more than an illustration of what
needs Lo be done; but we can use the types of Pascal to provide a representation of the
part assembly as it might be implemented in secondary storage. We could, of course,
code a real (secondary storage) database in Pascal, but we would have to resort to our

own pointer management, and would not gain the benefits of Pascal's type checking.

Figure 2-1 shows a type declaration corresponding to Task 1.4 The data structure we
have chosen is a standard linked-list implementation of a many-many relationship, as
described in [Date 83a). It is also similar to the Codasyl implementation that we shall
describe later. Note that the only available *bulk® data types available in Pascal, arsay,
set and file are inappropriate for this task. Moreover the programmer cannot construct
an appropriste parameterised data type such as tist_of. Ilad this been possible we could

then have declared types tist_of Part etc to model the collective objects in the schema

1When we first worked through the various examples, we tried to adopt a unifonn type lun} and case
convention for various languages. However, we could not find any convention that was consistent with
the cultures of all the languages in which we were interested. lnstead, we tried to wmk‘ each cxa‘mpl‘c in
the style of the descriptions and reference maouals at our disposal. We have however tried o maintain 3
uniforin naming coanvention, thus Part will usually sefer Lo a data type and aPurt to a value. [ven
maintaining a naming convention is not alwaye possible.

12
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type
PPType = {[ese, Composite);
String = packed arvay [1..16] of char;
Grams,
Dollars = infeger;
FPariRef = |Part;
PartList = | PariCell;
Usealist = {Use,
UsedInList == {Use;
SuppList == | SuppCell;
Part = gecord {to represent a part}
Name: String;
Usedin: UsedinList;
essa PartType: PPType of
Composste:  {AsaemblyCost: Dollars;
Massincrement: Grams;
MadeFrom: UsesList),
Hase: {UnitPrice: Dollars;
Afass: Gramoa,;
Suppliers: SuppList)
end;
Use = pecord {represents the assembly-component relationship}

Quantity: inleger;

Uses, Usedin : PartRef,

NextUses: UsesList;

NeztUsedin: UsedinList
end;

PartCell = rpecord
Cont: PariRef,
Nezt: Partlist

{to sepresent the set of all parts)

end;
SuppCell = record .. end;
var Database : record

Parts: Partlist;
Suppliers: Suppiiat
end,;
Figure 2-1: Task 1 describing the data in Pascal

explicitly. On the positive side, note that the variant record mechanism of Pascal neatly
captures the specialization hicrarchy of this example, and the fequirement thai every
part be either a CompositePart or a BasePart. It models this case well as the specializations
are exclusive but cannot deal so readily with specialization where overfap is permitted.
Another advantage of Pascal {as opposed, say, to PL/1) is typing of pointers. This is of
substantial benefit in wriling applications against struclures such as these where it s
extremely easy to confuse two pointers. We shall see this problem of type checking
again_ in many of the traditional methods of programming against Codasyl databases
There are in fact two kinds of type checking that are used {often simultaneously) in

database programming languages: stalic type checking like that in Pascal will simply

13
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insist on all objects being typed in advance of program exccution; dynamic checking
prevents lype errors at run-time by raising exceptions. In the implicit pointer

manipulation that is performed for some databases, one frequently has neither.

The main omission of this type declaration is that there is no provision for efficient
look-up of, say, a Pert record given ils Nome. We need here some sort of indexing
mechanism, such as a B-tree or hash table that would implement an efficient look-up.
Apart from the fact that standard Pascal would not allow us to build a peraistent index
structure, there is the adaiuional, and more serious, problem that one could not make it
generic. [If one were to work within the type framework of Pascal, one would have to
write two sets of almost identical routines to implement both Name o Part table and, say,
a Sname Lo Supplicr table.

program Taskg,
{The type declarations of fig 2-1)

var pl: PartList;
{Code 1o build the data hase must go here since

we have no persistence}

begin
pl := Database Parte,;
while pl 5 il do
begln
with pl{.Cont} do
A (PartType = Basc) and {UnitPrice > 100) then
welteln(Name, UnitPrice, AMass);
pl = pl{.Nezt
end
end.

Figure 2-2: Task 2: A Pascal program to retrieve expensive parts

Figure 2-2 presents a Pascal solution to Task 2. It follows immediately from the type

declaration.

Figure 2-3 sketches a Pascal solution to Task 3. Organising the recursive traversal of
the part hierarchy presents no logical probiems. The introduction of pirrameters and of
local variables to represent partial totals permits both values to be <aleulated in one
traversal (something that cannot be done in some other languages). The structure of
costAndMaas is easy Lo recognise. In contrast the intent of the relatively simple function
JindPart is much less obvious. Again, what is required here is an efficieat (scarch tree or

hash table} indexing type. Any DBPL should incorporate a generic ndex type. A

I4
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procedure Tusk3;

{The type deciarationa of fig 2-1}

Punction findPart(pn:String):PariRef;
{Returns refecence to
var pl: PartList; resull: PartRef,
begin
result ;== nii;
pl:=Database Parts;
while (reault = oll) and {pl 7 all) do
I pl}.Cont].Name = pn then result := plf.cont;
else pl:==pl{ Next;
Jindpart .= result
end;

part pamed pn; oil otherwise})

procedure cost AndMass{p: Part; var resultCost: Dollars;

var resull AMass: Grams),
var subTutalCost: Dollars, subTotal Mass: Gromes, ul: UseList;

begin
with p do
8¢ PartType = Dase then
begin
resultCost == UnitPrice; result Mass :~= Afass
end
else

begin {recursively compute costs and masses of subparta}

resultCost := AssemblyCosi; result Mass = Rfassincrement;
ul = AladeFrom;

while ul 7 il do
with ul] do
begin

Cost AndMass{Uses§, subTotalCost, aubTotal Masa);
resultCosl 1= resultCost + quantity®subTotalCoss;

result Mass ;= resuli Aass + quantity®subTotel Aoss;
ul ;= NeztUses

end
end
end;

procedure main;

var itsCost: Dollars; itsMass: Grame; pref: PartRef;
begin

pref = findPari(’Maat %
if pref #% nil then
begin
costAndMass(pref}, i6sCost, s Mass);
weltein(itaCost, itsAfass)
end
end;

begin main end.

Figure 2-3: Task 3: Pascal code to compute cost and mass simultaneously
minimal requirement of Pascal and related languages for database programming is the
provision of a persistent version of such a type.

The question posed by these examples is whether the powerful higher fevel types such
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as index or relation can be introduced - making Task 2 and findPart succinet - without
loss of the regularity which makes costAndMazs straightforward to code. There is also an
inefficiency in the code of costAndMass concerned with the recalculation of data about

coimmon subassemblies, which we will show later can be addressed without obscuring the

algorithm if such higher level types are available.

program Tookd;
{The type declarations of fig 2-1}

{Code to interact with the user do get the name, assembly cost
and mass of a new pard together wilh its subparts and

their quantitics. We assume that a PariRef pe bas beea
constructed together with a MadeFrom list, but this has not
yet been installed in the database; i.e. pointers exist from this
PartRef to structures in the database but not vice versa}

var ul: UseaLiat; pl: PartLiat;
begin {install the part refesenced by pr}
ul ;= pri.MadeFrom;
while ul 7 nil do
with ul] do begin (add each component to usea list}
NeztUsedIn == Uses} .Usedin;
Useat UsedIn = ul,
ul := NextUses
end;
new(pl);

pl}.Cont :== pr; plj.Nezt .= Database.Parts; Database.Parts := ol;
end;

Figure 2-4:  Task 4: Pointer manipulation required Lo install a part

Figure 2-4 shows how Task 4 may be coded in Pascal. No facilities exist in the

language for identifying this as a transaction® or for arranging to deal with concurrent
access.

2.2. The relational approach

Since its initial formulation [Codd 70] the relational model has been a basis for
discussing data design, and, as techniques have been developed for the efficient

representation of relations and rel.lional operators, relational systems have become

increasingly marketable. [Schmidt 2 Brodie 83] gives a good survey of this species of
database system.

Figure 2-5 shows how the data could be described in a prototypical relational system.

Sic. a collection of operations that appear (a) to run to completion of not to rus at all and b} are
indivisible in that no other program can run againet the saame data duting the transaction [Date 83a
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Part{Pno: Pnum, Name: String)

Baacl’—ﬂ_rn_&m Prum, UnitFrice: Dollars, Mass: Grams)
CompositePart{'no: Prum, AssemblyCoct: Dollars, Massinerement: Grama)
MadeFrom{Assembly: Pnum, Componeni: Pnum, Quantity: Posint)
SuppliedBy(Pno: Prnum, Sno: Snum)

Figure 2-6: A DDL fragment for a relational representation of the database
It shows the column and domain names of each of five relations with the primary keys
underscored®. DBut it does not define the interdependence of the relations, nor the
interpretation of the values within them. Some would contend this is a symptom of a
general shortcoming of the basic relational model, in that it fails adequately to define the
interrelationships between relations [Date 81b] and carries insufficient indication of the
semantics of a database [Codd 79, Kent 78, Kent 70]. In contrast, Merreit contends
[Merrett 83} that this lack of semantics is to the relational model's advantage, making it
a belter basis for organising data siorage, and as a kernel for data manipulation
languages. Ile illusirates this with a demonstration of bow the model may represent line
drawings [Merrett & Déchting 84] and text [Merrett 85a]. Tt should also be noted that
relational systems do not usually provide, or allow the definition of, the domains used in

figure 2-5.

Figure 2-8 indicates some of the constraints needed in addition to those imposed by the
keys in Lhe relational schema. These have been stated in predicate calculus but could
equally well have been stated as equations or inclusion relationships on relations derived
using relational algebra. Contrasting this with the Pascal schema (type declaration} we
see that the use of reference types can be used o capture some of these constraints. In
relational databases these constraints can also be stated in terms of foreign keys, which
have been discussed [Date 81b, Codd 79} but not, to our knowledge, implemented in any

praciical relational database management system.

The complexity of programming with pointers was one of the strongest arguments for
the use of the relat.onal model. At the time the relational model was iniroduced, much
database programining was done through the use of low-level packages that manipulated
pointers on seconuary storage. One can imagine what these early database management
systems were like if one removes the type information from our Pascal program thereby

laying open the possibility of confusing pointers to different types of objects. However,

Sk or Lutorial materi t o i is di
:tit on relations the reader is directed to one of the following books [Date 8 i
83b, Merrett 84; Taichritzia 77, Ullman 82) owing books [Date 813, Date
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Cach base and composite part is also a past)
g:r“elcl::&; in BasePart there cxlata p In Part such that p.fho = b.fno

b ¢ ln CompositePurt there exlsts p in Part
for eac such that p.Pro = cfo

{A part must be a composite pare of 2 bought in part}

h plin Part
for eac tfurc exlste b ln BasePzr: such that p.Pno = b.Pro

v
° there exlsta c In Compcesitefart such that p.Prno = c.Frno

Exclusion - we don’'t make purts we buy) )
go:ceu:h bin BasePart, ench ¢ tn CompositePart b.Pno 3 c.ino

{Only Composite Parts can be assembled) )

for each m In AadeFrom there exlsts c in Compositefart
such that m.Assembly = c.Pno
and ((there exlats ¢’ in CompositcPart such that m.Component = ¢'.i'o)
or (there exlsts p In Part such that m.Component = p.Fno))

{We only buy-in Base Parts}
for each s in SupplicdBy there oxiats b in BaseParl
such that s.Pno = b.Pno

{All base parts have a supplier.} '
for each b in HBasePart there exiate o In SupplicdDy
such that b.Fno = 5./ho

Figure 2-8: Some integrily constraints on the parts relations
the introduction of typed langunges and data definition tools (as well as partially typed
systems such as Codasyl) has done much to alleviate these problems. Nevertheless our
Pascal types are still not nearly as simple as the relational schema. The problem here is
that references are used both to maintain referential inlegrity and to build the data
structures required in the database. The importance of referential integrity has been
supported by [Atkinson 78, Date 81b). 1f and when implementations of these models
exist, it will be interesting to see how the treatment of refercnces combines with their

treatment in a host programming language.

The first Lwo constraints of figure 2-6 also suggest a type hierarchy, which was
modelled as a variant record in the previous Pascal example. Later these ideas of
g -neralisation and specialisation heirachies [Smith 77) are scen as fundamental to the
+emantic data models [Brodie ef al. 83, Borgida 83]. A number of constraints could have
ocen made unnecessary by eliding the first three relations, this would leave a less precise )
description of less compact data, and the problems posed above would not have gone

away, as they would reappear in the treatment of nol applicable or null values.
Most relational systems offer a simple query language, and data mantpulation language.
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SELECT Part.Pname, BasePart UnitPrice, BasePart. Mass complicated language - due more to lack of time rather than lack of intellect - often
FROM Part, Basepart
WHERE Part. Pno=~FHasePart Frio
AND BasePart UnitPrice > 100

account for the rather artificiar distinction between ®applications® and ®systems®

programmers, and accounts for Lt common frustrations of data analysts who do not see
¥
Figure 2-7: Task 2: retrieve details of expensive paris in SOQL

8 p p

o e

.

e

5

e

complicated programming system and place an effective barrier on the sophistication of
queries that users can pose for themselves,

This would usually suffice for Task 2 as we illustrate by coding the query in SQL [Date

83b] as shown in figure 2-7.
scan, nor to organise output explicitly.

type inheritance implicit in the specialization hierarchy.

By contrast Task 3 is impossible in most query relational languages. In fact it can be

shown [Aho & Ullman 70 that a general fransilive closure operation cannol be
expressed with a relational algebra expression.

Since relational query languages are
based indirectly on relational algebra, and since this task calls for something at least as

powerful as a transilive closure operation, the failure of query languages al this level of
complexity is nol surprising. A user confronted with a problem such as this would
therefore be confronted with the following options:

1. Unload the relevant portions of the database into a file and use a separale
language, or even hand calculation, to complete the task.

2. Use a more powerful language that can call

directly upon the query language
for partial computations.

We shall discuss this under embedded languages.

3. Write a query that performs the computation to some finite depth. For
example, one might assume that no assembly has a sub-assembly which itsell
has sub-assemblies.

The first option is probably the most frequently taken in the commercial world.
Analysts or *end users® are unaware of what software may be available to perform more
complicated queries, and systems programmers and designers are unaware of the amount
of hand calculation that follows from a limited query language or set of reports. This
has three consequences: the requirement for more general computational power continues
to be underestimated, the volume of data transferred or printed is unnecessarily high,
and there is a possibility of

introducing errors during transcription and interpretation.

Both of the first two options require the user to undertstand a separate and more

The difficulty of acquiring skilis in the more

10

This relational calculus query avoids much of the
complication of the Pascal program {figure 2-2) as it does not need to organise the data

However, the Pascal program had one
advantage, it did not need 3 join {the first line of the WHERE clause} to deal with the

themselves as computer programmers.

Relt{Pnum, Ve, Vm) <-

SELECT Component.Pno, Quantily®*Unitprice, Quantity® Masa
FROM Composite, Base, Use

WHERE Composite.fno = Usc. Assembly

AND Base.Pno = Use.Component

Rel#{Pno, V¢, Vm) <-

SELECT Pno, AssemblyCost, Masslncrement
FROM Composite

RelS(Pno, Xc, Xm) <-

SELECT Pho, SUM Ve, SUM Vi
FROM

(SELECT *

FROM Rui2)

UNION

{SELECT *
FROM Rel)
GROUP BY PNum

Rel§{Pno, Xc, Xm) )
<- SELECT Pno, UnitPrice, Mass
FROM Base

Answer(Pno, itaCost, itsMass) <-
(SELECT *
FROM Rel3)
UNION
(SELECT *
FROM Rely)

Figure 2-8: A partial result for Task 3 in SQIL

Figure 2-8 shows an allempt at the third option on the very unrealistic assumption
that the parts explosion diagram is only one deep, ie

composite parls are only
constructed from base parts. The solution presented here may not be the shortest or the
most efficient.

The computation proceeds by first constructing a relation, Rels that
contains part numbers of each composite part and Lhe total cost and the total mass for
each of its subparts (which must be in Base). Reig essentially renames Compasite so that
its column names are compatible with those of Retr. Rl is then constructed to contain
the total cost and total mass of each composite part. Dy further relabelling of columns,
we include the base parts with their costs and masses Lo get the final result, a relation of
all part numbers with total cost and mass, in Answer. Bven at this point, the SQI, code

starts to look considerably more forbidding than our previous Pascal solution,
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arguably, lack of an adequate data model.  Whether some combination of these
it is not hard [Nikhil 84] to combine the operators of the relational algebra with some ’

approaches can overcome these obstacles is the subject of the next section.
form of function definition in 2 simple interactive language ic provide sufficient

computational power to solve Tast 3; and one wonders why this is not done more often.
We shall also sce that in section 3.7 that the relational algebra can be extended to
provide a reasonably concise solution to this task. We mentioned in the introduction
that two reasons are often given for the Jailure of most relational query languages to
provide adequate power to solve Task 3: one is that “end users® will {for whatever
reason) be unable lo learn & more complicated language, the other is that s relational |
language should be limited to the opemiions that some database processor can perform
efficiently. It would scem as that this is the sort of program that an end user might
reasonably want io write, and that it should be possible io formulate it. Moreover, this
is precisely the sort of task that a database machine can perform efficiently and the only

reason for excluding it is that by allowing general recursive programs, one is allowing

certain compuiations that mighi not be efficiently implemented.
INSERT INTO Part <1234, *Mast®>
INSERT INTO ComposifePart <1234, 20, 150>

INSERT INTO Use <1234, 912, 50>
INSERT INTO Use <1234, 603, i>
..ele

Figure 2-0:

TASK 4: Recording how a new part is composed

s

Performing the update, Task 4, in SQL exemplifies the need for transactions and
integrity constraints. For example, we need to ensure that the parts data remains

acyclic and that the condition that a part is either base or composile is maintained.

Murcover,A it is up to the user to inveni an appropriate part number {the need for which
is engendered by the relational model). Figure shows the interaction that might take
place il SQL were to be used for this task. We should mote that this update would
probably be preceeded by a query that found the relevant part numbers given, say, their
names. The fact that this whole process is so prome io constraint violation and
Lranscription errors means that in any working environment, lhis updite would be

implemented using an embedded language if it were to be performed at all
taskfrequently.

L
e
G
s

e

The purpose of this section was to introduce four iasks that we believe are

characteristic of database programming and to show two approaches that failed for
different re

asons to meet the challenge: Pascal because of inadequate pe.sistence and
lack of the appropriate data types; SQL because of lack of computatioral power and,
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3. Bxisting Database Programming Languages

We now turn to solutions to our problem set that achm"y work. We shall discuss
several approaches.  The first is the .raditional solution of communicating with the
database through a set of subrouiines Codasyl database management sysiems are
almost always used in this fashion and much database programming is done by using
Codasyl subroutines from languages such as Cobol, PL/1 and Fortran. In fact,
preprocessoss or modified compilers have been developed for these languages, Cobol in
particular, that provide a more consisient surface syntax for these subroutine ealls.
However, we do not want to call Cobol-Codasyl a database programming language
because the Codasyl schema declaration, the Data Definition Language is not part of the
®type® declaration of Cobol. The honour of being the first successful integrated
database programming language must go to Pascal/R [Schmidi 77). Pascal/R is Pascal
with an added relational data type. It has been used fairly exiensively, and is the second
representatlive language presented im this seclion. We shall then examine another
commonly used method of database programming, that of embedded relational
languages. Finally, we shall look at a number of interactive languages that, because of

their persistence or Lypes have some relation lo database programming.

3.1. The Codasyl approach: the database as external subroutines

Providing access to the database through a set of subroutines is the usual method of
database programming for all pre-relational database management systems, and is again
common in micro-compuler based database management. We shall use Codasyl as an
illustration since it prescribes one of the most sophisticated interfaces. Since the host
languages have inadequate type systems for describing the database, this musi be done in
a separate language, the Data Definition Language (DDL). In Codasyl the DDL performs
the task of physically describing the database layout and of describing the basic logical
relationships. From this, subschemas, or views, may be generzled through further use of
a DDL. Most database text-books, e.g. [Date 81b} describe how this is done. in general
the quality of languages against Codasy| databases has been somewhat worse than that
against relational databases, their development having been retardéd by the complexity

of the details in the Codasyl specifications. A survey is to be found in [BCS 8i).

The Codasyl interface is most commonly used from COBOL, PL/! or FORTRAN,
Neither of these languages have parameler structures, functions with the appropriate

types, nor adequate control structures to permit a good assimilation of the Codasyl
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Baselart CompositePart

Sxtra
cALc(Name)
Part Supply
- L
Usedln MadeFrom Supplies
k — :
. Component Supplier

Fig'ure 3-1:  Task 1: Codasyl approach, Bachmann diagram

database model (even if it were simplified) into the language. We will not illustrate these
existing interfaces, as this would consume space without shedding much light on types or
persistence.. The interested reader is refered to [Atkinson ef al. 84] for an example of
such an interface. However, we will show how an efficient and convenient.interface can
be constructed using the types of Pascal. To prepare for this: figure 3-1 shows the
Bachmann diagram for our example database and figure 3-2 shows the corresponding
schema?. . Note that some of the referential constraints in figure 2-6 are implicit in
Codasyl and others are made explicit with MANDATORY set membership. We are not
aware of an implementation in which it is possible to express the constraint that a Part
should not be both a CompositePart and a BasePart. These are two choices for representing
the specialisation hierarchy (represented as a variant record in our Pascal data - sec
figure 2-1) in the Cod:.syl approach:

L Place all the fields in one record to represent all parts, encoding not
applicable with some appropriate null value - similar to an alternative we
deseribed for r:lations.

2. Use a set to relate the most general type to other records that contain the

-IIFor lh(iac who aced Lo know more about Codasyl DBMS, tutorial material and discussion can be found
in [Olle 78
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SCHEMA name s PartsDB.

AREA PartsAssembly.

AREA PartSupply.

DATABASENAME PariName, PICTURE A(16).
RECORD type FPart; {one for every part)
WITHIN area PartsAssembly;

LOCATION mode {s CALC an Name USING PartName;
DUPLICATES are NOT allowed;

02 Name; PICTURE A(i8).

RECORD type BDaasefart; {one for each imported part)
WITHIN area PartsAssembly, LOCATION is VIA Eztro;
02 UnitPrice;, PICTURE o(4);
02 Mass; PICTURE 9{7).

RECORD type CompoaticPart; {one for each assembled part}
WITHIN ares ParisAssembly, LOCATION fa VIA Ezires;
02 AssemblyCost; PICTURE 9{5});
02 Massfncrement; PICTURE 9{6).

RECORD type Use; {one for cach use of 2 part}
WITHIN area PartsAssembly, LOCATION fe VIA Usedin;
02 Quantity, PICTURE 9{4).

RECORD type Supply, LOCATION mode la VIA PAMI,
WITHIN area PariSupply;

RECORD type Supplier;
LOCATION mode s CALC on ...

SET Ertra, OWNER Part;
MEMDER BaascPart;
MEMBERSHIP is MANDATORY AUTOMATIC;
SELECTED by CALC USING PsrtName;

MEMBER CompositePart,;
MEMBERSHIP is MANDATORY AUTOMATIC;
SELECTED by CALC USING PariName.

SET MadeFrom; OWNER Part; {represent part explosion }
MEMBER Use;

MEMBERSHIP i1s MANDATORY AUTOMATIC;
SELECTED by CURRENT of OWNER.

SET UsedIn;, OWNER Fart; MEMBER Use;

MEMBERSHIP is MANDATORY AUTOMATIC;
SELECTED by CALC USING PartName.

SET Obtains; OWNER CompositePart; MEMBER Supply,
MEMBERSRHIP s MANDATORY AUTOMATIC;
SELECTED by CURRENT of OWNER.

JET Supplics; OWNER Supplier; MEMBER Supply;
MEMBERSHIP i« MANDATORY AUTOMATIC;
SELECTED by CALC USING PartName.

{represent type hierarchy}

Figure 3-2: Task 1: Codasyl DDL describing the parts data

additional information appropriate to its specialisation. Note this allows
specialisation to be overlapping or exclusive.

Te second option is taken in the example given here by using the sel Esirs. Since
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reference, via sets, is supported, it is not been necessary Lo introduce fho, an artificial
,

key, as in the relational example.

Readers familiar with Bachmann diagrams will recognise the structure formed by the
record types Part and Component and the two sels, Usedln and MadeFrom. It ususally
indicates the presence of some kind of graph structure {in this case an acyclic graph on
the parts) and is quite common in the database designs we have observed. Its presence
generally implies the kind of recursive processing we are using as our solutions to Task 3.

= record
case RecordType: (BasePartType, CompositePartType) of
BasePartType: {BasePartVal:BascPartRef);
CompositePartType: (CompositePartVal:CompositePartRef)
end;
asePartRe = record
type B / Jound: boolean;
... {control information}
end,;
type CompositePartRef= record
Jound: boolean;
.. {control information}
end;
type PartRef = record
Jound: boolean;
... {control information}
end;
type UseRef = pacord
Jound: boolean;
... {control information)
end;
type BasePart = record
UnitPrice: 0..9999;
Masa: 0..00000090
end;
type ComposstePart = record
X AssemblyCost: 0..99999,;
Masalncrement: 0..0009900
end;
type Part = gacord
Name: packed array|l..16] of Char
end;
type Component = pacord
Quantity: 09099
end;

type ExtraClass

Figure 3-3: Pascal types automatically generated from a Codasyl Schema

The considerable investment in existing dotabases and in existing programming
languages means that developing better techniques for their combined use remains
important. . The use of Pascal with Codasyl is illustrated hese, using an interface

described in [Buneman et al. 82a], which has a number of advantages. It exploits the
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procedure GetPart{InRef. Parifief, var OulRec: Part),
procedure FindFirstinAreaPart{var Outitef: PartRef);

procedure FindNeztinAreaPart{InRef: PartRef, var OutRef: Partflef);
... {similarly for other record classes and other Codasyl verbs.}

procedure FindDyKeyPart{KeyVal: PartName; var OutRef: PartRef);

... {procedures for the MadeFrom set}
procedure FindFirstinSet MadeFrom{inRef: PartRef; var OutRef: Useftef);

procedure FindNextInSet MadeFrom(InRef: UscRef, var OutRef: UseRef);

procedure FindOwnerinSet MadeFrom{inRef: UseRef; var OutRef: PartRef};
.. {etcetera for other Codasyl verbs and sets)

... {standard procedures for open, close for each area ete.}

... {standard procedures startTransaction, commitTransaction etc}

Figure 3-4: Pascal declarations automalically generated from

the Codasyl Schema
strong static typing of Pascal programs so that the Pascal compiler itself prevents many
of the errors common in programming with Codasyl databases. The technique is lo
generaie aulomalically a set of named types and procedures from the Codﬁyﬂ schema
{or subschema)j. The form of the generated Lypes can be scen in figure 3-3, which is part
of the data description that would be generated from our sample schema {see figures 3-1
and 3-2).

schema in a systematic way.

Note that the names of the types are construcled from the names in the
Record iype names in Pascal are the same as the
corresponding schema record type names. Field names within the record are the same as
the names in the corresponding schema record, and as near as possible have an
equivalent type to those in the original schema. An exira set of types, o be used as

lokens equivalent to database currencies in Codasyl are introduced with (he postfix Ref.

Note that the

procedure name encodes the operation {first) and the operand (record type and area or

A sample of the corresponding procedures appears as figure 3-4.

set Lype) second. The second past is the name of the set or record lype copied from the
schema®. The types of the parameters ensure that the appropriate type of currency is
supplied and the appropriate type of currency or record is yielded. A variant record has
been automatically introduced to accomodate the set Estre which has more than one
type of member. Thus our representation of specialisation automatically maps Lo

Pascal’s corresponding construct. This set of generaled types and procedures has linked

Lin the actual implementation there is some abbreviation
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the data definition in the program in two ways: it has defined the mapping of types and
data between database and programming language;, and it has made the names
introduced in the schema available in the programming language’s name space,
arranging that they can only be used for operations that are appropriate to their values.
This relieves the programmer of the need to set up a mapping and therefore reduces the
number of mistakes that can be made. However, the programmer still has to understand

the Codasyl schema, which is quite different from the notation and structures familiar in
Pascal.
The code for Tasks 2 and 3 has the same structure as that of the (pure} Pascal code

given. earlier. However pointer manipulalion has been replaced by various calls to

external subroutines. In Task 2 the variable sBascPartRef is a Pascal record that contains

currency information needed by the Codasyl data manipulation subroutines and a field
named found that indicates, after any Find operation, whether an appropriate database
record was found. Thus the test aBascPartRef found corresponds Lo the test p! 3£ afl in
figure 2-2, and thie call to GetPart corresponds to dereferencing in the same figure. Again,
Task 3 exhibits the same complexity as the Pascal program. It is in this kind of task that
other Codasyl interfaces look even more complicated because the programmes must
explicitly control currency changes during recursion, and must take care not to confuse
currenchia of different ®types®, since they are usually all typed the same way, for

example as integers.

The ‘code to create and store a new composite part (figure 3-7) is probably more
cumbersome than it would be in more traditional Codasyl interfaces. In these interfaces
the procedures to store records are essentially unparameterised, and operate by
inspecting and modifying a global state. For this example, in contrast to Task 3, the side
effects created by one database operation would produce the correct global state for the
next operation, thus some of the variables figure 3-6 would be not be needed. In the
solution: presented here, the first parameter of any Siore ... procedure is the record to be
stored, the last is a data base reference which is set to refer to the record once it is
stored.. The intermediate parameters are references to owner records, one for each sel in
which the record being stored iy a member. Sets are referenced by position. This is
slightly unsatisfactory, but is probably better than constructing a record type in which
the sets could be named. A better solution is to use keyword parameters, and an Ada
interface for Codasyl, also specified in [Buneman el al. 82b), is considesably less

cumbersome because one can use keywords and exploit overloading so that, ‘or example,
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program {ask?
-..{Type declarations from figure 3-3}
...{Declarations of external procedures listed in 31}

ver aBlasePartRef: BasePariRef:; aBaseFasi: AzselPart;
aPartRef: PartRef; aPart: Part;

FindFirstinAreaBasePart{eBasePartRef);
while allasePariRef. found do
begin
GetBasePart{aBasePartRef, aBasePart)
; 3 aDasePart.UnitPrice > 100 then
begin
FindOwnerInSctExtra{aBasePariRef, aPartRef)
; GetPart{aPartRef, aPart)
; weitein{ aPart. Name, aBaselart. UnitPrice, aBasePart. Mass)
end {if}
; FindNeztInArcallasePart{aBasePs
end; {while loop}
end.

riRef, aBasePoriRef)

4

Figure 3-5: Task 2: Listing all the expensive parls using the Pascal

interface to Codasyl]

all the store procedures are called Siore.

3.2, Pascal/R: a true Database Programming Language
This section uses Pascal/R to illustrate s group of languages often called inlegraly
DBPLs [Pirotte 80, Atkinson ef al. 84), which

programming language with a data model?

attempt to combine a general-purpog
The level ¢

implementers wer

as consistently as possible.
integration depends on the degree to which the designers and
prepared Lo change the language they started with {most chose to start with Pascal) A
such languages are fairly numerous, the attempts to integrate programming language
with the relational model are summarised in figure 3-8.

Pascal/It has been fairly widely used in universities for research and teaching, and ha
also been used for some cominercial applications.
Modula/R [Koch ef af. 83] and for the present work of Schisidt's group, DBPL {Schmidi

& Mall 83}, and so it is chosen as the vehicle for our examp.es in this category.

It is also the starting point for

The first problem facing the integrated language designer, is how (o relate the two type

systems: that of the data model, and that of the PL. Iy Pascal/R the Luple is identified

9, . s
Rather than with an existing, external, database as in sections 3.1 aad 3.4
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program {ask3;

{Type declarations from figure 3-3)

; Y
(Declnmtions of external procedures listed in 5-4}

edure CostAndMass(p: PartRef, var reauitToat, result Mass: integer);
"v,:cech: EztraClassRef, ¢Rec E‘tlraClau;
bRec: BasePart; cRec: CompositePart;
uRef: UseRe[, uRec: Use;

Ref: PariRef, ) ]
fubT!olalCoal, subTatal Mass: integer;

n
b;%:ldﬁratlnStlEzlra(p, eRef);
Gel(eRef, eltec);
case erec.RecordType of
BasePartType:

begln
Part{eRec.BasePartVal, bRec),
gi‘ullgta(;zalajr(-ebRec,Um'lCoal; result Mass = bRec. Mass

end: {of base part case}
)

CompositePartType:

‘ .
beGgelnCompaaileParl(eRec.CompoulcParlVal, cRec);

; == Incrament;
1Cost ;== cRec.AssemblyCost; result Mass := cRec.Maas ;
;ﬁ::dﬂ'r:lla&l MadeFrom(eRec.BascPartVal, uRef),

while ultef found do

begin
GetComponent{uRef, uRec);
FindOwnerUsedIn{uRef, pRef);
CostAndMass(pRef, subTotalCoat, aubTolaHv.Iau);
resultCost == resultCost + CampRcc.Quanhly.‘AubTolalCoal;
result Maass = result Moas + CompRec.Quantity®subTotalMass;
FindNeztInSet MadeFrom{uRef, uRcf)

end {while more subcomponents}

end{dealing with CompositePastType}
end {case of either specialisation)
end; {procedure CoslAndMass)

procedure main; )
var thePart: PartRef, itsCost, itaMasa: snteger;
begin :
FindByKeyPart{"Mast ', thePart),
if not thePart. found then writeln('Couldn”t find it')
else
begin
CostAndMass(thePart, itaCost, its Mass);
writeln(itsCoat, its Mass)
end
end; (main)

begin main end.

Figure 3-8:

with the record and relatlon of is introduced as & construclor similar Lo set of. It takes

Pascal program to compute mass and cost as in Task 3

two parameters, the type of the record which may be a tuple of the relation, and the

subset of that record’s ficlds that constitr.te the primary key (there are restrictions on
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program Tasky;
...{ Type declarations from fijure 3-3}
...{Declarations of external procedures listed in 3.4}

procedure doTasky;
Lype inpulListType = {InpulCell;
inputCell = record
Name: packed asray [1..16] of Char;
Quantity: 0..9999;
Nezt: inputLietType
end;

var inputList: inputfistType;
newName: packed array [1..16] of Char;
new AssemblyCost: 0..99999;
new Afassincrement: 0..9999999;
{inputl.ist is a list of names of the subparis of Lthe new part
together with their quantities}

al’art: Part; al’artRef, aSubPariRef. PariRef);
ankrtra: ExtraClass; anExtraflef: EztraClassRef, .
aCompositcPart: CompositePart; aCompositeRef: CompositePariRef,

aComponeni: Component; aComponentRef: ComponeniRef;
begin

...{code Lo interact with the user and get values for newName,
newAssemblycost, newAassfncrement and inputList)

with aPart do Name:=newName;
StorePart{aPart, aPartRef);
with enEztre do begin {Create and store the variant}

ftecordType:=CompositePartType; CompositeFartVal:=aPartRef
end;

StoreExtraClass(ankttra, anEztraRef),
with aComposilelart do begin

Masslncrement:==ncw MasaIncrement; AssemnblyCost:=new AasemblyCost
end;

StoreCompositePart{aCompoasitelart, anEziraRef, aCompositeRef),

{Create and stove the new pari}

while inputList 7% nil do begln {Now establish links to sub-paria)
JindByKeyPart(inpuiLisi].Name, aSubPartref};
aComponeni.Quantity:=inputList]. Quaniily;
fnputList:=inpullList|.Nezi;

StareComponent{aComponent, aPartRef, aSubPartRef, aComponentRef);
end

end;

beglin doTask{ end.

Figure 3-7: Pascal program to update a Codasyl database

the types allowed as wuch a record’s fields - we discuss the impact of the restriction
later).

Another problem to be overcome, is how Lo identify databases, and how to introduce

names from the databas: inlo a program. Pascal/R added the database constructor lo

3
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r_— System Stasting PL DML T status
Pascal/R Pascal Calculus | working prototype
{Schmide 77| widely used
Aldat/MRDS et alg. Algebra working prototype
[Merrett 84} '
Astral Pascal Algebra proposal
[Amble et al. 79]
Rigel Pascal Calculus ) partiaily
[Rowe & Shoens 79] implemented l
Theseus Euclid v Coleulue proposal h
[Shopiro 79] + |Lampson 77} ' I
Plain ' Pascal extended Algebra | partially i
[Wasserman et ol. 81} [|Wassermun 81 i implemented
, Modula/R Modula-2 Calculus product in .
;j [Koch et al. 83] i[Winh 83} l l wide use
AdaRel | Ada : 4 i Proposed
| Morowitz & Kemper 83] ©  [lchbiab et ol. 79]

e e e e e e ———_——— e ————

[

Figure 3-8: Combining Existing Languages with the Relational Model
Pascal. This constructor is parameterised in a manner similar to the record constructor
except that all fields have to be of type relation (another restriction considered later). A
database variable may then be declared in the program, and appear in the program's
parameters (c.f. file parameters in Pascal). This allows the same program to be run with
different databases of the same lype, and introduces the relation names for that

database into the program. The necessary type description of those relations ensures
that their columa names are available in the program.!0

The designer has also to decide what manipulations to provide. In Pascal/R relations
may be arguments of procedures, and there are relational operators that correspond to
relational calculus. The transition between these bulk operations (selected because of
their notential for efficient implementation (Jarke & Koch 82, Jarke & Koch 83, Bragger

et al. 83, Jarke & Koch 84]) and the iterative control structures of Pascal is made using

the ew iteration’ construct for each. Unfortunately this construct is not consistently

available for the other repetitive structures in Pascal/R, such as files and arrays.

10 : ; . . .
The Implt:‘mcnmlmu ren»tl.nc!u a program Lo operaling on ouly one DB, and prevents that from being
chiosen dyaamically - two faicly inconvenient restrictions.




|
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Another mechanism based on {our procedures: low, next, high, and eor allows for explicig

conirol over the traversal of 5 relation.

type domains )
Paum = 1 .. macint, Part numbers}
String = packed array |1..16] of char;
Dollars = real;
Grame == rcal;

'{}ccords destined to become tuple iypes}

PartRec = pecord {one per past, base or composite)
Pno: Prnum,
Name: String
end;
DaesePartRec = gecord one per bought in part}
Pno: Prum, in Partitec}

Unitfrice: Dollars;
Alass:Grams
end;
CompositePartRec = record one per consiructed part)
Pno: Prum; in Partftec, not in BaseFartflec)
AsaemblyCost: Dollars,
Massincrement: Grams
end;
AadeFromPRec = pecord {one per PastfSubPast relationship}
Assembly: Prum; {in CompdsitePart}
Component: Paum; {in Part}
Quantity: Poslnt

end,;
SuppliedDy =2 pecord one for each supplier of each Past}
Pro: Prnum; in BaseParg
Sno: Snum in Suppliers
end,;

{suppliers etc}

{relation types}
PartRed = relatlon <Mo> of PartRec;
BasePartRel == relatlon <Pno> of BasePartRec;
CompositePartRel = relation <Pro> of Compositelart Rec;
MadckromBRel = relation <Assembly, Component> of MadeFromRec;
SuppliedUyRel = relation <Pro, Sno> of SuppliedDyRec;

{The data base type}
PartsDB == database
Part: PartRel; known paris}
BasePart: BasePartRel, paris bought in}
CompositePart: CompositePartRel;{complementary set ofconsiructed paris}
MadeFrom: MadeFromRel; paris to make a part}
SuppliedBy: SuppliedByRel; {who can supply each base part}

end;
Figure 3-8: Task I: describing the data in Pascal/R

Figure 3-0 shows the data definition corresponding to Task 1. Note the similarity with
the relational description in figure 2-5. This similarity extends to the inability to
describe the referential and inheritance semantics shown in figure 2-8. lowever, the

notation here allows the component types to be named. This is not necessary, bul it is
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advantageous as it introduces names for types which are needed for programming with
this data. Note the difference from the Pascal example in figure 2-1 where variants are
used, capturing the semantics of the required and exclusive specialisations of FPart. The
version of Pascal/R available did not adhere to data type completeness and allow a
relation to be constructed over variant records, presumably because it is then more
difficult to define the operations on relations in all circumstances. The best that could
be done was to add a few comments.
program Taske{aPartDB);

- {the type decls from fig 3-9)
var aPartDB: PartsDB,;

with aPartDB do {relation names into scope)

for each bParl In BasePart: UnitPrice > 100 do
welteln( bPart.UnitPrice, bPart. AMass )

Figure 3-10: Pascal/R - partial solution to Task 2

The program in figure 3-10 shows how to obtain the price and mass of each base part.
This is relatively simple. However, as there is no inheritance mechanism, an explicit join
is necessary to find the name, as shown in figure 3-11.

program TuskalertDB};

{the type decls from fig 3-0}
var aPartDB: PartsDH;

with aPartDB do {relation names into scope)
for each bPart In BasePart: UnitPrice > 100 do
for each prt In Part: bPart.Pno = prt.Pno do
writeln{ prt.Name, bPart.UnitPrice, bPart. Mass )

Figure 3-11: Pascal/R - Task 2 printing name of expensive parts

Note ‘that the types of the controlled variables in the for each statement are
bFPart:BasePartRec and pri:PartRec. The automatic typing of these variables is convenient,
and their use avoids ambiguity in the sclection clause and in the iterated statement.
However; these intermediate type names are useful, as is shown in the example of a
function to locate a part, shown in figure 3-12. Doth the relation and the record type
are used. . That example also shows that obtaining a singleton set, then desetling to
obtain the one item it holds (a common operation in the upplicatious. tried), is not

particularly convenicat in Pascal/R. Later, we will sce a construct, the, in Daplex and
Adaplex, which has this purpose.

Phe Task 3 computation of cost and mass is shown in figure 3-13.  There is the

equivalent of a join in this computation, but it is not written as such. The programmer
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progr Bm 1.:sk3(aPartDBY);
{type decls from fig- 3-9)

‘;n? e PartD&: PartsDB;
gunc lon findPart{partName: String): Prum; {returns part number }

var aPart: PariRec; theParis: PariRel;

with aPartDB do
begln {relation names sow available}

theParts := [each prt in Parl: pri-Name = partName};

if size{theParis) # 1 then {ervor}
begin
wrlteln ("Ambiguous or unkpewsn part saime'};
findPart == Mazint {tepreacntinx unknown}
end of error}
elae
begln
low( theParta, aPart); {deseiting}

findPari := aFPart-Pno
end
end
end; {of findPart})

Figure 3-12: Pascal/R - function to locate a part

program Tusk3(aPartDBJ;
{type decls from fig. 3-0}

‘;ar alPartDB: PartaDB,
{findPart from fig 3-12)

procedure cost AndAfass{p: Pnum; var resultCost! Dollars;
var resull Mass: Grams);
var subTotalCost: Dollars; subTotal Maass: Grama; nf: MadeFromRec;

with aPartDB do

begln
A¢ BasePart|p] Yn BasePor{ then is it a base past?}
beglin base part case}

resultCost := BasePartjp].UnitPrice;
result Maas = BasePartjp|. Mase
end

else
begin {hese a composite part}

resultCost := CompoasitePart]p]. AssemblyCost;
result Mass == CompositePari[p]. MassIncrement;
for each m/f In [Aedefrom: mf. Assembly = p| do
with mf do
begin
cost AndMass{ Companent, subTotalCost, subTotal Muss %
resultCost ;== reaullCoat + Quantity ® aubTotalCost;

result Mass = result Mass + Quantity ® aubTotalRfase
of loop over componenta)

{of Base Part case}

end
end of Composite Pari case}
© end of scope of aPartDH relation names
end; of cost AndMaas}

procedure doTask3;
war it3Cost: Dollars; itsAfass: Gramas,
begin
cost AndAfass( findPart{ 'Mast '), itaCost, staMasa);
writein (itsCost, itsAfass}

end; {of doTask3}

beglin doTaskd end.
Figure 3-13:

has kept track of one of the contributing tuples, to use ils values directly. This alst
35
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saved the programmer defining the iype that would result from the join. 1t is difficult to

provide a single operator that will allow this addition, multiglication and recursion. We

will see a partial solution in section 3.7. The operation CompositePart[p]) used in this
example, treats the relation as a sparse array, rather than as a set. This can also be seen

as treating it as an extensionally defined function. A useful idea we will see again in

Daplex.

program TaskHaPartDB);
type decls from fig- 3-0)
to bold previously computed cost etc}

memoRec= record
in CompositePart)

ForPart: Pnum,;

TotCost: Dollars;

Tot Mass: Grama

end;
memoRel = relation <ForPart> of memolec;
var aPartDB: PartaDB; memo: memoRel;
. {findPast from fig 3-12)
procedure cost AndAass(p: Poum; var reaultCoat: Dollars;
var result Mass: Grams);
var subTotalCost: Dollars; subTotal Mass: Grama, mf: MadcFromBRec;

with aPartDB do

begin
i¢ BascPart|p] ta BascPart then is it 2 base pare?)
as for fig 3-13)
else
A miemolp| In memo then
with memolp] do
begin
resultCoat == TotCost,;
result Mase := Tot Mass

{memoised?)

{bese if alseady calculated})

end
clse not previously computed}
begin here a composite past}

resultCoat ;== CompositePart|p}-UnitPrice;
result Mass ;= CompoasitePart|p} Mass;
for each ... as for fig 3-13
ag for fig 3-13
memoise valuea for thi ¢
memo :+ [<p, resultCost, reault Mass>} “pard

c::d of Composite Part case)
oo 0: scope of aPuartDB relation names)
*
pebeidins Taoks, of cost AndAaos)
var ..
memo = ||; uothing calculated yet})

as for fig 3-13)

end-

Figure 3-14:  Pascal/R - memoising the cost and mass

T i ' P - il
(] 3\'0“! the I'(.'peullve compuiation l()l’ COmnon h".).‘;“ll(“,lll('b & Inemno (’.Itd
I r

l v i
good engineerin cti i i
£ 8 practice trics Lo reuse common subassemblies, so this saving can be stgaificant

ai
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structure!2 can be introduced and used, as shown in figure 3-14. Note that it is easy tg

declare and initialise the necessary set of values. The :4 operator is used 16 add a ney

result Lo memo, each time a composite part is calculated. The construct memolp}) 1n mcm,,k
to determine whether the part has aiready been calculated is not obvious as a construc
for determining whether the index value is in the set. It was also used to determing
whether a part was a composite part. It depends on memo]p| returning the empty tuple}::‘
<>, if the index is not present, and this tuple is not cousidered to be present in any;i
relation.!3 I is convenient to be able to declare in the program the memo relation of the
type initially specific o the database, but to have the instance extant only for each'
program run. AN the same mechanisims are available for dealing with temporary

refations, such as memo, as are available for persistent relations.

type
Pnum domaine as in fig 3-9)
Partftec . records as in fig 3-9
FdRee = record to package a Poum
Nom: (NeztPro, NeztSno, ... };
Value: snteger
end;
Partftcl {relations as in fig 3-0)
Iditd = relation <Nom> of Idiec,
PartsDB = database N
Part: ... {2s in fig 3-9)
Id: IdRel, {next identifier to use)
end;

Figure 3-16: Pascal/R - revising data description for update

In order to perform the update lask, it is necessary first to modify the database
definition of figure 3-9 Lo include a record of the part numbers used. This is shown in

figure 3-15 where the required integers are encapsulated in a dummy relation #4. It is

unfortunaie that type independence was not maintained io the extent thal we could ;

wrile

PartsDb ==

database
Part: ...

NeztPno: Pnum;
NextSno: Snum
etc

end;

{the next part aumber to use}

12A mechanism originally suggested by Michie [iichie 68]

35 i . . P
By s interesting to ask what the type of 'ae empty tuple is since fn presumably has type

T X relation of T — bool.
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_ with Pascal/R as theie is no indication of the extent of a transaction.
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4 is shown in figure 3-18.

rogram Tash juPartDB);
e type def® as in fig 3-15)
the fuaction findPart as in fig 3-13}
PartDB: PartsDB,;
;:;c:d‘:xrn mak:Sub{ asacmblyPro, componentPao; Prium; ¢ Poalnt );
beglin

with aPariDB do

begin
I?not Part|{ComponentPro| in Part then
... {Stop the transaction with an *Unknown component® message}

MadeFrom :+ [ <sssemblyPno, ComponentPno, ¢>)

end

end; {of makeSubd}

procedure Main{newName: Slring; newAssemblyCost: Dollars;
newAfassIncrement: Grama);
var newPart: PartRec, newCompositePart: CompositePartRec,
cmpniList; relatlon <cPro> of '
record cPno: Pnum; Qty. Posint end,
h::‘{l:‘odc to obtain from the user the details of a part,
the composite past information, and the list of components
used in its manufacture together with quantities)
with aPartDB do
begin
with Id| NextPno | de
begin
newParl.Pno=value;
Part -+ {newPart|;
newCompositePart.Pno ;== value;
CompositePart i+ [newCompositePart];
for each mf In cmpntList do
makeSub{value, mf.cPno, mf gty )

{sec fig 3-15)

end of with Id| Nextfno |)
end of with aPartDL}}
end; of Main}

begin Main end.

Figure 3-18: Pascal/R - Task 4 recording how a part is made

This code is not typical of an update program, which would be largely concerned with
providing a suitable user interface, and checking that the user's input made sense. For
example, there is no check here that cycles are not being introduced into the intended
It con-urrent use of the database were anticipated, it would be
important not to:lock toc much while the user did input. However, that does not arise

The

implementation actually treats a whole program run as a transaction. One deficiency of
directly recording the integers in the database. The update program implementing Task

£ P ihi N . .
Pascal/R not exhibited in the examples, is the constraint that only one database may be
used in any given program. This seems scrious, as people often require to combine data

from: different “databases, produce copies ete.  The main impact would be on the
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introduction of names, Sirce Pascal/It treats databases like records, there would be no

problem of disambiguzting nanes, and so we assuine that a change to permit mulliple

database use would not be difficult.

3.3. Other languages that atiempted integration with relations
Many other languages have been proposed to combine a standard janguage with

relations. A few comments are offered on some of those that appear in tabie 3-8.

In the late 70s, there was considerable progress reported with the languages Plain and
Rigel. Plain was a particularly ambitious project, tackling a number of issues recognised
as relevant to making the implementation of interactive information systems easier. The
colations are similar to those in Pascal/R, with similar restrictions as to the attribute
types. One exlension is to introduce a marking, which refers to a subset of some base
relation(s) derived by evaluating expressions in the relational algebra over relations and
markings. Associative access on the key fields is supported in a fashion equivalent to
that in Pascal/R. The provision of exceplions should in principal, msake handling
relation aceess errors easier than in Paseal/R. But standard exceplions for relational
operations are not defined in the report [Wasserman el al. 81}. The foreach siatement is
consistently defined to be applicable to all composite objects, aggregaling sels or
sequences of vaiues of the same lype, rather than just over relations as in Pascal/R. In
addition there is a limited way of specifying the order of iteration, similar to that we will
see later in Adaplex4.1. Relational update operators almost identical with those in
Paseal/R are available. Persistence greater than the duration of a progfam is achieved
by binding a declaration to an externai object in the environment. It appears that this
was only intended for a limited subsel of types, such as procedures, modules and
relations. The authors understand that the underlying database handler intended for

Plain has been widely used [Kersten 81].

Using the relational calculus rather than algebra, Rigel was built on top of
INGRES [Stonebraker et al. 76]. lts type system is reported in [Rowe & Shoens 79}
Interest moved from the database facilities, to means of facilitating programming

interaction against relations via forms [Rowe 85}

The languages Thescus [Shopiro 79] and Astral [Amble el al. 70] were designed, but we

unders.and their implementation was not completed.
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Various plans for adding database faciliti>s to Ada have been mooted, besides Adaplex,
reported later. The suggestion for \da and relations, Adarel [Hlorowitz & Kemper 83, is
so recent Lthat an implementation is unlikely to be finished yet. It is not known whether
the proposal for a persistent Ada [lall 83] , with a similar notion of persistence to PS-
algol(see Section 8.1, is being implemented, but an interest in a similar idea is reported
at CCA, implementers of Adaplex.

3.4. Embedded Languages

This section, describing existing m.ethods of database programming, would not’ be
complete without some reference to embedded languages. Confronted with the failure of
a query language to handle a problem such as Task 3, or with the difficulty of
performing a safe update, the user of a relational database would normally turn to an
embedding of the query language in some more powerful language such as Cobol, PL/1
[Date 83a], or C [Stonebraker et al. 76). In such systems, queries can be interspersed
with a host language in such a way that makes them recogniseable by a precompiler that
generates the appropriate external subroutine calls. Since we have been using Paseal as
our relerence language, the solution to Task 3 is shown in figure 3-17 wusing a
hypothetical embedding of SQL in Pascal. It follows closely the code that would be used
for the embedding of SQL in PL/1 in System-R [Astraban 76). In this example, we have
only shown the code for the procedure CostAndMass. The code to drive this procedure

would also have to be wrilten in the host language.

In this example a special class of variables, prefixed with a $, serves as communication
between the host and query language. Since the host language has no data type
appropriate for representing the result of a query when this is a relation with more than

one tuple, a cursor (X} is used to traverse the relation in a fashion similar to reading a
file. 14

The code for this task combines two languages that we have already seen, and while
logically straightforward is awkward because the programmer must be bilingual. The
.mﬂin problem with ernbedded languages is that data may only be conveyed across the
Interface via variables of a very limited set of data types such as integer, character

strin e
g, and real. To our knowledge, no attempt has been made to establish a higher-level

I‘IN R
ote that the cursor i not an object i 4 ade
appropriate type. bject i the bost language and therefore cannot be declared with an

g1V







