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Abstract

The features of a compiler for the Taxis design language
are described and discussed Taxis offers an entity-based
framework for designing interactive information systems
and supports generalisation, classification and aggrega-
tion as abstraction mechanisms Its features include mul-
tiple inheritance of attributes, 1sA hierarchies of transac-
tions, metaclasses, typed attributes, a procedural
exception-handling mechanism and an 1teration construct
based on the abstraction mechamsms supported Devel-
oping a comptler for the language involved dealing with
the problems of efficiently representing and accessing a
large collection of entities, performng (static) type check-
ing and representing 1sA hierarchies of transactions

1 Introduction

Any database contains information about something, 1 e,
1t has a subject matter (or “world” or “application do-
main”) The overall usefulness of the database 15 deter-
mined partly by 1ts performance characteristics — speed
of access, robustness, security and the like — but equally
mmportantly by the degree to which 1t models naturally,
directly, completely and accurately 1ts intended subject
matter So-called semantic date models were proposed
as a means of providing powerful expressive tools for the
description of a subject matter Such descriptions, often
called conceptual schemata, facilitate the logical and/or
physical design for a database but also aid in the inter-
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pretation of 1ts contents (by designers, programmers and
end users) Research on semantic data models has been 1n
full bloom since the mid-seventies ([Abmnal, 1974], [Chen,
1976], etc ) with a lop-sided emphasis on their expressive
power rather than their implementation Most seman-
tic data models adopt an entity-oriented framework (see
{Borgida, 1985] for an overview) which mncludes abstrac-
tion mechamsms such as aggregation, generalisation and
classification, mn addition to rich integrity mechanisms
that allow the expression and enforcement of constraints
on the contents of a database We assume that the reader
has some famihiarity with semantic data models and the
basic modelling concepts they provide

We are imterested 1in effictent implementations of se-
mantic data models Enhancing the expressive power of
any data model obviously affects inversely the computa-
tional complexity of its implementation We are imter-
ested 1n the development of a theory that enables us to
analyse the tradeoffs involved, and guides us 1n the design
of semantic data models that are expressively adequate
for a collection of tasks while being, at the same time,
computationally tractable

This paper focuses on a particular class of perfor-
mance 1ssues for semantic data models, namely the com-
pilation of conceptual schemata The premiseis that once
a conceptual schema has been defined which includes de-
scriptions of entities that are relevant to the subject mat-
ter, as well as procedures that affect the state of those
entities, there are imphcit and explicit constraints that
need to be maintained at all times for the database to be
well formed with respect to 1ts semantic data model and
to be meaningful with respect to 1ts subject matter For
example, an imphet constraint supported by all entity-
oriented semantic data models 1s that referenced entities
— e g, the father of John — must exist 1n the database
(referentsal ntegrity) If an entity 1s removed, 1t must
first be confirmed that 1t 1s not being referenced in the
description of any other entity Stating that the man-
ager of an employee must also be an employee and must
work 1n the same department 1s an example of an explicit
constraimnt that may be included 1n a conceptual schema
Making sure that these or any other constraints are n fact



satisfied at all times for a particular database 1s a com-
putationally expensive proposition Doing this checking
once-and-for-all statically at the time the database 1s un-
der construction (1 e , during “compilation” of the concep-
tual schema) 1s an obvious, well-established techmque for
introducing run-time efficiency in the implementation of
a database The main purpose of this paper 1s to outhne
the 1ssues that were raised during the implementation of
a compiler for Taxis [Mylopoulos, 1980], a semantic data
model intended for the design of interactive information
systems

Obwiously, the extent to which static checking is pos-
sible depends on the features of the semantic data model
used to define the conceptual schema Some semantic
data models, notably Gahleo [Albano, 1985) start with a
strongly typed language (1n Gahleo’s case, ML) and ex-
tend 1t with semantic data modelhng features which leave
by-and-large strong typing unaffected Static constraint
checking here 1s obviously a priority At the other ex-
treme, an object-oriented language such as SMALLTALK-
80 [Goldberg, 1983] rehes almost entirely on dynamic con-
straint checking In terms of 1ts features, Taxis lies some-
where between the two extremes

Like all semantic data models, Taxis offers a variety of
mechamsms for the representation of constraints These
constraints need to be enforced at all times for a database
to be meaningful Because of the features of Taxis, 1t
turns out that we can statically enforce “structural” con-
straints (for example, constramnts on the names of at-
tributes) but are sometimes forced to do “value checking”
at run-time (e g, checking an integer sub-range) Thus
the answer to “Are things statically correct?” for a par-
ticular expression 1n general will be one of yes, maybe or
no

Details about the design of a Taxis compiler can be
found 1n {Nixon, 1983) and [Chung, 1984] Additional
questions and potential solutions were addressed during
an implementation project for a Taxis compiler carried
out at the University of Toronto between 1983 and 1986
and are presented in [Nixon, 1987] The approach cho-
sen 15 to translate Taxis programmes into a Pascal-like
language, augmented with relational database facilities
(eg, [Schmidt, 1977]), and to use a very simple rela-
tional schema Another approach 1s to map to files with
indexes and to give the designer flexibility in choosing the
exact storage mechanisms used (e g , [Chan, 1982])

Section 2 of the paper outhnes basic concepts of the
Taxis data model and the data structures and algonthms
used for their storage and access In section 3 we present
some of the problems encountered in compiling expres-
sions and the solutions that were considered for these
problems A description of the compiler can be found 1n
section 4, while section 5 presents related research, and
summarises our conclusions and contributions
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2 Basic Features of Taxis and
Their Implementation

This section sketches entities and their associated attri-
butes, and then considers implementation 1ssues

2.1 Entities and Attributes

A fundamental concept for entity-oriented data models 1s
that of an entity Entities can be created and destroyed
and they have a unique identity, 1 e, are different from
all other past, present and future entities Taxis treats
all elements of a Taxis programme as entities, including
numbers, strings, exceptions and classes (which are used
to represent not only the database schema but also the
applications programmes that operate on 1t)

For example, consider the following class declarations

define AnyDataClass Person with
unchangeable
name AnyString
SIN SINValue
changeable
addr Address
age {l 0 120 [}
unique
personID (SIN)
endAnyDataClass

define AnyDataClass Employee 1sA Person with

unchangeable

emp# {| 0 9999999 |}
changeable

age {l 18 65 |}

sal {] 10000 100000 |}
pos {| president, secretary, janitor |}
dept Department
unique
employeeID (emp#)
endAnyDataClass

define AnyTransactionClass ReviewSalary
(e Employee, incr Money) with
prerequisites
moneyAvalilable?
(e dept salTotal+incr<= e dept maxSalTotal)
elseRaiseException NoMoneyAvailable(e,1incr)
actions
changeSal e sal <- e sal + incr
report (e sal) prant
changeTotal
e dept salTotal <- e dept salTotal + incr
postrequisites
tooHigh? (e sal > 75000)
elseRaiseException SalaryTooHigh(e,1incr)
endAnyTransactionClass



define AnyExceptionClass NoMoneyAvailable with

unchangeable
e Employee
m Money

endAnyExceptionClass

The first declares the class Person with unchangeable
attributes name and SIN (social nsurance number),
changeable attributes addr and age, and unique (key)
attribute personID consisting of the SIN value !

Attributes are typed Class defimtions induce factual
attribute values on their instances Suppose JohnSmith
18 an 1nstance of Person Then the factual atirsbute value
JohnSmith addr ( = 2123 Maple Street’) must be
an 1nstance of the definstional atirtbute wvalue
Person addr ( = Address) The second declaration
defines the class Employee as a specialisation of Person
Thus Employee inherits all attributes of Person and has
additional ones specified by its declaration In addition,
for Employee the attribute age 1s refined by restricting
the allowable range of values ? The third class declara-
tion describes a transaction ® which reviews an employee’s
salary and changes 1t, provided there 1s money available
1n the employee’s department If there 18 no money avail-
able, an 1nstance of the exception class NoMoneyAvailable
(see the fourth declaration) will be raised for the prob-
lematic employee and his proposed increase, and then a
procedure-oriented exception handling mechamsm simui-
lar to one first proposed 1n [Wasserman, 1977} will be 1n-
voked Thus transaction defimtions are treated in Taxis
as class descriptions, transaction mvocations are treated
as mstances of these classes, and most innovatively, trans-
actions are also orgamised into specialisation hierarchies
(e g , reviewing the salary of a manager 1s a speciahisation
of reviewing the salary of an employee)

An entity, be 1t generic (e g , Person, ReviewSalary)
or non-generic (e g , JohnSmith, 7, >John’) must be an
mstance of one or more classes For example, an entity
created to be an mstance of Employee will also be an 1n-
stance of Person, while Employee and Person are both
instances of the metaclass AnyDataClass Among all the
classes a data entity 15 an instance of, Taxis assumes that
there 1s always a unique most specialised class, 1e, one
that 18 below all others in the generalisation herarchy
This assumption 18 a (reasonable) implementation con-
cession knowledge of the most specialised class for an

INot all class definitions are shown, for example, Address 1s pre-
sumed to be declared as a string class Also note that the unique
attribute actually defines attribute personID on SINValue, with
value Person (written SINValue personID = Person), ensuring
that (non-null) SIN values uniquely 1dentify persons

2This 1s an example of strict specsalisation, which 15 enforced for
all Taxis attribute values (except for expressions and statements
within transactions, as we have not defined an 1sA hierarchy for
expressions)

3There 18 a whole class of important database 1ssues which have
not been considered 1n this research, especially concerning the recov-
ery and transaction management facihties which are expected of a
database management system Hence the term “transaction” as used
1n this document should be viewed only as a synonym for “procedure
or function”
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entity provides full information about the classes of which
1t 18 an 1nstance

Taxis attributes are grouped mnto categories which fur-
ther define the semantics of attribute defimtions For
example, data classes can have unchangeable attributes
(whose values cannot change), changeable and computed
attnibutes, 1n addition, optional unique attributes ensure
that only one entity 1n a class will have a particular com-
bination of (unchangeable) attribute values Likewise,
transactions have parameters, locals, prerequisites,
actions, postrequisites and return expression as cat-
egories Attribute defimtion and selection are treated uni-
formly across categories, as far as possible, both 1n the
language defimition and 1n the implementation For ex-
ample, the address of a particular person, say JohnSmath,
can be obtained with the expression JohnSmith addr re-
gardless of the category of the attribute, while the type
of the addr attribute of the class Person can be found
with the expression Person addr

Unlike other semantic data models such as ADAPLEX
[Smith, 1983] [Chan, 1982] and GEM [Tsur, 1984] [Zan-
10lo, 1983], Taxis does not permut mulisple valued at-
tributes For example, the class Person can have at most
one age attribute and each instance of Person can have
at most one attribute value for age On the other hand,
Taxis allows generahisation hierarchies to be acyclic graphs
rather than just trees, thus introducing multsple nher:-
tance of attributes For example +he declarations

define AnyDataClass Student 1sA Person with

changeable
school University
averageGrade {l 0 100 |}
endAnyDataClass

define AnyDataClass Tutor
18A Student, Employee with
changeable
instructor Professor
endAnyDataClass

make Tutor a specalisation of both Student and
Employee and enable 1t to inherit attributes from both
directions

Multiple inheritance 1s very useful from a modelling
viewpomnt However, if unconstrained 1t can cause consid-
erable grief, both to the designer of an application and to
the 1mplementor of a semantic data model that supports
1t Suppose Student and Employee both have a dept at-
tribute, but Person does not This would make both the
defimtion  Tutor dept and the  expression
JohnSmith dept (where JohnSmith 1s an instance of
Tutor) ambiguous — do we want the department where
a tutor studies or the one where he works? We therefore
impose an additional constraint on multiple inherntance,
based on [Schneider, 1978] every attribute that 1s multi-
ply inherited must have a umque most generalised class
where 1t 1s declared Thus, for the dept attribute to be
associated both with Student and Employee, 1t must be



declared 1n Person (or at least 1n one class somewhere
higher than Student and Employee) This constraint
makes sure that there will be no ambigwty 1n interpret-
ing an attribute or an attribute value, since the multiply-
mherited values have a common source, and, when cou-
pled with the strict specialisation constraint, ensures con-
sistency between an attribute and its specialisations *

More complete accounts of Taxis as a data model and
a language can be found 1in [Mylopoulos, 1980], [Nixon,
1983] and [Chung, 1984]

2.2 Entity and Attribute Storage

For the implementation of entities, all that 1s needed 1n
prinaple 1s the ability to generate internal 1dentifiers for
newly created entities These 1dentifiers can then be used
1 the representation of relationships to other entities
[Codd, 1979} provides a clear account of how such mecha-
nmisms might be implemented within the relational model
Our compiler assigns umque 1nternal identifiers to all
entities Groups of 1dentifiers are reserved for data enti-
ties Identifiers for a non-genenic entity consist of a con-
catenation of the identifier of the entity’s most specialised
class and a sequence number Thus we can very rapidly
determine the most specialised class of which an entity 18
an mstance ° In addition to coding information about an
entity’s most specialised class in its internal 1dentafier, the
implementation maintains a binary relation MinClass,

MinClass(entity, class)

where this information 1s stored The relation 1s useful
when one needs to retrieve all instances of a given class
Likewise, the Value relation

Value(subject, atiribute, value)

stores a tuple (of “triples”) for each unchangeable and
changeable attribute value and for each unique attribute
entry of every entity ¢ Performance 1s discussed 1n the
next sub-section For strings, the implementation stores
an imnternal 1dentifier and the actual string value

Straing(stringID, stringValue)
Since strings are ordered, we also place a umque index on

straingValue
For example, recall the previous defimtion of class

4Violations of the Schneider constraint force the designer to re-
consider the level at which multiply-inherited attrnibutes are imtially
ntroduced This schema revision may result 1n an attribute defini-
tion bemng moved up 1n the hierarchy (possibly to a newly-defined
class) The effect of this process will be a semantically unambiguous
defimtion E g, the tutor’s department will have a umque value

SHowever, this makes 1t hard to change the most speciahsed class
of an entity

8For compound unique entries, additional relations are used
E g, for unique entries comprised of two attribute values, we use
Value2(subjectl, subject?, atirsbute, value)
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Person If we have a person with name ’John’, social
msurance number 333444555, address *123 Maple Street’
and age 25, we could have

Entity | Denotes

01 Person

02 AnyStrang

03 name

04 SIN

05 addr

06 age

07 personlD
010008 | a Person entity
020009 | a string value
020010 | a string value
25 25, an 1nteger value

with the following tuples

MainClass (010008, 01)

Value (010008, 03, 020009)
Value(010008, 04, 333444555)
Value(010008, 05, 020010)
Value(010008, 06, 25)
Value(333444555, 07, 010008)
String(020009, ’John’)
String(020010, ’123 Maple Street’)

An 1mportant integrity constraint for entity-based
frameworks 1s the deletion constraint, which permits a
data entity to be removed only when 1t 1s not being used
as an attribute value In order to enforce this constraint
and at the same time provide a means for iterating over
all attributes that have a particular entity as value, the
implementation of attributes includes inverse attribute
selection (back pomters) " Storage of back pointers re-
quires a one-to-many relationship between entities and
lists of (subject, attribute) pairs This roughly doubles
storage required for inter-entity relationships

It 1s interesting to compare this very simple imple-
mentation of entities and their attribute values with some
of the alternatives that have been used by other imple-
mentations of semantic data models One of these al-
ternatives involves using a umiversal relation which has
one tuple per entity, one column per attribute, and null
values for attributes not applicable to an entity Ob-
viously, such an alternative would be highly nefficient
with respect to space usage A second, more interesting,
alternative involves using one relation per class [Smith,
1977], while another uses one relation for each generali-
sation sub-lattice that 1s part of the conceptual schema
[Zaniolo, 1983] When using one relation per class, one
may store all attributes (newly defined or inherited) of a
particular class i the corresponding relation (horizontal
sphitting), or only the newly defined attributes, as done
i [Smuth, 1983] (vertical splitting), either way an entity
1dentifier must be included i each tuple Note that if

7A more general approach 1s to use any combination of attribute
values to access entities [Balzer, 1984]



the Schneider constrant for attribute inheritance 1s not
in force, vertical sphtting 1s harder to implement because
1t may have to maintain two or more attribute values for
a single attribute

2.3 Analysis of Storage Alternatives

In our analysis of alternative implementation strategies, 1t
18 useful to make assumptions about the characteristics of
the run-time environment, the databases that will be con-
structed, and the patterns of their usage We use the fol-
lowing parameters and expected values, for a (moderately
large) conceptual schema and 1ts associated database

Schema Ezpected
Parameter Value
S Number of data classes (schema size) 1 000
L Average number of levels of specialisation 5
(depth of the generalisation hierarchy)
P Average number of attnbutes per class 10
(new, 1nherited and specialised ones)
Database Ezpecled
Parameter Value
N Total number of data entities 1 000 000
R Average number of entities per class 5 000
(R~N L/S)
N/S  Average number of entities with a 1000
particular most specialised class

It should be noted that the analysis which uses the
above parameters 1s approximate, as some assumptions
are made about the umformity of distribution of entities
throughout the classes of a schema

The (assumed) large number of entities does not per-
mt the use of main memory exclusively Thus the
database 15 assumed to be stored in secondary memory
Since class defimitions are frequently examined, on the
other hand, they are placed 1n faster-access main mem-
ory (requiring, say, 1 megabyte) Note that the typical
parameter values mentioned here are not maxima for the
implemented compiler

It 1s also useful to make assumptions about the ex-
pected relative usage of the data access routines Whle

this distribution will be dependent on the domain of ap-
phcation, we do expect that attribute value retrieval and
update will be much more frequent than entity creation
and removel Individual run-time operations on a single
attribute value or entity are designed to be fairly effi-
cient, especially with respect to the number of secondary
storage accesses

Let K(t,n) be the time required to select ¢ tuples,
from a relation of size n, each one by selection on a key
Observe that creation, removal, retrieval and modifica-
tion can all be implemented via key accesses to the rela-
tions

An analysis of three alternatives in terms of the above
parameters and their typical values yields the table at the
bottom of this page

The database storage entry gives the total number of
field values, and assumes that each field 1s of equal length
(say, 1 word) Since each alternative requires an entity
1dentifier 1n every tuple, and horizontal sphitting uses the
fewest tuples 1n total, 1t uses the least storage overall

In order to obtamn times for the data mamipulation
operations, we need to state assumptions on how relations
are implemented Assume that B-trees are used, with
only key information and associated pointers mn each node
of the tree In a node, there 15 one more pomter than
key-entry, hence the maximum number of key-entries per
non-leaf node (block), b, 1s

_ | BlockSize — PointerSize
" | KeyLength + PownterSize
Since each non-root node will be at least half full, the

height of a tree with n entries, h, 1s at most [Knuth,
1973, p 476]

h< [1+log[z;41 (E’;—-l)J

Assume that K(t,n) 1s proportional to t h & Assume
further that pointers occupy one word, that BlockSize

80ne additional secondary storage access 1s required to obtain the
actual tuple, this 1s offset by the access saved by keeping the root of
the tree 1n main memory

Attribute Storage
Alternative A Tnples B Vertical Sphtting C Horzontal Sphtting
Parameter Typrcal || Parameter Typrcal | Parameter Typreal
Value Value | Value Value || Value Value
Criteria
Number of relations 1 1S 1000 S 1 000
Key length 2 21 11 1
(number of components (fields))
Average tuple size 3 3 1+(P/L) 3f1+P 11
(number of fields)
Average number of N P 10 000 000 || R 5000 || R/L 1 000
tuples per relation
Database storage (words) 3N P 30000 000 | N (P+L)| 15000000 || N (P+1) |11 000 000
Entity creation K(P,N P) 800 || K(L,R) 200 | K(1,R/L) 40
or removal time (ms)
Attribute retrieval time (ms) K(1,N P) 80 || K(1,R) 40 || K(1,R/L) 40
Attribute modification time (ms) || K(2,N P) 160 || K(2,R) 80 | K(2,R/L) 80
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18 1000 words, and that an access to secondary storage
(e g, traversing a B-tree hnk) takes 20 milliseconds

For entity creation and removal, horizontal splhitting
15 best, as only one tuple 1s used (and accessed) to store
all attribute values of an entity, and the relation size 1s
small Vertical splitting requires access to several (larger)
relations, while triples require several accesses to one very
large relation

The number of database key accesses for attribute re-
trieval and modification, which will likely comprise the
bulk of processing time, are independent of the alterna-
tives A small relation si1ze improves performance, hence
honzontal splitting has the best results, followed by ver-
tical splitting In addition, both horizontal and vertical
sphitting can exploit locality of reference (e g, retrieving
several attribute values of one entity) by caching a tuple,
reducing secondary storage access time

Using triples, attribute values for all classes are stored
1n only one relation, assuming that only simple unique
(key) attributes are used, otherwise, the number of rela-
tions needed 1s equal to the maximum number of compo-
nents used 1n a compound umque attribute For Taxis,
triples were used, mainly to simplify the implementation
Although 1ts performance 1s not the best, 1t allows trans-
lation to a schema with a small, fixed number of relations,
that requires no refinement or reformatting even when the
semantic schema 1s extended It also allows a small, safe
interface to a strongly typed target language It 1s inter-
esting to note that the analysis for triples 1s independent
of the depth of the 1sA hierarchy

The table ormuts the costs for back pointers We expect
that the additional time and space requirements to be
roughly double those of triples, and more than double for
horizontal and vertical sphtting

Other implementations give the system designer more
flexibility 1n selecting storage mechanisms to meet more
selectively the needs of a particular application
ADAPLEX [Chan, 1982] supports a form of both vertical
and horizontal partitioning of entities and therr attribute
values In fact, arbitrary predicates, speaifying which en-
tities to mnclude in which partition, are available to the
system designer A form of semantic grouping 1s used
where non-inherited attributes are stored near the entity
record itself Instead of duplicating inherited attributes,
the designer 1s offered the opportumty to use clustering to
appropriately juxtapose the information The Taxis 1m-
plementation does not address these 1ssues, we feel that
a system designer should imtially separate the concerns
of semantic modelling and physical design

Recently [Weddell, 1987], the 1ssue of obtaining ef-
fictent access to attribute values contained in a schema
with horizontal splitting has been thoroughly studied °
Suppose that we have the following (physical) record
structure

9This apples to memory resident databases, mn our case, 1t would
be helpful for schema storage
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Person with name, SIN, addr, age
Employee with name, SIN, emp#, addr, age, sal, pos, dept

In this case, the record structures are not “aligned,” as
the addr and age fields occur at different physical offsets
Thus a routine which obtained the addresses of all persons
(including students) could not statically determine an off-
set which could be used for retrieving all attribute values
Now this can be accomplished, by re-ordering fields, and
adding unused fields However, Weddell has shown that
finding an optimal alignment, which mimmises wasted
space, 1s NP hard Ths result constitutes one of the first
examples of a performance theory for semantic data mod-
els

2.4 The Conceptual Schema

First we note that the conceptual schema must be avail-
able not only during compilation, for checking defimtions
and expressions, but also during run-time, when expres-
sions might requre retrieval with respect to the con-
ceptual schema rather than the database (eg, x dept,
where x has as value some class, 1s the dept attribute def-
imtion for x) Most conventional programming languages
do not need to retain their symbol table at run-time, but
do copy selected parts to the emitted code “in-line,” e g ,
to perform checking on sub-ranges and subscripts As
the frequency of schema examination 1s high, and as the
exact parts of the schema needed cannot always be deter-
mined statically, 1t was decided not to copy parts of the
schema (possibly several times) “in-line” mnto the code
This reduces the size of emitted code at the expense of
table look-ups

If Taxis did not support attribute inheritance, the
storage of classes and attribute defimtions could clearly
be based on compilation techmques for Pascal-like record
types, which 1s the starting pomnt for our data structure
design Thus the entry for each class should include its
basic kind (integer, data, etc ), 1ts extension (e g , a sub-
range for mtegers), 1ts external identifier’, a compact
internal 1dentifier, and a group of attribute entries

The entry for each attribute defimtion must include
external and internal i1dentifiers, the attribute category,
and the attribute type (an internal class 1dentifier) This
structure 1s essentially the same for attributes of data
and transaction classes, except that for actions of trans-
actions, the attribute value 1s a reference to a code seg-
ment As a result, separate schema look-up routines are
not needed for different kinds of attribute values

But since Taxis does have inhenitance, we need to look
at alternatives for storing attribute defimtions Starting
with the most compact, we could store, 1n the 1sA hier-
archy, each class with only 1ts new or refined attributes
Thus essentially rearranges the text of the programme into

10The external 1dentifier (e g , the string ’Person’) 1s recorded
for classes and attributes, not only for more informative run-time
messages, but also to allow flexible run-time schema examnation
For example, at run-time, a user could enter an arbitrary class name,
and the programme would then hist all its attributes



an acychc graph To determine if a class has inhenited an
attribute, a search up the hierarchy 1s needed, examinming
attributes of more general classes The second alternative
has each class store all 1ts attnibutes, be they newly de-
clared, inherited, or refined For the second alternative,
execution of transactions 1s faster, as statement attributes
(which define the body of the transaction) are not dynam-
ically mhented and linked This choice was implemented
both for the compiler and the run-time system

The closure of the binary 1sA relationship 1s precom-
puted The obvious way to represent the 18A relationship
15 1n terms of an § x S Boolean matrix However, 1n
view of the expected sparseness of that matrix (eg, m
a schema of S = 1000 classes, we would expect most
programmer-defined classes to have fewer than B = 40
specialisations), we chose a representation requiring less
space and more time for its access Each class has four
hsts associated with 1t — one for immediate sub-classes,
one for non-immediate sub-classes, and similarly two lists
for super-classes In many calculations, 1t 18 preferable to
first examine smmedate specialisations/generalisations of
a class This 1s permitted by our chosen representation
In addition, searches are allowed in both upward and
downward directions, which can improve efficiency So
time required at execution 15 O(B), where B 1s the num-
ber of specialisations of a class, and typically 1 < B« S

3 Compilation of Expressions

Thus section examines some of the problems that arise in
compiling Taxis expressions and discusses alternatives for
their solution

3.1 Type Checking for Expressions

There are three basic steps 1n checking the type of an at-
tribute selection ensuring that the use of an attribute 1s
legal, determining the resulting value of the expression,
and propagating the value to a larger expression This
section presents some of the cases that must be considered
n performing type checking during compilation A goal
of many standard Pascal-ike compilers 15 to statically
determine “correct usage” vs “incorrect usage” Due
to the richness of the Taxis data model, 1t 1s sometimes
impossible to statically venify the absence of errors in a
programme In fact, a recurring theme throughout ex-
pression analysis of the Taxis compiler 18 the trichotomy
of “correct usage,” “possibly correct usage,” or “incor-
rect usage” The compiler was wnitten with the view
that incorrect usage should be elimimnated while possibly
correct usage should lead to the generation of run-time
checks

Consider an expression of the form x p where x 15 a
variable of type B, and x p 1s a transaction call or within
the left- or right- hand side of an assignment There are
four basic cases that need to be considered depending on
the topology of the 1sA hierarchy 1n the neighbourhood
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of B 1

In the figures throughout this section, an asterisk in-
dicates that the class 1t 1s associated with has attribute
p, Whether newly defined, inherited or specialised

Bx

o
N % Ol W
*
>
*
*
*

simple chain join meet

1 The ssmple case Class B 1s sad to be simple with
respect to x p if p 1s an attribute of class B Class B may
or may not have specialisations The following figures
depict the two situations

A A

B*
Bx*
Cx*

1) no-specialisation
sub-case

11) specialisation
sub-case

1) no-specialisation sub-case If there are no speciali-
sations of the class B then the simple case 1s analogous to
situations found 1n standard Pascal-like compilers For
example, recall the defimtion of class Person in section
2 1 and suppose there are no specialisations defined for 1t
Now consider the assignment loc age <- 27, where loc
1s a vanable of such a class, Person For complete static
checking of the assignment statement, 1t suffices to check
whether age 1s a (changeable) attribute of Person, and
if so, to determine whether the value 27 1s an instance of
Person age

1) specsalisation sub-case If there are specialisations
of the class B then the range of values for an expression
x p cannot in general be determned at compile time For
example, reconsider the above assignment to loc age in
Light of the additional defimtion

define AnyDataClass Child 1sA Person with
changeable
age {1 0 17 |}
endAnyDataClass

1180 for a general assignment statement of the form x p <- y g,
there are as many as 4 x 4 cases to consider



Now the assignment 1s illegal whenever the vanable,
loc, refers to an instance of Ch1ld In this case, to per-
form a complete static check would require repeating the
analysis for each specialisation of Person, and emitting
more complicated code when the check does not succeed
for some specialisations [Thommsen, 1984] This costly
analysis 1s not done by the compiler, instead, a simple
run-time check 18 generated

2 The chain case Suppose class B does not have at-
tribute p, but some class C does Then a path from C to
B forms an 1sA chain with respect to x p if C 1s a spe-
cialisation of B and every other speciahsation of B with
attribute p 1s also a speciahisation of ¢ The following
figure depicts the situation

Cx

D*

In this case, the expression, x p may actually be unde-
fined at run time (this 1s referred to as type uncertasnty),
but at least the expression 1s unambiguous in the sense
that if 1t has a value at all, the value will be an instance
of C p So when an attribute p 1s not defined for class
B, 1t 18 necessary to check the specialisations of B, 1n this
case class C, to determine the type of the expression x p
at compile time !2

3 The josn case Suppose now that p 1s not an at-
tribute of B and there are mutually disjoint specialisations
of B, say C1, C2, , Cn with attribute p Further assume
that any other specialisation of B with attribute p 1s also
a specialisation of one of C1, €2, , Cn The following
figure depicts a join of C1 and C2 with respect to B

B

Clx C2*

D*

Here x p 1s clearly ambiguous So 1n assigning a type to
the expression x p at compile tiume we need to consider
the n attribute defimitions associated with €1,C2, ,Cn
respectively Actually, the compiler treats x p as hav-
ing the type consisting of the umon of the instances of

12Finding the specialisations of B having attribute p 18 simphfied as
we maintain an “inverse attribute table” indexed on attributes which
gives us the classes on which any particular attribute 1s defined
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(ct p), (C2 p), , (Cn p) As well, the compiler
ehminates 1sA redundancies from the umon type 3

4 The meet case Suppose again that p 1s not an at-
tribute of B and there are specialisations of B, say C1,
C2, , Cn with attribute p, which have a common sub-
class D The following figures depict a meet having D as
a specialisation of C1 and C2

B Ax B
EY
\\\
\
\
Clx C2x* Cix C2%
D* Dx*

Schneider constraint
violated

Schneider constraint
satisfied

If there 1s no generalisation of C1, C2, , Cn with at-
tribute p (left diagram) then the case violates the Schner-
der constraint for attribute inhenitance as described ear-
lier Otherwise there 1s such a generalisation which 1s not
a speciahisation of B (A in the right diagram), we recognise
that the Schneider constraint 1s satisfied, and we treat
this as the josn of C1, C2, , Cn with respect to B

Let’s turn to implementation considerations The ex-
pression stack machinery found m standard Pascal-like
compilers 18 augmented to handle the propagation of type
uncertainty and type ambiguity

Type uncertainty This arises i the non-simple cases
(chasn, join and meet) when an attribute value selection
18 undefined at run time If the type of a sub-expression
18 uncertain then the uncertainty propagates up through
an expression For example, consider [x p q, y ] s,
which 18 a compound attribute selection with two sub-
jects (x p q and y r) on attribute s Suppose the type
of the expression x p 1s uncertain, then 1t follows that
the type of x p q 1s uncertain if 1t 18 defined at all On
the other hand, the type of y r 1s unaffected by the type
uncertainty of either x p or x p q As for the entire ex-
pression, [x p q, y r] s, the type 18 uncertain (af de-
fined at all) since the type of the sub-expression x p q
1s uncertain  So, to avoid losing information and thus
provide more accurate type checking, our data structure
design must allow propagation and use of the certasnty of
a nested sub-expression as far up as possible

Type ambigusty Since an expression can be ambigu-
ous (the josn or meet case), the data structures must
be extended to handle more than a single type for an

137 class T: (here €2 p = T: where 1 < 1 < n) 18 considered 154
redundant n T1, T2, ,Tnifthere1ssomeT)(1<y<nandi#))
such that T11s a speciahsation of Ty T1 1s regarded as redundant for
the purposes of type checking since all the pertinent information of
T1 18 conveyed by Ty



expression Consider the expression x p q where the
sub-expression x p 18 found to be ambiguous Suppose
the value range of x p 1s the union type C1 p, C2 p,

Cn p, then to determine the status of the whole ex-
pression, we must consider each case (C1 p) q,
(€2 p) q, ,{(Cn p) qindividually Note for the
expressionx p q to have a value at all at run-time, the at-
tribute q must be defined for at least oneof C1 p, €2 p,

» Cn p If the attribute q 1s defined for ezactly one
then the expression x p q, unlike the sub-expressionx p,
15 unambiguous That 1s, type ambiguity does not neces-
sarily propagate upwardly through an expression Note
further that even if the attribute q 1s defined for all of
€1 p,C2 p, ,Cn p,the wholeexpression may still
not have a value at run-time since the sub-expression x p
may not have one — that 1s, type ambiguity 1s a special
case of type uncertainty

3.2 Transaction Hierarchies

Like all classes, transaction classes can be specialised
Consider the defimtion

define AnyDataClass Manager 1sA Employee with

and suppose that we want to specialise the ReviewSalary
transaction so that for managers 1t increases (decreases)
therr salary depending on the profit (deficit) of their de-
partment 1n addition to an across-the-board salary mn-
crease (decrease)

define AnyTransactionClass
ReviewSalary(e Manager, incr Money)
1sA ReviewSalary(e Employee, incr Money)
with
actions
changeSal e sal <-
e sal + incr + (e dept profit / 10)
changeTotal e dept salTotal <-
e dept salTotal+incr+(e dept profit/10)
stockOption
endAnyTransactionClass

An nteresting feature of Taxis 1s the transaction call
rule, by which [x,1ncr] ReviewSalary will call the
ReviewSalary transaction associated with the most spe-
cialised classes of the arguments x (an employee) and
ancr (a salary increase) If x 1s an employee but not a
manager, ReviewSalary(e Employee, incr Money) will
be called, but ReviewSalary (e Manager, incr Money)
will be called if x 15 a manager In other words, a trans-
action call involves the selection of the most specialised
transaction that can perform a particular task 4 This
18 a powerful feature of entity-based frameworks For a
system that may include many variants of the same basic

14While not shown 1n the example, any or all of the parameters may
be speciahsed For 1nstance, different constraints could be apphed to
salary increases of different sizes
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operation, say ReviewSalary, the selection of the “right”
operation for a particular combination of arguments 1s
done at run-time automatically In fact, the programmer
cannot over-ride the use of the most specialised transac-
tion for a particular transaction call by saying something
like “review the salary of x considering x as only an em-
ployee, even though x 1s also a manager ”

We also note that the Taxis procedural exception han-
dhing mechanism uses the same transaction call rule The

caller of a transaction can specify an exception handler
Eg

[x,1ncr] ReviewSalary
exceptionHandler for NoMoneyAvailable
18 AskDarectors

Recall the example 1n section 21 If an exception 1n-
stance of NoMoneyAvailable 1s raised, execution of the
ReviewSalary transaction will be terminated, and the
handler transaction, AskDirectors, will be invoked in-
stead, using as arguments the attribute values of the ex-
ception instance In fact, the arguments will determine
the most specialised version of the handler transaction to
be mnvoked Thus introduces a dynamic aspect to selection
of an exception handler by combining a simple exception
handling model with the Taxis transaction call rule

We now consider the problem of implementing a mech-
anism to efficiently mvoke the most specialised transac-
tion for a particular call This 1s tied to the more general
problem of deciding how to compile transaction hierar-
chies

The 1ssues considered 1n evaluating different alterna-
tives for translating transaction hierarchies into a Pascal-
like language mnclude the space requirements for compiled
code, facility in selecting the night transaction for a par-
ticular call, and overall execution speed

Two extreme alternatives present themselves for the
compilation of transactions At one extreme, one subrou-
tine 1s created for every transaction Obviously, execution
of a particular transaction 1s fast, but the space requre-
ments for transaction code are high At the other ex-
treme, transaction bodies are assembled together at run
time by splicing prerequisite, action, postrequisite
and return expressions and statements This sumplifies
considerably the compiler’s job and leads to the gener-
ation of very compact code (no expansion of code 1s re-
quired), but execution 1s slower due to the overhead of
assembling a transaction

The Taxis compiler opts for an intermediate solution
based on the observation that statement atiributes are
the umts of inhentance for actions This suggests that
there 1s no need to duphcate the actual statements, as
long as we record which attributes should be executed
for a given list of parameters This fact can be exploited
i two different ways

1 A decasion table can be kept, with attribute versions
on one axis, and conditions for execution (1 e, the classes
of the parameters) on the other One compilation ap-
proach attaches “guards” to each version of an attribute



For the ReviewSalary(e Employee, incr Money) trans-
action we would have

Guard Attribute Code
Reference
Employee, Money changeSal Stmt01
Employee, Money report Stnt02
Employee, Money changeTotal | Stmt03

The Guard field means “execute the statement if the pa-
rameters are instances of the specified classes ” The Code
Reference points to the code for the statement, which 1s
stored only once

Now we extend the table to handle the case of
ReviewSalary (e Manager, incr Money)

Guard Attribute Code
Reference

(Employee, not Manager), Money | changeSal Stnt01
Employee, Money report Stmt02
(Employee, not Manager), Money | changeTotal | Stmt03
Manager, Money changeSal Stmt04
Manager, Money changeTotal | Stmt05
Manager, Money stockOption | Stmt06

Now the guard must block execution of the code for cer-
tain parameter combinations To execute a transaction,
one need only examine each line (entry), and execute
the code when the arguments meet the conditions of the
guards

Each statement 1s stored here only once, but the de-
cision table must also be stored, its space requirements
grow with the number of specialisations The guards also
become more complicated when there are several param-
eters Furthermore, a linear scan will not obtain the cor-
rect order of execution of specialisations (This could of
course be achieved by rearranging table entries at com-
pilation) Finally, the number of guard conditions eval-
uated at each transaction invocation will be far greater
than the number of attributes actually executed

2 Another alternative 1s to determine at transection
entry which attributes are to be executed, by considering
the arguments of the transaction call with a lookup table
such as

Transaction Transaction Action Code
Attribute Arguments Attribute Reference
ReviewSalary || Employee, Money (| changeSal Stmt01
reporsg Stmt02
changeTotal | Stmt03
Manager, Money changeSal Stmt04
report Stmt02
changeTotal | Stmt05
stockOption | Stmt08
AskDirectors

At execution, the arguments are checked against the table
and the most specialised combination 1s chosen

One method of compiling this 15 to post-process the
list of guards from Alternative 1 Another method 1s to
handle attribute inheritance for transactions in the same
way as for data classes and to store a code reference
with every prerequisite, action and postrequisite
attribute
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Alternative 2 1s used by the compiler for a number of
reasons selection 1s done only at transaction entry, avord-
g repeated evaluation of guards, a mimimum number of
attribute entries 1s examined, the decision table requires
more storage for the guards (although 1t has fewer en-
tries), the lookup table provides the desired ordering of
attributes, and compilation of transactions using a lookup
table 1s handled by the same compiler routines that han-
dle all other classes

3.3 Iterative Statements

Taxis adapts the iterative statement found in conven-
tional programming languages to exploit the three ab-
straction mechamsms of the data model (generalisation,
classification and aggregation)

An mmportant aim 1n designing the compiler was to
avoid repeated checking of expressions in the body of
a loop (e g, while iterating over all specialisations of a
class), whenever possible Here are the cases that were
treated

1 Classsfication This corresponds to iteration over
the elements of a finite set 1n conventional programming
languages For imstance, to print the average grade of
every student we have

for each instance y of Student do
(y averageGrade) prant

where Student 1s the “iteration class” This leads to
exactly the same type checking as with the declaration

y Student
(y averageGrade) print

according to the four basic cases for type checking de-
scribed previously We can also iterate through mnstances
of metaclasses, and use the same checking techmques For
example, to print the number of instances of each class
which 18 1tself an instance of the metaclass PersonClass
we have

for each instance cl of PersonClass do
(cl cardinality) prant

The case of nested 1teration 1s interesting

for each instance cl of PersonClass do
for each instance x of cl do
(x age) print

To avoid exponential checking, which arises when the 1t-
eration class 1s a variable (here, c1 mn the inner loop),
we must find a specific compile-time constant which best
represents the 1teration class at each level of nesting, and
permits a good measure of type checking in one scan of
the loop body To accomphsh this for nested instance iter-
ation, we introduce the data model constrant that each
metaclass must have a unique “most general mstance,”
1 e, all instances of the metaclass must be arranged in an
(1sA-defined) acychic graph with a unique top element



In view of the above, type checking proceeds as if the
inner loop header (for  do) in the example 1s replaced
by a local declaration x Person where Person 1s the
most general mstance of PersonClass Type checking
proceeds with the same rigour as the non-nested case
For example, the (static) type of x age 1s Person age

92 Generalieatsnn

2 (energlisalion This form of iteration allows us to

traverse the 1sA hierarchy in either direction To print
the age attribute type for specialisations of Person we
have

for each specialisation ¢ of Person do
(c age) prant

Type checking proceeds as if the loop header 1s replaced
by an assignment of the iteration class to the loop vari-
able

c <- Person
(¢ age) praint

Note that this differs from our other techniques for type
checking, 1in that we give the loop variable a value, not a
type This weak check 1s, 1n fact, reasonable since every
specialisation has at least the attributes of the iteration
class, and makes 1teration over speciahisations analogous
to iteration over instances

Likewise, we can iterate over generalisations of a class

for each generalisation ¢ of SeniorCitizen do
1f (70 instanceOf (¢ age)) then

For type checking, we use the same method as for spe-
ciahisation 1iteration,

¢ <~ SeniorCitizen
1f (70 instanceOf (c age)) then

but the results are different Now, when an attribute
(e g , age) 1s defined on the speafied iteration class (e g,
SeniorCitizen), attribute selection will not be vahd
whenever the attribute 1s undefined for a generalisation
However, we have an important negative result if an at-
tribute 18 undefined on the specified iteration class, we
know immediately that the expression 1s always erro-
neous In addition, this case can lead to strong conclu-
sions concerning attribute wvalues assume the
1f-condition 1s true when ¢ = SeniorCitizen, now if
any generalisation of ¢ does indeed have an age attribute,
the 1f-condition must be true

3 Aggregation The intention here 1s to allow iteration
over the attributes of a class

for each attribute p of Person do
(Person p) print

This can be used to write general transactions for user
interfaces for examination of the schema and the facts in
the database

for each specialisation ¢ of Any do
for each attribute p of c do
(c p) prant

128

Type checking for attribute iteration 1s equivalent to the
declaration

p AnyAttribute

before the loop body, where AnyAttribute has as instances
all defined attribute names for a particular schema

In some cases, the compiler can determine that an at-
tribute selection 1s a legal expression (1 e , the attribute 1s
defined for the subject), but cannot statically determine
the resulting value of an attribute selection This 1s the
only case 1n the compiler where type information cannot
be propagated when examining nested expressions Con-

sequently we denend on run-time checking for this case
sequently we depend on run-ume Caecxing Ior tnis <ase,

this 18 the price to be paid for the generality of this lan-
guage construct More strongly-typed languages do not
permut this kind of operation, reducing the need for run-
time checking

4 Inverse Atirsbute Iteration While the above itera-
tion forms are centred around classes and their attributes,
inverse attribute 1teration focuses on the attribute values
of a specified data entsty, say ent, by selecting all subject-
attribute pairs (subj, attr) such that subj attr = ent
A motivating use of this construct involves user-enforced
compliance with the deletion constraint (which prevents
an analogy of the “dangling pointer” problem in program-
ming languages)

locals
ent Person
actions

for each inverse attribute selection subj attr of ent do
sub) attr <- nothing
removeEntity ent

This 1s somewhat novel in that there are two 1iteration
variables Surpnsingly, reasonable type checking 1s pos-
sible, at least when the two vanables are used together
in the form subj attr, taking the type of subj attr to
be the same as the type of ent !° This 1s a weak check
because the loop body can contain assignments of the
form

subj attr <-

(which allows mverse references to be removed), thus the
type of sub) attr can change When subj and attr are
used separately, we only know that attr 1s an attribute

4 Compiler Description

The Taxis compiler design [Nixon, 1983] {Chung, 1984]
uses a Pascal subset compiler [Rosselet, 1980] as a model
The use of S/SL (Syntax/Semantic Language) [Holt, 1982]
1 specfying the compiler permuts a separation of con-
cerns the abstract data structures and operations are

15Finding the type of ent 18 fairly simple, due to a language re-
striction that the “Inverse entity” (e g , ent) must be a local variable
whose type 15 a data class



specified (1n S/SL) independently of the actual implemen-
tation (which in our case 1s wnitten in Pascal) S/SL 1s
a concise and portable language which permits the spec-
ification of functions, procedures and basic control-flow
constructs (iteration, alternation, procedure call, etc)

S/SL 1s useful not only for parsing, but also for semantic
analysis It aids compiler development and maintenance,
by providing a simple method of modifying both syntax
and the order of processing It makes the task of desigming
fairly large compilers more manageable by providing some
support for dividing a compiler 1nto modules However,
S/SL does not support scope rules, import and export
lists for modules, full abstract data types, or formal spec-
ifications We found we often had to place constraints in
the implementation-language which might be more swit-
ably specifiable at the S/SL level Examples include stat-
ing the inter-dependencies between two modules, or that
a procedure did not modify a data structure

Another difficulty we encountered, which 1s quite 1n-
dependent of our use of S/SL, was that 1t was generally
hard to cleanly specify, in orthogonal modules, concepts
which are pervasive throughout the language being com-
piled For example, specialisation (1sA) has an impact on
most features of Taxis, and had to be considered not only
n the 1sA module, but also in modules for other compo-
nents, such as those for class and attribute defimitions

Now we turn to the design of the compiler, which con-
sists of a parser, and two semantic analysis passes

The parser ensures that the source programme 1s syn-
tactically correct Error recovery in the parser exploits
the organisation of Taxis declarations as classes with cat-
egories contaimng atiributes Recovery from syntactic
errors can occur within each of these three levels As
a result, error recovery occurs by the end of the class
declaration which contains the syntactic error (and often
sooner), except 1n the case of missing “end” tokens The
parser produces a parse stream 1n a form that 1s suitable
for processing by subsequent passes For example, all
distinct 1dentifiers used in the programme are umquely
labelled Also, identifier names are made available to
subsequent passes (for error reporting) and to the run-
time system (e g , to support a user nterface for schema
queries)

The first semantic analysis pass statically ensures that
the data model constraints (such as the Schneider con-
straint) are indeed satisfied The pass builds data struc-
tures for class and attribute defimtions, and for 1sA and
instanceOf relationships, 1t also performs attribute inhern-
tance and statically checks that attribute specialisation 1s
done consistently Note that all class defimtions, be they
built-1n or user-defined, are treated in a umform manner
The resulting data structures are then examined in the
subsequent pass of the compuler (to ensure correct usage
of defined 1tems) and by the run-time system (whenever
defimitions are needed)

The second semantic pass receives expressions from
the first pass, and performs type checking using the data
structures created 1n the previous pass All expressions
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(whether they involve built-in operations, data access
routines or programmer-declared transactions) are stan-
dardised into a single format, to allow umform checking
and a single run-time paradigm of accessing all informa-
tion via attribute value selection with exception handhing
In addition, the specaification of exception handlers in ex-
pressions 1s processed 1n a manner which permits run-time
access to handler specifications with very httle overhead
(cf [Liskov, 1979)])

Once the sequence of attribute value selections has
been determined, 1t 1s transhterated mnto code (1n our
case, Pascal code) which allows procedure calls to be han-
dled as outhned in section 3 2

Throughout the implementation, we aim for portabsl-
sty of the compiler and of the code it produces, and re-
targetabslsty to standard relational database systems To
this end, the compiler uses and emits a restricted subset
of standard Pascal In addition, the relational database
interface 1s written 1n a layered manner, so that system
dependencies are captured at the lowest level, further-
more, only a hmited number of relational operators are
used

Generated code needs to be associated with consid-
erable amount of run-time support code which provides
standard routines (arnthmetic, input-output, etc ) and
an interface to relational database mampulation routines
which operate on the relations described 1n previous sec-
tions The bult-in routines are themselves best described
as Taxis transactions (e g , creating an entity has several
prerequisites, several actions, and can raise excep-
tions) In view of the large number of such routines (over
100) and associated exceptions, 1t was considered most
feasible to automatically create entries in the data struc-
tures for the built-in operations by boot-strapping, 1 e,
wrniting most run-time routines mn Taxis, and then com-
piling them (with some mimmal modification to the re-
sulting Pascal routines)

Here are some statistics on the size of the compiler
and run-time support code

COMPILER Lines of code
S/SL | Pascal || Total
Parser 2000 | 2000 | 4000
First Semantic Pass 7 000 | 15 000 |[ 22 000
Second Semantic Pass | 10 500 [ 5 500 || 16 000
Total 19 500 { 22 500 || 42 000
RUN-TIME SUPPORT Lines of code
Tazis | Pascal & C || Total
Built-in operations 3 000 1 000 {| 4 000
Database interface 5000 || 5000
Total 3 000 6 000 || 9 000 |

5 Conclusions

Development of the Taxis compiler addresses 1ssues that
are of concern to a variety of researchers, including the
implementors of semantic data models, knowledge-base



managers, and developers of compilers for object-oriented
languages

From a purely data pomt of view, the core prob-
lems of representing entities, relationships and class hi-
erarchies in a persistent store have also been dealt with
in such proneering efforts as the DAPLEX database sys-
tem [Chan, 1982] (discussed 1n Section 2), as well as ob-
Ject managers developed for Artificial Intelligence appli-
cations (e g, [Balzer, 1984]), and for SMALLTALK-80
(e g , [Maier, 1986]) The sigmficant novel 1ssues consid-
ered 1 this paper have been the run-time use of meta-
information, the more general iteration facilities and the
multiple inheritance available 1n the Taxis data model
We have, however, not taken into consideration 1ssues of
recovery and concurrency, which are of course very sig-
nificant, and which have been studied in such seminal
papers as [Atkinson, 1983

From the pomnt of view of procedural data manipu-
lation, the work on compiling object oriented language
such as SMALLTALK-80 [Goldberg, 1983] and the vari-
ous descendants of Simula, has considered such problems
as the specialisation of procedures and type checking in
the presence of class hierarchies However, previous work
has assumed specialisation of procedures along only one,
distinguished parameter — the receiver of the “message”
— while our work addresses specialisation according to
several parameters, as well as multiple inheritance In
addition, exception handhing had not been treated as part
of object-oriented languages until now

Perhaps the single most interesting aspect of the re-
search reported in this paper 1s the integration of these
features 1n a single linguistic framework and the develop-
ment of an implementation that deals wath all of them

The general aim of our approach 1n developing the
Taxis compiler has been to maintain expressive power as
much as possible for Taxis while offering reasonable run-
time performance The compiler itself was written 1in a
way that handles the different constructs of Taxis in a
uniform way This was facilitated by the umiformity of
Taxis itself

In addition to the features discussed above, Taxis of-
fers scripts for modelling long term processes such as em-
ploying someone (a process that begins when a person 1s
hired and ends when his employment 1s termunated) A
script [J Barron, 1982] 1s built around a Petr1 net skele-
ton of states connected by transition arcs, which are aug-
mented by activation conditions and actions to be carried
out 1if a transition fires Scripts have been integrated com-
pletely 1nto the Taxis framework, so that script classes are
organised 1nto an 1sA hierarchy according to their general-
1ty /specificity, have their states and transitions defined in
terms of attributes, and their instances can be accessed
through the same facihties used to access instances of
data classes This allows, among other things, queries
concerming the currently executing set of scripts How-
ever, the current implementation of the compiler does not
support this feature, though a design of the data struc-
tures and algorithms required has been studied 1n [Chung,
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1984] See also [Stonebraker, 1986] for an implementation
of active databases, with somewhat different design goals

The compiler described here 1s only a prototype It
does not allow separate compilation of classes, a fea-
ture that would be very useful in developing large sys-
tems Moreover, the compiler has not been integrated
with a Taxis programme development environment that
was built independently [O’'Brien, 1982} [O’Brien, 1983]
[Park, 1984] [Mylopoulos, 1986] and was implemented 1n
LISP Finally, and perhaps most importantly, the com-
piler has not been tested yet to study its performance
characteristics and to determine areas for improvement
In our view, semantic data models are a first attempt
mport Knowledge Representation concepts to
Databases We expect new waves of imported concepts
as they are developed by Artificial Intelligence research
and as their need 1s acknowledged in Database research
For this cross-fertilisation to be successful, performance
1ssues for knowledge representation languages must be
addressed using the kinds of analytic tools and imple-
mentation techniques that were developed for database
management systems

to
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