P ersisten t Program ming Languages:

The Best of Both W orlds

Rex Jak ob o vits

Departmen t of Computer Science and Engineering, FR-35

Univ ersit y of W ashington

Seattle , W ashington 98195

Decem b er 9, 1993

Abstract

The in tegrat ion of databases and programming langauges is b eing

motiv ated from t w o directions. The database comm unit y requires a

more exible and p o w erful w a y of mo deling the w orld, whereas the

programming language comm unit y w an ts the con v enience of a reli-

able, e�cien t means of enabling en titie s to p ersist b et w een program

in v o catio ns. T raditionally

, the query facilities pro vided to database

users are not computationally complete, precluding arbitrarily com-

plex pro cessing of data. F urthermore, they supp ort only primitiv e

data t yp es, making them inappropriate for mo deling certain real w orld

applications. Pro cessing m ust b e done o�-line in a host language, but

translation b et w een the database and the language results in an im-

p edence mismatc h problem. One solution is to extend an existing

programming language with the notion of p ersistence, enabling it to

seamlessly in teract with the storage manager. This pap er is a surv ey

of suc h e�orts and the issues in v olv ed, fo cusing primarily on p ersisten t

ob ject-orien t ed languages.

Con ten ts

1 In tegrating Databases and Programming Langua ges 4

1.1 The Programming Language P ersp ec tiv e : : : : : : : : : : : : 4

1.2 The Database P ersp ectiv e : : : : : : : : : : : : : : : : : : : : 4

2 Ov ercoming the Imp edence Mismatc h Problem 5

2.1 Milestones in P ersis ten t Programming Langauge Dev e lopme n t 6

3 Comparison to Relational Database s 7

4 Case Study: Tw o Ob ject-Orien ted Databases 7

4.1 T ransparen t P ersistenc e : : : : : : : : : : : : : : : : : : : : : 8

4.2 Declarativ e Query F acilit y : : : : : : : : : : : : : : : : : : : : 10

4.3 Collections and Iterators : : : : : : : : : : : : : : : : : : : : : 11

4.4 Constrain ts : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12

A Activ e Databases: T riggers 15

A.1 Once-Only T riggers : : : : : : : : : : : : : : : : : : : : : : : : 15

A.2 P erp etual T riggers : : : : : : : : : : : : : : : : : : : : : : : : 16

A.3 In tra-Ob ject vs. In ter-Ob ject T riggers : : : : : : : : : : : : : 16

A.4 Eager vs. Lazy Computation : : : : : : : : : : : : : : : : : : : 17

A.5 T riggers and Constrain ts in Other Systems : : : : : : : : : : : 17

B Misc. F eatures of Ob ject-Orien ted Database Systems 18

B.1 Mandatory F eatures : : : : : : : : : : : : : : : : : : : : : : : 18

B.2 Optional F eatures : : : : : : : : : : : : : : : : : : : : : : : : : 19

B.3 Swizzling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19

B.4 Referen tial In tegrit y : : : : : : : : : : : : : : : : : : : : : : : 20

B.5 V ersioning : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

C Other Ob ject-Orien ted Systems 21

C.1 BET

A : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21

C.2 PR

OCOL : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22

D Constrain t-Based Imp erativ e Language s 23

D.1 Constrain ts and Ob ject Iden tit y : : : : : : : : : : : : : : : : : 23

D.2 Kaleidoscop e : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

D.3 Adding T ransactions to Kaleidoscop e : : : : : : : : : : : : : : 23

D.4 T ec hniqu es for In tegration: Summary : : : : : : : : : : : : : : 24

E P ersisten t Prolog: Motiv ation and Issues 25

E.1 Exp ert Systems : : : : : : : : : : : : : : : : : : : : : : : : : : 25

E.2 Wh y Prolog Could Use P ersis tenc e : : : : : : : : : : : : : : : 26

E.3 Database In terface for Prolog : : : : : : : : : : : : : : : : : : 27

E.4 T ranslation Bet w een SQL and Prolog : : : : : : : : : : : : : : 27

E.5 Meta-T ranslation : : : : : : : : : : : : : : : : : : : : : : : : : 29

E.6 MIMER: A Bac k End to Prolog : : : : : : : : : : : : : : : : : 29

1 In tegrating Databases and Programming

Languages

The in tegration of databases and programming langauges is b eing motiv ated

from t w o directions. The database comm unit y requires a more exible and

p o w erful w a y of mo deling the w orld, whereas the programming language

comm unit y w an ts the con v en ienc e of a reliable, e�cien t means of enabling

en tities to p ersist b et w ee n program in v o cations.

1.1 The Programming Language P ersp ectiv e

F rom the programmer’s p ersp ectiv e, implemen ting the functionalit y of a

database is no small task. Most programming languages pro vide some mec h-

anism for recording information to disk at the gran ularit y of a �le. Without

a database, m uc h time and e�ort w ould b e sp en t within applications con-

v erting structured en tities of the language in to a at, unstructure d format

suitable for �le transfer. This is further complicated b y the presenc e of im-

plicit ob ject iden tit y , as p oin ters b et w een ob jects m ust b e translated in to

explicit ids and recorded so that the corresp onding links can b e rebuilt.

But a database pro vides more than just a means of e�cien tly storing

and retrieving large v olumes of data. It allo ws concurren t access to data b y

m ultiple programs and users, while guaran teeing data in tegrit y , (i.e. protect-

ing the data from in v alid up dates via atomic transactions). T o pro vide suc h

features without a database w ould require the programmer to use the under-

lying �le system as a lo c king mec hanism . The application programmer w ould

need to b e concerned with the details of ph ysic al storage, suc h as cac hing

disk up dates, main taining lo w-lev el data structures, and supp orting reco v-

erabilit y in the face of hardw are failure. F urthermore, a database pro vides

a high lev el in teractiv e query language, whic h allo ws simple queries to b e

express ed elegan tly , and enables the use of indexing capabilities to impro v e

resp onse time for frequen tly accessed �elds.

1.2 The Database P ersp ectiv e

T raditionally

, the query facilities pro vided to database users are not compu-

tationally complete languages, precluding arbitrarily complex pro cessing of data. F urthermore, they supp ort only primitiv e data t yp es, suc h as strings,

oats, and in tegers, whic h mak es it inappropriate for mo deling certain real

w orld applications.

1

The reason for suc h limitations is that they enable the

system to p erform automatic query optimizations whic h w ould not b e p os-

sible in a more general language. Ho w ev e r, if the database user required

more complex pro cessing and mo deling, the use of an external programming

language w as necess ary .

Some systems allo w ed the user to em b ed query pro cessing facilities in

a host language b y linking with library mo dules, and calls to the database

w ere treated lik e remote pro cedure calls, where the data w as sequen tially

marshalled from the database in to atomic v ariables via parameter passing,

and those data t yp es w ere then con v erted in to the arbitrary data structures

preferred b y the language. This w as generally ine�cien t, and lead to a b ot-

tlenec k, in whic h the program is constricted b ecause it has to force it’s data

in to primitiv e formats whic h are p erhaps unnatural. This b ecame kno wn as

the imp e denc e mismatch pr oblem, whic h w as analogous to the problem faced

b y programmers trying to con v e rt their data structures in to a format suitable

for storage in a at-�le system .

2 Ov ercoming the Imp edence Mismatc h Prob-

lem

One approac h for o v ercoming the imp edence mismatc h problem is to extend

an existing programming languages with the notion of p ersistence , enabling it

1

The earliest databases w ere hierarc hical, in whic h the relationships b et w een data ob-

jects w ere represen ted b y p oin ters to disk lo cations, and the user w as required to explictly

tra v erse access paths through the ph ysical medium. Because the ph ysical details of the

database w ere not hidden from the user, c hanging the structure of the data (i.e. adding a

�eld to a record) w as di�cult, since the corresp onding access paths had to b e up dated b y

the user.

In resp onse to this problem, a new class of databases emerged: the r elational database.

In relational systems, the ph ysical details are abstracted a w a y from the user, and replaced

b y a logical view of the data. Data is organized in to records, whic h are comp osed of

logically related data items. Eac h record (or \tuple") consists of a group of named �elds,

eac h of whic h conforms to a basic data t yp e, suc h as in teger, oat, or string. Records w ere

group ed together to form tables of data whic h could b e retriev ed b y the user through a

standard relational query language.

to seamlessl y in teract with an ob ject manager.

In suc h a system , p ersisten t

structures can b e directly manipulated b y the language, and facilities are

pro vided to supp ort relational query tec hnique s o v er sets of data.

2.1 Milestones in P ersisten t Programming Langauge

Dev elopmen t

The in tegration of database managemen t facilities with a programming lan-

guage w as pioneered in P ascal/R [22], an extension of P ascal designed and

implemen ted in the mid 1970’s. The succes s of the P ascal/R system demon-

strated that it w as p ossible to extend the t yp e system of a language to

accomo date the relational mo del. Database sc hema w ere represen te d b y a

sp ecial tuples t yp e, whose instances w ere able to p ersist b ey ond the lifetime

of a program.

The �rst language to demonstrate uniform p ersistence w as PS-algol.[4 ].

Whereas p ersistenc e in P ascal/R w as limited to a subset of the t yp es ex-

pressible in that language, PS-algol allo w ed all t yp es b e declared p ersisten t.

The notion of p ersistenc e b eing orthogonal to t yp e has b ecome an imp ortan t

feature of mo dern systems , allo wing programmers to apply pre-existing co de

to p ersisten t en tities with little or no mo di�cation.

The �rst ob ject-orien ted langauge to b e extende d with p ersistence w as

Smalltalk in the early 1980’s, whic h lead to the Gemstone system [16]. The

soft w are engineering b ene�ts of ob ject-orien ted databases mak e them com-

mercially viable for suc h CAD to ols, o�ce information system s, graphical

information system s, and image pro cessing applications. So on, n umerous

implemen tations of p ersisten t ob ject-orien ted languages b egan to arise, most

of whic h w ere an extension to C++. These systems w ere mostly exp erime n-

tal, and v aried greatly in their handling of p ersistence , due to the lac k of a

formal mo del for ob ject-orien ted databases. The next section discusse s some

emergen t prop erties of these syste ms.

2

Another approac h w as to extend the existing relational query language with new

functionalit y to increase their p o w er and exibilit y . Some query languages, suc h as TEDM,

w ere enric hed b y allo wing declarativ e Prolog-st yle clauses, suc h as TEDM. Others systems

w ere giv en ob ject-orien ted prop erties, suc h as Iris’s Ob ject-SQL, or extensions to INGRES’

QUEL.

3 Comparison to Relational Databases

T raditional relational database applications w ere c haracterize d b y a slo w,

constan t rate of data gro wth, and infrequen t, cen tralized up dates to database

sc hema. But ob ject-orien ted databases tend to in v olv e a m uc h more sp oradic

pattern of data creation and sc hema design. Changes to sc hema are frequen t

and made b y m ultiple users instead of a cen tral database administrator.

T raditional databases allo w a small n um b er of atomic, �xed-size data

t yp es, with a large n um b er of instances of eac h t yp e. In con trast, ob ject-

orien ted databases con tain an arbitrarily large n um b er of t yp es whic h are

extremely v aried in size and structure (e.g. do cumen ts, images, etc.), and

there ma y b e only a few instances of eac h t yp e. The relationships b et w een

t yp es in a traditional database are mostly simple and �xed, whereas ob ject-

orien ted applications are c haracterized b y complex in ter-ob ject relationships

whic h are sub ject to frequen t c hange.

In relational systems , transactions are �ne-grained and short-liv ed, sup-

p orting strong consistenc y during concurren t access. Ho w ev er, ob ject-orien ted

database applications suc h as CAD dev elopme n t require transactions to b e

long-liv ed and ma y in v olv e large p ortions of the database sim ultaneous ly .

Suc h systems m ust ha v e a relaxed view of data consistenc y in order to sup-

p ort concurren t access.

Relational systems are value oriente d, in whic h relationships b et w een

records are established b y ha ving attributes with common v alues. Ob ject-

orien ted langauges are r efer enc e oriente d, in whic h relationships are estab-

lished b y em b eddi ng the iden tit y of one ob ject within another.

Data access in a relational syste m consists of asso ciativ e joins within a set-

based, closed algebra. Queries do not in v olv e user-de�ne d op erations, and

optimization tec hniq ues are relativ ely easy to implemen t. Ob ject-orien ted

applications could b ene�t from suc h a query mec hanis m, but it is more nat-

ural to access data b y navigation, i.e. tra v ersing a path of p oin ters b et w een

ob jects.

4 Case Study: Tw o Ob ject-Orien ted Databases

In order to illustrate some of the issues that arise in ob ject-orien ted databases,

w e will compare the features of t w o existing syste ms: ODE, a protot yp e system designed at A

T&T, and Ob jectStore, a commercial pro duct from

Ob jectDes ign. Both are p ersisten t extensions to C++. Both meet all the re-

quiremen ts describ ed in the previous section, pro viding facilities for creating

and manipulating p eristen t ob jects, v ersioning, and asso ciating constrain ts

and triggers with ob jects.

4.1 T ransparen t P ersistence

One of the main goals of Ob jectstore w as to pro vide a uni�ed programmatic

in terface, in whic h p ersistenc e is truly orthogonal to t yp e. F rom the pro-

grammer’s p ersp ectiv e, there is no di�erence b et w een p ersisten t and v olatile

ob jects. Dereferen cing p oin ters is syn tactic ally the same in b oth cases. V ari-

ables do not need to ha v e their t yp e declarations c hanged when p ersisten t

ob jects are used. Th us, C++ co de written for transien t ob jects can b e used

directly on p ersisten t ob jects with little or no mo di�cation. A p oin ter can

refer to p ersisten t or transien t data at di�eren t times during program exec u-

tion. F urthermore, the access sp eed for p ersisten t ob jects is usually equal to

that of dereferenc ing transien t data already in memory .

By con trast, ODE programmers m ust treat p ersisten t ob jects di�eren tly

from transien t ob jects. There are three t yp es of p oin ters in ODE: v olatile

p oin ters, p ersisten t p oin ters, and dual p oin ters. V olatile p oin ters can only

refer to v olatile ob jects. P ersiste n t p oin ters can only refer to p ersisten t ob-

jects. A new p ersisten t ob ject is allo cated b y calling the sp ecial constructor

pnew, whic h generates a unique ob ject id that can b e stored in a p ersisten t

p oin ter:

persis tent Person *p;

p = pnew Person(‘‘ Jon Smith’’ );

The third p oin ter t yp e, dual p oin ters, can refer to either v olatile or p ersisten t

ob jects, and the question of p ersistence is determined at run time. Unlik e

Ob jectstore p oin ters, a dual p oin ter in ODE cannot refer to b oth v olatile and

p eristen t ob jects within the same program; once it is assinged to a p ersisten t

ob ject, it can only refer to p ersisten t ob jects, and vice-v ers a.

The ODE designers rejected the Ob jectstore approac h to p ersisten t p oin t-

ers b eause they w an ted an e�cien t implemen tation whic h w ould not require

sp ecial hardw are assists. By ha ving no restrictions on p oin ters, a run-time

c hec k w ould b e required on ev ery p oin ter dereferenc e. If a p oin ter happ ened to p oin t to a p ersisten t ob ject, it’s address m ust b e translated b y the ob-

ject manager b efore it is accesse d. This c hec k w ould imp ose unacceptable

o v erhead on dereferenci ng non-p ersisten t p oin ters, esp ecially considerin g the

hea vy use of p oin ters in C++.

Ob jectstore a v oids this run time o v erhe ad b y o v erloading the op erating

system’ s underlyin g page-fault mec hanis m. The addresses of p ersisten t ob-

jects are denoted with illegal v alues (e.g. negativ e n um b ers ), so references

to them automatically incur segmen t violations. The ob ject manager in ter-

cepts the segmen t violations and p erforms the appropriate translation in to

p ersisten t store.

Although this tec hnique com bines the adv an tages of transparen t p ersis-

tence and fast access, it su�ers from four problems:

1. In man y op erating systems , applications are allo w ed to in tercept the

segmen t violation signals. Suc h actions ma y inadv ertan tly in terfere

with the ob ject manager, rendering p ersisten t ob jects inaccess ible . I

encoun tered this problem while trying to build an application using

Ob jectstore, and it w as an extremely di�cult bug to iden tify .

2. A user program ma y erroneously generate an illegal address whic h the

ob ject manager ma y in terpret as a v alid p ersisten t address. Th us, the

robustness of the syste m has b een compromised.

3. P oin ters to p ersisten t ob jects are no w limited to the size of ordinary

p oin ters. This ma y b e a problem for larger databases, whic h ma y

require more address space than can b e represen te d b y a normal sized

p oin ter. Also, it reduces the exibilit y of what information ma y b e

stored as part of a p ersistan t ob ject’s id.

4. T rapping mec hanis ms are arc hitecture and op erating-system dep en-

den t, and there is no mac hine -indep end en t w a y to generate an illegal

address, so the database system will b e hard to p ort across syste ms.

By allo wing the user to declare p oin ters to b e of one t yp e or another,

p ersisten t references can b e handled at compile-time, eliminating all four

problems. The ODE designers also claim that their p oin ter sc heme leads

to b etter program readabilit y and allo ws b etter error c hec kin g b y the com-

piler. In m y exp erienc e with b oth systems , ho w ev er, I am con vinced that the con v enie nce of a single uni�ed p oin ter mec hanism out w eighs the problems

describ ed b y ODE.

4.2 Declarativ e Query F acilit y

One of the requireme n ts of a p ersisten t programming language is to pro vide a

high lev e l query language. The query language m ust b e declarativ e, allo wing

rela vitely complex data structures to b e queried simply

, and should pro vide

ob vious handles for query optimization.

The ODE syste m pro vides a declarativ e fron t-end language called CQL++

whic h is based on a t yp e-generic ob ject algebra that preserv e s the closure

prop ert y of standard SQL. CQL++ allo ws users to directly manipulate ob-

jects without explicit use of their ob ject ids. The encapsulation prop erties

of the O++ v ersions of the ob jects are preserv e d, i.e. CQL++ users are not

giv en access to priv ate metho ds and data mem b ers. There are 3 views of

an ob ject: the CQL++ view, the O++ de�nition, and the ob ject manager’s

view, whic h consists of an <ob ject id,state> pair[21]. The state corresp onds to

the priv ate and public data mem b ers of the O++ ob ject. The O++ ob ject

also consists of computed attributes, up date metho ds, and other metho ds

(non-up dates). F rom the CQL++ user’s p ersp ectiv e , the ob ject merely con-

sists of a set of query attributes (formed b y the public data mem b ers and

computed attributes), and the up date metho ds.

An example of a CQL++ query is:

SELECT E.name, E.age( ), E.dept.na me

FROM Employee E

WHERE E.salary > 50000

In a relational database, the query w ould return a table consisting of

three columns corresp onding to the three selection attributes. In CQL++,

SELECT creates a new anonymous ob ject t yp e whic h con tains data mem b ers

corresp onding to the selection attributes. In this case, the anon ymous ob ject

t yp e has data mem b ers extracted from b oth the Emplo y e e class and the

Departmen t class. Although the attribute E.age() w as originally a metho d,

it is represen ted as a simple data mem b er in the anon ymous class.

New ob jects can b e created via the INSER

T statemen t. The follo wing

statemen t creates a new Course ob ject b y in v oking the Course constructor.

The set of Studen ts in the Course ob ject will b e initialized to con tain all

Studen t ob jects whose y ear data mem b er con tains the string ’�st y ear’:

INSERT INTO Course

VALUES (’CSE’, 505,

SELECT * FROM Profess ors WHERE name = ’Borning’ ,

SELECT * FROM Student s WHERE student .yea r = ’firsty ear’ )

CQL++ also pro vides DELETE and UPD A TE statemen ts . The UP-

D A TE statemen t allo ws the user to set public data �elds directly

, or in v ok e

public mem b er functions for up dating the ob ject.

4.3 Collections and Iterators

In addition to CQL++, ODE also allo ws the expres sion of recursiv e queries

through set iterators. In O++, sets are part of the language, and built-in

op erators allo w assignmen t, union, di�erence, in tersec tion, deletion, and set

iteration. The iteration facilities pro vide an alternativ e to using ob ject-ids

for na vigation. An arbitrary join can b e express ed b y iterating o v er clusters ,

3

with join conditions sp eci�ed as iteration conditions. This is ac hiev e d with

the for and suchthat clauses, inspired b y SQL.

4

Iterators can b e nested,

as demonstrated b y the follo wing O++ statemen t for retrieving a set of all

emplo y e es who mak e high salaries and w ork in the same departmen t as Alex:

persis tent Employe e *overpaid <>;

for p in Employees

for q in p->dept ->e mps

suchthat (p->sala ry > 50000 && q->name == ’Alex’)

overpaid ->in ser t(p) ;

3

All p ersisten t ob jects of the same class are group ed together on disk in a cluster

named after the class. Th us, clusters are t yp e exten ts. The de�nition of new classes

causes the ob ject manager to automatically create a cluster for that t yp e, and whenev er

a new instance is created, a p oin ter to it is inserted in the appropriate cluster. The

programmer is freed from explicitly sp ecifying and main taining a class exten t.

4

The for statemen t applies only to ob jects whic h directly b elong to the sp eci�ed class,

and not ob jects of descenden t classes. T o facilitate iteration o v er all instances of a class

hierarc h y , O++ pro vides the for al l statemen t.

Ob jectstore pro vides a similar mec hanis m with a sligh tly di�eren t syn tax.

The ab o v e query w ould b e express ed as:

os_Set <Emp loye e*>o ver paid =

all_em ploy ees

[: salary > 50000 &&‘

dept->e mps[ :

name == ’Fred’ :] :]

Note that this is really a relational join. There are t w o paths along whic h

to p erform the query

. One path is to iterate o v er the eac h emplo y ee in the

emplo y e es set: for eac h emplo y ee that is o v erpaid, the query solv er tra v erse s

that emplo y e e’s dept p oin ter to see if the departmen t con tains F red. The

second path starts with F red, tra v erses his dept p oin ter and then iterates

o v er all the emplo y e es in that departmen t, c hec k ing their salaries.

The query optimizer m ust decide whic h path to na vigate based on the

cardinalit y of eac h set and the presenc e of indices o v er data mem b ers .

Index main tenance is di�cult, since arbitrary up dates ma y in v olv e side-

e�ects for up dating index v alues. If Emplo y ee instances are frequen tly ac-

cessed via their salary

, it w ould b e desirable to ha v e an index o v er that data

mem b er. But it w ould not b e practical to incur a run-time c hec k on ev ery

ob ject up date to determine if index main tenance is required. Ob jectstore

solv es this problem b y requiring the programmer to use the indexable k ey-

w ord to explici tly tag those data mem b ers whic h could p oten tially b e used

as index t yp es, the appropriate handling can b e set up at compile-time.

4.4 Constrain ts

Constrain t facilities ha v e b een traditionally pro vided in databases to main-

tain consistency b ey ond what is t ypically express ible b y the limited t yp e

systems t ypically a v ailable. In p ersisten t programming languages, the func-

tionalit y of constrain ts can b e implemen ted b y the programmer. Ho w ev er, a

constrain t facilit y w ould still b e useful, enabling the programmer to sp ecify

constrain t relations declarativ ely rather than pro cedurally .

The database comm unit y and the programming language comm unit y

ha v e t w o di�eren t in terpretations of the notion \constrain t main tenance". In

a constrain t-based programming language, constrain t main tenance in v olv e s a constrain t solv er whic h resolv es constrain t violations via p erterbation or

re�nemen t of underconstraine d v alues. In traditional database systems , the

notion of constrain t main tenance is m uc h more primitiv e : if a constrain t is

violated, simply ab ort the transaction and roll bac k an y up dates that ha v e

o ccured. Constrain t main tenance in database system s has t ypically b een

limited to constrain t dete ction.

ODE pro vides the latter form of constrain t main tenenc e. The O++ lan-

guage allo ws users to annotate class de�nitions with constrain ts (arbitrary

b o olean expressi ons) o v er their data items. Tw o kinds of constrain ts are pro-

vided: deferred and immediate.

5

n ODE terminology

, a deferred constrain t is

called soft, and an immediate constrain t is called har d. In a constrain t-based

programming language, hard and soft refer to the lev el of compliance ex-

p ected of a constrain t rather than the gran ularit y of enforcemen t. T o a v oid

confusion, I ha v e c hosen to rename the ODE constructs for this discus sion.

Immediate constrain ts are c hec k ed ev ery time an ob ject is up dated. Deferred

constrain ts are c hec k ed only at the end of a transaction. In database sys-

tems, a transaction is often the smallest unit across whic h in tegrit y m ust b e

main tained. Finer gran ularit y can b e problematic, forcing an o v erly strict

ordering among ev en ts within a transaction. Consider, for example, a c hec k -

b o ok balancing application in whic h a the balance is constrained nev e r to

fall b elo w zero. In a single transaction, the user ma y write some c hec k s and

mak e a dep osit. In this case, a deferred transaction is appropriate, since w e

are only concerned with the balance at commit time.

Another reason for ha ving deferred constrain ts is to allo w compleme n tary

constrain t relationships to b e main tained. Consider the classic example in

whic h a p erson’s sp ouse m ust ha v e that p erson as a sp ouse:

class person

{

...

persistent person *spouse ;

constraint :

(spouse == NULL) || (this == spouse-> spou se);

};

Without deferred constrain ts, it w ould b e imp ossible to record a marriage,

5

I since as so on as w e tried to up date one of the newlyw eds , the constrain t w ould

b e violated.

Ob jectstore pro vides a di�eren t solution for main taining compleme n tary

relationships. The Ob jectstore language allo ws programmers to declare in-

verse p ointers. If one side of the in v ers e p oin ter is set or deleted, the other

side is automatically up dated. This is a p o w erful mec hanis m for main taining

referen tial in tegrit y , freeing the programmer from ha ving to implemen t ref-

erence coun ting and garbage collection tec hnique s. In v e rse p oin ters are fully

in tegrated with the collection facilities, and can b e one-to-one, one-to-man y ,

or man y-to-man y . Here is an example of a one-to-man y relationship:

class Student

{

public:

...

Departm ent* dept

inverse member Departme nt:: grad s;

};

class Departme nt

{

public:

os_Set< empl oyee *> grads

inverse member Student: :dep t;

}

Whenev er a Studen t is inserted in to a Departmen t’s set of grads, the Stu-

den t is automatically up dated to refer to the Departmen t, and vice-v ersa.

Similarly

, when a Studen t is deleted from a Departmen t’s set of grads, the

dept p oin ter in the Studen t is set to n ull. If alex is curren tly in cse dept,

and alex->dept is reset to p oin t at history dept, then alex is remo v e d from

cse dept->studen ts and put in history dept->studen ts automatically .

In b oth ODE and Ob jectstore, constrain ts ob ey the inheritence mec ha-

nism. Deriv ed classes inherit the constrain ts of paren t classes and can b e

sp ecialized with new constrain ts. Hierarc hic al constrain ts can b e useful in

man y applications, suc h as frame-based kno wledge bases.

I plan on extendin g this pap er, and this app endix is a rough draft of

future sections. Commen ts and suggestions appreciated!

A Activ e Databases: T riggers

In traditional passiv e syste ms, soft w are comp onen ts that up date ob jects m ust

themselv es recognize the consequ enc es of the up date and then p erform the

appropriate actions. This compromise s s/w mo dularit y , since the up dating

comp onen t is logically p erforming the task of another s/w comp onen t that

should resp ond to the up date. Mo dularit y can b e main tained b y ha ving a

separate s/w mo dule that p olls the ob jects and tak es appropriate actions

when they are c hanged in sp eci�ed w a ys. but this w astes resources, and

resp onse time dep ends on p olling p erio d.

P assiv e systems are program-cen tric: applications m ust themselv es c hec k

ob ject states and initiate actions if conditions are satis�ed. activ e db is data-

cen tric. triggers automatically

, applications need not w orry ab out it. Actions

can b e noti�ed b y trigger if appropriate.

triggers. sometimes called \alerters" or \monitors". lik e constrain ts,

monitor db for some conditions, except these conditions do not represen t

consistenc y violations. when trigger cond b ecomes true, trigger action is

executed . activ e database.

A.1 Once-Only T riggers

triggers asso ciated with ob jects. t w o t yp es. onc e-only (default), and p erp et-

ual. once-only deactiv ated after it �res. can b e reactiv ated explicitly

. triggers

sp eci�ed within class defns:

trigger:

[perpetu al] T1 (params) : body

trigger body:

trigg-co nd ==> trigg-ac tion

timed trigger:

within expressio n ? trigger -con d ==> trigger-a ctio n

[: timeout-a cti on ]

timed trigger m ust b e �red within sp eci�e d p erio d, or timeout action is

�red.

to explic itly activ ate:

object \_id ->T1 (arg s)

when condition b ecomes true, trigger \�res", i.e. action b ecomes sc he d-

uled for action. indep enden t transaction is created with trigger in b o dy .

trigger conditions are ev aluated at the end of eac h transaction. trigger trans-

action w eakly coupled to trigger action, i.e. o ccurs sometime after �ring, but

not neces sarily imediately after.

trigger ma y explicitly b e deactiv ated b efore �red:

~objec t-id ->T1

sp ecial macro for use in trigger conds:

change d arg

true if arg has c hanged in curren t transaction, false otherwise .

A.2 P erp etual T riggers

p erp etual triggers cannot b e sim ulated with once-only triggers b y reactiv ating

trigger after trigger action. trigger action executed at some later time, so

trigger will b e inactiv e for the p erio d un til activ ation instruction in trigger

action o ccurs.

class stock {

public :

double price;

...

trigge r:

sellorde r(in t amount, double lowlimit, double time):

within time ? price > lowlimi t ==>

sellstoc k(th is, amount, price);

};

A.3 In tra-Ob ject vs. In ter-Ob ject T riggers

ODE uses in tra-ob ject triggers. in tra = trigger asso ciated with a particular

ob ject, and condition is ev aluated when the ob j is up dated. in ter = con-

dition ev aluated for m ultiple ob jects. for in ter, w ould need to list trigger in de�nition of eac h ob j in v olv ed. alternativ ely: use a mec hanism based on

\friend". ph ys ical lo calit y mak es in tra-ob ject constrain ts and triggers more

e�cien t. when ev en t o ccurs, ob ject b eing up dated is already in memory

. [11]

sa ys that \most in ter-ob ject constrain ts and triggers can b e implemen ted us-

ing one or more in tra-ob ject constrain t or triggers...A t ypical case is the

\emplo y ee ’s salary no greater than the manager’s salary" example. This is

clearly an in ter-ob ject constrain t...this in ter-ob ject constrain t is then con-

v erted in to t w o compleme n tary in tra-ob ject constrain ts, one to b e asso ciated

with the emplo y e e and the other to b e asso ciated with he manager." p.14

[double-dispatc hin g?]

[m ultiple dispatc hi ng! m ulti-constrain ts ]

A.4 Eager vs. Lazy Computation

eager or lazy computation? supp ose ev ery ob ject has attribute age() whic h

ma y c hange on ev ery clo c k up date. eager metho d ine�cien t: compute new

age for ev ery p erson on ev ery clo c k up date. but attribute whic h is refer-

enced often and up dated infrequen tly should use pre-computation, i.e. ea-

ger. reasonable system should pro vide b oh options. ho w to c ho ose whic h

one? POSTGRES optimizer decides . for ODE, virtual attributes are used to

sp ecify computation on demand, and triggers are used to sp ecify computaion

on up date.

A.5 T riggers and Constrain ts in Other Systems

trigger and constrain t mec hanism s related, b ecause constrain ts can b e im-

plemen ted as triggers. sep erate facilities pro vided b ecause they are logically

di�eren t: constrain ts are used to ensure consistenc y: violation causes vi-

olating transaction to b e ab orted. in con trast, triggers are not concerned

with consisten cy

, they are initiated as sep erate transactions. all ob jects of

same t yp e ha v e the same constrain ts, but di�eren t triggers ma y b e activ e or

de-activ e for ob jects of same t yp e.

facilities for activ e dbs �rst app eared in COD

ASYL: ON conditions.

System R pro vided triggers and constrain ts as mec hanis m for enforcing

in tegrit y .

Sybase pro vides facilities to sp ecify R

ULES and TRIGGERS. R

ULES are

in tegrit y constrain ts that go b ey ond column datat yp e with no actions associated. TRIGGER is a sp ecial kind of stored pro cedure that go es in to e�ect

when sp eci�ed table is up dated. roll bac k c hanges that violate constrain t.

can only b e a�ected b y c hanges to only one table. at most 3 triggers p er

table: up date, insert, delete trig. one trig cannot call another.

these limits not in o de.

in man y systems , in tegrit y constrain ts and triggers are express ed in a

sep erate lang that is distinct from normal db query lang. di�cult to in v ok e

arbitrary actions when suc h triggers and constrain ts �re. di�cult to c hec k

conditions on ev ery up date.

B Misc. F eatures of Ob ject-Orien ted Database

Systems

�eld of o o dbs is curren tly getting lots of atten tion from b oth exp erimen tal

and theoretical standp oin t. �eld is c haracterized b y lac k of common data

mo del, lac k of formal foundations, and strong exp erime n tal activit y . clear

sp eci�cation exists for rdb data mo del and query langauge, but not for o o dbs.

no consens us on data mo del.

logic programming has strong theoretical framew ork, but not o o dbs. th us

ill-de�ned seman tics of suc h concepts as t yp es.

c haracteristic s it should p ossess :

B.1 Mandatory F eatures

[9]

supp ort complex ob jects. minimal set of constructors: sets, tuples, lists.

sets for represen ting collections, tuples for represe n ting prop erties, lists to

capture order. all 3 things o ccur in real w orld.

these 3 constructors should app y to an y ob ject, i.e. b e orthogonal to t yp e

of ob j. relational mo del constructors don’t meet this requirem en t, since set

constructor can only b e applied to tuple, and tuple can only b e applied to

atomic v alues.

ob ject iden tit y . ob ject sharing (i.e. comp onen ts can b e shared, not just

copied). supp orting iden tit y implies o�ering ob ject assignmen t, deep and

shallo w cop y , tests for iden tit y and equalit y (b oth deep and shallo w). new

concept for pure relational syste ms, where relations are v alue based.

encapsulation. need for distinction b et w een implemen tation and sp eci�-

cation, and need for mo dularit y .

t yp es or classes m ust b e supp orted.

class or t yp e hierarc hies shall b e supp orted.

computational completene ss shal b e pro vided. more than SQL.

extens ibilit y . no distinction b et w een syste m-de�ne d and user-de�ned

t yp es from the application programmer’s p ersp ectiv e.

p ersistenc e. user should not ha v e to explictly cop y or mo v e data to mak e

it p ersiste n t.

secondary storage managemen t. m ust b e able to handle v ery large amoun ts

of data. p erformance features: index managemen t, data clustering, data

bu�ering, access-path selection, query optimization. should b e in visible to

user. [grip e with o de].

concurrency

. ensure harmonious co existence among users w orking sim ul-

taneously

. con trolled sharing, atomicit y , some degree of serializabilit y .

reco v e ry from h/w and s/w failures. bring bac k to some coheren t state

of data.

ad ho c query facilit y . simple queries should b e simple. relational queries

should b e supp orted. 3 criteria: high lev el and declarativ e, e�cien t (lend

itself to optimization), and application indep ende n t.

B.2 Optional F eatures

� m ultiple inheritance.

� t yp e c hec kin g and t yp e inferencin g. more compile time c hec ki ng, the

b etter.

� distribution.

� design transactions. ie. long, nested transactions.

� v ersions.

B.3 Swizzling

PS-Algol uses p oin ter swizzling to optimize access to p ersisten t ob jects. �rst

reference to p ersisten t ob ject results in its b eing cac hed in v olatile memory and original p oin ter is replaced b y ptr to cac hed lo cation. when ob j is written

bac k to store, swizzle d ptrs that con tain the cac he address of this ob j m ust

b e deswizzl ed.

B.4 Referen tial In tegrit y

if en tit y is referred to in some relation, then the en tit y m ust exist in a \pri-

mary" relation listing all en tities of that t yp e. e.g., if \Supplier" relation

records a compan y as supplying a certain part n um b er, then the part n um-

b er m ust b e a v alid part n um b er recorded in some \P arts" relation. In an

ob ject-orien ted db framew ork, referen tial in tegrit y means that h tere should

not b e an y refs to non-existen t ob jects. db m ust guaran tee that if an ob ject

id is recorded in db, corresp onding ob j m ust b e presen t in the db.

when ob ject is deleted, need reference coun t or indexing to enforce refer-

en tial in tegrit y .

B.5 V ersioning

represen tation of m ultiple ob ject v ersions is essen tial to man y applications,

particularly engineering design activities. 3 approac hes:

1. v ersioning is so fundamen tal that language primitiv es should b e pro-

vided for v ersi oning. ie. part of data mo del. example is D

AMOKLES

[8], whic h allo ws classes to b e v ers ionable.

2. v ersions not considered part of data mo del, but a v ersion servic e is

pro vided b y s/w la y er implemen te d directly on top of k ernel data mo del.

Encore [23] implemen ts v ersioning as a sep erate la y er on top of basic

data mo del.

3. v ersions considered to b e application issue. apps m ust set up their o wn

t yp es for recording v ersion con trol. GemStone [16] tak es this approac h.

Create a v ersion class, whic h has info suc h as \v ersion-n um b er" and

\latest up date", whose b eha vior can b e inherited b y sublcas ses .

v ersionin g in ODE: all p ersisten t ob jects can ha v e v ersions . no prede�ned

limit on n um b er of v ersions ob ject can ha v e. can access latest v ers ion or

sp eci�c historical v ersion. ob ject and all its v ersions considered one logical ob ject with one id. ptr can refer to a sp eci�c v ersion of an ob ject. need to

explicitly create a new v ersion.

newver sion (p)

henceforth, p refers to new v ers ion. access n th previous v ersion of p:

pp = previous( p,n)

giv en p, p delete deletes ob ject and all v ersions. giv en pp, p delete only deletes

v ersion.

C Other Ob ject-Orien ted Systems

C.1 BET A

BET A [17]

when an ob ject is made p ersisten t, all ob jects that can b e reac hed via

references will also b e p ersisten t. this includes statically enclosing ob jects.

transitiv e closure of the ob ject.

p ersisten t store is itself a BET

A ob ject. = collection of p ersisten t ob js.

curren t implemen tation: ob j in one p ers.store cannot refer to ob j in another.

p ersisten t ro ot = en try p oin t to store. has string name.

implemen tation issue:

(# T: (# c: @integer ;

A: (# b: @integer do c->b #);

X: @ A;

Y: @ A;

#);

V: @ T;

W: @ T

#)

V and W are instances of T. Eac h has in ternal attribs. The pattern

attribute A of V is di�eren t from W.A, since eac h ma y only refer to the

attribs of their enclosing ob ject V or W.

Betaen v is a fragmen t de�ning a pattern that encloses all BET

A co de.

eac h program creates a new b etaen v ob ject. patterns describ ed in di�eren t programs will nev e r b e iden tical, since they will alw a ys b e attribs of the

b etaen v instance created b y program execution.

th us, patterns describ e d in di�eren t executions will nev er b e iden tical. to

o v ercome this prob, b etaen v is made to b e a p ersisten t ob ject existing on the

en tire system/ne t w ork where p ersisten t ob js are to b e shared, so all progs

will ha v e the same b etaen v.

implication: if m ultiple progs w an t to share a pattern, it should b e de�ned

in a library slot if it wil b e used to generate p ersisten t ob jects.

ob ject has a reference to it’s corresp onding fragmen t and compiled co de. if

the frag c hanges, the corresp onding p ersisten t ob j b ecomes obsolete. curren t

implemen tation do es not c hec k in tegrit y of ob js, i.e. it is up to the user to

mak e sure frag hasn’t c hanged since ob ject’s creation.

[ma yb e use texthash table example pp.6-7?]

ob ject can b e sa v ed as a p ersisten t ro ot via:

(R[],’fo o’) -> PS.put;

PS is an instace of p ersisten tStore. All ob jects referred b y R are also

made p ersisten t.

ob ject is retriev ed b y:

(’foo’ ,T## ) -> PS.get -> R[]

where T## is a pattern from a library .

if an ob ject is mo di�ed after ha ving b een sv ed, the state of the mo di�ed

ob ject is not automatically sa v ed. a new put op eration m ust b e executed.

actual storing of p ersisten t ob jects o ccurs when op eration \close" is exe-

cuted on p ersisten t store.

p esisten t store is stored as a �le on secondary storage.

C.2 PR

OCOL

PR OCOL[13]

ob ject-orien ted language giv en p ersistence . ma jor motiv ation: GIS, geo-

metric and graphic data.

up w ard compatible: existing non-p ersisten t pro col programs can b e com-

piled b y pro col compiler.

transparen t p ersisten t ob jects: p ersistence indep endenc e (i.e. p ersisten t

and v olatile ob jects in terc hangeable as parameters), and p ersisten ce data t yp e orthogonalit y: all ob jects allo w ed to b e p ersisten t, no matter ho w com-

plex the t yp e.

extendib ilit y with new ADTs: as compared to traditional dbms’s, whic h

allo w only basic t yp es.

e�cien t asso ciativ e searc hing (via B-trees, etc.).

highly in teractiv e for graphical applications.

D Constrain t-Based Imp erativ e Languages

D.1 Constrain ts and Ob ject Iden tit y

F rom [14]: constrain t imp erativ e programming = in tegrate declarativ e con-

strain ts and imp erativ e o o programming. goal: use constrain ts to expres s

relations among ob jects explicitly instead of implicitly

. but ob ject-iden ti t y

can result in implicit relations. solution: iden tit y constrain ts.

CIP Iden tit y Gap

D.2 Kaleidoscop e

F rom [10]:

constrain ts useful b ecause they are declarativ e: emphasize relation itself

instead of pro cedural steps necessary to main tain the relation. obstacle to

thorough in tegration of constrain ts in an ob ject-language: ob jects pro vide a

larger, arbitrarily general computational domain, whic h cannot b e solv ed b y

an e�cien t constrain t solv er.

lik e k aleidoscop e, o de’s constrain ts ob ey the languages inheritance mec h-

anism

k aleid. has required and preferen tial constrain ts. constrain t hierarc h y:

arbitrary n um b er of lev els of preference .

D.3 Adding T ransactions to Kaleidoscop e

when are they solv ed? is the solv er automatically in v ok ed whenev er a v ariable

c hanges, or do es the programmer ha v e to explictly trigger the solv er when

necess ary?

Motiv ation for transactional approac h:

\The Kaleidoscop e’91 language and implemen tation meets �v e of our six

original goals...The one goal that it do es not y et meet is n um b er 6: rea-

sonable e�ciency

...T o this end, our impleme n tation and researc h e�ort is

divided b et w een impro ving our constrain t solv ers and dev e loping sp ecialized

compilation tec hniqu es. "

[Do w e really need the solv er to b e in v ok ed on ev ery up date? If program-

mer had explicitly con trol as to when, w e ha v e ODE deferred constrain ts, i.e.

transactional. could b e more e�cien t, and solv e the follo wing:]

D.4 T ec hniques for In tegration: Summary

lo cal propagation: start with kno wn set of v alues and use constrain t to de-

termine other v alues. simple and fast. but limited to acyclic constrain ts, and

no partial info constrain ts (i.e. >).

constrain ts on Primitiv e Lea v es : sep erate the domain in to user-de�ned

ob jects and primitiv e s, split comp ound constrain t in to basic ones. bad b e-

cause it freezes v ariable t yp es, and violates encapsulation when asserting

in ter-ob ject constrain ts, since lea v es m ust b e accessed directly and they ma y

b e priv ate instance v ariables.

de�ne new solv er to handle new domain.

k aleidoscop e uses m ultiple dispatc hing: implemen tation inheritence graph

of EA

CH arg is searc hed for applicable metho ds, whic h are placed in to a

parital order.

con ict b et w een declarativ e constrain ts and imp erativ e assigmen ts, whic h

are destructiv e. assignmen t is de�ned as an equalit y constrain t b et w ee n the

PREVIOUS v alue of the RIGHT express ion and the CURRENT v alue of the

LEFT v ariable. Th us, all expres sions denote constrain ts.

all express ions are de�ned relativ e to a CURRENT TIME. curren t time is

adv anced at the end of eac h statemen t. comp ound statemen ts can b e created

without adv ancing the clo c k b y using || op erator.

constrain ts can b e once, alw a ys, assert during (lo op).

constrain t constructors are dispatc hed up on. they are free of nonlo cal

side-e�ects. ma y not con tain out-of-scop e v ariables or adv ance the global

time.

\greatest sa vings in execution time will come from mo ving as m uc h of the

constrain t satisfaction problem from run time to compile time as p ossible."

p.12.

E P ersisten t Prolog: Motiv ation and Issues

� Language P ersp ectiv e: Prolog could use the abilit y to treat large exter-

nal databases as though their data w as inside prolog. Tigh t coupling

to database system .

� Database P ersp ectiv e: prolog = p o w erful extensi on to query language.

Allo ws to ols to b e written whic h aid exp ert in rule de�nition. Rules

and facts = exible, elegan t query language

� recusiv e rules

� metalogical features: alter ho w query is solv ed, or ha v e side-e�ects

whic h ma y alter results of subseq uen t queries.

{ retract- remo v e fact from db

{ asserta, assertz

{ cut- restrict bac ktrac k ing options

E.1 Exp ert Systems

PR OLOG and EXPER

T SYSTEMS /citelucas-88 prolog go o d for exp ert

systems b ecause it is:

� rule-based:

{ rules largely indep enden t of eac hother.

{ naturally mo dels h uman skills, whic h are rule-based.

{ rules can b e incremen tally up dated.

� declarativ e: rules easily insp ected. but programmer should b e a w are

of the pro cedural implications of the rules he writes in order to write

more e�cien t programs, since careless ordering of subgoals can cause

m uc h unneces sary searc hing.

� facilitates programs that can explain their o wn reasoning: in termix rule

b o dies with text statemen ts to trace subgoal ful�llmen t.

E.2 Wh y Prolog Could Use P ersistence

� limited, unstructure d in ternal database:

{ partial solution: link to external �lesys tem.

{ link age should b e transparen t.

{ tigh tly coupled: eac h record pro cessed b efore subse que n t record

is retriev e d.

{ lo osely coupled: table do wnloaded in to prolog, then records pro-

cess ed one at a time.

� motiv ation: existing relational db users can access their data via logic

language without the neces sit y for prepro cess ing. p o w erful pattern-

matc hing and reasoning capabilities of prolog mak e it a go o d to ol for

implemen tin g high-lev el fron t-ends. i.e. use it to apply exp ert-sys tem

rules to analyze db data. facilitates recursiv e queries .

most prolog systems represe n t the set of clauses in primary memory

, ei-

ther as literal represe n tatinos of prolog source clause (in in terpretiv e sys-

tems), or as execu table mac hine co de (in compiled systems ). prolog in ternal

database organized as a heap, with clauses dynamically allo cated and deleted

as records within a net w ork of link ed lists. degrades when n um b er of clauses

is more than a few thousand. /citeirving-88.

constrain t on max size of system : clauses held in main mem. man y

prolog systems use virtual mem tec hniqu es to page sections of db to and from

bac king storage. paging is random, leads to p o or p erformance. pro cedural

languages exhibit lo calit y of reference, but not prolog.

clause indexing: prolog syste ms use hashing tec hniqu es to iden tify the

set of clauses for the relation corresp onding to the curren t goal. hashing

mec hanism is extended with predicates so that goal args can b e used to

restrict subse t of candidates whic h are tried sequen tially via uni�cation and

bac ktrac kin g. w orks w ell for static clauses represen ting pro cedural part of

prog. ho w ev e r, do es not allo w indexed predicates to b e mo di�ed b y the

addition or deletion of comp onen t cluases , as is often the case with declarativ e

predicates represe n ting dynamic info. w e need more general clause indexing

sc heme whic h allo ws dynamic mo di�cation of clause store without extensiv e

recompilation and rehashing. B-trees are a go o d mec hanism .

to solv e real w orld problems, w e w an t to use prolog reasoning on pre-

existing non-prolog data, whic h ma y exist in m ulti-tasking en vironme n t,

whic h requires dbms supp ort.

E.3 Database In terface for Prolog

minim um sp eci�cation for in terface:

� generalit y of represe n tation. m ust supp ort transparen t mapping of

complex tree-lik e prolog terms in to linear db records.

� uniform syn tax and transparen t uni�cation: ideal situation: program-

mer sp eci�es eac h table he in tends using and what it is to b e kno wn

b y . from that p oin t on, use of table exactly the same as using sets of

facts in prolog’s in ternal db.

� in terface should determine column names of tables and kno w ho w to

tranlate b et w ee n param p osition and col name. th us, in terface should

access data dictionary .

� transparen t bac ktrac k ing: searc he s on tables m ust mimic prolog’s searc h

mec hanism . left to righ t, depth �rst, allo w recursion. need to in terlea v e

searc hes on di�eren t tables and allo w m ultiple sim ultaneous searc he s on

the same table. W e need: CURSORS. cursor = con trol blo c k de�ning

curren t status of searc h (p osition within table).

� lo w p erformance o v erhead required. sequen tial clause lo okup will b e

m uc h slo w e r than for in ternal clauses. but indexed access should b e

acceptably fast using external dbms. as m uc h as p ossible, mapping

should b e copmiled and not in terpreted at run time.

E.4 T ranslation Bet w een SQL and Prolog

2-D tables of records. set of facts all with same functor and same n um b er of

comp onen ts. unlik e prolog, columns of tables ha v e LABELS. in prolog, �eld

p osition replaces names of columns. selec t conditions are set via v ariable

instan tiation. [sho w prolog facts and table]

gatew a y = in ter-query -language translation b et w een dbs.

[18] describ es ho w to implemen t SQL and QBE queries in prolog.

eac h relation comprises a set oftuples. eac h tuple can b e represen te d as

a ground unit clause in prolog:

emp(1, ’fer nand o’2, 30, 3).

emp(2, ’car los’ ,3,6 0,3 ).

emp(3, ’jos e’,1 ,25, 4).

F or eac h relation, there is a sc hem e clause whic h de�nes the structure of the

relation: name, no.tuples, no.attribs, list of attrib names.

scheme (emp ,4,5 ,[em pno ,nam e,dn o,sa l,mg r]) .

SQL pro cessor translates query in to prolog clauses:

SELECT name,sa l

FROM emp

WHERE dno=2

b ecomes:

emp(_, X1,2 ,X3, _).

eac h attrib name that o ccurs in SQL query needs to b e fully iden ti�ed,

c hec k ing the relation to whic h it b elongs and its p osition in the list of at-

tributes. eac h attrib name is mapp ed in to a structure of the form: [Rel-

name,Lab el,P osition,A ttname]. A sp ecial parser is used to build a structure

represen ting the SQL query b efore translating it in to prolog query .

[15]

equi-join: relates data b et w een tables. i.e. here’s a join on MANUF �eld

SELECT ADDRESS FROM SUPPLIE RS

WHERE CARS.MOD EL = ’Metro ’ AND

SUPPLI ERS. MANU F = CARS.MA NUF

here’s the prolog v ersion:

?-car(Ma n,me tro, _,_, _,_ ,_), supp lier (Man ,Ad dres s,_) ,wri te( Addr ess) ,nl.

k ey �elds = �elds for whic h an index will b e created allo wing direct access

retriev al of en tire record whenev er k ey v alue is kno wn. unique k ey can either

b e new �eld with unique id, or concatenation of sev e ral �elds to de�ne k ey .

E.5 Meta-T ranslation

source-to-source meta-translation syste m whic h generalizes the pro duction

of translators. uses in termediate relational algebra tree.

� source-input to tree translator: syn tax of new query language is en tered

via meta-notation that allo ws query language seman tics to b e easily

sp eci�ed.

� tree to source-output translator: sp eci�e d via form-based in terface

whic h prompts user for syn tactic constructs in the new query language.

motiv ation: distributed, heterogenous db syste ms need to talk to ea-

c hother.

E.6 MIMER: A Bac k End to Prolog

Mimer = relational database used b y [15] as bac k-end to prolog.

prolog searc h mec hanis m duplicated via: stac k of cursors. new searc h

on a table op ens a new cursor, whic h is pushed on to stac k whenev er there

remained furthre ro ws in the table that cold b e retriev ed via sleect condition.

to con tin ue searc h, p op cursor. selection conditions establish ed via curren t

v ariable instan tiation set.

declare external table:

?-exte rnal (man ufac t,’ MANU FACT ’).

Ev ery time prolog pro cesses goal whic h is named as the �rst param, it

should access Mimer table giv en as second param. in terpreter asso ciates a

ag with eac h functor: external functors con tain p oin ters to Mimer table

names.

access tab: build template of next table en try , lea ving blanks on unkno wn

�elds. pass template to fortran routine, whic h access es db and �lls in blanks.

existing prolog programs should w ork without mo di�cation, their datasets

b eing arbitrarily extended via in terface.

CUT m ust b e supp orted: cut remo v es all bac ktrac k p oin ts as far bac k as

the paren t goal from the bac ktrac k stac k. prolog m ust tell in terface when a

cut o ccurs, ho w man y cursors to b e p opp ed and discarded.

ASSER

T and RETRA

CT: m ust supp ort dynamic mo di�cation for clauses

held externally .

basic up date primitiv es assert and retract should b e encased in transac-

tion primitiv e s in order to ensure conistenc y in a m ulti-user en vironme n t.

sp ecial problems arise with asserta and assertz, whic h sp ecify WHERE facts

are inserted. Most database applications do not pro vide this exibit y .

concurren t reading and writing m ust b e supp orted: consider

?-p(X) ,ass ert( p(b) ).

Call to p(X) do es not complete b efore assert(p(b)) is called. Data structures

asso ciated with p m ust allo w concurren t reading and writing. deadlo c k m ust

b e a v oided...

CALL and NOT: solv e routine called recursiv ely for new goal sequen ce... main tains

appropriate bac ktrac king b eha vior.

need p o w erful garbage collection tec hniq ues

optimisation: consider prolog goal:

?- employe es(N ame, Sal ary, _,_) , (Salary>1 0000 ),.. .

ine�cien t to retriev e eac h ro w and bac ktrac k if salary condition not met.

database soft w are ma y ha v e e�cien t index on salary k ey . database searc h

noti�ed of optimisable constrain ts.

=OTHER PR

OLOG PERSISTE NT SYSTEM S

Another p ersisten t prolog implemen tation: P erlog citemo�at-88, tigh tly

coupled with PS algol bac k end POMS. Rather than ha ving a global name

space, P erlog parititions name space with mo dules, whic h can b e committed

individually to bac king store.

References

[1] R. Agra w al and N. Gehani. Ode: Ob ject database & en vironme n t.

SIGMOD, 1989.

[2] R. Agra w al and N. Gehani. Ode: Rationale for the design of p ersisten ce

and query pro cessing facilities in the database programming language

o++. In 2nd International Workshop on Datab ase Pr o gr amming L an-

guages, P ortland, Oregon, 1989.

[3] T. Andrews and C. Harris. Com bining language and database adv ances

in an ob ject-orien ted dev elopm en t en vironme n t. In Pr o c e e dings of the

1987 A

CM Confer enc e on Obje ct-Oriente d Pr o gr amming Systems, L an-

guages and Applic ations, pages 430{440, Orlando, Octob er 1987.

[4] M. A tkins on and et. al. P

. Bailey

. An approac h to p ersisten t program-

ming. Computer Journal, 26(4), No v em b er 1983.

[5] F. Bancilhon and P

. Buneman. A dvanc es in Datab ase Pr o gr aming L an-

guages. A

CM Press, New Y ork, 1990.

[6] A. Bro wn. Obje ct-Oriente d Datab ases: Applic ations in Softwar e Engi-

ne ering. McGra w-Hill, Berkshire , England, 1991.

[7] G. Cop eland and D. Maier. Making smalltalk a database system. In

Pr o c e e dings of SIGMOD 84, v olume 14, pages 316{325, June 1984.

[8] K. Dittric h, W. Gotthard, and P

. Lo c k emann. Damokles: A database

syste m for soft w are engineering en vironmen ts . In Pr o c e e dings of the IFIP

Workshop on A dvanc e d Pr o gr amming Envir onments, Springer-V erlag,

Berlin, 1987. Lecture Notes in Computer Science.

[9] C. Delob el F. Bancilhon and P

. Kanellakis. Building an Obje ct-Oriente d

Datab ase System: The Story of O

2

. Morgan Kaufmann, San Mateo, CA,

1992.

[10] B. F reeman-Benson and A. Borning. In tegrating constrain ts with an

ob ject-orien ted language. In Pr o c e e dings of the Eur op e an Confer enc e on

Obje ct-Oriente d Pr o gr amming, pages 268{286, 1992.

[11] N. Gehani and H. Jagadish. Ode as an activ e database: Constrain ts and

triggers. In VLDB 1991, 1992.

[12] T. Irving. A generalized in terface b et w een prolog and relational

databases. In P

. Gra y and R. Lucas, editors, Pr olo g and Datab ases: Im-

plementations and New Dir e ctions, pages 81{94. Ellis Horw o o d, Chic h-

ester, England, 1988.

[13] C. La�ra and P

. Oosterom. P ersiste n t graphical ob ject. In A dvanc es in

Obje ct-Oriente d Gr aphics I, pages 95{129. EUR

OGRAPHICS Seminars,

German y , 1991.

[14] G. Lop ez, B. F reeman-Benson, and A. Borning. Constrain ts and ob-

ject iden tit y . In Eur op e an Confer enc e on Obje ct-Oriente d Pr o gr amming,

1994. Submitted.

[15] R. Lucas. Datab ase Applic ations Using Pr olo g. Ellis Horw o o d, Chic h-

ester, England, 1988.

[16] D. Maier and J. Stein. Dev elopme n t of an ob ject-orien ted dbms. In

Pr o c e e dings of the 1986 Obje ct-Oriente d Pr o gr amming Systems and L an-

guages Confer enc e, pages 472{482, 1986.

[17] P ersis tenc e in b eta. T ec hnic al Rep ort MIA 91-20-0.3, Mjolner Informat-

ics, 1992.

[18] F. Mouta, M. Williams, and J. Nev e s. Implemen ting query languages in

prolog. In P

. Gra y and R. Lucas, editors, Pr olo g and Datab ases: Imple-

mentations and New Dir e ctions, pages 13{21. Ellis Horw o o d, Chic hes ter,

England, 1988.

[19] J.E. Ric hardson and M.J. Carey . P ersisten ce in the e language: Issues

and implemen tation. Science s 791, Univ. Wisconsin , Madision, Septem-

b er 1988.

[20] L. Ro w e and K. Sho ens. Data abstraction, views and up dates in rigel.

In Pr o c e e dings of A

CM SIGMOD, 1979.

[21] N. Gehani S. Dar and H. Jagadish. Cql++: A sql for a c++ based

ob ject-orien ted dbms. In EDBT 92, Vienna, Austria, 1992.

[22] J.W. Sc hmidt. Some high lev el language constructs for data of t yp e rela-

tion. A

CM T r ansactions on Datab ase Systems, 2(3):247{281, Septem b er

1977.

[23] A. Sk arra and S. Zdonik. The managemen t of c hanging t yp es in an

ob ject-orien ted database. A

CM SIGPLAN Notic es, 21(11):483{495,

1986.

[24] D. Stemple and T. Sheard. Construction and Calculus of T yp es for

Datab ase Systems, pages 3{22. A

CM Press, New Y ork, 1990.