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ON DATABASE MANAGEMENT SYSTEM ARCHITECTURE

Michae l Hammer
MIT Laboratory for Computer Science

545 Technology Square
Cambridge, MA 02139

Dennis McLeod
Compu ter Science Department

University of Southern California
Los Angeles , CA 90007

ABSTRACT:

Despite the many advances that have been made in the field of database management
i n the last two deca des, in many respects the paradigm of database management has not
chan ged much since its inception. Several long -standin g assumptions pervade the field and
exert a great influence on the arch itecture of database management systems , their functions ,
a nd the k inds  of databases tha t  they manage. This paper reconsiders some of these
assum ptions and suggests certain alternatives to them. In particu l ar , it is argued that  the
conce pt of an inte grated datab ase ought to be supplanted by that of a federated database , a
loose assembl y of semi-independent components ; the position of the database management
system in the context of a total informatio n system is reexamined , and arguments are made
for extendin g its fun ct ional  capabil it ies ;  and controlled logical redundancy in the schema is
introduced as a means of impro vin g the usabili ty of a database and of enhancing its life-
cycle performance. An underlyin g theme throug hout is that  of the importa nce of a semantic
schema of the database , which specifies enough of the meaning of the app licatio n domain to
enable enhanced fu nct ional i ty to be achieved. A numbe r of characteristics of a conceptual
data model (in which this  schema would be expressed) are described.

K E Y W O R D S  AND Ph RASES:  database  mana gement , database management  system
arch itecture , conceptual data models, database semantics.
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I . INTROD UCT I ON

Database management systems represent a successful and dynamic technology. From

a modest beginning , they have grown to be the most important software development of the

1970’s. Today ’s database systems provide broad ranges of function and exhibit high degrees

of performan ce that are far removed from the primitive file systems from which they have

evolved. Database management research is a vital and growing area of computer science

(Hammer 1979], a nd contemporary research prototypes promise even greater capabilities in

future commercial products. Nonetheless , despite all this activity and despite the many

advances that have been made in the last two decades, we remain in the first generation of

this branch of software technolo gy. In many respects , modern database management systems

are based on a twenty -year-old paradigm of the appropri ate nature and function of such

systems, a paradigm that  was for mulated at a time when the context of computing and

computer-based application systems was very differen t from what prevails today. As a

result , the architectures of contemporary database management systems are heavi ly

influenced by tacit assumptions and perspectives that are often irrelevant or obsolete. Even

important innovations in the field (Codd 1970] and proposed future architectures (Nijssen

1976) are formulated within a conventiona frame work for the function and structure of

database systems.

In this paper , we reexamine a number of the fundamental assumptions regarding the

nat ure of the database management function and consider some alternatives to the standard

perspectives on several important issues. We shall consider the imp li cations of these views

for DBMS architecture , and derive a number of criteria that should be satisfied by a future

generation of these systems.

‘ ‘ A
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2. DATABASE ARCHITECT URE

Our starting point will be the concept of a database itself , for its defi nition ultimately

determines the nature  and architecture of database management systems (DBMS). To

search for a precise formulation of th is concept with which all would agree is an endless

and essentiall y fut i le  task. However , it is possible to identify the major ideas that the term

currently connotes. Most generally, of course , a “database ” simply means a computer-based

collectio n of information.  However , the ter m is usua lly interpreted much more narrowly; a

n umber of additional restrictions are imposed on the databases that  contemporary database

mana gement systems are pr epared to handle. First , databases are gener ally limited to

“str uctured ” or “for matted ” data; i.e., the y Consist of discrete records, each containing a finite

number of atomic fields. Examples of collections of information that do not satisfy these

requirements are text files and aggregates of signal data; both of these are examples of

“continuous ” or “unstructured ” data. Second , it is assumed that  a contemporary database is

much larger than its descr ipt ion , that  it contains a compara tively small number of different

ki nds of data , h ut many instances of each kind . (In other words , the number of record types

is much smal ler than  th e number , of record occu rrences. ) This is in contradistinction to the

so-called “knowled ge bases ”, used in ar t i f ic ia l  intellige nce applications , which are also

di screte and format ted , but which have a different ratio between description and content.

In these knowledge bases , there are t ypicall y many di fferent k inds of data , with only a very

few (often one) instances of each kind;  in practice , to prevent the description from

swa mping out the data , the description of a data item becomes part of the item itself , so that

eve ry entry in the knowled ge base is viewed as an instance of a lowest common denominator

(such as a “fact ”).

Fundamenta l l y ,  a database is meant to capture and express information about an

a pplication ; it should serve as a model of that appli cation. Yet , in the database community,

L. 
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shar p distinctions are drawn between three different kinds of information : ~~~~~~~ which is

manifested as the explicit contents of a database; .ç.~phcit knowledge about an application .

which is expressed in the schema for the database; and , imp licit knowled ge about the

applicat ion , which may not be captured anywhere other than in the minds of the designers

and users of the database. For example , the fact that a given employee is 30 years old is

expressed in the database; the fact that every employee must have an age is expressed in

the schema; and the fact tha t  employee age is usual ly between 25 and 60 may not be

expressed anywhere , and is viewed as part of the “application semantics ” presumably known

to all who use the database.

These (ar t i f i c ia l )  dist inctions are motivated b y the same factors that  led to the

previous assumptions regarding database structure ; they derive from the nature of the data

processing systems prevalent in the 1960’s. Uniformity in data and its handlin g was

necessary at tha t  time in order to achieve the economy of scale and the efficiency of

processing demanded by large , single-processor systems. However , as we shall argue below,

the context for database app licatio ns is changing in such a way as to call for the revision of

thi s perspective.

Over and above these implicit assumptions about contemporary databases is a very

explicit one that is based on what is probably the major concept in the “database ” approach

to i nformation systems: integration. This principle states that all data used by a family of

related , tho ugh dist inct , applications should be unified into a single collection of data.

(This contrasts with the practice of many conv”ntional information systems.) Another way

of expressing this idea is that  data ought to be viewed as an autonomous organizationa l

resou rce, rather tha n as the property of some particular program or user. This “logical

centralization ” of data decreases the degree of data redundancy in the total system, thereby

diminishi ng opportunities for data inconsistencies and related errors; it enables the more

~~~~ -._—— .-— ..,~~~~.. ~~~~. ~.
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rea d y implementat ion of app lications t hat  re quire data from several sources; and , it

establishes unifo rm modes of access and usage for all the data. The benefits that accrue

f rom this approach are very real , and ar e responsible for a phenomenal rise in the use of

database systems An the last decade. However , it must be realized that data integration also

imposes certain limitat ions on information systems; these limitations have associated costs,

and the y oug ht to be artic ulated and examined.

The principal difficulty with the “database ” concept is that , in reacting to the fully

decentral i zed s i tua t ion  that  prevai led in the pre -database world (with  all its a t tendant

problems), “ inte gration ” may go too far in tig htly coup li ng together aggregates of data that

ought  to retain some individua l  autonomy. Many of the problems that this can raise are

ill us t ra ted  by the  consequences of appoin t ing  a da tabase  adminis t ra tor  (DBA) for an

integrated database. The role of the database administrator is inherent in the integrated

approach to da tabase  mana gement .  The DBA is a central authori ty  responsible for

constructin g and ma li ag ing “the ” database. He maintains control over all the data , and is

res ponsible for de terminin g  and adj udica t in g  the disparate needs of the users in his

communi ty .  Therefore , the  ul t i mate providers and users of the data must cede their

authori ty  over it to the DBA , who is outside their own organization. In practice , people

(rel uctant ly)  accede to this demand , either because of external pressures or because the

benef i t s  t h a t  t h e y  perceive  in so doing ou twe igh  the  d i s advan tages .  But  these

dis advanta ges are teal , a nd alternatives , if feasible , mig ht be desirab le.

The disadvanta ges of a logic ally centralized database relate to issues of security and

privacy , of perfor mance , and of res ponsiveness to changing user needs. In the first case,

users are often hesitant to entrust their pri vate data to an external authori ty,  despite any

assurances  they  rec e ive regarding its safety; their  fears may or may not be valid (and

experience shows tha t  often they arc), but they are real nonetheless. Generall y, a local
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producer or consumer of data , in ceding his control over it to a central authority, sacrifices

his own needs for the overall benefi t of the community; while perhaps noble , such sacrifice

ought not be demanded if it is not aecessary. Similar l y , i n the process of selecting a

¶ . physical design for the database , the DBA must ascertain the global uses and response

requirements of the database and then select a design that  provides the best overall

performance ; while this design may achieve a global minimum , it may also be far from a

locall y optimal point for any  individual  user , who wo uld prefer to see that  part of the

database with which he is concerned designed in a way to meet his private needs. That is ,

a compromise design that  endeavors to satisf y all users may end by satisfying none of them.

Similar remarks app l y to the logical schema design process, and the extent to which the

design eventua l ly  selected will  na tura l ly  support a user ’s needs in programming his

applications. Finally,  by removing local control over the database , changes in the context

and semantics of the data that  originate with a user must be channeled through a remote

DBA before they are reflected in revisions to the database structure. This indirection can

introduce serious delays and inconsistencies.

We believe that  a middle road should be followed between the rigid centralization of

conventional  database systems and the anarchy of comp letel y diffused and decentralized

fil es. We have termed this al ternative a “federated database ”. (This term first originated ,

to the best of our knowled ge, i n a discussion between one of the authors and Prof. Maurice

Wilkes of Cambrid ge University. ) A federated database consists of a number of logical

components , each ha ving its own (conceptual ) schema. These components are i .z’la’ed , but

independent; they may or may not be disjoint. Typically, a component of a federat ion will

represent that  collection of information needed b y a particular application or closely related

set of a pp lications. Sonic of this information rn iy also be needed by another application ; in

that case , it will  also be descr ibed in the schema for another component. The individual 

-. ~~~~~~~~~~~~~~~~ 
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com ponents are tied together by a hig he r-level schema that enables users of one component

to access another without havi ng a detailed knowledge of the other ’s schema. A component

is a lo gical , not a phys i ca l , en t i t y: a federat ion seeks to ach ieve  p a r t i a l  logical

decentral izat ion ;  this may or may not be combined with physica l distribution.

A user will  most common ly be affiliated with one component of a federation , and his

database transactions will generall y retrieve and modif y this “ local” data . On occasion ,

however , he ma y need to access data that belongs to another component. Consequently ,

each component wil l  present two interfaces to its users: one to its most frequent  (and

consequently most knowledgeable) users , and one to those whose primary affiliation lies

elsewhere and who uti l ize this component onl y occasionall y. The “local user ” inte rface will

corres pond to a detailed and robust conceptual schema. The schema and physical storage

structure for a com ponent will be selected , and will evolve , so as best to satisf y its most

fre quent users. The infrequent user wi ll be able to access a component without  having to be

fa mil iar  with the details of its logical structure ; he will interact with it at a higher level of

abstractio n than  he does when using his “own ” data. The penalty that will be paid by the

non-local user will be a reduction in his capability and flexibility , as well a s in the efficiency

with  wh ich  the system processes his reque sts . The non-local interface will  also shield

occasional users from knowled ge of changes to the component ’s local schemas. Each

component guarantees to main ta in  its non-local interf ace , and so change and evolution are

permitted so long as this  semi-opaque interface continues to be supported. Furthermore , the

non-local interface will allow onl y li mited access to sensitive parts of the local data. In other

wo r ds , a “two-tier ” system is established , with diffe rent classes of users; an individual  will

gen era l l y be a “first-class ” user of a small number of components , and a “second-class” user

of the i’est. Power and efficiency are delivered to those who need it , while ease of access Is

provided to others; these conflictin g goals can be met by the provision of two levels of

~~~~~lIL 
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int erface to each component of the federation.

The concept of a federation is based on the observation that in practice , despite the

availabili t y of an integrated database , most functional units of an organization make use of

only a subset of the total schema and a limited portion of the data. in such cases , the

remainder of the database can actually be a burden to a user; he pays various costs for

centralization , while receivi ng comparativel y little in return.

Each component of a federated database may be under separate control and authority ;

it s owner/admi n istrator has the responsibility for constru ctin g the description that will be

seen by the component ’s primary users , and selecting a storage structure that will best satisfy

the m. P r e s i d i n g  over al l  these local DBA ’s is a “ master ” DBA , who has cer ta in

responsibilities and authority for the total collection of data. His functions principally relate

to the interfacing of the independ ent components; they supp lement , rather than conflict

with , the activities of the local DBA ’s. The principal responsibility of the master DBA is to

establish the ti on- local interface that each component will have to mainta in .  Another of his

duties will he to determine how redundancy in the federation ought to be handled. Several

components may need to make use of the same data; An some cases, it would be appropriate

for only a single copy of it to be stored , with all users accessing it; in others , it would be

better for each component to maintain its own copy, with a variet y of possible consistency

restrictions established to ensure that the various versions remain appropriately related . (It

need not be the case that  all copies will have to be kept entirely consistent ; whi le that is one

possible al tern ative , it has associated costs; less expensive alternatives should be available

as ,well.) It should a lso be observed that  this modular approach to database architecture is

Consonant  w i th  moder n approaches  to the e n g i n e e r i n g  of large  so f tware  systems.

“Information hiding ” throu gh the use of semi-opaque interfaces enables the construction of

lar ge and complex systems that are reliable and flexib le [Parnas 1972).

—
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The concept behind a federated database is that  local aut onomy and primacy can be

mainta ined wi thout  preventin g appropriate forms of general data avai labi l i ty .  Pr imary

control over a database com ponent will be vested in its principal maintainers  and users , but

ade quate centralized author i ty  will be exercised in order to er’.u r e  a ppropriate levels of

consistency and to enable uses to access mul t ip le com ponents of the database when

necessary. We believe that this architect ure naturall y models typical patterns of use found

i n contempor ary inte grat ed databases. Our approach also has the advanta ge of largely

eli m i n a t i n g  the  herculean task of devis in g a single , detailed schema for a n enormous ,

com plex database. Each component of the database , which will usuall y be of a manageable

scale , wi l l  have  its own set of schemas , as develo ped by its own DBA. The master DBA will

n eed onl y a general  f a m i l i a r i t y  with  each of the components , eno ugh as to be able to

establ i sh their  interfaces and monitor their ongoing relationships.

The idea of a federat io n ought  not to be confused with that  of a “distr ib uted

database ”. Th is latter term has alread y acquired a variety of meanings , most of which are

based on the iiotion of m a i n t a i n i n g  logical cent ra l i za t ion  while  ach iev ing  physical

decentrali zation. That  is , the database is still seen by its users as an integrate d whole;

however , i t  may  be p h ysical l y im p leme nted in such a way tha t  par ts  of it are stored at

dif ferent  sites in a network and/or a re physica lly replicated. The major motivations for

such d i s t r i b u t i o n  are to achieve  better perform ance by h igher  degrees of concurrent

operation , by locatin g data storage near its sources and uses , and by providing a higher

degree of rel iabi l i ty  and survivabi l i ty .  The concept of a federated database is unrelated to

geograp h y. The components of a federated database might all be collocated at a single site ,

or the y mig ht indeed he d i stributed i n a network; the cri t ical  issue is tha t  they are logically

viewed as loosely coup led , rather  than  as ti g htl y integrated.

.
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3. DATABASE SYSTEM ARCHITECTURE

Another issue that needs reexamination and reconsideration is that of the appropriate

na tu re  and funct ion of a database mana gement  system. In its current  confi gurat ion , a

database mana gement system is a limited and passive software system , with narrow and

well -defined functions. A DBMS has responsibility for the storage of a database , for

pro viding users with access to it , and for managin g these users in such a way as to ensure

the inte grity of the data. The position of a DBMS in the context of a total information

system is a subsidiary one. The DBMS is responsible for the most mechanical tasks related

to sto r i n g  and retrieving data; it performs its functions only when exp licitly instructed to do

so by other more active components of the overall system. The semantics of the app licatio n

are usuall y embedded in the logic and code of the rest of the system , rat her than in the

DBMS , and the internal operation of the DBMS is rarely based on the meanin g of the data

or its intended uses.

Classical data management is onl y one of the activities that must be performed by a

modern information system. In current practice , related functions are provided by system

modules other t h a n  the DBMS and make use of a var ie ty  of facilities (such as general

purpose programming languages , data com munications systems , etc .). A major difficulty

with this ki nd of system archite cture is its lack of naturalness and semantic coherence. The

vario us systems and tools that  are used to produce the final informat ion system have not

usually been designed so as to interface in a convenient and integrated fashion. The system

bu i l d e r  m u s t  f a m i l i a r i z e  h imse l f  w i th  a d i s pa ra te  set of l anguages , p r o g r a m m i n g

convent ions , etc., a l l  i n order to address a single app licat ion.  (For example , m a n y

contemporary programmers must know COBOL , CICS , and DL/l .) Furthermore , a system

built  in this way usually lacks a dominant component , which would give a natural shape

a nd organizat ion to the system as a who le , rather , it is likel y to consist of a number of



disco nnected subsystems , which a re rou ghl y patched together. In consequence . such systems

are often poorly engineered , a nd therefore unreliable and costl y to maintain and change.

Many of these problems can be alleviated if it is recognized that the database lies at

the core of an information system and that the system ’s architect ure ought to reflect that

fact. Ra ther  than  viewin g the database as an ancil lary repository of information to be used

by other funct ional  components , it is possible to interpret all functions of the information

system in terms of data mana gement ; th e dog at last begins to wag the tail. This approach

leads to a consistent  and un i fo rm fr amework in terms of which to conceptualize the

activities of the total system and to effect its design. In other words , we believ e that in data-

intensive a pplications , the ’database system ought to assume a position of primacy. The role

a nd scope of the DBMS ought to be expanded so that , rather than being a minor subsystem

of a total i nformat ion system , the DBMS will be its major component. As such , it will be in

control and wi l l  be res ponsible for performing most functions , callin g specialized subsystems

only when necessary.

The f u n c t i o n s  t h a t  can be b r o u g h t  unde r  the  control  of the DBMS inc lude

tra nsaction processing , re port wr i t ing,  and exception handling. The first of these entails

such activi t ies as: formatting and display ing a screen , leadi ng a clerk through data entry,

and app l ying simp le edit checks along the way ; mana ging the transactions that multiple

users are concurrent ly  running on the system ; and app l ying more sophisticated consistency

checks to data in put , to ensure that  it is p lausible in the conte xt of the existing data in the

database. At its simplest , re port writ in g is merely a mild generalization of query processing ,

i n which  a set of records is ident i f ied , par t icul ar  fields selected (perhaps wi th  simple

computations l erfo r nicd on them), and the result disp layed in a specified format. More

generall y, this  term can be extended to include most forms of data-intensive app lication

programming , in which the amount of computation per unit  data is comparatively small , 

:—~:._.~___~ :. ~~~~~~~~~~~~~~~~ —~—— . ..— . ..-.-~~~~ 
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and in which the princi pal flow of control in the program is determined b y the natural

structure of the data. Exception handling refers to the detection of unusual  situations ,

antic ipated or not , and the subsequent taking of appropriate responses. Much of the

activity of an information system is concerned with such extraordinary situations , ranging

from data error detection (semantic integrity maintenance) to identifi cation of situations

defi ned to be of specia l interest (alertin g) to the recognition of patterns or trends in the data.

In all these cases, the princi pal issue involved is examining some part of the database in the

context of a (semantic) model of the app lication , which defines the standards app li ed to

detect any deviat ion from the norm.

In current practice , none of these functions are implemented by the database system.

Th~ey a re handled by other subsystems or by “app licatio n ” programs written in a “host”

language. Yet in all cases, the performance of the function demands an understanding of

the meanin g of the data. If the DBMS possessed a schema that described the semantics of a

database as well as its structure , th en it could naturall y be assigned responsibi lity for these

tasks.

In current practice , the DBMS does make use of very limited semantic information to

perform rudimentary versions of these functions. For example , certain kinds of invalid data

and transactions can be automaticall y detected because they violate the primitive assertions

abo ut the semantics of the data that are contained in a conventional schema (such as field

data type , ide nti t y of keys , set card ina lit ies, and the like). There is no qualitative distinction

between these and the more subtle and sophisticated error detection procedures app lied by

ha nd-coded edit toutines. In all cases , some k n owledge of the meaning of the database is

being exp loited to rule on the va lidity of a database transact ion. If the schema contained a

richer bod y of inform ation abou t the database ’s meanin g , then all this activit y could be

uniforml y and consiste ntl y conducted by the DBMS. Similarl y, current information systems



detect interestin g or unusual  situations by making use of a model of the application domain

t hat is “pr oced u rally embedded ” in a set of programs. If this model were explicitly recorded

in the schema , then the DBMS could assume responsibility for the automatic application of

this k nowled ge to accomplish the tasks in question. The advantages of this “declarative ”

a pproach are several and relate to the impro ved system modulari ty,  modif iabi l i ty ,  and

unders tandabi l i ty  tha t  it provides.

It is possible to view most report writ ing and database application programming as

general ized extensions  of database manipula t ion .  When the data is central to the

a ppl ica t ion , t he n the  s t ruc ture  of the  app licati on system , and in par t icu la r  the control

structures of its programs , sho uld follow the structure of the database. To this end , the

lin guistic facilities for expressing the app licatio n program ought not be embedded in a

genera l purpose processor -oriented language , but should be provided as extensions to the

data man ipulat ion constructs used to retrieve from and make updates to the database. We

believe tha t  a DBMS ought to pro vide , not a few constructs to be called from a host

l anguage  program , but  an integrated database programming langua ge ,  used for the

comp lete construction of application systems. This langua ge should contain the operators

necessa r y for performing basic computations on data values; furthermore , it ought provide

data -driven control structures that  allow for the natural  description of algorithms typicall y

encountered in such app lications. For example , high-level iterators and rich exception

signall ing and handl ing mechanisms are likel y to be desirable. The operational view of

data objects ma y also prove useful; as expressed in recent work in abstract data types, this

a pproach is based on describing a data object not in terms of its internal structure and

r e p r e s e n t a t i o n  h u t  i n  t e r m s  o f  i t s  b e h a v i o r  [ H a m m e r  1976 ,

Liskov .Sn yder +Atk inson eScha ffert 1977 , Sch midt 1977 , Stonebra ker 1977).

The virtues of an integrated database programming language are several. Principal
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among them are the resulting natural  structure of the app lication programs , the semantic

coherence that  derives from the use of a single language , and even potential efficiency

improvements that  follow from not having to repeatedl y cross the host language - DBMS

Inte rface.

The foregoing indicates the directions in which we believe the capabilities of

contemporary database management systems ought to be extended. In each case , the

extension can be seen as rationalizing and generali zing facilities that are already provided.

What  is required is a willingness to break historical barriers and reexamine long-standing

assumptions regarding the appropriat e role of a DBMS.

4. THE LIFE CYCLE OF A DATABASE

Every software system is a dynamic , almost a l iv ing ,  entity. It is conceived in

optimism. When born , it rarely meets anyone ’s expectations. It grows to mat ur i ty  in

cha nging circumstances and must continue to adapt to them for its entire life. Eventuall y, it

succumbs to obsolescence and old age. The implic ations of this life cycle are manifold , and

its significance in the context of a database system deserves careful consideration. The

conventional  view of this  process is , of course , the followin g. Once the need for a database

is perceived , a database ad ministrator is commissioned to undertake its development and

design. He is responsible for ident i fy ing  the data requirements of the applicat ion , for

producing an overall description of a database (conceptual schema) that accurately and

natura l l y models the app licati on environment , for describing the app licatio n views of the

database (external  schernas ), and for selecting p h ysical realizations of these schemas that will

provide the required level of p erformance in the context of the transactions that will be

• conducted with the database. After the database has been i nstalled , the DBA is charged

with  ~ts maintenance , which is generally perceived to have two components: evolving the 
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conceptual and external schemas to reflect changes in the structure and semantics of the

application environment;  and reorganizing the internal schema in order to match changes

in the usage pattern , the particular mix of transactions conducted with the database.

We believe fh at  it is im portant to emphasize two issues that  are relevant to the idea

of the life cycle of a da tabase  and tha t  do not receive explici t  consideration in the

prevai l ing model just summarized. The first is that two distinct sets of criteria need to be

• 
. app lied i n the process of database  development and maintenance:  the first of these is

na tura lness  and comp leteness of re presentation , the exr ent  to which the database is an

effective model , and a sna pshot of its content s an accurate image , of the a pp licati on; the

second criterion is performance , which is deter mined by the degree of support that the

desi gn of the d a tabase  gives to its most common and important uses. The second issue

revolves a round the concept of performance itself. The costs of a database in terms of space

(for stora ge) and t ime (for t ransact ion processin g) are not the only ones tha t  define its

per formance , and may no longer even be its most important  components ; the costs of

buildin g and main ta in ing  the application programs that make use of the database must also

play a prominent role in selecting designs for the database.

The criteria of modellin g and performance may potentially be in conflict , since they

a re instances of even more general concepts that often are at variance: statics and dynamics ,

fle x ib i l i ty  and funct ional i ty ,  generality and spec ificity. In focusing on the database as a

representative model of the app licat io n , rather tha n on its role in the imp lementation of

transactions , the DBA avoids makin g a commitment to any one particular way of using the

database; b y seeki ng to identify the fundamental semantics of the appl ication , he produces

a desi gn tha t  ou ght  to equal ly well support all users. However , a n y t h i n g  ( including a

database design) tha t  is equally good for all uses is also not particularly good for any of

them. A lack of commitment to a particular mode of use achieves generality at the expense 

---... .— .-- -,- - — - •~ -- •~~- -• .- -.-,- . 
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• of convenience. On the other hand , an appr oach to database design that  is extremely

sensitive to the way in which the database is used by a particular class of app lications will

• produce schemas much more usefu l for the applications in question. Achieving this will , of

course, result in reduced flex ib i lity and adaptabil ity.
• The importance of ada ptab i lity in a schema follows from the inevitability of change.

There are two pr inupa t  sources of change in information systems: revisions to the nature

a nd characterist ics of the application world , which in turn require enhancements to existing

programs or the creation of new software; and changes to the ways in which the

information system is used , expressed in terms of performance requirements , t ransaction

frequencies , and operating priorities. As observed above , change can have a variety of

impacts on a system. It is widel y recogn ized that it is necessary to tune and reorganize a

database ’s physi cal structures in order to meet its changing performance requirements . But

• the costs of t ransaction processing and data storage are onl y two of the components of a

database ’s life cycle costs; increasingly, the y are being dominated b y the costs of building

and modify ing  the applicat ion software that  makes use of the database. And to a

significant extent , these software costs are determ ined by the structure of the (external)

schema used by the application programmer.

A given app lication can be described b y a number of different , equivalent  schemas.

Obviously, some of these sche mas will be more n atural  static models of til e application than

will others. On the other hand , some schemas will be more conducive to the writin g of a

program with a specified function than will others; furthermore , those that  express the best

static model are not necessarily those that  most effectivel y support its dynamic uses.

Any progr am tha t  accesses a database makes use of info rmation that  is either

explici t l y i~rese nt in the database or tha t  can be der ived from some that  is. If the

information that  is needed is exp licitl y available in the database and so can be readil y

L_ _
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obtai ned by the program , then the program ’s comp le xity is reduced; if , on the other hand ,

• • the information must be computed in complex ways from that which is described by the

sche ma , then the  user program is likel y to be more diff i cul t  both to construct and

understand. Consider , for examp le , a database concerning ships; in each ship record , there

are fields for the shi p’s name , ca ptain , position , f u el level , and destinat ion. A program that

needs the position of a given ship can simply identif y the name of the desired ship to the

database system and specif y that  it wants its associated position. On the other hand , if the

• program needs to know the names of the captains of all ships with the same destination as a

given one , then the com plexity of the retrieval operation increases dramaticall y (depending

on the retrieval facilities provided by the DBMS being used). Name l y, the specified ship

• must be identified , its position field extracted , a connection made to all other ships with that

value in its position field , and the captain field s of those records extracted. (The connection

might be made by means of a join , or b y following a link in an owner-coupled set , or by an

exp licit sequential  search , depending on the system being used; in all cases , the connection

must be exp l ic i t ly  made. ) This is clearly more comp le x than  the first examp le cited.

However , it must he realized that  this comp lexity is not inherent in the data being retrieved ,

but in its relatio n ship to the schema that is available for use. If , for examp le, each ship

record possessed a (mult i -valued ) field that listed all the captains of all the ships having the

same destination as the shi p in question , then the foregoing retrieval would actually be quite

si mple. Clearl y, the diff icul t y of writing a database application program is dependent on

the extent  to which the data that it needs is easily accessible , and on the logical complexity

of the code neecl~ cl to retrieve this  d ata. Therefore , the design of the database schema can

have a major im pact on the dif f icul ty  of construction , and hence on the reliability and

mai nta in abi l i ty ,  of app lication software. The difficulty of the database programmer ’s job Is ,

to a substantial  degree . determi ned by the database schema designer.
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Thus , the process of database design ought to entail  the identificati on of the

transactions that  are expected to be most frequentl y performed and the subsequent

specification of the schema so as to support their programming. The designer of the

schema can localize and highlight that information that is most frequently used and thereby

enhance its availability. If , on the other hand , he does not perceive the ways in which the

datab ase will be used , programmers may have to write complex sequences of’ code in order

to extract the information they need from that which is provided. In other word s, there is a

tradeoff between the richness of the schema and the complexity of the programs that make

use of it; if information is exp licitl y available in the schema , then it need not be respecified

in deta i l  each time it is used. There is a strong interaction and dual i ty  between data

definition and data manipulation , between what is expressed in the schema and what must

be performed by transactions.

Thus , the dynam ic view of a database , expressed in terms of its most frequent uses,

should influence the design of the schema; it may exert different pressures from those that

derive from a static model-oriented approach to database semantics and design. While

these two approaches are not inherentl y in conflict , we believe that some distinction between

them ought to be mainta ined. It is inappropria te to claim that the semantics of a database

is entirel y determined by its most frequent uses. There is an invar ian t  semantic core to any

dat abase , which i s embodied in the schema and which determines the set of transactions

that can possibly be made with the database; adapting this core to the needs of a parti cular

usage pat tern is one of the major challenges facing the DRA . The importance of the

semantic core is (hat it provides an approach to coping with change.

As a new app licatio n of the database arises , it  may encounter the fact tha t  the

infor mation tha t  it requires , whi l e available in the databa se , is not expressed in a form that

facil itates tile ready construction of the needed software. If the original schema is totally

‘
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tuned to the needs of an earlier set of re quirements , then there may be no facilities for

ada pting it to these new needs; tunin g a database so as to precisely meet existing needs can

interfere with the handl ing of new ones. Of course , the old sche ma could be rep la ced by a

n ew one , but  t h a t  would dist u rb  ear l ier  applications that  depend on the old schema.

Cha nge can not be accommodated b y in va l ida t in g  exis t ing systems ~nd software. An

organization ’s i nventory of app licatio n systems represents a significant investment , which

• cannot be easily written off. Change must be accommodated gracefully , by building on

rather than  inval ida t in g  what  lies in the past .

We believe that , in orde r to achieve these goals , a sche ma must reflect both the static

sema nt ics of the appl ica t ion  and its d ynamic  needs; we fu r the r  believe that  the most

effective wa y of al lowin g a database design to evolve in order to meet chan ging needs is

throu gh growth , by directl y rncorporating into the schema the version of the database

contents tha t  a new app lication require s. In other word s, we envision that a schema will

contain a “base ” tha t  reflects the (relatively ) fixed semantics of the domain , as well as a

component that  is tailored to the needs of particular appli cations. This latter component

does not r ema ill fixed; as new uses of the database evolve , addition s will be made to this

pa rt of the schema . These additions are not those that reflect changes in the application

semantics , which conventiona lly have called for schema redesign. Rather , t hese additions

will largely call for the  re -expression , in more convenient terms , of information already

represented in the schema. This can be achieved by the disciplined use of redundancy in

the conce ptual and external schemas.

Much has been made in the data management literature of the evils of redundancy in

databases; in fact , the success of database management systems has largel y been fueled by

t heir abi l i ty  to l imit  data r edundanc y . However , we would make a plea for the virtues of

cont rolled redundancy.  The l)ot eflti al desirability of redundancy at the physical level , in 
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which alternate representations are maintained for a data item so tha t it may be accessed in

different ways , has long been recognized. We submit that  an analogous situation obtains at

the logical level as well. Several users (or even an indiv idual  one) may associate mult iple

meanings with a single item of information and use it in different ways. Therefore , it is

appropriate for this  information to appear in several places in the schema , corresponding to

the seve ral ways in which it is viewed. Althou gh this does introduce redundanc y into the

schema , it also provides the user with the information where he wants it. For example , it

could be usefu l for information about a ship ’s captain to be available both in the record

describin g the ship as well as in the capta in ’s personnel record. Even thoug h each of these

occurrences is re dundant , and could be obtained from the other , the presence of both in the

schema enables the user to more conveniently phrase certain queries involvin g ships and

ca ptains (hail he could if only one of them were available.

In this  approach , the conce ptua l  and external  schemas may contain the same

informat i on in several places. In order to control and mana ge  this redundancy,  the

database system will  have to be awa re of the logical relationships among seemingl y distinct

components of the schema. This knowled ge should itself be exp licitl y contained in the

schema , so that  it be accessible to users.

In general , redundancy in the schema may involve more complex relationships among

schema components than the simple equality of two fields in different records. It must

provide for m a n y  kii ids of s i tua t i ons  in which some aspect of the database  is par t ly

dete rmined b y some other aspect. It should also be observed that  logical redundancy does

not necessaril y have any imp licatio ns at the ph ysical design level. Logicall y redundant data

might indeed be replicated at the ph ysical level as well , or it might not; in the latter case,

the DBMS will know to access a single physical data representation for references to any of

its logical manifestations. Whether or not the data is physically replicated is an issue of
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efficie ncy, tu r ning on whether the costs of maintainin g two versions of the same data item is

cou nterbalanced by the access efficiency two copies provide .

The concept of controlled logical redundancy has two a ppl ications.  It can be

employed to enable the DBA to produce a “base” schema that  is a more natural static model

of the a pplication and it can also be used to tune the schema to the changing characteristics

of its usa ge pat tern .  In the first  instance , logical r edundancy  supports a flexible and

“relativist ” view of the dat aba se . When the re exist two equall y valid ways of viewing a unit

of info rma t ion , it is inappropr ia te  to force on the database designer the necessity of

choosin g between them; alter na t ive  representations of the informat ion belong in the

schema. In t h e  second case , the needs of pa r t i cu l a r  uses of the da tabase  can be

accommodated b y the def ini t ion of addit ional , “de rived ” components of the schema ,

redundant  re-expressions of existing information that support the convenient programming

of certain t ypes of transactions. This part of the schema will evolve and grow as the uses of

the da t abase  chan ge. As users f ind them selves needin g informat ion  tha t  is not easil y

accessible in the current  schema , the DBA will add new structures to meet these new needs,

while leavin g intact  the existing ones.

• This model of schema evolution by means of growth and derived informatio n can

simp lif y, decentra li ze , and fac i li t ate the process by means of which a schema adapts to meet

the chan ging characteristics of its operati ng env ironment. The addition of new structures to

the schema , which are restate ment s of information already contained there , can be an easy

to perform and relat ively beni gn operation. As such , it need not be performed solely by a

central master DBA , but could be done by local DBA ’s, who a re principally concerned with

one set of a pp licatio ns , or even by users themselves. Because these changes do not a ffect

exist ing s t ructu r es , the re is little danger of disturbing the integrity of existing applications

that  depend on the old schema. This model coincides well with the notion of a federated 
4 
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database introduced above. The ut i l i ty  and ut i l iza t ion  of the database can also be

enhanced as a result of this approach. In the contemporary view of the development of a

scij ema , the database design evolves in a series of discrete stages. The DBA selects a

schema , which remains operative until pressures mou nt  for its change. These changes are

the n made and a revised schema defined , which reigns until  the next redesign point. The

flaw i n this model is that it fails to recognize the fact that in this situation there are two

adaptive systems at work: not only does the schema adapt to the users’ need s, but the users

ada pt to what the schema provides. To a significant extent , users conceive their needs and

desires in terms of the feasible; their thinkin g is influenced by the structure of the existing

schema . This natu r al  tendency is reinforced by the slow rat e of change imp lied by period ic

redesign points. If , however , the design process becomes a continuous and ongoing one,

then no reigning design becomes so entrenched as to strong l y influence users’ needs and

perceptions; the result wil l  be a more effective information system. Changes in the

application semantics of a database and in its usage pattern are nearl y continuous , and so

the response of the schema to them should be likewise . To freeze a design over a long

period of time will inevitabl y force users to conform to a view of the database that is not

Co n v e n i e n t  or su i t ab l e  for them.  B y lower ing  the threshold of complex i ty  and

administrative overhead necessary to add to the schema , our approach can increase the

frequency with which these changes are made and consequently improve the effectiveness of

the information system as a whole.

To carry this approach even further , the notion of a fixed and well-defined schema to

which data ari d its users must conform may become obsolete. In current systems , a data

ite m must always be viewed as an instance of a construct in the schema; this bindin g Is

made at the t ime the data item is created (entered into th e database), and is diffic ult (often

impossible) to change. Greater flexibilit y in this regard will be needed to provide the kinds
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of easy to use facilities needed in personal database environments. In such environments , it

is desirabl e to be able to enter data into the database before a full schema of its description

has been develo ped; even after a schema has been developed , it should be possible to insert

data i tems t h a t  onl y par t ia l l y conform to it; and the b ind in g  of a data  item to its

descri ption should be made ver y flexible arid amenable to change. In other words , the

schema should conform to the data as much as the data confo rms to the  sche ma. Our

model of database evolution can partially support this goal , by allowin g for the dynamic

definition of derived information in the schema , so that the description to be associated

with a data item ca n be made to depend on its contents. Additional facilities will have to be

develo ped to ful l y achie ve this goal , and its dual in terms of retrieval: allowin g the user to

obtain data f rom the database without  a full knowled ge of the schema , or even of those

parts of it that  describe the data items he seeks. A limited amouii t of research has already

bee n conducted in th is  area [Sagalow icz 19771. New approaches to the s t ructure of the

interface between the user and the database system will be necessary to provide the needed

level of functio nali ty;  some ideas in this direction are given in [McLeod 1978].

5. INFORMATiON MODELLING

In the foregoing sections , we have dis cussed a number of new architectural directions

for fut ure database mana gement systems. In order to meet these goals , a database system

• wil l  have  to i v ia ke  use of a hi gh level specification of the informat ion content and

conceptual s t iuct u re  of the databases that it manages. Such a semantics-based schema is

needed in order to support flexible and convenient user access to the database; to provide

for the  communica t ions  in te r face  between com ponents of a federated database ; and to

broaden the funct ional  ca pabi lities of a database mana gem ent system. The character of the

database descr i ption and structurin g formalism (concep tual data model) that  is used to 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~
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specify this schema will have a major impact on the capabilities and effectiveness of the

DBMS. In this section , we explore the implications of our proposed DBMS architecture for

the design of the conceptual data model in which the semantic schema will be expressed. A

number of such modellin g mechanisms have alread y been proposed (Abria l 1974, Bachman

1977 , Che n 1976, Hamnier .McLeod 1978 , Kent 1978 , P irotte 1977 , Roussopoulos 1977 ,

Schmid+Swe nson 1975, Sen ko 1975, Senko 1977, Wong+M y lopoulos 19771. Our goal here is

not to propose yet another one , but to develop some of the needed characteristics of such a

model from the funct ional goals that we have outlined. We believe that there are a number

of feat ures that are essential for an effective conceptual data model , most of which are not

• provided by contemporary data models.

1. The modelling facilities of the data model should be solely concerned with capturing the

meanin g of the database , a nd should avoid all issues of database representation.  The

conceptual  (or external) schema should be designed to optimize the understandability and

• u sab i l i ty  of a database;  the imp lementation and storage structures ac tua l ly  used to

imp lement  the  da t abase  shou ld  be separa te ly  specif ied.  This  frees the  users and

app li cat ions from the need to understand the in t imate  details of a database ’s storage

structures , and results in the well-known benefits of data independence and abstraction:

increased understandabil i t y ,  ma intaina b il ity ,and evolvability.

Contemporary data models include man y representat ion-oriented features. Essentially

all data models in common use today are descendants of the “record” approach to database

organizat ion [Kent 1979]. As such , these data models represent compromises between the

desire to ease the database management tasks of users and app lication programs , and the

need to provide efficient database storage and manipulation facilities. It might be argued

tha t  the sea ich for a t ru l y  representation-free data model i sa  never-endin g one, i n the sense
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that  a ny niodel is b y definitio n onl y an approximation to reality; nonetheless , it is necessary

to ca pture much more semantic information in a schema than is possible with contemporary

data models. For example , the CODAS YL DBTG data model (Codasyl 1971, Mar iola 1978)

inc ludes  m a n y  feat ures  mo t iva t ed  by and concerned wi th  a c h i e v i n g  an e f f i c i en t

imp lementation of the database. Althou g h the information expressed by these features is

obviously im p o r t a n t  to database system performance and must be captured somewhere , it

does not belong in the conceptual schema. Even though the relational data model does

avoid issues of pure ly  p h ysical  data stora ge [Codd 1970 , Chamber l in  1976], relational

structures are st i l l  record-oriented: relational DBMSs force an app lication en vironment to

be modelled in terms of simple nonh ierarchic logical records , each of whi ch consists of a

collection of simp le val ues. Furthermore , in most relational implementations , the physical

struct ure of a database is analo gous to, and largely limited by, its relational schema. Even

“logica l ” records are  too representat ional  for use in a conce ptual schema: higher  level

sema nti cs-ba sed structures are re quired .

2. It is essential to minimize  the gap betwee n the nature of a database conceptual schema

and the users ’ conce ptions of the aspects of the app licatio n environment that are modelled

• i n the database. Althoug h a conce ptual data model is ar t i f icial  by its very nature (since it

deals wIth  til e desc ript ions of th ings  and not th ings  themselves), the constructs of the

conce ptual  data model should enable the database schema to be specif ied with structures

tha t  users can understand.  The translation that a user must make from his own model of

the app lication environment  to the model specified in the database schema should be as

direct as poss iI) le. Unfor tunately ,  conv entional data models do not adequately satisfy this

criterion ; their  record orientation prohibits them from natural ly modelling an application

envi ronment .
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Specif ically, we believe tha t  a conceptua l . data model must facilitate the modelling of

t hings (entit ies), associations among things (relationships ), collections of things (classes), and

structural  interconnections among the collections (int erc lass connections). Unl ike

conventional data models , whe re record-oriented structures are used to accommodate all of

these concepts , the conceptual data model should directl y and distinctly capture each of these

types of infor mation. For examp le, in the relational data model , a single mechanism (the

relatio n) is used to model a collection of entities , to express an association among entities ,

and so forth. This semant:L over loadi~g of the re lation makes it difficult  for a user to
• determine the meanin g and purpose of a relation , and obscures the meaning of a database

as a whole . Assurin g tha t  a relational schema is in an appropriate normal form does

guarantee  its freedom from various “up dati ng anomalies ”, but doçs not necessarily

contribute to its understandabi l i ty and util ity; the “formal semantics ” of funct ional

dependencies emp loyed by the normalization process are unrelated to the natural semantics

that ought to be captured by, and manifest in , the schema. Ad hoc solutions , such as the
• judicio us choice of relation and column names or copious documentation , a re not adequate ,

since they can onl y supp lement the essential  structure of the schema. While the Codasy l

DBTG data model does provide different feawres to model different semantic constructs

• (records to model entities and “sets” to model associations), the model also exhibits degrees of
• modelling freedom that  do not involve the meanin g of data , and so comp licate the design

process and obscure the resultant schema. For instance , a multi-valued attribute of an entity

ca n be modelled either as a repeating group or by using a DBTG “set ”; the ch oice between

t hese modelling methods is essentiall y arbitrary, i n the sense that it does not Involve the

meaning of the information. The features of the conceptual data model ought to be so

closel y based on application semantics that such choices of representation need not be made.

Another  important  shortcomin g of conventional data models is tha t  they do not 

-..-—~~~--,--.—---...- ~~~~~~ ••. •-.-~ “-.~~ . .~--— -—— — -——~~~--— • -• .-~~~
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provide unifi ed approaches to imp ortant semantic constructs. For instance , we note that

neither the relational , the DBTG , nor the hierarchical data model provides a natural and

integrated approach to the modell ing of re la t ion ships .  For examp le , in each of these

models , one-to-many and many-to-many associations are treated quite differently. A one-to-

many association is ty pica lly modelled by a DBTG “set”, by a hierarchical parent-child link ,

or b y a re la t ional  a t t r ibu te  of the latter enti ty ( the “many ” side of the one-to-many

association , since this results in a nonre peating attribute value [Kent 19781). By contrast ,

many-to-man y associations must be modelled in a different way , by introducing DBTG

linkin g records , mult ip le hie rarchical parent -child links , or an association relation. The

• essent ia l  problem here is tha t  nonuniform and ad hoc mechanisms are used to accommodate

a si ngle simple semantic concept , vi z., a n association among entities.

An imp ort ant  goal of a conceptual data model is to encourage and even permit onl y

meanin gfu l interp retations and mani p ulat ions of a database. Conventional data models do

not adequatel y ach ieve this. The relational data model allows database relations to be

“joined ”, regardless of whether or not such j oins make seman.~ic sense. The issue is that all

specification of informat iotr cdrfibinatio ni is provided by the user or app lication at retrieval

time , rather  than  being explicitly present in the schema. The Codasyl DBTG data model

pr ovides some capabil i ty to specify which links among records may be followed (via “set”

t ypes), but th is  specification is not strict and is also tied up in a complex framework of

implementa t ion-oriented considerations.

3. A database  conce ptual  schema must support a “relativist ” view of the meanin g of a

database; a conceptual data model must al low a schema to reflect a l ternat ive  ways of

looking at information.  There is in general no fundamenta l and basic way to divide the

information in a database into individual  “facts ”. On the contrary, there are typically many

~~L~~~~~~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  
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points of view that are equally valid and significant. Moreover , even an individual user or

application does not necessarily have a single way of looking at each fact. These multiple

perspect ives mul t ip ly  over time as the usage of the database evolves. In order to

accommoda te nlulcip le ways of looking at the same information and to support the evolution

of new ways of viewing the same basic information , a conceptual schema must be flexible

and logically redundant.

Conventional data models do not accommodate this inherent need for relativism and

flex ib ility. They demand that a single structural organization be imposed on the data , one

that inevitably carries along with it a particular interpretation of the data ’s meaning. This

mean ing may not be acceptable to all users of the database and may become entirely

obsolete over time. For examp le, an association between two entities can legitimately be

viewed as a n attribute of the first entity, as an attribute of the second entity , and as an

entity itself; thus , a n assignment of an officer as the captain of a ship can be viewed as an

attr ibute of the ship (current captain ), as an attribute of the officer (current ship), and as a n

entity (assignment ) . The schema must make all three of these interpretations equally natural

and direct. Therefore , the conceptual data model must provide a specification mechanism

that sim ultaneously accommodates all three of these ways of looking at an association.

Convent iona l  data models do not adequately accommodate relativism. Fixed

representat ions must be chosen for the application constructs that are being modelled. View

and subschema mechanisms do not materiall y a ffect this situation: first , beca use of their $
limited capability for restructuring the base schema; and second , because within a given

view , fle xibility is once again lost.

A consequence of the observation of the primacy of the princip le of relativism is that

there is in general no clea r distinction between the concepts of enti ty,  association , and

attr ibute.  Data models that  requ ire the designer to shar ply distin guish among these

• ~~
.• ... ~~~~~~
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concepts (such as [Chen 1976, Pirotte 1977]) thus impose an undesirable degree of rigidity on

the conce ptual  schema.

4. A co nceptua l  data model should allow entities to logically represent themselves in a

database , rather  than requiring users to exp licitl y use some surrogate identifiers to establish

inter -entity logical connectio ns. For example , when viewi ng a relationship between entities

as an at tr ibute of one of the involved entit ies , the val ue of the attribute should be the other

ent it y. rathe r than  some ident ifier for it.

One of the most important reasons for allowing entities to stand for themselves is that

this makes it possible to directl y reference an entity from a related one. In conventional

data models, this is not possible; it is necessary to cross reference between related entities

via identifiers. For examp le, it may be necessary to obtain from a ship entity the entity that

models the ship ’s current captain.  Thus , we should like to be able to define an attribute

“Capta in ” t ha t  a pplies to any  ship , a nd whose value  is an officer.  To model th is

informa ti on us i ng the re lational data model , it is necessary to select some identif ier for

officers (e.g., their last name or their identification number) to stand as the value of the

“Captain ” a t t r ibute  of ships. Speci fically, we might have a relation SHIPS , on e of w hose

at t r ibutes  is Off icer -name , and a relat ion OFFICERS , which has  Officer-name as a

candidate key. Then , in order to find the information on the capta in of a given ship, it is

necessary to explici t ly join relations SHIPS and OFFICERS on Officer-name; that is, an

explicit cross reference via ident ifiers is required. This forces the user to deal with an extra

level of indirection and to consciousl y apply jo ins. (Joins are known to be semantically

awkward  constructs and are diff icult  for users to app l y [Reisner l977].) The “set ” mechanism

of the Coda syl DBTC data model does to a limited extent support the direct interconnection
• of entities (if enti t ies are modelled by records); however , as noted above , this mechanism

• ~~~~~~~~~~~~~~~~~~~ •~~~~ - -• • .  ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ .——- — ,~~ ~~~- -. ~~~~~~~~~~ ~~ , - . ~~~—.
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la cks flexibility.

The conceptual data model must support the distinction between an entity and its

identifier. A failure to recognize this distinction results in serious problems when changes

are made to the entity. Changing a name of an entity does not usuall y imply that a new

entity has been created , but rather that an existing entity has undergone a change; other

aspects of the entity may remain unchanged. It is well known to programming language

designers that failin g to adequately accommodate the distincti on between a variable and its

value has a serious adverse impact on programming language semantics and consequently

on program understand ability; an analogous observation can be made for database entities

and their  identifiers.

In consequence of the fact that conventional data models require surrogates to be used

to sta nd for entities in connections among entities , important types of semantic integrity

constraints on a databa se are not directl y captured in a conceptual schema. If these

semantic constraints  are to be expressed and enforce d , additional mechanisms must be

prov ided to supp le ment  convent io nal  data models [Eswaran .Cham ber lj n  1975 ,

Hamrner .McLeod 1975, Hammer +McLe od 1976, Stonebraker 1974]. The problem with this

approach is that  these supplemental constraints are at best ad hoc, and do not Integrate all

available information into a simple structure. For example , it is desirable to require that

only captains  who are known in the database be assigned as officers of ships. To

accomplish this in the relational data model , it is necessary to impose the supplemental

constraint  tha t  each value  of a t t r ibute  Captain -name of SHIPS must be present in the

Capta in-name column of relatio n 01, ICERS. If it were possible to simply state that each

ship has a captain at tr ibute whose values is an officer , this supplemental constraint would

not be necessary. 

~~~~~~~~~~~~ 
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5. A conceptual data model must support the distinction between what is permissible and

what  is currentl y the case in the database . For examp le, for a class (C) of entities each of

which has some at t r ibute  (A), it is important to distin guish the possible values of A from
¶ - the set of curre nt valu es of A.

Altho ugh limited in power , th e relational data model does have a mechanism for

accommodating the  dist inct ion of possible versus current values in a database. In

particula r, domains are inte nded to model possible sets of values , while relation columns

contain current values [McLeod 1977]. Unfortunatel y, domains are collections of atomic (e.g.,

string) values , and it is not possible to state that the possible values of an column are to be

• . chosen from some nonatomic set of values (that model entities). For example , calendar dates

ca n be specified as a domain (a collecti on of strings), or can be modelled by a relation

involvin g days , months , a nd years. If modelled as a domain , dates ca n then be specified as

the possible values of some column. However , if specified as a relation , it is not directly

possible to require the values of some column to be selected from the tuples of the relation 
I 

-

modelling dates. Thus , the distinction of domains and relati ons is inadequate for

differentiating permissible values from current values.

6. The conceptual data  model must provide constructs to capture the various types of

possible logical s t ruc tura l  int erconnections among collections of entities. The subset

connection is part icularl y important , since in general , an entity may belong to many classes.

Conventional data models do not allow this: a record is a member of only one file; a tuple

belo ng s to a sing le relation; a DBTG record is an instance of one record type. In

consequence , it is difficult  in these models to subdivide collections of entities into meaningfu l

units. Moreover , since attributes are defined over such collections (e.g., each record in a file

has the same fields), it is inconvenient to accommodate attributes that apply only to some
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subset of the entities in a collection. For example , all oil tankers are ships ; oil tankers have

all the attributes of ships , and may further have attributes that other ships in general do

not. (In contemporary systems , such situations are often handled by associating the tanker-

specific attr ibtites with al l ships and entering null or blank values for them in ships that are

not tankers. Needless to say, such ad hoc mechanism s are cumbersome and prone to error.)

This is not meant to impl y that a simple hierarch y of classes of entities is sufficient.

For example , it may be necessary to model the class of all ships , the class of all oil tankers ,

the class of al l  Liberian ships , a nd the class of all  Liberian oil tankers. Thus , the

conceptual data model must allow collections of entit ies to be simultaneousl y related to a

number of other collections in the database; this is yet another instance of the need for

supportin g severa l relative points of view .

Second-order collection s of entities must also be accommodated in a conceptual

sche ma. For example , it is necessary to be able to model entities that  are themselves

collections of other entities , e.g., a group of ships , such as a convoy. Moreover , a mechanism

is required for modell ing an enti ty that is a generalization [Hammer .McLeod 1978,

Lee.Gerritsen 1978, Palmer 1978, Smith .Smlth 1977a , Smith +Smith 1977b) of another kind of

en t i ty .  For example , the  class of all  sh ip types can be defined as a collection of

generalizations of ships; the members of the class of all ship types have their instances in

the class of all shi ps (McLeod 1978). Conventional data models provide no direct capability

for modelling these var ious types of second order collections.

- 7. The conceptual data model should embody a uni fied approach to the database schema

a nd the data itself. Using conventional data models, the structure of a database is specified

in the schema , and the data is expressed as instances of that structure. The data and the
schema are disjoint , except for the fact that the schema describes the data instances. Some
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information is thus  expressed in the schema , while other is recorded as data. Different

mechanisms are used to extract data from the database and to manipulate  the schema.

Queries that  can be answered by strictl y e~amining the data are normall y supported by the

DBMS , while those that also require examination of the schema must be performed in part

by the user. Since convent ional schemas do not capture the semantics of the applicaçion

env ironment , this means that the user must consciousl y exploit his external knowledge to

answer some questions.

Some database systems are supp lemented by data dictionary facilities (Grandwell 1975,

Uh rowczik  1973]. Unfor tunate l y , these facilities do not provide many capabilities for

captur ing  the mean ing Of a database. Data dictionaries are typically used to record

“factorable ” facts , those tha t  are t rue  of an entire collection of data items (Kent 1978].

However , the dictionaries are not integrated with the data manipulation facilities of the

DBMS; they are mild extensions of the database conceptual schema.

We believe tha t  it is essential to begin to remove the barrier between schema and

data , a nd between schema and data dictionary . The conceptual schema should provide a

uni f ied  and integrated mechanism that  permits database concepts to be expressed and

manipulated regardless of whether they are “structural ” or “factual ” ; aga in , whether a given

item of informat ion  is expressed as structure or fact is a question of perspective. For

examp le, a collection of names of home ports may be defined as a class of entities to which

new names mig ht be exp licitl y added , and from which existing names might be explicitly

removed. Alternatively ,  the collection of home port names could be defined as some given

subset of all possible entity names. In the former approach , the port names are captured as

• data , wh i l e  i n the latter strate gy , the schema is used to express the information . The

conceptual schema must unify these alternatives , by recogni zing that the same information

can be viewed in two ways.

~~~1a 
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8. Derived information must be directly accommodated in the conceptual data model. As
noted above , it is essential for the structure of a database to capture the alternative ways of
looking at the same facts. By incorporatin g derived information into a database schema,
the database ’s- str ucture becomes more flexible , and its mani pulat ion is simplified.
Moreover , the inc lusion of fre quently used items of derived information in a database

• schema mak es  tha t  i n fo rma t ion  more direct l y  accessible , and t h u s  s impl i f ies  data
manipulations that involve it. The expression and control of logical redundancy (in the
form of-derived information) must therefore be directly supported by the conceptual data
model.

We believe tha t  the features of a conceptual data model presented above will be
essential in a fu ture  generation of databa se management systems , in order to meet the
growing demands being placed on database management technology. The conceptual data
model is the focal point of the critical trends described above: the uni fication of data ,
kn owled ge, and application domain information; the extension of the functional capabilities
of a DBMS , so that  the DBMS holds a posit ion of primacy wi th in  the data-intensiv e
application system; the recognition of the importance of the life cycle of database design,
redesign , and evolution; the establishment of a basis for accommodating communication
and sharing among both strongly and loosely coupled applications; and the development of
unified , advanced DBMS interface facilities. The development of conceptual data models
with the aforementioned features Es an important research goal. We have developed an
i nitial data model with these object Ives in mind [Hammer.McLeocj 1978, McLeod 1978), but
it represents only a first step.
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6. CONCLUSIONS

We have  reconsidere d a number  of fundamenta l  as sumptions that  underl ie the

contemporary view of databases and database mana gement. In particular , we have argued

that  the not ion of an inte grated database may no longer be an appropriate one and that a

database should be viewed as a loose fede ration of semi-independent components; that a

database mana gement system should not be viewed as a subsidiary component of an

• in fo rma t ion  system hut  as its centerpiece and tha t  in consequence the funct ions and

ca pabi l i t ies  of a DB MS ought  to be extended to incorporate many activit ies cur ren t ly

outside its domain; and that contro lled l~g~ç~ redundancy in a database can be used to

enha nce the database ’s usabil it y and to manage its life cycle. A theme underl ying all of

these issues is that  of usin g a conceptual data model to specify a semantic schema for a

database that wifl capture more of the mean ing of the application than is currently

represented b y conventional data models.

Our analys is  represents just the beginning of a potentially new direction in database

mana gement.  We have determined onl y some of the architectural desiderata for future

database systPms; other departures from current organizations may also need to be taken ,

and much wor k needs to be done to reduce the princi p les that we have adumbrated to a

concrete architectural  specification. We have designed a first version of a conceptual data

model that meets some of th e criteria outlined above , but it too is neither complete nor

entirel y adequate. In future efforts , we h ope to further explore the issues that have been

raised here.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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