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ABSTRACT

The ~e” .ign , i~~ lemsntati ’n . and p e r f or m ance analysis of a database

man ageumnt system li~~1eev,nted using abstract data ty~cs are pre sented. T~i~•

use of abstract data t ypc~. as an lq~lemsnta t ion tool 1 shown t ,  ~..i vi• si’w’ra l

siqn i fican t advantages over current x y ~~1emsnt a t ion ech i j~~~s. Fir~;t , by using

a combination ~if  abstract data t ypes and gener i c procedures t~ ,;t r ’jc t ute the

n of a da tabase system . the resul t ing software w i l l  be e~~rc reliable .

~~~~~ by e~~~loying a progra umi ng lan guage w~~i - ~. suVport s sp ec i f i r . i t  i~ n and

f i  cati on of abstract data type s , we can gua rantee data 1n k ~~en~~? nce .

Fin ally , we deimnstrate that the ap~~l i ca t i rj n  of abstract data type c e rru ts ¶ ! .

• ‘ l im i n a t i i n  of rt g~-ti~r i nt i r~i retatic*~ ‘f the schema and subschema such as ir .

IBM ’s IMS , lvac ’s :~~~ l 1~~, and INC,RES. Instead , the data mani ;ulatlon

i ne’c , w~ .i ~ are shown to be exai~~lcs o’ gene ri c procedures , are in~~1emsnted

as p ara~~ terized calls to the procedures boi xid t r  the instances f the thre e

abstract data t y ; c’s used to r”~~resent the’ logical ‘-tructure of th- databa se .

A~MS (74)S) Subj ect la s s if i catlon 68A50
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I)ata independence requires that user programs be isolated from the details

~~ciI~ er nin~’ the underl~ing physical and k~ icaI structures used to implement the

d t t ih,ise. L ) i t a  independence is achie~cd h~ presenting to the user an abst raction of

the database in ~hich details of its actual impkmcntalion ;ire hidden. The

dc~dopment of ttx ls to support abstraction is an ~n.tI%e tica in current research on
pro~’r rmming methodoIog~ and programming languages. I his report anaI~ ies the

u S C  Of .ihst r.iet data types .is an implementation ItX)l IOi database management

s~stems.
The data model defines a coIle~iion of logical structures ~hich arc a~ailab)c

~~c the users of a database management s~stcm . In order to u tilize thcsc structures for

appliczftions. the structure c c l  the actual database must be defined in terms of the
st ruc tur es in thc data model. The definition of the database is termed the schema, or

dal i model definition. Ihe schema defines the t ’~pes ~t entities w hich ma~ exist

~iihin the database and a lso defines the relationships ~ hrLh ma~ ex ist bct~ een these
entities . The schema thus is a definition of the logical structure of a database and is
shared %,~ all uscr~ t ’si the database . A suhschema. or data suhmodel definition. is the
definition of the subset of the database to be used h~ an application. Fhe subschema
rs a restriction of the schema and defines an application-dependent window into the

database.
The data manipulation routines handle all accesses to the database. A request

from a user to access the database is in terms of a procedure call to a data
manipulation routine. This procedure uses the schema and subschema to determine

the neccssar~ operations to be performed on the database. In the network data

model the actual parameters to the data manipulation routines arc records and sets.
In our approach the record and set are considered to be generic types. The data

manipulation routines utiliie the information in the schema and subschcma to

~ dcscribc the actual parameters in order to determine the function to be performed.

Thus the data manipulation routines are examples of generic procedures.
Abstraction arises in the design of data structures from the need to recognize

T h i s  research was ~a r t i a 1 l y  sponsored by the Nation al Science Foundat i cin on~~~r
cFan t MCS7R— 01 72 1 and the United States Army unde r contract No. ~~~~~~~~~~~~ -. .‘4 .



— —--— -~~~~~~ . — ~~~ ---~~~~ - - - - - -. . .—------ -~~- ---~ -- -—— . . -

the similarit) bei~ een obj ects and to concentrate on those properties that are shared
h) mans objects ~hile ignoring the ditlerences between them. The use of
abstract ion in thc dc~.elopment of data structures ~as exa mined h) Hoat e IHoa72J.
I b are applied abstraction to sets of objects to Create discri,ninaied unions. A
dis~riminated union is a set defined to be the union of t~o or more prcv iousl~
kno~ n set s. Since t~~~

) sets rna~ hase membe rs of different component types, a
discriminated union prox ides a method to distinguish the t~pe of the member b~
means c c l a ta~ assoc t~ite d ~ ith ca~h member.

\ liusk~ I\ linTh) utilizes abstract data types to extend and model the file
conce pt used in traditional data processing applications. A file is ~ie~ ed as an

abstr act data t y pe ~hich ossesses as one of its attributes the record space of the file
in sctondar~ storage. It also contains an attri bute, the global space. ~ hich contains
intormation describing the characteristi cs and status of the tile as a ~holc. Bound to
these data attributes are procedures ~ hich manipulate the record space and global
space.

One of the most significant ~orks on abstraction and its relationship to
modeling the information in a database is the work of Smith arid Smith on relational
databases JSS77aJ ISS77bJ. This work formalizes the use of foreign keys described by
Codd jCod7OJ as an ogg regalion. An aggregation is an abstraction of a relationship
bct~ ccn objects. Aggregation allows details concerning the objects themselves to be
ignored ~hen the relationship is being analyzed. Generalizaifon abstracts the
properties of objects within the database. A generalization is an abstraction in which
a set of similar objects is regarded as a collection of instances of a generic object.
That is, the differences bet~ een indi~idual entities are ignored and their common
properties are idcnt1ficd and used to classify the individual objects as a single.
named, generic object. H) explicitly naming generic objects, it is possible to identif~
gcncnc operators for the generic objects, to specify the attributes of generic objects.
and to specify the relationships betwee n generic objects. The properties of each
generic type may he formalized by a set of invariant properties. These properties
should be satisfied by all relations in the database and should remain invariant
following operations on the database. The concerns of generalization and abstraction
are also used 1,) Smith and Smith to support different user views of the database.
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l1~c chj eu ~ e of this p.ipc’i ts to siiid~ the use of piogramnung languages

~ hich support absti ~ct dat.r t ’. pes as a ix a for the implementation of database
mat1$em~ ilt s\ stems . In out .tppro.ich abstiact data t~ pc’s a rc used both as an
implementation technique simi lar to the approach ot ~1rnsky and also as a database
modclin technique incoipor.it ing the concepts of .i~’gtegJtio n and gen eralization

dc~i’lopcd by the Smith and Smith.
In this paper the design and implementation of a nct~ ork model database

man.i~’ement sc~ stem s~ ill be es.imined. Date Il )atTh) and I sichrit irs ~l si75J fJsi76)
ha~c indepcndenth deseloped pr~cgiJrnming l.nt ~~nages ~ hich support the
coe\l stencc c~ the three mayo r d.nta models . These languages are based on a system
niiodcl ~cr~ similar to the nc’t~ ork data model. Since the net~ oik model can be used
t~ imp lement the re lational model and the hierarchital model. sol~ing the problems

~l implementation l~r the net~ ork data model v~ ill result in a solution vbhich can be
gcneralnied to include all three data models.

Section 2 dcsctibcs implementation techniques in current database s stems.
The generic procedure model is introduced in Section 3 as a technique for dcscnbing
database management sy stem implemcntatk)n techniques. Ibis model is used to
describe the binding of the .tctual parameter descriptors to the data manipulation
routines . In Section 4 this model is modified to represent the schema and
subschema as shared abstract data types. Section ~ analyzes the performance
enhancement pro~ided by utilizing compile-time binding rather than run-time
binding through interpretation.

There are sesera l major ad%antages to representing the schema and
subschema as shared abstract objects. First, by using abstract data types to structure
the design of a database management sy stem , the rcsul~ing soft~are should be more
reliable (ICRS7SJ (Kos7bj (Lin76j (Wor77J. By using a programming language which
supports specification and ~crification of abstract data types. ~e can xe rify data
nn dcpendence at compile-time. As described by Brodie and Tsichritzis 1BT771. if
specification techniques are employed for defining the schema and subschcma, then
the user cn~oronment presented by the subschema can be guaranteed to remain
constant e~en though the schema and subschema are modified as the database

— 3—
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changes. In addition, it is sho~ n in LBar7SI that abstract data ty pes and

programming language support for environment control allow the programming

language to support data independence and subschema functions directly.

Another significant ad~antage of our approach wil l be an impro%ement in the

performance of a database management system ~hich is implemented using abstract

data ty pes. This is possible because application of abstract data types to a database

management system permits the elimination of run-time interpretation of the schema

and suhschema used in sy stems such as lB~1s IMS (~1cG77~, U\IVAC’s D~1SflOO

(SPF.7~aI ISPF15hI and INGRIS [SwxH76l. Instead, data abstractions which

represent the logical structure of the database are bound at load-time to the user’s

program. In addition, the data manipulation routines are implemented by

parametcri,ed calls to the procedures bound to the abstract data types v~hich ~ere

use d to represent the logical structure of the database. In this way we can axoid run-

time interpretation of the schema and subschema ‘~ ithout suffering any loss of data

independence.

2~ AN ANAL ~’SIS OF CURR LN T IMPLESIEN TATION TECHNIQU ES

One of the major design decisions in developing a database management
system is the determination of when the data manipulation routines bind the data
descriptor from the schema and subschema to their actual parameters. In general.
the longer binding can be delayed, the easier data independence is to support.

Larson (Lar78J analyzes this binding and considers both when and how the

schema information is bound to the data manipulation routines. The mappings, or

transformations of the representations of information, which occur in the
development and execution of a user program are shown in Figure 1. The solid lines
represent mappings and the dashed lines represent algorithm-data interactions.

The mapping MI occurs during the development of an algorithm to solve the
user’s problem. M2 is the process of compiling a source program into executable

form. M2 and M4 are very important in the database environment. M2 represents
the process of mapping the real-world structures and relationships of the user’s

—4—
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.ippIi~ atitlfl oflit the dat.’ sil Lii. in i es and i clatiunships suppoited by the data model.
I’his mapping Is per formed by the schema and subsehema whit-h define the
mapping t the user s ~ rc~ ot t he database in a f~nn rele~ ant to his application ofl(O
the d.ita model. \14 represent s the binding of the description of thc database
sir Ui.ILIIL dcs4j ih~d in the si. hema arid suhschema to the data manipulation routines.

tao ~m desciihes four techniques for how and when the mapping \14 occurs.
The first approach is the nra~-r ~ app roach. lhe compiler translates the user s data
manipulation ~utlne calls directl y into e~ecutahle Code by Lising infoi mation in the
‘~~LiftC schema and suhsehem.i ~ sing techniques similar to macro expansion. the
compiler rcplai.es the user s d.iia manipulation r~ ‘utine call wi th code to perform the
desired operat ion. I he resulting object module hinds all infor mation atx ut access
strategies declared in the s&hema and suhschema to the data manipulation routine
calls and the objec t module thus directly accesses the database at run-time.

Ihis approach has the traditional -id~antagcs of compilation. that is, e~ecuUon
cfficicnc~ and the facility to utili,c multip le programming langLiages and library
routines An apparent ad~antage in the database management s~stcm application is
that no e~plJcIt space is require d for the object sthema and, the object subschema.
ib is ad~ant ige is perhaps illuso ry , since in the macro approach the information from
the schema is still present hut is now distributed in the code, rather than being
isolated into an encoded representation. Hovi c~cr . the generated code is optimized
for space sini.c it only contains pr~~edures explicit ly referenced in the schema.

These ad~antages arc offset by several significant disadvantages. The first is
that multiple users imply multip le object modules. Each of these object modules
contains code to manage concurrent access to the database. This decentralization of
concurrency control makes control of concurrent access more difficult than if a single
resource manager were controlling access to the database.

Another disadvantage of this approach is its potential for loss of data
independence. Any modification of the schema or subschema will require all object
modules using the database to be regenerated. More importantly, after combining
the schema and subschema with the user program it is difficult to guarantee that the
user program is isolated from knowledge of the access methods declared in the

— —
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si.hcrn~ and stzhs~’hcrna ( oup led w nh thes e problems is the l~ict that few

~~t O~ I IWW in~ lafl~’ LI,It ’cs ha~i c the .ipahilit~ to define structur es as eomple~ as those
that cs ist w ithin a database nran.t ~ement system.

Rather than binding .il! in formation from the schema and stibsehema to the
usc ! pro~’ram at i.ompile t imc , data indcpendeni.e suggests that this b in d ing be

i.-d In the ‘,‘ ?‘‘~:r i appr ~i. /; binding of the schema and suhschema to the data
m . i n r p u l a i i  n iolrtlnes oc~t trs parti.ill~ at compile-time and partially at run—time. The
use l \ LLlt.~ manipu lation routine calls are trans lated into call s to a library of

it ’s I his lthrar~ is then hound to the riser pr ‘~~‘ r am at f t t .id-timc. This
approach is s imilar to an I/O library in which langtia~c operations such as RI-A D.
( F I, P1. 1 , and W R IF  F a rc trans lated into ca lls to routines in an I/O library .
Rir .imLicrs required h~ the lihrar~ proci’dur es. such as life name, record length,
h~ock length . de~r~e on which the file is located, etc.. are supplied from the user

prog? tin . t i  orn the ioh control language . or h our file contro l blocks.

-\ mcchinrsm w hich is similar to the librar approach is uttliicd in Burroughs’
D\lSll IBIS . R 5J, D’slSll use-s two phases of compilation . During the first phase the
data manipulation routines , the schema, and the subschcma are compiled to produce
an oh~cct module which is a library , or collection, of procedures called the access

methods In the second phase. the user program is compilca. The schr ,na and
subschcma are accessed during compilation to perform t~pc checking ~~~s the entities
declare d in the schema and suhschcma. Binding of the user environment is
complete d at load-time by binding the access methods to the user program. By
separat ing the access methods from the user program. it is possible to modify the
access methods w:thout affecting the user programm.

The most frequentl y-us e d implementation technique is to postpone binding the
s hema and subschcma to the data manipulation routines until run-time. This is the
inlerpre 1i~’ approach and ~ariations of it are used in l\IS, DMSI 100, I\IGRES. etc..
The schema and stibschema arc encoded into an internal form, referred to as the
t ih~ect schema and the object subschema. Using the record types and set typea
re ferenced as actual parameters in a data manipulaton routine call, the object schema
and object subschema are accessed to retrieve the appropriate record type and set

— 7 —
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L~pe desc riptors. l’hesc descriptors are then interpreted to perfo rm the data

man ipu k~t ion language command.
Ihe intc rpreti %e approach has some s ignificant disad~antages. Interpretation

w ill icqrure increased processing time to interpret the object schema and the object
sit hschema. If the object schema and subschema are stored on secondary storage to

facilitate their being shared by all programs accessing the database, then increased

I/O Los ts will he incurred in addition to the increased processing costs.
In I)\1S~ 1(X) , which we hclie~e is a typica l example of this approach. three

phases of binding are used. The first phase translates the source schema into a form
suitable t~r interpretation at run-time. A secondary output of the first phase is a set

of specifications for a user work area w hich will sers e as a communications buffer
between the user program and the database. The user program is then compiled
using the object schema for ty pe-checki ng The user work area spec ifications
generated in the prev ious phase are used as a template to generate a user work area
within thc users object module.

the third. and final, phase occurs at run-time. Each user call to a data
manipulauon routine specifies one or more actual parameters. For each actual
parameter the corresponding descriptor is located in the encoded schema. This
descriptor is interpreted to determine the function to be performed by the data
manipulation routine. e.g. the access methods to be employed. etc.

The fourth approac h is the automatically ’ generated procedu re approach. The
data manipulation rout ine calls are treated as calls to procedures which are genera ted
at the time that the database is opened. Larson descr ibes this approach as similar to
a host co mputer generating code to be executed by a slave computer . such as a

channel w hen performing an I/O operation. In the general database case, the host
and sla v e computer are the same computer. This appro ach is in the development
stage. An exa mp le of a system similar to this approach is described by Stemple
[Stc 76J .

—8-



3. .~~ (;ENERIC PR(X ’EDURE MODEL OF DATABASE M.~NAGEMENT

s\ STFM tRCIIITF( 1’URFS

A generic procedure is a procedure which performs the same basic operation
on actua l parameters of more than one type. The implementation of the operation
will generally ~an depending upon the ty pe of the actual parameter. The plus (-÷ )

operation in A LGOL 60 represents suc h a procedure since it accepts operands of

ty pes integer , real, complex .etc.
In order to implement all of the various computations, the procedure must

have access to a description of the characteristics of all valid actual parameter types.
ihus the ty pes of the operands can be regarded as implicit parameters to the

operator. The descriptor of the actual parameter characteristics may be bound to the
generic procedure either at compile-time or at run-time. lithe binding occurs at
compile-time. then the descriptor is the type information from the compiler symbol
table. I-or example, an instance of the procedure implementation may be supplied
for each type of actual parameter. The procedure body instances are expanded at
com pile-time as macros.

l f the binding is performed at run -time . two approaches can be used. One

approach is to perform inte rpretation. Another approach is illustrated by ELi
[Weg 74J. FL. ] represents type information as a MODE (similar to the tag of a

~.ar iant record) which is associated with each variable and which is testable at run-
time. A procedure may perform operations on its arguments depending upon the

run-time %a lue of the argument’s MODE

A database can be regarded as a collection of record types with variants, or a

discriminated union of records. In this contex t the data manipulation routines are
generic procedures. The tag of each record is used to determine the record ’s type
and hence the computation to be performed by the procedure. The schema and
subschema associate with a record the specifications of the data items plus the
specification of an access strategy. The access strate gy specifies the procedures to be
used to store and to retrieve record instances from the database, The data
manipu lation routines thus utilize these schema and subschema descriptors to

-9-
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determine w hat fun ct it ns are to be performed for a gi~en actual param eter to the
pr~t edute.

R~ representin g the dat.’ m.inipulauon routines as generic proceduR’s . w e can

model a daiah.ise management s~ stem .‘s show n in Figur e 2 Ibis model of a
d,it.:bjsc r1iar~~’emeflt s\ st em demonstrates that thc implcmciit.ition techniques
es amined L I i~ r di fkr iii terms the i~ w i ng ~ lia ract eris ucs.

1 lime i t  bindin~’ the data desc riptor
1. \L h,,nisms cmp l~ cd to s ha re t hc data descriptors among all user

prtX e’~scs au ess~r)g the database through a parli ~ ul.s r ‘~.hema and
sUhs~ hema
(‘ontrolling .i~. tess k ~iuributes wi th in the data descriptor to enforce or

~
- 

~ai .intcc d.ita independence.

4. ~ l)U %B ~~SI \t ’~\% (~F %IF\ t S~~ lFM .~R( vluI :rl t RF B ASED o~
1111 1 Sf. UI tIlSI K ~(i VA IA I~ I’IS

The gcncri~ pr~ .edure model als~ prosi des a con~cfl ient framework for
unifying rcse.ir ~ h on the app lic ation of programming methodologies and abstraction

tc~hniqucs to the design of database management systems. In Section 3. the gener ic

procedure model was introduced in order to describe the binding of the actual
p,irarncler p~pc’s to the data manipulation routines. In this section, abstract data

types arc analyzed in term s of the generic proc edure model as a database
management s~ stern imp lementat ion technique.

In Section 4 .1 tw o apparcntl~ conflicting functions of the schema and
suhsc hcm a are intr oduced and discussed. Then, in Section 4.2. we discuss the use of
abstract data types as a technique for rcsol~ing the conflicting functions. Section 4.3
describes the features a programming language must provide in order to support the
abstract data t~pe model. In Section 4 . 4 we describe the implementation of the
abstract data typ es which represent the schema and subschcma. Finally, in Section
4.~ we demonstrate that the data manipulation routines can now be implemented

~)icly in terms of the procedure attributes of the abstract da’a type instances which
are used to represent thc schema and subschema.

- 10-
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ti [he Schema atud Subsehema Functions

ftc schema arid subseherna perform three functions I he first is to pr l%i d e
descriptions of the act ual parameters to the data manipulation routines. [hese
i.ksc r prors contain the details of the physical and log i~ al implementation of the
database In t rdc i to maintain data independence , user progiams ire i~~latc d from
these details.

Ihe se~ond fun ct ion of the sc hema and suhsc hema is to define the
Cfl% u oriment t~ r user plog r ams. I his en’s lionment is the set of •tv~ ~ iatlons between
; d e r i t i t i c t s  and data ObjCLis wt i,e h m.i~ be reference d by a use r program . ftc user
en~ironmcnt is co m pose d of the names Cf the data manipulation r~utincs . the set and
re~ ’rd o~nstru~ts of the nctw~’rk data model , and the names and cha racteristics of the
dat.i Items , record t yp es , and set t~pcs th at are declared in the s4 herna and that are

~isihL through the user s sub schema. This en~iro nment is share d by all users of a
sLI bs4. hcma.

We te d that mechanisms which facilitate sharing the schema and sub schema

• .Uc ifl ci~~flict with the rnc h.mmsrns required to restrict access to the schema and
subschcrn.i mn order to insure data independence . ‘This conflict can be resolved by
rising protection mechanisms to pro~idc multiple Ics els of access rights to the schema
and su hsc hcma. One le%c l of access is the access to all the details of the
imp lemen tati on which is require d by the data manipulation routines. Another level
is the en’ironmcnt definition needed by the user in wh ich the detai ls of
implementation are hidden.

The final function of the schema and subschema is to define the logical and
physical structure of the database. This dcfinit ion includes both data attributes and
proc edural attr ibutes. For c~ample, the access st ratcg defined for a record typ e
speci fies the procedure to used to store and retrie ve record instances from the
database.

In the following section we wi ll demonstrate that the record and set
c~ flst1uCtS of the network data model can be naturall y represented by three abstract
data t~pcs. The schema and subschema for a gi%cn database are thus transformed
into a shared collection of instances of these three types. As we wi ll show, this
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approach easil> resol~.es the conflicting requirements placed upon the schema and
Sti hschema.

4.2 the l hrcc Abstract I)ata Types

l’he database is .m resource w hich is share d by all users. Instead of the database
being local to a use r’s address sp ace , the database resides in a separate address space.
The user program must e~ecutc esplicit pr imiti ’.cs to mtne recor d instances between

t he data base and the user ’s local addr ess space. A user work area (L ’WA ) serv es as a

~ommunIcations buff e r for all recoi d instances transferred between the user and the
database . ‘~ s a consequence of this separat ion of address spaces, there are two
different representations, or siewpoints. of the database which the database
managem ent s~stem must SUpport.

The first representation is the physical database which is shared by all user
programs. \ssociated with a ret.ord inst ance w ithin the database arc the logical
pointers which the data manipulation routines use to tr a~crse the data base and which
arc hidden from users. •\lso associated with each record instance in the database are
the encoded forms of the user”~isibk data items which are defined in the record
declaration in the schema.

‘I’hc database can be regarded as a disc riminated unio n of records. The record
Ipe and hence the associated properties of each record instance can be determined
h~ testing at run-time the tag associated with the record instance. By analyzing the
common properties of records as they appear in the database we can abstract their
properties to dcfinc an abstract data type, or generalization, the MassSrorageRecord.
I’his abstract data typ e represents an abstract ion of record instances in the physical
database. It also provides an abstraction of the participation of a record instance in
set occurrences in the database. Using the schema , instances of the
MassStoragcRecord are generated for each record t pe. For example, abstract data
types \lSPrcsident. MSStatc. etc. from the PRESIDENTIAL. database are defined
using the MassStorageRecord as a template as shown in Figure 3 . Details of this
abstract data typ e and examples of the definition of the abstract data types

representing the PRESIDENTIAL schema arc described in Section 4.4.1 (a

description of the PRESIDENTIAL. database can be foun d in Appendix A).
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I MauStorageRecord

I I
MSPresadenl I ,“ MSS*Ste M onqi-ess I
Figure 3 An Example of the MASS STORAGE RECORD Hierarchy

— 1 4-

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



A second s i ew of the database is that ~iew pro~ided to the user through the
User ~ ork A rea (L~~ A) . Flic 1~~ ..\ pro~idcs the user a ~iew of the recor d and set
types defined in the schema which are ~isibIe through the user s subschema. The

concept of a recor d and a set in the network data model can he abstracted to define
tw o ,thstraet data types . Instances of these two types can he used to define the user ’s

~ iew of the database.
The fist abstract data ty pe. the UWARecord , is used to genera lize the common

set of properties possessed by all reco rd ty pes. l’h e 1~~ ~\ Record is an abstraction of
the network data model record ty pe. .\ss~. s. iate d w ith the 1W’\Record are data
attributes and procedures whi ch represent the procedural infi rmution contained in
the location mode clause. Additional procedures arc associated with the
UWARecord which map the user’s ‘ iew of a record type to/from its corresponding
representation as a ~IassStorageRccord in the database. The LWA Record abstract
data ty pe is used to define instances corresp onding to each record typ e in the
schema. An example from the PRFSI DE\rIAL. schema is show n in Figure 4. The
UW ; Record generali zation is examined in detail in Section 4.4. 2.

The second abstract data type represe nts relationships .bctwecn record types.
Fhts is the L’WASet and represe nts the properties common to all set types.
Assoc iated with the UWASe t are attributes which describe the record types , that is,
MassStorageRecord instances and LWA keco rd instances , w hich participa te in the
set as ow ner and member. The attributes of the UWASc i also include procedures

w hich implement the procedural aspects of the set declarat ion , such as the set
occur rence selection criter ion .

The UWASet is related to the con cept of aggregation examined by Smith and
Smith. (An aggregat ion is a generic object which rep iesent s a relationship between
two relatio ns). A UWASet instance actua lly defines two relationships . The firs is
between MassStoragcRecord instances which participate in set occurrences and is
implicitly represented by the procedures associated with the UWASet. The second is

• the relat ionship between UWA Record instances which represent the set owner and
set member. This relations hip is explicitly represented by an owner UWAReun d
and a member UWARecord pointe r in the L 1WASe instance. The procedures

Ii 
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UWAR.cord

I UWAPresiden t I ~ 
UWAStaIe ) . . .  I UWACongress

Figure 4 An Example of the IJWA RECORD Generalizati on
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• .tsso .iated w ith the LW ~\Set abst iact data ty pe map between the relationship

between I. \~ \ Record instj nces , which is s isi ble to users, and the relationship
betwe en \1.tss sto iagekecord instances , which is not ~isi blc to users.

11w LWA S e t  abstiaL t data t ype is used to generate instances corresponding to
the \ct t~pes de fined in the schema and suhschema. An example is show n in Figure

~~ . I he I~\~ \Sc t is described in more detai l in Section 4.4.3.
By definin g the schema and subsehema as abstract data types, the schema and

suhcchem. ha ’.e been c~nsert ed from a pass ise ro le in the generic procedure model
t o an .i~ t i~ c role W~ sho w ed earlier that the data manipulation routines are generic
procedures Ihe procedures ;issoi .. iated with the 1WARccord and the UWASet
.ihsiia~ t data types are also ge neni~ proc edure s . Furthermore , as will be shown in
Se~ti on 4 .4 . these generic proce dures can be regarded as primitises to be used in the
implementation of the data manipulation routin es. Rather than using a descriptor
associated with Its actual parameter . the data manipulation routine uses its actual
parameter to indirectly tall the o rr ect procedure instance. This is shown
diagramatically in Figure 6.

Using this approach data independence is achie ved in the following manner.
.\hstract data types pros ide the capability to restrict access to their attributes. The
ens ironment of the user and the en’. ironmcnt of the data manipulation routines are
tw o different protection domains. Each domain has a different set of acces.s ngtus to
the schema and subschcma. The user is only able to see an env ironment consisting
of the data manipulation routines and the data attributes of the UWARecord and
UWASct instances corresponding to the record and set ty pes defined in the schema
and subschema. in the en’. ironment of the data mani pulati on routines, however, the
operators associated wit.h the LJWARecord and UWASe are v isible. The
%fassSto rageRccor dS corresponding to each UWARecord are also visible. In this
way the conflict between data independence and sharing of the schem a and
suhschcma w hich w as described earlier can be resolved.

All users of a database logically share the abstract data type instances
representing the schema and subschema as well as sharing the database itself. The
data attributes of these abstract data typ e instances represent the status of the user’s
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I UWAS~ I
I _ _ _ _ _ _ _

I UWANativeSons . ..  I UWAAdm ,nHeaded I UWAAdm itl edDurrng I
Fig u re 5 An Exa mple o f the UWA SET Hierarchy
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Figu re 6 An Abstract Data Type Model of Database Management
Syste m Architectur e
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iflterae Lion s’. ith the database. Fiiey are lo g icall y regarded as part of the shared
abstract data typ e Instances . but a pr is ate copy [Ow 177J of them is prt)\ ided for each
user. Ilossese r . the procedure attributes of the shaied abstract data ty pe instances
are reentrant arid onis one instance of each pr~x.~duie is required.

l’he data manipulation routines do not execute in the local ens ironment at their
point of declaration as does an .

~I.GOL. procedure. lhey execute instead in a non
k cal ensironmcn wh ich is assoc iat ed with the database. Abstract data types
encapsulate an ens ironment consIsting (11 data structures and procedures which
operate on these structures . By representing !he record type and set type of the
netwo rk data model as an abstract data ty pe, we are encapsulating the information
require d by the data manipulation routines for each actual parameter into a single

en’. ironmeni

43 ProgrAmming I.anguagc Support Required

To implement this model the features the programming language must be
capable of supporting are the following database management functions:

Representation of the complex objects within the database
- Sharing the schema and the subschema among user programs
- Controlling access to the schema through the subschema
- Controlling concurrent access to the database
• Pro’. iding facilities for protection, security, and recovery.
A number of the programming language features used in the implementation

described here arc based on the concepts of classes and subclasses in SIMULA 67
Jt)M\ 701. The algorithms which follow are presented in the syntax of SI%IULA 67.

The network model database is composed of complex list structures. To
represent these structures the language should support pointer variables , user -defined
types, and abstract data types. in addition, in order to support the representation of
the record and set constructs by’ abstrac t data types , it is necessary to separate the
declaration of an abstract data type from its implementation, The external view of
an abstract data typ e provides to its user a view of the generic , or abstract , properties
of the object, The declaration of an abstract data typ e is the definition of these
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pi~ pcrLies . i’he exte rnal s iew can be used in the deselopmen t of any modules

hich acees’~ this particular object.
ftc implementation of these properties is hidden from ‘.iew . The function of

separating the declaration from the implementation is to isolate the use of the
.ih~t i act dat .t t~pc from it ~ implementation. Frequent ly this isolation ~s ese n stronger
than simpl~ hiding t h e  details of implementatIon. To strengthen this isolation, the
declaration ot’ the properties an d behasror of the abstract object are created
indcpe ndcntl~ from its imp lementation . }-or examp le. CI.U completely separates the
piot e\s of dc~ciihin~ the external , abstract properties of an abstract data type from
the pit ~ce~s t ’ dcli ning their implementation.

VIR I LAI  attributes are a mechanism defined in SIMULA 67 for separating
the declaration of an abst raction from ts implementation. Using VIRTUAL
it tt i hut cs multiple implementations of a common abstraction may coexist , as shown
in Figure 7. V IR I 1 ••\l proccdute s are ve rb similar to forward procedures in

except that multip le implementations arc allow ed, one prosidcd by the
schema and another implementation possihl~ provided by each subsehema in our
approach.

The procedure attributes of the t, V~ A Record and ( WAS ct abstract data types
w ere declared to he VIR I t.’.\I • When an instance of LWA Record (or UWASet)
ahctract data t~pe is created to form , for example , a UWAPResident instance
corresponding to the PRESIDF\1’ reco rd ty pe. a customiied procedure for each
V IR I L.\ I procedure will he generated based on the schema definition of that
record (or set) type. Furthermore, h~ using ens ironmcnt concatenation, each
V IR I LAl  procedure can be redefined based on the subschema through which a

• ‘ user program accesses the database. The schema ~s defined as a collection of
instances of abstract data types in which each instance may have an independent
implementation of the VIRTUAL attributes.

.\s an example, the t W\ Reco rd contains a VIRTUAL procedure LOCATE
which implements retriesal of MassStorageRecord instances using the strategy
specified in the location mode clause of the schema. Using the UWARecord abstract
data type as a template. abstract data type instances are generated which correspond

~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ .~ .•• ~~~~~~~~~~~~~
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Figure 7 Coexistin g Implementat ions of an Abstract io n
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to t he rec or d ty pt’s dct. Jar c&I in the schema and which implement the art ic ulat forms

of ’ location mode ~~~ i lied w :th iii :hc rc~ t rd t~pc ~~ larations in the schema In the

I~R FSII)F\ 1 IA I • s~hcma . l W •~PResi dent Is an implementation of this r ecord
ahstra~tion and possesses as an attiih ut~ a procedure I .OCA ’li- w hich implements
hashing on it s I •\

~~~ I \ \ \1 F attribute. L \~ •\ \dmi n is .ils~ an implementation of
this abstracti on . hut possesses an rmplerneruauon &~~ I .OC \ I t — w hik h performs
retrie s .il s ia the logical pointer’s of the Admint headed sct type. Each Instance of a

1’\~ •~Reco rd in the schema possesses an independent implementation of I OCATE
w hich is based on the l~s.at :on mode L Liusc of the schema record Is pc declarations

• (see Figure 8).
Support ‘~r sharing the schema and subsehema and for controlling access to

the schema throti~’h the suhschcma appear to h~ conflicting goals , Howes er , they are

Lx)th related throug h the usc of en’ ironment ~ontiol faciliti es . Two sery different
ens ironment control c~p.ihrlrtrc s are necessary to support the schema and the
suhschcma. The first of these concepts is ens ironr sent ~oncj tenation . lo make both
the schema and the suhschcma ens ironments asaila hie Co the user data manipulation
language program. the programming language used to implement the database
management system must surport the ability to con~atcnate the ens rronmcnt defined
by the schema with the modifications to this ens ironment which arc defined by’ the
suhschcma. This concatenate d ens ironment is then asai lab le as a “global”
ens ironment to the usc(s data manipulation language program.

The data attributes of the schema represent the global status of the database . In
contrast to SIMULA , only one instance of the schema exists and all of its att ributes
are assumed to be shared. To represent the data which is local to a user, such as the
data items associated with the [WA Record instances, pnsatc sanahles are used. A
prisate sanahie is a sariablc which is assumed to be part of a shared abstract data
type. But a phs ate copy of the sariable is generated for each user of the abstract
data type.

Two major programming language concepts needed to support the relationship
between the schema and suhschema are binding and ens ironment , or name scope,
control. Binding is the establishme nt of a salue to be associated with an identifier.
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In the ~asc of the schema or the suhschema. binding a record type means associating
th~ entire declaration of a iecoi’d type wi th the identifier for the record type sLipplied
in th~ schema or subschcma.

BIo~k structure with the concept (It paralle l inner blocks is bery close to the

hie r. irc h ical structure of the schema and multiple suhs& henias. I-nsironment
co:rcatcn.it iofl allow s the ensironment of the OUtefliio ~t block , the schema, to be

concatenate d with the ensironment defined by each of the subschcmas. This
ombined ens ironment , with compiler support for separate compilation, can be made

,is .iilahlc .‘~~ the ens iroment to’ the data nianipul.ition language program. thus the
dat.i manipiil.itii ii langti.s ~’e programs shar ing ihc subschcma represent another level
of blt~.ks wh ich are nested w ithin thc subsehemas ~ that scseral user programs can
su it c the same ~ hem.i and suhschcma.

\~ h,~t programming language features .irc required to implement the subschema
lunctions~ the ability to define a new identifier to represent an area , set ty pe, or
recor d tspv requires that the language support the abilit y to define aliases . Given
this capahiIst~, the subsehema can declare a new identifier of the desired area,
record, or set t~pe. T he definition of an alias is a command to the compiler to create
a second name for an object or data item. ‘\ll references in the subschema are
required to reference the object using the alias This .ilias definition may aI~ supply
a new dat.i t~pe to be associated with a data item. A refercncc to the data item thus
requires a coercion to be ins oked,

The remainiri~ subsehema functions are more difficult to support. Fliminat ing
sisihliIit~ of identi fiers in the subschema can be implemented using several
approaches. One approach is a modification of the concept of ens’ironment
con atenation As d~suibcd carl iei , ens ironment concatenation follows the ALGOL
(~4 t  name scope rules w hich make all identif iers s is ibIc in the outer block visible
wi thin an inner block. The cn~ironmcnI which a block may pass to its descendants
is the ens ironment i t inherited from outer blocks plus the locally defined
ens ironme nt.

This basic function of ens ironmcnl concatenat ion is in strong conflict w ith the
desire to rcstnct access to an ident if ier. The problem in controlling access rights is
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to pros ide a means to restrict the s isihility of identifiers which arc inherited from a
concatenate d enisornment or which .ite locally defined. ‘the HlI)I)E~ specification
JPal7bJ a llows a block to rest i i c t the ens ironment which it passes to inner blocks. A
IIIDDE\ specification may be applied to either an identifier inherited from an outer
bloc k or may be applied to a )ocallydclined idcnt if c r. An identifier which is
11lL)I)E~ is ,nsisibk in inner blocks. We w ish to restrict at t he subschcma level
those identifiers which ~ue declared in the schema. lo accomplish this we declare at
the subschema lesel that an ident ifier decl ared in the sc hema is HIIMW~ and is not
at L cs\ible to use r data manipulation language programs using the suhschema. An

• al t ern at is e approac h is based on the concept of F\POR ftl) and l%IPOR1’FL)
dc~lara ti o ns which are used in EUCLID IL.HI.MP771, \IFS \ IG\1S771, and TELOS
FF11 LZ77J.

The redefinition of the set occurrence selection clause is a more complc~
problem. ft allo w s the subschcma to rebind part of the schema set type declaration.
A technique to pro si de this ab i lit y is based on VI R11Al procedures. Associated
with the declaration of the ~‘ I R l  t. A L name is a declarat ion of the set occurrence

selection clause which is associated with the set ty pe declaration in the schema
Subsequently this declaration of the set occurrence selection clause may be replaced
by a declaration in the subschema w hich is bound to the VIRTUAL name. If no
redefinition occurs in the subschcma,, the schema version is used.
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4.4. An Impkmt ’nlation

In this sc~ tr ~ n an iuiplententation of the ah~ ruct data types which represent
the network data model is described. \¼e wil t describe the implementation of the
schema, The suhscherna is implemented using the same approach.

lhe schema definition is w ntten in th~ I )at. i Definition Language (L)DL)
descr ibed in Appcndi~ ‘\. j o  represent the schema as a collection of abstract data
type instances , this DDL schema dc~ lat at u in is translated into the equisalenl
de~ Li .tt ion of a itLL (It ~ abst rac t dat , 1% ~e insl.iiI~ ~‘s using the declarations of the
abstr act data t~ pes described abelse as t~ iplates For each r c ~ ird type declared in
the schema, a dc Lla ratton ot a coi rcspo!~dlng \l.issStoragcRc~oi d t~pe and of a

I., WA Rccord instance is generated. I-or cae~ set type de~Liied in the sc hema a
corresponding LW ’\ Set instance is also ge nerate d. these abstrac t data typ e and
instance declar.ition s .i rc then compi led and are t~nind to the usc i program at It~.d
lime by using ensironmcnt ~oncatenation , F.ach ot these j hsttact data ty pes and
instances uses ensironment concatenation to bind the gcnenc properties of the
abstract  data t~pcs to the spc ~ ifli prope rties of the record type or set ty pe declared in
t)~e schema. Each compiled abs tr ac t data type declara t ion also supplies a potentially
unique imp lemen tation of the \ l R1L~\ L attributes of the generalization on whi ch it
is based. By using the access control featur es of abstract data ty pes an ens ironment
f i r use r programs is define d b~ the schema and subschema abstract data type
instancc ~ in which the database structure is hidden. l’his s an implem entation of the

• automatically-generate d procedure approach described by Larson. Howes er, rather
than generating the procedures for each use r w hen the dat abase is OPENed, our

approac h generates the schema and subschema once when the database schema and
subschema arc compiled.

4.4.1 The Mass Storage Record Abst ract Data Type

The MassstorageRecord abstract data type represents records as they exist in
mass storage. Associated w ith a record instance in the database are the pointers
which the data manip ulation rout ines use to traverse the database and which are
hidden from users.
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the \Iass ~tor age Rccor d abstract data t y pe defines tw o  subab stractions. The

suhabstractions. Ow ner\lSRec and \lembcrMSRec, represent the participation of a
record instance in set occurrences w ithin the database. ihe Ow nerMSRec
subabsiraction implement s the information desc ribing the ow nership of set

~.currences by a record insta nce, w hile the Membe r \ISR ’c subabs t raction
imp lements the membership of a record instance in one or more set occurrences.

As show n in Figure 9, \lSCongr ess. which corresponds to the CONGRESS
r e~.ord t~pe in the PKFSII)E\T IA I. schema, is declared to he a set owner. Figure 9
also shows that \lSCongPrcsLink . whic h corresponds to the CongrcssI~residentI.ink
recor d in the schema, is defined to be a set memb er. The Ow nerMSRec and

~tcmhcr\1S Rec suhabstractions are not mutuall y e~cIusi se , as show n by
\tSPresidcnt which is both a set ow ner and a set member.

The \lassSiorageRecord. whic h has no procedure attributes , has the following
data attributes:

1. Record ty pe Information - This field is used to tag each record instance
in the database with a type descriptor so that run iame checking can be
performed.

2. Owner\4SRec - This component of the MassStoragcRecord is used to
describe the set types which arc owned by thés record type. The data
attnbutes of the Own crMSRec are a FiRST pointer field and a LAST
pointer field. These data attributes are ViRTUAL

3. MembcrMSRec - This component of the MassStorageRecord abstract
data ty pe is used to describe the set types in which the record
participates as a member. The data attributes of the Member
Subabst.action are PRIOR. NEXT. and OWNER pointer fields These
data aunbutes arc VIRTUAL

• This defi nition of the MassStorageRecord is used to translate each of the
record type declarations in the schema into cqu is’ alent abstract data type declarations
wh ich are used as templates for creating record instances in the database. Using
these type declarations as a templates. environment concatenation is used to combine
the properties of the record type declared in the schema with those generic properties
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defined in the %tassStoiagcRecord. (‘onLatenate d to each \tas~S orageRecord
instance are the possibly encoded t~ t ms of the user-~isihle data items which are
defined in the record declaration in the schema.

i’ne properties of the Ow nerMSRec and the MembcrMSRec suhabstractions
arc declared to be V IR1UAI.. [his means that no imp lementation of these
properties w as pro%ided in the original dec laration of the \IassSio ragc Rccord.
Instea d, implementations are supplied with the declaration of each object which is an
Iustan~ e of th is abstract data type . For c~ampIe. when an Ow ner%lSKec (or
\ leniher\lSRec) is instantiated to create an \lSPresident instance , a customized
imp lementation of the F IRSt and I \Sl pointer fields (or PRIOR . \I-\ I and
OWN ER pointer fields) is generated to represent the participation as owner
(member ) of \fSPresident for set iscti r ie r rccs in the database . the PRESIDENT
record i~pe declaration and the Lorresponding MSPresident declaration are shown in
Figure 10 and 11 . respccw.ely.

the abstract data type \lSPresident uses en oronment concatenation to
• com bine this customi ied implementation of the \lassStorageKecord w ith the

attributes which are unique to the PRES I[)EN1 record ty pe and w hich are declared
in the schema. Thus a \lSPresident abstract data typ e concatenates to the
MassStoragcRecord the data items LAS1 \A\I E. FIRST\AME. etc . which are
declare d in the schema.

4.4.2 The L1% A Record .A bs f ract Data Type

The tJWARecord abstract data type is an abst raction of the network data
model record construct and represents the user ’s ~.iew of records in the database.
The UWAkecord declarat ion is a template whi ch is used in creating instances which
arc part of the user work area. Its data attr ibutes are:

1. Record type information - For run -time checking of record occurrences.
2. CURRENT - Current instance of the MassStoragcRecord of this record

type.
3. UWASet Instance Pointers - A pointer to all UWASet instantiations to

which the record type instantiatic,n is an owner or member. A
I
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RECORD NAME IS PRESIDENT
RECORD CODE iS 5
I OCATION MODE IS CALC USING LASTNAME
DUPL I C A T E  S ARE ALLOWED
TE X T LASTNAM E I IR STNAME , IN I TIAL
TEXT MC NTH BORN
IN T E G E R  DA~ Ek)RN Y EAR BORN
TEXT HEIGHT . COLLEGE . ANCESTRY REL IGION
TI~ ST Mc)NTH DIED
INTEGER DAY DIED YEAR DIED
TE XT CAUSE Of DEATH . FATHER , MOTHER

Figure 10 The President DDL Record Type Declarat ion

MassSt ora9eRecord CLASS MSPres4ent;
BEG IN

HIDDEN ALL:

COMMENT Implement set member pointers ;

REF(Mass Sto rageRecord ) ARRAY NEXT , PR IOR.OWNER (1 2).

COMMENT Index 1 membe r of AiiPresidentsSS
Index 2 a member of NativeSons;

COMMENT implement set owner pointers :

REF (Mass StorageRecord ) ARRAY FIRST . LAST (1 3).

COMMENT index I • Owner of AdmunHeaded
index 2 • Owner of EiectuonsWon
index 3 • Owner of CongresaServed;

T EXT LASINAME. FiRSTNAME , 1NiTIAL;
TEXT MONTH BORN :
iNTEGER DAY BOPN,YEAR BORN;
TEXT HEIGHT , COLLEGE. ANCESTRY, RELIGION;
TEXT MONTH DIED:
INTEGER DAY DIED. YEAR DIED;
TEXT  CAUSE OF DEATH . FATHER . MOTHER;
COMMENT Initia lize T ype information ;
RCOOE . a 5, iD:~ ‘PRESIDENT”;

END:

Figure 11 The MSP res ident Declarat ion
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UWAPres ident Record instantiation of the UWAkec u rd would contain

fi~e instances of the UWASet Pointer attribute one each for the

A ll Presidcn tsSS , N at i~ eSons, A drn in Headed. ElectionsWon . and

CongressServed set types.
4. \L\ISFTI’S\IEMI3ER - The number of sets in which the record type

participates as a member.
5. \L\ISETSOW NFD - The number of set s in which the record type

• participates as an owner.
Ihe proc edure attributes of the LwA Record represent the procedural

information contained in the schema. The attributes are:
1. I.OCA FE Procedure This procedure is responsible for locating a record

instance in mass storage and making it current of record and current of
all sets in which it participates . It is a VIRTUAL procedure attribute.

2. A l LOCATE Procedure - This VIRTUAL procedure allocates a new

• \lassStorageRecord occurrence using the MassStorageRecord as a
template and the location mode clause from the schema as a storage
allocation procedure.

3. 1 O.”iD (STORE) Procedure - This V IRTUAL procedure is used to load
(store ) thc items in a UWARecord occurrence from (to ) mass storage
after the correct \lassStorageRecord occurrence is located (allocated).

The definition of the UWARecord is used to tra nslate the record type
declarations in the schema into equi~aIent UWARecord instances. As an example,
the LWAPresident instance shown in Figure 13 is generated from the record type
declaration shown in Figure 12. Each of the VIRTUA L procedures in the
LWARccord declaration is implemented as part of UWAPresident. For example,
procedure LOCATE is implemented to perform retne~’al of a MSPresident instance

• by hashing w ith the LASTNAME attribute as a key.
The local data items of UWAPresident arc declared as PRIVATE variables

(see Section 4.3). B~ declaring the local data items of a UWA-RECORD instance as
priv ate, they are considered to be part of the shared abstract data type, but an
individual copy of these variables is created for each user program using the schema.
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UWARecord CLASS UWAPresident:
BEGIN

HIDDEN LOCATE . ALLOCATE. STORE. LOAD:
PRIVATE LASTNAM E .FIRSTNAME ,INITIAL.MONTH BORN,

DAY BORN , YEAR
COLLEGE ,ANCESTRY ,MONTH DIED,DAY DIED.YEAR..DIED.
CAUSE OF OEATH .FATHER .MOTHER,CURRENT;

TEXT MONTH OORN.
INTEGER DAY BORN. Y EAR BORN;
TEXT HEIGHT , COLLEGE. ANCESTRY , REL IGIONS;
TEXT MONTH DIED;
INTEGER DAY DIED. YEAR DIED:
TEXT CAUSE OF DEATH . FATHER . MOTHER;

PRO CE D U R E  ALLOCATE:
COMMENT Allocate a new MSPresident using a hashing algorithm with
LASTNAM E as the key;

PROCEDURE LOCATE:
COMMENT Retrieve an MSPresident by hashing with LASTNAME as a key ;

PROCEDURE STORE;
COMMENT Perform encoding as required and copy local data items Into data
items of current MSP1es4dent ;

PROCEDURE LOAD:
COMMENT Perform decoding as required and copy data Items from current
MSPresjdent into local data items ;

COMMENT Initialize type information ;
RECORDID * “ PRESIDENT s’ :
RECOR DCOOE : • 5;
NUMSETSOWNED : a 3;
NUMSETSMEMBER:. 2;

END; -

Figure 12 The UWAPrssl den t Deciarat lon

SET NAME IS NATIVE SONS
SET COOE IS 5 -

OWNER IS STATE
MEMBER iS PRESIDENT
ORDER IS SORTED
ASCENDING KEY IS LASTNAME
DUPLICATES ARE LAST
SET OCCURRENCE SELECTION IS THRU
LOCATION MODE OF OWNER

Figur e 13 The N.t lv.Sons 001 Set Typ e Declaration
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In this ~~ each user program can be guaranteed not to interfere with other user

programs.

4.4.3 the L W A  Set Abst ract Data Type

The second component of the user s ~.iew of t he database is the set which

represents relationships between record t>pes. The UWAS CI abstract data typ e
represents the properties common to all set i)pcs. Associated with the UWASCI are

attributes which describe the record types. that is ~‘t assStoragcRccords and

V~ A Record instJnces . whic h participate in the set occur rence .is owner and

member. The data attributes of the tJWASet are:
1. Set T) pc InformatIon - For run-lime checking of set types.

2. (.‘LRRl-\ I - Current instance of \lass.StorageRccord types participating

in the set type.
3. OW\ FR UWAReco rd Pointer.
4. \1 F\1 BE K t W ARecord Pointer.
5. A UTOMAI K’ - A Boolean which indicates either manual oc automati c

set mem bership.
6. OWN FR OFFSET - The index of the correct FIRST and LAST pointers

in the ow ner MassStoragcRecord type.
‘ • \IEMBER OFFSET - The index of the correct NEXT . PRIOR , and

OWNER pointers in the member MassStoragcRecord type.
The attributes of the LW ASet also include procedures which implement the

procedural aspects of the set declaration as follows :
• 1. INSERT - A VIRTUAL procedure to insert a new member record

occurrence into the set using the SET ORDER clause from the schema.
2. LOCATE - A VIRTUAL procedure to locate an occurrence of a set

based on the SET OCCURRENCE SELEC11ON clause of the schema.
3. REMOVE - A VIRT UAL procedure to remove a specific member

record occurrence from the set occurrence.
4. SCAN A VIRTUAL procedure to traverse a set occurrence by

following the pointers which link ~~ owner record occurrence and the
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member rcc&~rd occurrences iiid the pointeis which link the member
record occurrences.

Fhe definition of the LIWASet is used to tianslaw the set t~pc declarations in
thc schema into equl~alent U WASe t instance declarations. As an example , the

\at i\ eSons set t~ pe decLira ti on is shown in Figure 13 and the coi responding
UW -\\at i~eSons is show n in Figure 14 Fa~h of the VIR FUAL procedures of the
LW A Set dccLiiation is implemente d a~ part of the LWA\atI%c Sons declaration.

4.4.4 The Data Manipulation Routines

The data manipulation routines are generic proccdures. For example, the
F- F I CH data manipulation routine is a procedure with only one actual parameter, a
pointer to a UWAkecord instance. Each record (set) declared in the schema
pros ides a detailed description of a record s (set s) characteristics . All of the
characterist ics of the actual parameter must be know n to execute the data

• manipulation routine.
In our approach. this information is bound to the instances of the

UWARecorci and the UWA Set abstract data ty pes. Rather than perform
interpretation, the data manipulation routine uses each actual parameter to indirectly

• reference the correct data or procedure attribute associated with an abstract data type
instance in the schema. Thus the data manipulation routines arc completely

• imp lemented in terms of the data attributes and procedure attributes of the abstrect
data types. This use of abstract data types has allowed us to separate the definition
of the properties of all databases from those of a spccitic database. Since the data
manipulation routines are isolated from sill implementations. the~ arc database
independent and data independence is guara nteed.

Figure 15 contains an implementation of the data manipulation routines
FETCH. RECPTR references an instance of the UWARecord abstract data type
(i.e. . a record type) .
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UWASe t CLASS UWANative Sons ;
OEGIN

H I D D E N  UWA OWNER . UWA MEMBER . INSERT, LOCATE. REMOVE, REORDER ,
MEMB ER OFFSE T . OWNER OFFSET;

PROCEDURE LOCATE;
COMMENT Implement Set Occurrence Selection through the location Mode of the
Owner. e.g . call UWAStaIe.LOCATE;

PROCEDURE REMOVE;
COMMENT Remove tne indicated MSPresident from a set occurrence Use OWNER
OFFSE T and MEMB ER OFFSET to access the correct pOinter locations;

PROCEDURE SCAN;
COMMENT Based on the actual paramete r switch value move from the cu rrent
record along the corre ct pointer Use OWNER OFFSET and MEMBER OFFSE T to
access the pointer locations.

PROCEDURE INSERT;
COMMENT insert a new MSPresident instan ce into a set occu rrence Maintain the
set order as sorted in ascending order using LASTNAME.;

COMMENT Initialize type information ;
SETCOOE:. 5;
MEMBER OFFSET : • 2:
OWNE R OFFSET - a 1 ,
ID : a “P 4ATIV E SONS ’ ;

END:

Figure 14 The UWANaIIvsSon s D•clarat lon
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k PROCEDURE FETCH(RECPTR);
I REF (UWARecord) RECPTR;
I BEGIN

V INTEGER I;

I COMMENT use the schema location mode to find the MasaStorageRecord and then
co py MassStora geReco rd field s into UWAReco rd fields;

COMMENT Make the MassStorage Reco rd the curren t of record type :

CURRENTOFRUN :~ RECPTR CURRENT : - RECPTR.LOCATE;

COMMENT Load all data items into the UWA :

RECPTR LOAD (R ECPTR.CURRENT);

COMMENT Make the record occurrence the curren t of set in all sets in WhiCh it
participates ;

FOR I: • 1 STEP 1 UNTIL RECPTR NUMSETSOWNED DO
RECPTR OWNER(I) CURRENT :• RECPTR .CURRENT .

FOR I - I STEP 1 UNTIL RECPTR NUMSETSMEMBER DO
RECPTR.MEMBER(I).CURRENT :~ RECPTR CURRENT;

END;

FIgure 15 Dat a Manipulation Rout ine FETCH

I
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~ s described )
~~ c the ad~anIages of representing the schema and subschema

as ,ihstiact dat.i t~pcs include increased reIiabilit~. improved support for data
independence and for sharing the schema and the suhschema. and increased run-
time c ffic ienc~ in cOntrast to t he intcrprctI~c approach. The increased run-time
e flicienc~ is aehic~ied h~ implementing the data manipulation routines as .alIs to the
protcdurc~ ,r~s~s.i~te d voth thc abstract data typ es representing the schema and

sii h’~ hcm .i I his eli m inates the need f~r run-t ime interpretation and its .rss&~ iatcd
o~erhead. In this section Vb C vaIl present a s umm ary of the pvrformance
impro~cment that the abstract data t~pc approach pro%ides in cOflt last to the
inwr preti~c approach. A more dctaikd discussnm of this perfo rmance analysis is

pro~ ided clsc~~heic IRar7~J f 15ar79J.

Performance analysis of database management systems has traditional))
ernph.isiicd the anal~ sis ol input/output acl i% 31 > . The si /c of databases and the need
fu~r flexible sharing described ea rlier ha~e required that the database by stored in

sccondar~ mcmor~. Ili c database is in a separate addres~i space from the local

address space of the user program . Use rs must C~ C~ LI1C explicit commands to
transfer record instances bets~een their local address space and the database. Since
the database is stored in secondary memory, these commands are actually
input/output instructions.

A commoni> used implementation technique in current ~~~ is
interpretation of the actual parameter descriptors at run-time by the data
manipulation routines . Ihis interpretation is performed b> the central processor.
Since there is a large performance disparity betv~ecn the access time of conxen uonal
storagc devices and the cycle time of the cent ral processor, inte rpretation may not be
a significant mcrhead in the database cn~ironmcnt. The objective of this analysis is
to characterize the run-time o~crhead required for interpretation and to relate the
elimination of this o~crh cad in the abstract data type approach to system
per formance.

In a system in vihich schema interprctat~on is employed, there are actually
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Ivo addicss spaces . or ~ irtuat memot ics . and their .is’~xiatcd butler ~~x Is  whkh arc

nunaged h~ th~ database m.rn.IgLment s~stcm . I he first is the address space of the

djt,ibase in mass sto rage. 11w sc~.ond is the address space in vhich the encoded

s~.hema resides 13> generating Iet~rer1 e strings t o these address sp.itcs and analyzing
the p.ige faults vhich these iefeience st r in g s produce. the t ’~erhcj d of input/output
actu~ it> can he deri~ed. these reference strings can also be used to determine the
amount of interpretation performed h~ the d;ita manipulation routines.

Rather than determine these relerc n~ e strings empirieaIl~ a combination of
simulation and modeling wa s used. 1 he basic appi .ich was to replace the
implementations of the generic procedures ass~ .,ated wi th the ,ihsiia~t data t)pe
instances represe nting the schema wi th implementations which simulated I/O to the
database and which nionitored the point.s at w hic h interpretat ion would haxe been
require d but w as a~oided.for example , thc procedure LOC.\ I I-. associated with each

~~ ARecord is replaced with a new impkmcntaiion which s imulates retnc~al of a
record instance. lo studs the monoprogrammung case, the new impl ementat ions

w ere then used to execute synthetic programs individuall>. To study the

multi programming case the) wer e also to simulate a mix of, synthetic programs in
concurrent execution . with each program generating data manipulation routine calls
with Poisson-distributed interarri~al times. The results of the simulations were a
measurement of the number of record requests from the database for each record
t:~ pe and a count of the interpretation of record type and set type descriptors which
would have been required.

In order to characterize performance the results of the simulations w ere used
to compute the relative utilizat ion factor. P. p is the ratio of utilization of system

resources required to perform interpretation relative to the resources used to perform

I/O to the database. Since the user response time is direcil> related to the these I/O
and interpretation costs, measurement of P allows some qualitative predictions about
user response time. For example. if P equals I and all other costs are assumed
negligible, then one-half of the cost of executing a user program is the cost of
performing I/O to the database and the remaining cost is interpretation. In this case
elimination of the interpretation o~erhead wi ll reduce user response time by 50% and
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double 5>51cm throughput, unless there are bottlenecks which arc hidden by the
interpretat ion o~crhead.

t he simulations measured the frequency of interpretation and the frequency
of record requests from the database. A ’.eraged o~cr all of the simulat ions ,

interpretation occurred approximatel> 3.5 times per record request from the
database. I he simulation model introduced significant simplifications and additional
requirements for interpretation of the schema were ignored, such as interpretation of
authorization and pri~ac> information. Interpretation of the subschema was not
considered. We bclic~c that it is reasonable to e~pcct the ratio of interpretation to
ret orii rests is c~en hi gher in actual s>stems than was shown by these simulations.

I’hc simulation results wer e used to compute the rclau~e utilization. The cost
of interpreting a schema descriptor was assumed to consist of tw o components: The
first is the cost to locate the correct descriptor: the second is the cost to e%aluate the
descriptor. If a descriptor is resident then the cost to locate it is negligible;
otherw ise an I/O operation is required to retric~e it. Thus P is a function of the
CPU cycle time, the mass storage access and transfer times, the size of the schema
descriptor and the database buflci pool, the policies used to manage the descriptor
and database address spaces. and the multiprogramming level.

We initially consider the monoprogramming case: the multiprogramming
case is examined later. The CPU cycle time determines the average time in seconds
that will be required to evaluate an schema descriptor. The mass storage access and
transfer times determine the average time in seconds which will be required to
ret rieve or store records in the database or to retrieve a schema descriptor. The
absol ute values of the CPU cycle time and of the mass storage access and transfer
limes arc not as critical as their ratio, w hich can be s iewed as a measure of the

performance dispanly between processor speed and mass storage speed. Two

configurations were considered. in the first configuration which assumed the

presence of conventional mass storage hardware the ratio of average CPU cycle time
to the average access and transfer time of a 4K byte page was chosen to be 1:40000.
The second configuration assumed the presence of memory hierarchy incorporating
CCI) devices and thus reduced this ratio to 1:500.
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(‘he simul ations inco rporated management of the descriptor address space by
implementing a simulation of a demand fetch poluc> and a LRU replacement policy .
lhc siz e of the schema descriptor buffer w as chosen large enough to accomodaze a
workin g set of schema descriptor s . Thus the I/O required to retrieve schema
descriptors during execution of th e workloa d was measured directly.

However . I/O to the database could not be directi> measured by the
simulation. Instead the database I/O was derived from the simulation results by

modeling. A database fault occurs oni> when a requested record is not resident and
the requested record (that is. the page which contains it) must be transferred from
secondar> storage. l~mpirical data on the locality of database accesses is available
from se’eral sources. Schkolnick ISch77) measured the effect of clustering records
w ithin hierarchical s~stems. Using measurements from l%IS , Schkolnick measured
page fault probabilities in the range of 0.10-0.20. Simi lar salues were measured by
Rodrigucz-Roscll (Rod76J. In measuremenis performed on IMS the page fault
prohabilit> in the monoprogr~tmmed case was mt the range 0.80 < page fault
probabiIit~ < 0.95 and in the concurrent case the page fault probability was less than
0~20.

This empir ical data demonstrat es dramatic reduct ions in page fault
probabilities due to clustering of related records during trave rsal of chains within the
database. We assume that clusteri ng is used in set implementations but that the
randomizing effect of CAI ..Ced access using a key value is in contradiction to the

aims of clustering. Thus CALCed access should produce a higher number of page
faul ts than traversing a chain within the database which exploits the effects of

clustering. To incorporate this effect, we assumed that an I/O operation to the

database was required for every third record request.
The values of the relative utilization which were computed were highly

dependent upon the characteristics of the actual workloads executed. For the
con ventional mass storage system the measured relat ive utilization was in the
approximate range of 0.25 to 7.6: for the system which assumed the presence of a
memory hierarch> the measured relative utilization was in the approximate range
0.90 to 8.4. These results demonstrate that for the conventional mass storage system
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that unterpictatuon accounted ~oI 2(Y~ ~~~~~~~~~ of t he syst em o%e rh ead depending upon
the user wor kload. For the higher per formance niemor~ sy stem inte rpretation was

4~~ .StY~ o f the o~erhead. These results imp ly that replacement of slower mass
storage desit.es b) higher performance s~stcms may not achiese the anticipated
performance ~‘ains , but ma~ instead be limited by the interpretation overhead.

I’hc measured reIati~c util izations were ~er~ dependent upon the actual
workloa d. The w ide range in the measti re value of P is due in large part to the
.ihuIut~ (or inabiIit~ ) of a s~stem to maintain a work ing set of descriptors in the system
buffers has a Iart~ impact upon per formance. One factor relating to this abilit) (0

mainta i n a icsident working sd is the inter sal between transitions in the set of
Jes~rl~)tors comprising the current working set. (‘his intenal is depen dent U~X)fl the
j~~cr,n~e s i/c of a set oc urence, that is the a%e ragc numbe r of member record
I nst . In (es as&~ iatcd with an instance of an owner record. For traversa l of a set
ocuirrence . the larger the set size , the longer the intcr~al between transitions in the
working set of descriptors.

.\ major factor effecting the working set size is the multiprogramming level.
to stud s this effect a mix of the s) nt hetic prog rams w as si.mulatcd in concurrent
execution, w ith each s)nthetic program gener ating data manipulat ion routine calls

with a l~oi~~ n untcrarri ’,al time. As the level of multiprogramming increased, the
a~ai lah il it> o f schema desc riptor buffers became a limiting resource. For an increase
in the mult iprogramming lc~el one to ten the size of the working set approximately
double d. This resu lts in dramatic increases increases in the relati ve ut iliza tion as the

level of multiprogramming increases.
For a small schema, that is. a schema with a small number of record types

and set t~pcs. it may be reasonable to load the entire schema into memory when the

database is opened. But for a large schema , that is. a schema with many record types
and set i~pcs. this ma~ not be possible. If concurrent users arc accessing disjoint
subsets of the database , then contention for schema buffers and the resulting
increased rate of schema descriptor faulLs will sign ificantly impact the system
performance.

Based on these simulat ion results for the multiprogramming case we can
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make s~~ci~I sti~~cstioI)s for urreni implementat ions using interpretation. Due to
the dependence of the rcIaii~c utiliiation upon multiprogra mming local page
iep lacement algoiithrns should he used to manage the schema descriptor buffers
rather than global algorithms. Ibis stig~ests that subsehemas should be designed to
reflect the working set size.

The interpretation o~erhead discussed abo~e us completel~ avoided when the
schema is represented h) a collection of abstract data t~pes. In contrast , two

dif t~reni sources of o~erhead are present. The first is the use of indire ct addressing
to reference the correct dat.i attribute or prt~.edure attr ibute w ithin the schema. This
o~.er hea d is insignificant compared to the o~erhead of interpretation.

The second o~erhead which is present at runiimc is much more significant.
B~ implementing the data manipulation routines in terms of the procedure attributes
of the abstract data types representing the schema, each reference to the schem a
in~ot~es a context sw itch. Ci~en the overhead of procedure entry and exit , the
number of procedure calls which are e~cc uted h) each data manipulation routine
could involve an o~crhcad which is comparable to the CPU time required to perform
interpretation. This can be avoided b~ regarding the data manipulation routines as
open su broutines and ex pand ing their dcfi nt ions inline at the point of call rather
than compiling them as closed subrouti nes.

6. CONCL USIONS

In this paper we hav e examined the use of abstract data types as an
imp lementation tool for database management systems. This approach has several
significant advantages over cUrrent implementa tion techniques. First, by using a
combination of abstract data types and generic procedures to structure the design of
a database sys tem , the resulting software should be more reliable. Also, by
employing a prog ramming language wh ich suppo rts specification and verification of
abstract data types, we can guarantee data independence. Finally, the application of
abstract data types permits the elimin ation of run-time interpretation of the schema
asid subsc hema such as in IBM~s ISIS and Univac ’s DMSIIOO. Instead, the data

I
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manipulation rout ines, w hich we demonstrated arc examples of genetic procedures,

.ue imp lemente d by para metit ed calls to the proced ures hound to the instances of
the three abstract data types used to represem the log ical structure of the database.

A nother use of abstract data types which has been proposed is as a ~ery-high-
tesel data model ((H\176J, (11am781, [\1in76J). In this approach each en hit) set is

represented h~ an ~ibstract data t)pe and instances of the cnt it~ set correspond to
instantiatu.rnS of the abstract data type. Furthermore, the only operators which can
be applied to the database are Lhosc bound to the abstract data types which are used
to represent the logical structure of the database. In addition to pro~iding a ~er~
natural and data independent interface for the user, this approach simplifies the task

~t en tot cing database integrity.
The best way to contrast our use of abstract data ty pes as an imp lement ation

Kx)I with their use as a %cryhigh-Ievc l data model is to consider each approach in
terms of the proposed A NSI/SPARC database framework. l’he A NSI/SPARC
proposal is inten ded to support ~iew s (extern al models) of the database in terms of
all theree currently-used data models: the hierarchical model, the net w or k model ,
and the relational model. The use of abstract data types as a ~.c r> -high -lesel data
model can simply be viewed as another external model.

W e bdie~e that the abstract data type model which we hav e presented in this
pape r is a feasible implementat ion technique for the ANSI/SPARC architecture
(.\\S~’S~. Slajor questions exist concer ning the efficiency requ ired in such a system
(BS7S J . A number of these questions are resolved by our approach. Using

techniques similar to those described in this paper, each external view of the
database is represented by a collection of abstract data types. The abstract data types
implement a v iew of the database in terms of their data attr ibutes and procedures.
The procedures associated with the abstract data types in a given level of the system
arc implemented in terms of the data attributes and procedures of levels which are
closer to the actual details of implementation. For example , the abstract data types
representing the relationa l vie w of the database may be implemented in terms of the
data attributes and procedures which represent the conceptual Ie~.eI. The abstract
data types at the conceptual level are themselves implemented in terms of the data
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attributes and procedures of the interna l level. We are currently investigating this
approac h for implementing the ANSI/SPARC architecture .

The abstract data ty pe model which we have described also provides an
efficient implementation technique for the revised Data Defi nition Language
(DDL78 1C0D78fl . In DDL78 the specificat ion of the schema to storage mapping
which was formerly part of the schema has been removed and is now defined in the
Data Storage Description Language (DSDL). The environment concatenation
functio n of the Sl\ IUI.A sub c lass allows us to define mu lti-level abstract data types.
The generic procedures and data attributes of each level corresp ond to the different
schemas. This concatenated object represents the user’s x’iew of the record construct.
the independence of the concatenated objects is guardn teed by the environment
control mechanisms provided h~, abstract data types. As an example the abstract
data type liWARccord defined earlier can be replaced by the OdlUWARecord
which implements the attributes defined in the DDL78 schema. The
DsdlUWARccord is then defined as a subclass of the DdIUWARecord and
implements the att ri butes defined in the DSDL
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Appendtz A

ftc 1971 CODAS\ L DBTG Repo rt (COD7II and the CODASYL Data
Definition Language Journal of L)e~elopment fCOD73J describe in detail a language,

the Data Def inition Language (DDL). to be used to describe the log ica l st ructures

and storage structure of the database. The DDL provides the capability to describe
the database in terms of logical subdivisions, or areas, records, and sets. A grammar
(BNF) for the DDL which was used in this report and which is based on the
(‘Ot )ASY 1. report is sho wn below .

<SCHEMA) = <SCHEMA SECTION>
(AREA SECTION)
<RECORD SECTION)
(SE T SECTION)

(SCHEMA SECTION) ::= SCHEMA NAME IS ID
<A R[A SECTION> “ Not Implemented”
<RECORD SECTION) RECORD SECTION

(RECORD DECL LIST)
(SET SECTION) :: = SET SECTION (SET DECt. LIST)
(RECORD DECL LIST) = <RECORD DECO
<RECORD DECI LIST) :: <RECORD DECI LIST)

<RECORD DECL>
(RECORD DECL) = <RECORD NAME)

(RECORD CODE>
- 

(LOCATION MODE)
‘~DUP) (WITHIN) (ITEM LIST)

(RECORD NAME) = RECORD NAME IS ID
<SET DECt. LIST) <SET DECO
(SET DECL LIST) :: = (SET DECL LISTXSE T DECO
<SET DECO ::= (SET NAME)(SET CODE) <MODE)

(ORDER> (OWNER) <MEMBER)
<SETNAME) ::= SET NAME IS ID
<SET CODE) - - = SET CODE IS INTNUM
(MODE) :: = MODE IS CHAIN
(MODE) :: MODE IS POINTER ARRAY
<ORDER) :: ORDER IS <OC) <SWITHIN)
<OC) :: FIRST
(OC) ::= LAST
<OC) NEXT
<OC> PRIOR
(OC) :: SORTED
(SWITHIN) WITHIN ID BY ID
<OWNER) OWNER IS ID
(MEMBER) :: = MEMBER IS <CLASS CODE)

(LINKEDXMOOXSOS)
<MOO) = EPSILON
<MOO) = (MORDER) (MOUP)
(MORDER> :: = (LJPDOWN) KEY IS ID
(MDUP) :: = DUPLICATES ARE FiRST
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<MDLJP) ::= DUPLICATES ARE LAST
(MDUP) = DUPLICATES ARE NOT ALLOWED
<MOUP) ::= DUPLICATES ARE SYSTEM

ORDERED(SOS) :: = SET OCCURRENCE SELECTION
ISTHRU<SOSMODE)

(S()Sj
~~DE) = LOCATION MODE OF OWNER

SOSMOOE> :: = ID USING CURRENT OF SET
<SOSMOOE) = ID USING LOCATION MODE OF

OWNER
(UPDOWN) = ASCENDING
<UPDOWN) = DESCENDING

Two aspects of the Journal of De~elop ment I)DL are not considered in this
report. The first is the DDL descriptions of the pri~ac~ control and integrity
constraints w hich the data manipulation routin es are to enfo rce on the database. The
second aspect is the Device Media Control Language (DMCL) which is dcscnbed in
the report as a tool to specify the mapping of the log ica l database structure onto the
physical storage media. While these features of the report are not consi dered here,
we believe that our approach cou ld incorpo rate them without difficulty.

The c~amp les used in this report arc based on the PRF~SIDENTIAL database

. 

defined by Fry and Sib le) (FS76J. The schema for the PRESIDENTIAL database is
shown in Figure 16.
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Abstract (continued)

application t t  ab stract data type s pe rmi ts the eliminati on of r u n - t i m e  inte rpretation
of the schema and subschema ~;ts ’h as in IBM ’s IMS . Univac ’s £145110 , and INGRES .
Instead , the da ta manipulation rout ine s, which are shown to be examples of gene ri c

p rocedures , are tn ~~lement ed as par ame ter ize d calls to the procedure s bound to the
instan ces of the t ? I ! t t ~ abstract data types used to repre sent the logical, struct ure
of the database .
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