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ABSTRACT:

THE IMPLEMENTATION OF A NETWORK ORIENTED

DATABASE MANAGEMENT SYSTEM

DESIGNED TO RUN UNDER THE UNIX* OPERATING SYSTEM

Vie have designed a network approach, low level access system. Cur concep-
tual model is specifically designed to run under the UNIX operating systen:. Our
model has been tooled in the UNIX tradition. We have also supplied a manipulation
language for use on the database. Our system does its own input and output

buffering.

*UNIX is a Trademark of Bell Laboratories
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1. INTRODUCTION

Out of the ever growing use of computers to store and manipulate data has
grown the need to impose some structure on the data, facilitating the use of the
data. To answer to those needs, the concepts of database systems and database
management have been developed. A database is a collection of stored operational
data used by an application system [Date 77]. A database management system
provides the user or users with control of this operational data. The heart of any
database system is the data model (or conceptual model). Although there are three
well known approaches, relational, hierarchical, and network, we have decided to

direct our attention to the network approach for our data model.

In a network approach, an entity is represented by a "record" and the associa-
tion between entities is represented with a "link". The links are used to group
records into sets. Each set type may have any number of occurrences. Each set
occurrence has one owner record and any number of member records. However, a
specific record type may not be an owner and a member in the same set. A net-
work database system can implement many to many mappings more efficiently than
a relational system, since a relational system would require more space to
represent the mappings. Also, the network model tends to be more symmetric than
the hierarchical model. Although a network model may offer more generality than
a hierarchical model and may be more efficiently implemented than a relational
model, there is little doubt that a network approach is more difficult to conceptu-
alize [Date 77]. A network model requires an understanding of both record types
and links, and their interrelationship. The implementation of many-to-many rela-
tionships is not straightforward, often requiring dummy record types. With practice

one gets used to this technique. While the network approach to databases may be
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conceptually more difficult to understand, we have made every effort to ensure

simplicity and clarity of usage.

1.1. DBTG NETWORK MODEL OVERVIEW

A network data model is backed by the Conference on Data Systems Language
(CODASYL) Data Base Task Group (DBTG). The reports of DBTG in 1971 and 1976
have influenced the national and international standards for databases. We have
been guided in the design of our database system by the DBTG reports. The
schema basically consists of the implementation of (1) schema declarations (DDL)
and (2) a set of primitives for manipulation (DML). The following paragraphs com-

pare our system with the DBTG proposal.

While the DBTG proposal included dividing the total storage space into a
number of "areas", our system has only one area in which all stored data resides.
We feel this single area is reasonable in our model since we do not envision the

use of the present model as a large scale database.

The DBTG proposal allows the user to specify a membership class by means
of an INSERTION/RETENTION entry. The INSERTION entry determines the storage
class for a record type while the RETENTION parameter determines a removal
class [Date 77]. The DBTG proposal allows AUTOMATIC or MANUAL as a
storage class and FIXED, MANDATORY, or OPTIONAL for a removal class, with
any combination of storage/removal class for any set type. That is, a given record
type may have a different membership class in different set types. MANUAL
storage requires that the user insert a member into a set occurrence with a
specific "insert member" command. With AUTOMATIC storage, the database

management system automatically inserts the member into the appropriate set.
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FIXED retention dictates that once a record has been entered as a member in a
set occurrence, that member can never have any existence in the database not as a
member in that set occurrence. MANDATORY retention is like fixed except that a
member is allowed to be moved to a new owner within a set type. OPTIONAL
retention allows a member to be removed from a set occurrence without com-
pletely removing the member from the database. Given the time limitations of
this project, we could not begin to support all of these membership classes.
Instead, we chose a specific membership class (MANUAL/MANDATORY - See
Chapter 2, Section 1) and implemented it across all record and set types. We have
made every effort to tool the model in such a way as to allow future extensions to

provide a richer set of membership classes.

DBTG allows several forms of set selection. The set selection clause may be
thought of as defining an "access strategy" for the set [Date 77]. Our system
places the responsibility for selecting the correct set occurrence on the user. He
must supply the name of a set he expects to use. However, all of our routines
operate through user established currency pointers, so it would be a relatively easy
modification to allow the user the option of supplying the set name or using the

current of run set type as a default.

The DBTG data model allows for both ACTUAL and VIRTUAL sources for
data items. A VIRTUAL data item is one that is not physically stored in a record,
but rather could be produced by applying some function to existing fields. Alterna-
tively, the source of a data item could be declared as ACTUAL, which indicates
that the data item actually exists in the database. The data item could be a field
or a group of fields. Our network model does not deal in fields, other than to pro-

duce keys and to make sure that the number of fields in a record matches the
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number of fields in its type definition. It would seem reasonable that the software
that provides a data sublanguage to the user might be able to provide some virtual

capabilities.

1.2. PROPOSED SYSTEM

Figure 1-1 depicts the proposed system. The user/database system interface
includes software to provide a subschema definition language and a stand alone user
query language. It is hoped that this software will be provided as a future exten-
sion of this system. See Section 5-1 for further information and clarification. The
Database Management System presently implemented provides definition directives,
which allow the creation of record and set types, and manipulation commands or
primitives, which allow the manipulation of the data stored in the database. The
definition directives are accepted by the DBMS and the appropriate record or set
types are defined. The record and set definitions are maintained in a binary tree
in memory while the Database Management System is in use. When the DBMS is
not being used, the definitions are stored on a file. See Section 2.4.2 for further
information. The manipulation primitives work through an input/output buffering
system maintained by the DBMS. See Section 2.4 for further information. The

manipulation primitives are discussed in detail in Section 4.

1.3. ASSUMPTIONS AND DESIGN PRIORITIES

Our network database model assumes that any record stored in the database
has a unique key. Under our present system, "unique key" is defined as a combina-
tion of one to ten fields to produce a record identification which is unique
throughout the system. Of course the limit of ten fields is merely a parameter

and easily changed. It would also be a minor change to require the key to be

THESIS 1-4 JANUARY 1982



-USER

Y

USER e —— USER/DATA BASE

INTERFACE
DIRECTIVES
& COMMANDS
FROM
INTEROFACE FUTURE EXTENSIONS
ceaecean an (AR NN NNNN] ....IIllllllllel?:I:WllRlEl....ll.... SafpecRaEDERREaReRREDRERREQRREFRERRRERERRRRRRRE]
: PRESENTLY
DATA & MANAGEMENT SYSTEM IMPLEMENTED SYSTEM
DEFINITION MANIPULATION
DIRECTIVES COMMANDS
€ INPUT/OUTPUT
. BUFFERING SYSTEM
DATA BASE DATA BASE
MANAGEMENT INFORMATION FILES:
FILE 1. B-TREE FILES
2. RECORD FILES
3. SET LINK FILES
) *\_/
FIGURE l1-1

PROPOSED SYSTEM

THESIS 1-5 JANUARY 1982



unique only within a record type and not throughout the entire system. Null keys
are not allowed, nor is any field that is part of a key allowed to be null. We
assume that only one user will be using the database at a time, so as to avoid the

simultaneous update problem.

In general, the goal of efficient operation of a database system is bought at
the cost of loss of flexibility of design, and flexibility of design causes some loss
of efficiency of operation [Inmon 81]. In the trade-offs between performance
versus flexibility, it is easy to opt for performance because the utility of perfor-
mance is very apparent and immediately recognizable. On the other hand, the util-
ity gained by building elasticity into a data structure doesn’t blossom until a later
time. Data that is flexible survives best in the face of environmental change. It
is only when data that is inflexible undergoes change that the wisdom of building
flexible data structures becomes apparent. Along with data flexibility, or perhaps
as an extension of it, we have added the goal of ease of extension. Our concep-
tion of this system is not that it is a total database package that will serve the
needs of all users. Rather, this system is meant to serve as the kernel of a
much larger database system. Thus, our efforts were centered on producing a sys-
tem that would allow maximum flexibility and ease of extension. Obviously, these

were paid for at times at the cost of loss of efficiency in either space or time.

A second and very real priority was the optimization of application develop-
ment time. We attempted to design and implement a well defined system within
the given time frame. Given unlimited time and resources, a larger, more powerful
system could have been developed. However, it is hoped that the flexibility built

into our system will allow it to meet changing user needs and expectations.
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Since a network model is at best intricate, we emphasized ease of modifica-
tion when designing our data structures and the create, delete, and find functions.
One of our major concerns was minimizing pointer chasing. C was most helpful in
dealing with the pointer problems, and we feel that the pointer design and imple-
mentation is one of the strengths of our system. We also attempted to keep the
data structures as stI“aight forward as possible in order to ease understanding.
Although network models, by their very nature, are more difficult to understand
than relational models, we hope that by emphasizing ease of manipulation in the

project, we have also added ease of understanding.

Since optimization of execution time and minimizing data storage were not
our main concerns, they have undoubtedly suffered. We did supply our own
input/output buffering system in an attempt to lower execution time. We stored
pointers to data instead of copies of data whenever it was feasible, in order to
minimize data storage. However, if it came to a choice between flexibility and

optimized efficiency, we invariably chose flexibility.

Our implementation of a network model has been specifically designed to run
under the UNIX operating system. In keeping with the UNIX overall approach, we
have designed tools which can be used to define record and set types (DDL), and to
create, manipulate and delete record and set occurrences from a database (DML).
For our purpose, a "tool" is a specialized function that solves a general problem

and is easy to use.

Our tools are written in the C Programming Language. C is well supported
under the UNIX system. The UNIX operating system itself is written in C, as is
most of the UNIX applications software. C is independent of any particular

machine architecture and every effort has been made to make this system
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"portable". C’s recursive ability has been used throughout our network system,

allowing small pieces of code to perform significant tasks.

Our database system handles its own buffering for input and output. The
reads and writes through the UNIX operating system are accomplished in page size
blocks. Stonebraker [81] compared and contrasted the way operating systems,
especially UNIX, handled buffer pool management for database systems. He con-
cluded, "The strategy used by most DBMS’s is to maintain a separate cache in user
space. This buffer pool is managed by a DBMS specific algorithm." Therefore, we
feel that handling our own input/output buffering is an efficiency enhancement to

our system.
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2. A NETWORK APPROACH DATA MODEL

We have provided a network approach, low level definition and manipulation
system for a DBTG like network database, that operates under the UNIX operating
system. A manipulation language has been provided to communicate with the
storage and retrieval routines. However, it should be understood that the manipula-
tion language is not written for the "user" of the database. It is assumed that
another layer of software will take user commands and communicate them to this
system. This software will provide a data sublanguage for the user, will parse the
user commands, and then use the manipulation language to satisfy the user
requests. The following is a list of the definition and manipulation primitives pro-
vided by this database management system. The primitives are explained in detail
in Chapter 4.

Primitives to create record and set types:

record type add
set type add

Primitives to manipulate record and set occurrences:
add record
add member
delete record
delete member
delete owner
find record
find owner
find first
find next
change owner
change all
end update

2.1. MEMBERSHIP CLASS

The membership class for our system is MANUAL/MANDATORY. The

MANUAL storage class implies that storing a record, R, in the database, does not
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automatically insert R into a set occurrence in which it participates. To insert R
into a set occurrence, an explicit "add member" command must be given. Note,
however, that if R’s record type participates as an owner in any set type, S, R is
automatically an owner occurrence in S. The MANDATORY removal class dictates
that once an occurrence of a member, say A, has been entered into a set type, say
S, as a member in a set occurrence, A can never have any existence in the data-
base not as a member of some occurrence in S [Date 77]. Specifically, A can be
moved to a new owner in § with a "change owner" or "change all" command, but
may not be removed from S without being removed from every set occurrence in
which it participates. Note that the removal of an owner in a set occurrence then
causes the recursive removal of all its member records. This removal in the hands
of the untutored could create havoc in the database. MANDATORY removal class
protects the integrity of the data, in that once a record is removed all traces of it

are deleted.
2.2, MODEL ENTITIES

This model uses two different entity types to represent the information con-
tained in the database. Record types are used to represent stored user data and set

types are used to store relationships between record types.
2.2.1. RECORD TYPES

Record types represent occurrences of some entity that the user expects to
store and manipulate. Before a user can store a record of a specific type in the
database, he must define that record type for the database management system. A
record definition consists of a record type name, a field delimiter used for that

record type, a specification of the number of fields the record type will contain, a

THESIS 2-2 JANUARY 1982



specification of the number of fields that will make up the key for the record
type, and the location of the key fields in the record type. The system creates
the record type by inserting the record type name with ".rf" appended to it into
the binary tree containing record type definitions. The user is allowed to use vari-

able length records within.the same record type.

Once the user has defined a record type, the system will store the informa-
tion about that type for future use. The information is stored in a table (imple-
mented as a binary tree), which is used by the Database Management System. The
next time the system is used, it will recall all previous record type definitions.
When the user then issues an "add record" command for a particular record type,
the database system fills an input/output buffer with the desired record, checks the
field count on the record for an error, and builds the record’s key. The key is
also error checked for duplicity. The record is then passed to the input/output
buffering system where it is stored at the end of a file whose name is the record
type name with the suffix ".rf". As the record is passed to the buffering system,
the location of the record within the file is determined. The location of a record is
the block offset from the beginning of the file and then an offset to the position
within the block. Once the address of the record within the file is known, the
address information and the record key is stored in the record type B-tree. If the
record type participates as an owner in any set type, the new record is added as

an owner occurrence each such set.

In an effort to keep these records '"clean", we have stored them in regular
flat files in normal UNIX tradition. "Clean" means that no database pointers, id
numbers, or other database management information is stored in the user record

files. This allows the stored database files to be used with any other UNIX tools.
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For example, a record file could be printed directly. This separation of record files
from database information is one of the strengths of our system, for it is in keep-
ing with the UNIX idea of software tools. However, the user should remember

that deleted records still remain on the record files until garbage collection is

done.
2.2.2. SET TYPES

Set type occurrences are represented by links stored in set type information
records. The set type information allows the user to walk around the links that
associate a particular owner with members in his set. Such set type information is

maintained separately from record type information.

Before a user can store any set occurrences for a set type, he must define
the set type. This is done with a "set add" command, followed by the set type
name, the owner record type name, and the member record type name. Once the
set type is defined, the database management system stores the set type informa-
tion in a table along with the currency information for that set type. The set
type definition must be given before any records of the set owner record type have
been added to the database. The system creates a set type by inserting the set
type name, with a ".sf" appended to it, into the set type table (implemented as a
binary tree). Once a set type has been defined in the database, it may not be

removed. The next time the database is used, the database management system

will recall all previous set type definitions.

After the set type has been defined, owner occurrences are automatically
created whenever a record of the owner record type is added to the database.

When an owner record occurrence is added to the database, a link-record for the
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owner is built (See Section 4.3). This link-record is then given to the i/o buffer
system to be added to a file named by the set type name with ".sf" appended to
it. As the record is passed to the i/o buffer system, information is gathered on
the location of the pointer record within the set type file. This location informa-
tion and the owner key are stored in the set type B-tree. The link-records are

stored as regular UNIX files and, therefore, can be used as arguments for other

UNIX tools.

If the user wishes to add a member to a set occurrence, he must give an
explicit "add member" command. The user specifies the set type and owner key of
the appropriate set occurrence. Inserting the new member into a set occurrence is
accomplished by building a link-record for the new member. These link-records
make up a chain that connect the set occurrences, and can be traversed to obtain
all the members of a set occurrence. (For exact information on link-record inser-
tion, see Section 4.3.) The new member occurrence is added as the immediate suc-

cessor to the owner. Order of retrieval is therefore LIFO (Figure 2-1).

As with the owner’s link-record, the member’s link-record are stored through the
buffering system, on a file named by the set type name with ".sf" appended to it.
Once the link-record is stored, the file offset information along with the new

member key is stored in the set type B-tree.
2.3. DATA STRUCTURES EMPLOYED

We have used three major data structures: B-trees, binary trees, and doubly
linked lists. Obviously, other data structures were used in the coding of the sys-

tem, however, they have little impact on the design of the overall system.
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2.3.1. B-TREE INDEXES

We used the B-tree index [Wirth 76] to store our key and offset information
for both the record types and the set types. The B-tree is, de facto, the standard

organization for indexes in a database system [Comer 79].

2.3.2. TABLE STORAGE IN BINARY TREES

We used binary trees to store the database management record type and set
type tables. Separate trees were maintained for the record type table and the set
type table. Each tree contains one node for each record/set type. The nodes are
maintained so that at any node, the left subtree contains only record/set types
whose name precedes the node’s record/set type name with a string comparison; the

right subtree contains only types that are greater. Each record type node contains:

the record type name,

the field delimiter for this record type,

the nurnber of fields to expect in the record,

the number of key fields, ie, the number of ficlds used to build the key,
an array containing the position of Lhe key fields,

a structure of currency pointers,
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pointers to the left and right record type binary subtree.
Each set type node contains:

the set type name,

a pointer to the record table entry for the owner record type,

a pointer to the record table entry for the member record type,

the file descriptor and root for the B-tree index for this set type,

current of set type key

a structure of currency pointers,

pointers to the left and right set type binary subtree.
"Currency pointer" structures are used primarily by the input/output buffering rou-
tines to place records in the buffers and ultimately into files. The structures con-
tain:

logical file and block offsets,

physical file and block offsets,

final file and block offsets,

a switch that indicates if a record has just been added to the file,

a pointer to the file buffer for this record/set type.
The logical offsets indicate the beginning of the record that was most recently
referenced for the record/set type. This supplies the current of run for this
record/set type. The physical offsets indicate the end of the record that was most

recently referenced for the record/set type. The final offsets indicate the end of

the file for the record/set type.

When a new record or set type is defined, a node is created for it in the
appropriate binary tree. At the conclusion of the database update, the pertinent
information from the binary type trees is stored in a file named dbm file. (This
name is a parameter, and easily changed.) The first field on the dbm file is the
number of record types defined within the database, followed by the number of set

types defined. After these come the record type information and then the set type
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information. When the database management system is run, the system builds the
new binary type trees from the information stored on the dbm_file. At this time
the record type B-tree is opened and its file descriptor and root are stored in glo-
bal storage. Again, the dbm file is a normal UNIX file that can be examined by
and used with other UNIX tools. If no record types or set types have been

defined, the system will print a message informing the user of the fact.
2.3.3. EXPRESSING SET RELATIONSHIPS .

Our implementation uses doubly linked lists to represent set occurrences. The
front pointer of any owner or member in a set occurrence contains the key of the
next owner or member in the set occurrence. The back pointer of any member
contains the key of the prior member or the owner. The owner’s back pointer is
always null. These pointers are placed in a link-record, with the forward pointer
first and backward pointer second. The link-record is then stored on the set type
file, and the owner/member key and the file offset of the link-record are stored in
the set type B-tree. As an example, suppose owner Al owns members Bl and 2B.
Then Al’s forward pointer would be 2B and backward pointer would be null. Bl’s
fp would be Al and bp would be 2B. 2B’ fp would be Bl and bp would be Al. In
order to follow the link to the next owner or member link, the key is found in the
set type B-tree, and the offset for the next link-record is obtained. When a
member is deleted from a set, the previous and following member’s links are reset
to exclude the member, and the deleted member’s key is removed from the set
type B-tree. The member is also removed from the record B-tree and is then
removed from any other set where the member participates as an owner or
member. When an owner is deleted from the set, the owner’s key is removed from

the set B-tree, then removed from the record B-tree, and finally removed from any
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other set where the owner participates as an owner or member. When an owner is

deleted from a set, each of his members is also deleted.

2.4. INPUT/OUTPUT BUFFERING

As a time efficiency measure, we have implemented buffered input and out-
put under the control of the database management system. Many DBMSs, including
INGRES and SYSTEM R, have chosen to put a DBMS managed buffer pool in user
space to reduce overhead [Stonebraker 81]. Either at the beginning of the update
session for predefined types, or at the time a new record type or set type is
defined, a page-size block of memory is allocated for its i/o buffering. A pointer
to the buffer block is stored in the set/record type table for use by the i/o sys-
tem. All reads and writes are accomplished in page-size blocks. When the i/o sys-
tem is asked by the calling routines to store a record, the i/o system expects to
find the record in a sending buffer. The i/o routines will then add the record to
the end of the appropriate file and return the location of the record to the calling
routine. This is accomplished in the buffer area for the record/set type and does
not always require actual writes to the file. When the i/o system is requested by
the data model to retrieve a record, the i/o system will try to fill the order from
data already resident in main store in the buffer area for that record/set type.
This will be possible frequently, especially when link-records are sought. When the
i/o system locates the appropriate record, it is placed in a receiving buffer supplied
by the calling routine. The i/o system updates the currency pointers for record/set

types as it does its storage and retrieval functions.
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2.5. ERROR HANDLING

All error handling is done through two routines. One error routine accepts a
single string as the error message, prints the message, and returns an error indica-
tor. The other error routine accepts an error message and a key value. Both the
message and the key value is printed and an error indicator is returned. It would

be very easy to change these routines so that no error message was printed, but

rather a specialized code would be returned.
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3.

PROTOTYPE

We obuilt a simple prototype database to i.e marnipulated with cur catabase

management system. The prototype consists of four record types and three set

types v-ith certain relationships expres.ed through set occurrences.

3.1.

RECORD TYPE DESCRIPTIONS AND CONTENTS

Recorcd Type Name: faculty
Field Delimiter: *

Number of Fields: 5
Number of Key Fields: 1
Position of Key Fields: C

Contents:

Peter*Al1*10*A186%25
Bill*A2%10%2132%57
Roy*3A*10*A285%72
Jack*4A*10%]1116*13

Record Type Name: student
Field Delimiter: :

Number of Fields: 4
Number of Key Fieids: 1

z

Position of Key Fields: ~
Contents:

Mary:CAST:B1:Comp Scie
Leslie:CAST:B2:Comp Scie
John:SP:3B:PPPD
Tom:CAST:4B:Syst Soft
Mary:SP:5B:PPPD
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Record Type Name: housing
Field Delimiter: *

Number of Fields: 3
Number of Key Fields: 1
Position of Key Fields: 1

Content.:

405*Billings*25
216*Watson*1105

Record Type Name: courses
Field Delimiter: *

Number of Fields: 8

Number of Key Fields: 4
Position of Key Fields: 5 1 3 4

Contents:

B1*0601*81*%1*875*%1*D*r
B2*0601*81*2%875%1*¥A*nr
B1*0601*81*1*720*2*B*nr
3B*0532%81*2*875*1*A*nr
B2*0532%81*2*850*1*B*r
B1*0601*81*2*875*%1*B*r
5B*0601*80*2*875*1*D*r
S5B*0601*81*3*875*1*B*r
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3.2. SET TYPE DESCRIPTIONS AND CONTENTS

Set Type Name: fs

Owner Record Type: faculty

Member Record Type: student

Relationship: the faculty member is the advisor of the stucent

Contents:

Al cwns
Bl
3B
A2 owns
B2
4B
3A owns
58
4A iias no members

Set Type Name: sc

Owner Record Type: student

Member Record Type: courses

Relationship: the student has taken the course

Contents:

Bl owns
87581811
72081812
87581812

B2 owns
875B2812
850B2812

3B owns
8753B812

4B has no members

5B cwns
87558802
87558813

Set Type Name: hs
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Owner Record Type: housing
Member Record Type: student
Relationship: the student is a resident of the housing complex

Contents:

405 owns
Bl
58
216 owns
3B

See Figures 3-1 and 3-2 for a graphic representation of these relationships.

FACULTY
FACULTY PERSON STUDENT HAS
IS ADVISOR sesssessessenens TAKEN COURSE
OF STUDENT H
:
STUDENT —-L"“ COURSES
STUDENT LIVES
IN HOUSE iemssssssssss ’
: HOUSING
FIGURE 3-1

PROTOTYPE SET RELATIONSHIPS
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A Al .
................................................ Y : Y
: C C : C c Y
Ao 875B1811 > 875B2812 8753B812 8755BR0O2
cY c y ¢ Y :
720B1812 850B2812 {* . 8755B813 |roet
A oy Y
87581812 | Y
A
H H
- 405 216
0
- <
SET KEY RECORD KEY
FS > F - FACULTY
SC serescnes > S - STUDENT
HS ~ =D C - COURSE

H - HOUSING

FIGURE 3-2

PROTOTYPE SET OCCURRENCES
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4. AVAILABLE PRIMITIVES

We have made every attempt to "tool" our primitives in the UNIX tradition.
We have tried to develop tools that are easy to use, work well within the overall
UNIX environment, and efficiently accomplish the task for which they are designed.
The manipulation language was designed to be terse, as most UNIX commands are.
However, in most cases the user is allowed to be more verbose. As an example,
the "ra" or record add command, is actually parsed by the leading "r". Anything
else can follow within the word; thus "r", “ra", "recadd", and "recordadd" would all

be accepted as a record add command.

All record type names and set type names consist of the first ten characters
of the word supplied. The number ten exists as a parameter in the system and is
easily changed. (UNIX allows eleven characters.) As an example, if the name
RochesterInstitute was input as the name of a record type, the record type would

be known to the system as Rochesterl.

The maximum number of key fields for a record type in the system is set at
ten, with the maximum number of characters in a key set at twenty. Again, these
numbers are parameters and easily changed. If more than the maximum number of
characters are entered for a key value, an error message is printed and the com-

mand is aborted. As an example, if A12345678901234567890 was entered as a key

value in a command, an error message would be printed.

Some of the commands are allowed to include optional input or output file
names. The file name, which can be any UNIX pathname, may be up to forty char-
acters long; extra characters are ignored. Note: all examples in the following tool

descriptions will refer to the prototype described in Chapter 3.
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4.1. DATABASE DEFINITION DIRECTIVES

The database definition primitives deal with defining the record types and set

types.
4.1.1. RECORD TYPE ADD

The record type add command describes a record type for the database
management system. The DBMS then stores the information as a node in the binary

record type tree. The call to this tool has the form:
ra <name> <field delimiter> <# of fields> <# of key fields> <position of kf>
A record type add command for courses would look like:

ra courses * 8 4 513 4

4.1.2. SET TYPE ADD

The set type add tool allows the user to define a set type to the database

management system. The DBMS then stores the information as a node in the binary

set type tree.
The call to the set type add tool has the form:
sa <name> <owner record type name> <member record type name>

The set type fs would have been defined by the command:

sa fs faculty student
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4.2. DATABASE MANIPULATION PRIMITIVES

The database manipulation primitives allow the user to add items to the data-

base, remove items from the database, find items within the database, and reorgan-

ize members within set types.
4.2.1. DATABASE EXPANSION

When an owner or a member is added to a set, a link-record is built and
integrated into the appropriate set. Link records consist of back and forward
pointers and are discussed in detail in Chapter 2, Section 4.3. Once the link-record
is built and added to the file for the set type, the key for the owner/member

along with the file offset of the link-record is stored in the set type B-tree.
4.2.1.1. ADD RECORD

The add record tool allows the user to store a record for a particular record
type in the database. If that record type is the owner in any set, another tool,
"add owner", is called and the new record key is automatically added as an owner

in the set. The call to the add record tool has the form:

ar <record type name> [<input file name> ]

If the input file name is supplied, all the records on the file are added to the
database. Otherwise, records are taken from the standard input until an EOF is
read. An add record command for a faculty record would look like:

ar faculty

Peter*Al1*10*¥A186*25
EOF
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4.2.1.2. ADD OWNER

If a newly added record is an owner in a set type, the system will automati-

cally generate an add owner call. The add owner tool call has the form:

ao <set type> <owner key>

For the above add record to faculty, a generated add owner tool call would look

like:

ao fs Al

4.21.3. ADD MEMBER

The add member tool adds a member key to a set occurrence. The system
will check the member record to make sure it conforms to set and record defini-

tions. The call to the add member tool has the form:
am <member key> <set type name> <owner key>
A command to add student Bl to faculty Al would be:

am Bl fs Al

4.2.2. DATABASE CONTRACTION

The database management system’ deletion tools are a recursive delight.
Since deleting a record implies possible deletion of set occurrences and vice versa,
recursion is required. Each deletion tool was designed to do its own particular job

and then call a friend to do the rest.
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4.2.2.1. DELETE RECORD

When a record is deleted from the database, the record key and file offset
are removed from the record type B-tree. Since the offsets for the actual record
can no longer be referenced, the record is logically deleted from the database.
However, the actual physical record will still remain on the record type file. This
record then becomes the province of the garbage collection system which is dis-

cussed in detail in Chapter 5. The call to the delete record tool has the form:
dr <record type> <key>

A delete record command to delete student Bl’s record would consist of:
dr student Bl

Once the record is logically deleted, delete record recursively searches the set type
binary tree looking for sets in which this record type participates as an owner or
member. If a set is found, delete owner or delete member is called to remaove the
discarded record key from the set. For instance, the "dr student Bl1" command
above would cause Bl to be removed from the fs set and the hs set as a member
and the sc set as an owner. The removal from the sc set has further ramifications

which are covered in detain under "delete owner".

4.2.2.2. DELETE MEMBER

The delete member tool causes a member’s key and link-record offset to be
removed from the set type B-tree. The pointers in the link-records of prior and
post set occurrence members are reset to exclude the deleted member. The actual
link-record is left on the set type file, requiring garbage collection at a later time.

However, since this link-record can no longer be referenced, it is effectively
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deleted from the database. The call to the delete member tool has the form:
dm <set type> <key>

A delete member command for student Bl in the fs set would consist of:

dm fs Bl

First, Bl’s key and link-record file offset would be deleted from the fs set type,
then Bl’s record would be removed from the student record file, then Bl would be
removed as a member from the hs set, and finally, Bl would be removed as an

owner from the sc set, triggering the deletion of three course records.
4.2.2.3. DELETE OWNER

The delete owner tool is probably the most powerful tool in the database
management system. Somewhat like the A-bomb, the delete owner command can
cause fallout to the farthest reaches of the database. When the delete owner com-
mand is given, the owner’s key and link-record file offset are removed from the
set type B-tree. Next, "delete member" is repeatedly called until all of this owner’s
members are deleted. Finally, '"delete record" is called to delete the owner’s

record from the record type file. The delete owner command has the form:
do <set type> <owner key>
The command to delete owner Al in set fs would consist of:

do fs Al

This small, unimpressive looking command would cause Al to be removed from the

fs set. Next, Bl would be removed from the fs set and the hs set and courses
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875B1811, 720B1812, and 875B1812 would be removed from the sc set and the
courses record file, and Bl would be removed from the student record file. Then,
3B would be removed from the fs and hs set files, courses record 8753B812 would
be removed from the sc set and the courses record file, and 3B would be removed
from the student record file. Finally, A1 would be removed from the faculty record
file. Obviously, when it comes to the deletion tools, looks are very deceiving, and

caution is the key word.
4.2.3. DATABASE NAVIGATION

The find tools allow the user to navigate the database set occurrences. With
the proper sequence of find commands, the user is able to extract information from
the database. If an output file name is specified with the find command, the
requested record will be output to the named file. Otherwise, the record is sent

to standard output.
4.2.3.1. FIND RECORD

The find record tool will find a record given a specific record type and key.

The current of run unit is set to the key of the located record. The find record

command has the form:

fr <cecord type name> <key> [<output file name> ]
The find record command:

fr housing 405
would cause the following record to be output:

405*Billings*25
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4.2.3.2. FIND OWNER

The find owner tool finds the owner record for a member key in a particular

set. The current of run unit and the current of set type is set to the owner key.
fo <set type> <member key> [<output file name> ]

The find owner command for student B2 in the fs set would consist of:
fo fs B2

and would yield the record:
Bill*A2%10%2132%57

The current of run unit and the current of fs member would be: B2.

4.2.3.3. FIND FIRST

The find first tool finds the first member of an owner in a specific set. Both
the current of run unit and the current of set type, are set to the key of the first
member. The record of the first member is output. The find first command has

the form:
ff <set type> <owner key> [<output file name> ]

The command to find the first member of Bl in sc would consist of:
ff sc Bl

and would yield the record:

B1*0601*81*1*875%1*d*r
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and would leave the current of run unit and current of set type set at 875B1811.

4.2.3.4. FIND NEXT

The find next tool finds the next member in a specified set. The next
member is defined to be the next member in the set occurrence of the current of
set key. The find next command resets the current of run unit and the current of
set to the next member’s key. If the next item in the set occurrence is the
owner, a message is returned. Otherwise, the record of the next member is

returned. The find next command has the form:
fn <set type> [<output file name> ]

Assuming that the above "ff fs A2" command was given, followed by:
fn sc

The following record would be returned:
B1*0601*81*1*720*2*B*nr

If the following lists of commands were given:

ff fs Al
ff sc 3B
fn fs
fn sc

the output would be:

Mary:CAST:B1:Comp Scie
3B*0532*81*2*875*1*A*nr
John:SP:3B:PPPD

No more members
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It should be noted that with these basic find commands, the software package
interacting with the user, will be able to create different find macros, and there-
fore, offer the user a more extensive set of find commands. Also, since the
record type files are reqgular UNIX files, the user can simply cat or print the

record type file, if he wants a list of all the records in a particular file.
4.2.4. DATABASE REORGANIZATION

The database management system will allow the user to reorganize the set
occurrences within a given set. A member can be moved from one owner to

another owner within a given set.
4.2.4.1. CHANGE OWNER

The change owner tool moves a member from one set occurrence to another
set occurrence. This is accomplished by resetting pointers in the link-records so
that the member is linked to a new owner. The change owner command has the

form:
co <new owner key> <set type> <member key>

The command to change student Bl in the set fs to a new advisor 4A would be:

co 4A fs Bl

After this command, Al would have only one advisee, 3B, and 4A would now be

the advisor of Bl.
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4.2.4.2. CHANGE ALL

The change all tool moves all the members of an owner to a new owner.

This is accomplished by repeated calls to change owner until all the members are

moved. The change all command has the form:
ca <new owner key> <set type> <old owner key>

The command to move all of owner 405’s members in hs to owner 216 would look

like:
ca 216 hs 405

After this command was executed, 216 will have Bl, 3B, and 5B as members, and

405 will have no members.
4.2.5. SAY GOOD-BYE

The final tool supplied by the database management system is a tool that

allows the user to gracefully exit the updating session. The exit tool has the form:

After the exit command, the database management system stores record and set

type definitions on a file, closes all record type, set type and B-tree files, and

closes down the system.
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5. CONCILUSIONS AND FUTURE EXTENSIONS

With our data model, we have tried to provide a solid foundation on which a
flexible, user oriented sub-schema can sit. We have attempted to tailor our data-
base management tools to accomplish specific tasks, yet allot them the power to
do that task well. Our database record files are "clean" and fit well into the
overall UNIX file system. However, as with all things this side of Paradise, cer-
tain extensions and enhancements would increase the effectiveness of our database
management system. Our hope is that all or part of the following extensions will

be implemented at a future time.
5.1. IMPLEMENT A SUB-SCHEMA WITH A DATA SUBLANGUAGE

We need to implement a subschema definition language and a stand alone user
query language. This sublanguage should offer a greatly simplified view of the

database to the user.

Within the user query language, certain enhancements could be made to the
database management system. '"Find" commands defined at this level could take
some of the navigational tediousness away from the user. For example, the query
language might allow the user to just say "find next" without- presetting the current
of set with a "find first". By keeping track of previous commands, the software
could change the "find next" to a "find first". Also, a find macro might be nice.
When a user wants to walk around a set occurrence, instead of repeated calls to
"find next", the macro could expand a command, say "find all", to a "find first"
followed by as many calls to "find next"as are needed. Perhaps, the software
might even provide some safety alarms for the delete commands, to save the user

from himself. Although it is not immediately apparent how this could be done, it
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ls a matter that should be pursued. Otherwise, the insatiable appetite of the

delete commands will be a constant threat to the unwary user.

The sub-schema would have to implement some sort of field manipulation for
the user. Our database management system deals in records. An add command,
adds a whole record. A find command, finds a whole record. There will be times
when the user wants to see a specific field of a record or will want to change a
field. Obviously, we can’t allow the user to change key fields, but he should be
allowed to change non key fields. This option should be supplied to the user by the

sub-schema.
5.2. TAKING OUT THE TRASH

When a delete of a set owner/member or the delete of a record is enacted
under the database management system, the set occurrence or record is logically
deleted from the database. That is, any reference to the deleted item will not be
satisfied. However, the actual physical file record is not deleted. QOver time, the
database management system will cease to operate efficiently. Storage will be
wasted on inaccessible and useless data. Time will be wasted since the buffering
system will be required to do extra reads and writes to carry the defunct informa-
tion. Obviously, we will want to create some vehicle for reclaiming this storage.

There are many ways this garbage collection could be implemented.

The most elegant way to do garbage collection within the database manage-
ment system would be to garbage collect while the user was inputing commands or
perusing recently returned records. Some type of timing element would have to be
built, so that every so often the garbage collection routine would check to see if

the user had input a new command. This garbage collector would clean a certain
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section of a file by moving the good records as far a possible toward the front of
the file. The B-tree offset would then have to be reset. The real key to this
approach would be the timing. If timed improperly, the garbage collector could
clean to the end of file, be interrupted by the user who adds a new record to the
end of the file, then start up again and blow away the recently added record.
Granted, this approach would be a challenging design problem. However, it would

buy you free garbage collection during user "think" time.

Another approach to the garbage collection problem is a B-tree walk and
move - procedure. A tool could be built that would visit each node in the B-tree
index for a file. With the file offset gathered from the B-tree, the record could
be moved to a new file and the offsets readjusted to fit the record’s new place-
ment. Once the new "clean" file is built, the old file space is returned to the sys-
tem. This tool would have to be run without interruption and could tend to be
expensive time wise if the database files got very large. However, it has the
advantage of providing a means to the user to be absolutely certain that only valid
records appear on a record file at a given time. Once the user ran this tool, he

could "cat" the record file and have a copy of all the records of a certain record

type.

Yet another approach to the refuse problem for record files would be the
inspect and slide function. Armed with the record type definition, the garbage col-
lection machine could move down the record file, inspecting each record as it
moved. The key for the record would be recreated using the record type defini-
tion. Then the B-tree would be searched for that key. If the key was present in
the B-tree, the record would slide as far forward on the file as possible, and then

the offsets in the B-tree would be reset to reflect the new location. If the key
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was not in the B-tree, the record would be overlaid when a valid record from
farther down the file was slid over it. This method works well for the record type
files; however, it will not work for the set type files, since the link-records carry
no indication of their owners. At the same time, the link-records will generally
take up less space than the record type records, and it is doubtful that a user
would ever want to "cat" the link-records. Therefore, garbage collecting just the

record files may be enough in some instances.

There are undoubtedly many more ways to collect wasted file space. The
designer of the garbage collection tool will have to weigh the merits of each possi-
bility, and implement the most reasonable approach. However, we know that gar-

bage collection can be effectively done on the database files.
5.3. DELETION OF RECORD AND SET TYPES

It would be nice it the database management system allowed the user to
delete a record or set type once it had been defined. Deletion of a record or set
type would automatically carry with it deletion of any existing records or sets of
that type. This deletion could be accomplished by just removing the name of the
record/set type from the binary tree node where it is stored. The record/set type
would then be logically deleted. With minor changes, the end of update routine
could be designed to ignore any record or set type with a null name and not store
it on the dbm_ file. The next time the database management system was started,
the deleted record or set type would not be in the binary tree. This approach gets
complicated if the user is allowed to delete a record or set type anytime, because
then the database management system has to contend with searching binary trees
with null names scattered about. However, if the the user is only allowed to

delete a record or set type at the end of an updating session, the implementation
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becomes trivial.
5.4. SPIFFY OPTIONS

There are several options that would be convenient for the user and relatively
easy to implement. It might be nice for the user to be able to get a copy of all
deleted records. This could be accomplished by using a find to get the record for
the user and then doing the delete. It could be implemented as a macro at either
the schema or sub-schema level. A tool to allow the user to question the DBMS
about a record type or set type definition would be useful. Perhaps the user would
like to know what the field delimiter is for a particular record type. Along the
same line, the user might want to change the field delimiter for a particular
record type. In terms of implementation, these options are time consuming rather

than difficult.

A very desirable tool would be a listing tool. The tool would allow the user
to walk around a set type and list all the owners with their members. A variation
of this tool, could list the record type files, with the fields listed in columns and
the key fields indicated. A listing of all the set type and/or record type defini-

tions would be useful.

Undoubtedly, pages and pages could be written on possible extensions the
would be helpful to the user. Many users will have special requirements that make
some options more important than others. However, as in all things, it comes
down to time and resources. We have made every effort to make our data model
flexible enough to handle future options and extensible enough to make the imple-
mentation easy. It is our fondest hope that this embryo will grow and thrive, and

that it will eventually mature into a contributing adult in the field of database
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management systems.
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APPENDIX A: LISTING OF DATABASE MANAGEMENT PROGRAMS

FILES LISTED

main.c
definitions
p_c_dec
parse_dbup
rec t

set t
init_concl
utility

io

dbup c_dec
dbup
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