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Abstract 

One of the goals in the design of database 
machines of the future is their generality. In 
addition to being capable of carrying out the com- 
mon database management functions with high reli- 
ability and performance, some of these machines are 
intended to support more than one data model. A 
specific database machine, known as the DBC, is in- 
tended to support several existing data models. 
Although the DBC supports many data models, we sin- 
gle out the relational data model for this discus- 
sion. In particular, we have tried to concentrate 
mainly on the subject of database representation 
and query translation of System R-like database 
management systems. Some estimates of the storage 
requirements and performance gains are given in 
this paper. However, due to limited space, the de- 
tailed analysis is shown elsewhere in [22]. 

Introduction 

Advances in technology and database research 
have prompted considerable attention to the design 
and implementation of database machines [1,2,3,4]. 
With the design of a number of database machines 
either completed or underway [5,6,7,8], there are 
reasons to believe that the prototype construction 
of database machines is indeed viable. These ma- 
chines will perform the basic database management 
functions with improved reliability and performance 
as compared to those obtained with software means. 

One of the most difficult design decisions 
that confronts the database machine designer is the 
type of data structure which should be built into 
the machines. On the one hand, the designer would 
like to build into the machine a very elaborate 
and complex data structure so that it is sophis- 
ticated enough to emulate the high level data mod- 
els such as the relational and CODASYL models, 
making the need of software support for such models 
superfluous. On the other hand, the designer would 
like to build into the machine a very simple and 
elegant data structure so that its straightforward 
implementation can lead to a machine with high per- 
formance and reliability. Such dichotomy is the 
main focus of the paper. 

*The work reported herein was conducted at The Ohio 
State University and supported by contract N00014- 
75-C-0573 from the Office of Naval Research. 
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In this paper, we shall consider a specific 
database machine known as the DBC which is capable 
of supporting multiple data models [5,9,10,11,12]. 
However, the built-in data structure of the data- 
base machine is rather simple and straightforward. 
We would like to show how the data models, say, 
the relational data model [13,14], are supported on 
this machine. We would also mention its perfor- 
mance and its storage requirements for relational 
databases. It is estimated that the DBC storage 
requirements may not result in any saving over the 
conventional computer system. However, the DBC 
performance may be considerably better than what is 
achievable on a conventional computer system. In 
the absence of a large-scale commercial relational 
database management system, System R [15] has been 
used for the study. The relational language used, 
therefore, is SEQUEL 2 [16], which we shall refer 
to simply as SEQUEL. The study of the database 
machine in supporting other models such as hier- 
archical and CODASYL has been documented elsewhere 
[17,18]. Due to the limited length of this paper, 
we shall not present these findings here. 

The Operating Environment - 
Front-End Computer and DBC 

As a special-purpose computer, the DBC is in- 
tended to be used as a back-end machine to a front- 
end conventional computer. The front-end computer 
supports all application programs, the operating 
system and a specialized package called the RDBI 
(Relational Database Interface). The basic organ- 
ization of the front-end and back-end computer is 
depicted in Figure 1. 

A user who does not want to make use of the 
database may simply interact with the operating 
system of the front-end computer to execute his 
program. A database user, on the other hand, calls 
upon the services of the RDBI in order to access 
the relational database which is stored in the DBC. 
The user programs that access the database may 
either be written in the stand-alone version of 
SEQUEL or in a host programming language which em- 
beds SEQUEL as a data sublanguage. In either case, 
the SEQUEL statements are identified by the oper- 
ating system (perhaps, with the aid of a precom- 
piler) and transmitted to the RDBI. The RDBI will 
then execute the statement by sending appropriate 
commands to the DBC, collecting the DBC responses 
in its buffer, and sending the final results back 
to the operating system. 
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Figure 1. The Basic Relationship of the 
Front-end and Back-end Computers 

The DBC stores the database in an on-line mass 
memore, which is made of modified moving-head 
disks. The tracks of a disk cylinder can be ac- 
cessed and content-addressed simultaneously within 
a single disk revolution. Access is limited, how- 
ever, to only one cylinder per drive at a time. 
Since the number of content-addressable processors 
is as few as the number of tracks in a given cyl- 
inder, the cost reduced in this organization as 
compared to cost incurred in database machines that 
associatively address all the cells (e.g., cylin- 
ders) may become the single most important factor 
that makes the DBC possible for very large database 
stores of the order of 1010 bytes. As content- 
addressable processors, they function simultan- 
eously to search an entire cylinder for records 
that satisfy a given set of predicates. 

9.2 

Since the on-line mass memory is not a mono- 
lithic associative memory, it is important to re- 
strict any database search to as few cylinders as 
possible. A directory of the database including 
other structural information of the database (such 
as security-related information) is, therefore, 
maintained in a content-addressable memory called 
the structure memory. The size of this memory is 
about 1% of the mass memory and is about 20 times 
faster. Charge-coupled devices (CCDs) are a very 
cost-effective choice for constructing this memory, 
as observed in [9,11]. 

Another major component of the DBC is a con- 
troller called the database command and control --- 
processor. When a command from the RDBI is sent to 
the DBC, this controller will decode it. enforce 
access control by consulting the structure memory, 
determine the cylinders to be searched with the aid 
of the structure memory, issue appropriate orders 
to the mass memory, post-process retrieved data, 
and transfer the data to/from the RDBI. Although 
the DBC is well documented elsewhere, this brief 
outline will be sufficient for our subsequent dis- 
cussion. 

The DBC Data Model 

A database in the DBC is a collection of rec- 
ords. A record -f in turn, is made up of an ordered 
set of data items called attribute-value pairs. An 
attribute-value pair is a member of the product 
set AT x VA, where AT is a set of "attributes" and 
VA is a set of "values". Within a record, the 
attribute part of every attribute-value pair is 
distinct. The attribute-value pairs that charac- 
terize a record (or a group of records) by distin- 
guishing the record (or the group) from all others 
are called keywords. 

A relational operator is an element of the set 
{=,#,c,s,>-,T]. A triple of the form cattribute, 
relational operator, value> is called a keyword 
predicate. A keyword cA,V> is said to satisfy a 
keyword predicate <Ap,Op,Vp> if and only if A=Ap 
and V Op Vp, i.e., V and Vp are related by the 
operator Op. A query is a Boolean expression of 
keyword predicates in disjunctive normal form. 
Thus, a query is a disjunction of query conjuncts, 
which are conjunctions of keyword predicates. A 
record satisfies a query if it satisfies at least 
one query conjunct in the query. The set of all 
records that satisfy a query is called the response 
set of the query. - 

As an example of the types of queries that may 
be recognized by the DBC, consider the following: 

([DEPT=~T~Y'I~[sALARY~~~~~~]) v 

([DEPT='BOOK']&[SAURY>50000]). 
If the above query refers to employee records of a 
department store, then it will be satisfied by 
records of the employees working either in the toy 
department and earning less than 10,000, or working 
in the book department and making more than 50,000. 

Queries are used not only to retrieve a set 
of records among all the records in a database but 
also to specify protection requirements and clus- 
tering conditions. 

DBC Commands 

While the DBC is provided with a repertoire 



of access and preparatory commands, we shall re- 
strict ourselves here only to a simplified descrip- 
tion of the retrieve command (and some of its 
various forms). This is because in this paper we 
intend only to illustrate how relational query 
facilities (or retrieval facilities) are handled 
in a database managed by the DBC. A description of 
other relational facilities (such as data control 
and data manipulation facilities) and their imple- 
mentation on the DBC will be found in [19]. A de- 
tailed description of the DBC commands may be found 
in [12,20]. 

A retrieve command has the following two sim- 
plified forms, where the square brackets are used 
as metasymbols to indicate zero or one occurrence 
of the expression inside them: 
Form 1 

RETRIEVE:[set-function([attribute-11) [ONLY]] 
([(UNIQUE)] attribute‘-list) (query) 
[SORT BY attribute-21 

The command requires that the database be first 
searched to find all records that satisfy the given 
query. Of the response set, the values will be re- 
tained if their attributes appear in the attribute- 
list (which assumes a '*' if all values, i.e., 
entire records, are desired). In case the UNIQUE 
option is specified, then all partial records are 
discarded. These retrieved records are ordered by 
attribute-2. The DBC can perform by hardware a 
number of set functions such as AVG (which computes 
the average value of the elements in a set), MAX, 
MIN and SUM (which compute the maximum, minimum 
and sum, respectively, of the elements in a set). 
In the retrieve command, attribute-l refers to the 
attribute-value pair of each retrieved record, 
whose attribute part is the same as attribute-l. 
The set function is performed on all these attri- 
bute-value pairs. In case the set function is 
COUNT, then attribute-l may be null, in which case 
the number of retrieved records is counted. The 
ONLY option is used if the response set of the com- 
mand is to consist of the set function alone in- 
stead of records. Attribute-l and attribute-2 are 
both required to appear in attribute-list. 
Form 2 

RETRIEVE:(attribute-list-l) (query-l) 
CONNECT ON (attribute-l,attribute-2) 
(attribute-list-z) (query-2) 

This command specifies that the set A of records 
that satisfy query-l and the set B of records that 
satisfy query-2 be retrieved. The attribute-value 
pairs corresponding to attributes in attribute-list 
-1 are extracted from records of set A to form a 
set Al of partial records. Similarly, the attri- 
bute-value pairs of attribute-list-2 are extracted 
from records of set B to form the set Bl. An 
equality join is now made of the two sets of 
records Al and Bl to create the final response set. 
The connecting attributes of the join operation 
are attribute-l of set Al and attribute-2 of set 
Bl. Any record of the response set has three 
parts: attribute-value pairs corresponding to 
attribute-list-l (except attribute-l), attribute- 
value pair corresponding to attribute-l and 
attribute-value pairs corresponding to attribute- 
list-2 (except attribute-2). Note that it is neces- 
sary that attribute-l be one of the attributes in 
attribute-list-l and attribute-2 be one of the 
attributes in attribute-list-2. 

93 

The Relational Data Model 

We shall provide here a very brief look at the 
relational model and the data sublanguage SEQUEL. 
Conceptually, a relation is a table in which each 
column corresponds to a distinct attribute and each 
row corresponds to a distinct entity or +. 
Each tuple is distinct in the sense that no two 
tuples in a relation have identical values for all 
attributes. A relation or table in a relational 
database exists in a normalized form, which means 
that every column of the table represents a simple 
attribute and is not itself another relation. 
Other improvements on the normal form are described 
in [21]. 

A comprehensive relational database management 
system which includes provisions such as simple but 
flexible user views, data definition, data manip- 
ulation and query capabilities, as well as conven- 
ient access support, system recovery and integrity 
enforcement can be found in System R 1151. System 
R provides user interface through a data sublan- 
guage called SEQUEL [16]. Although the complete 
collection of System R facilities is available 
through SEQUEL, we shall concentrate in this paper 
mostly on the query capabilities, which constitute 
the most basic operations of the SEQUEL language. 
A discussion on how the other facilities of SEQUEL 
are handled in the DBC will be found in [19]. 

A sample database, extracted from [16], is de- 
picted in Figure 2. It consists of four normalized 
relations. The EMP relation describes a set of 
employees, giving the employee number, name, de- 
partment number, job title, manager's employee 
number, salary and commission for each employee. 
The DEPT relation gives the department number, name 
and location of each department. The USAGE re- 
lation describes the parts which are used by the 
various departments. The SUPPLY relation describes 
the supplier companies from which the various parts 
may be obtained. We shall make extensive reference 
to this sample database in all our later examples. 

Relation Attributes 

FaMP JXMPNO,NAME,DNO,JOB,MGR,SAL,COMM 
DEPT DNO,DNAME,LOC 
USAGE DNO,PART 
SUPPLY SUPPLIER,PART 

Figure 2. A Sample Database 

We conclude this section with a short example 
on the use of the query faqilities of SEQUEL. For 
example, to find the names of employees in Dept. 
100, one may write 

SELECT NAME 
FROM FXP 
WHERE DNO=lOO 

The SELECT clause lists the attributes to be re- 
turned. If the entire tuple is desired, then one 
may write SELECT *. The WHERE clause may contain 
any collection of predicates which compare values 
of attributes of a tuple to constant values (e.g., 
DNO=lOO) or compare values of two attributes of a 
tuple with each other (e.g., SALeCOMM). The pred- 
icates may be connected by AND and OR, and paren- 
theses may be used to establish precedence. In our 
later example queries, extracted from [16], we 
shall demonstrate the other varieties of query 



facilities in SEQUEL and how these queries are 
supported by the DBC. 

Representing A Relational Database 

Each tuple of a relation is stored in the DBC 
as a single DBC record. Not surprisingly, this 
record format closely resembles the logical struc- 
ture of the tuple. While a tuple is normally seen 
as a sequence of values, where the position of each 
value identifies the underlying column, it is not 
sufficient in the DBC to store the values alone for 
each record. To allow for overlap among the indiv- 
idual domains (of the columns) and because the DBC 
ignores the absolute positions of the keywords in a 
record, it is necessary to store the column names 
as well, within the keywords. Therefore, whenever 
a tuple is to be stored in the database, the RDBI 
(relational database interface) creates a DBC 
record which consists of only keywords. One key- 

mrd is created, as shown below, for every column 
of the relation 

<column-name, value> 
where the attribute part of the keyword is the name 
of the column (in a coded form). 

In order that the DBC may recognize a tuple 
of one relation from that of another, an extra key- 
word, as shown below, is added to each DBC record: 

<RELATION, relation-name> 
where the value of the keyword is the name of the 
relation to which the tuple belongs. 

I'hus, any tuple of the DEPT relation of Figure 
2 is represented in the DBC by means of a reocrd 
with the following attribute-value pairs: 

<RELATION, DEP- 
cDN0, department-number> 
cDNAME, department-name> 
<LOC, department-location 

If any one of the columns does not have a corres- 
ponding value in some tuple, then it is not neces- 
sary to create (or store) an attribute-value pair 
for that column. Thus, every DBC record represent- 
ing a DEPT tuple will have an attribute-value pair 
for DNO (if this column always takes a non-null 
value), but it may not have such a pair for LOC 
(if the department is newly planned and is yet to 
come into existence). 

To improve database performance, the DBC rec- 
ords are primarily clustered according to the key- 
word with attribute RELATION. That is, all those 
DBC records that correspond to the tuples of a 
relation are clustered together. Secondary clus- 
ters are formed based on database definition, such 
as clustering links and clustering images [15]. 

Translation of SEQUEL Queries 

Once the database is created on the DBC by 
appropriate representation of the relational data- 
base, all the normal data management functions may 
then be carried out by the DBC. Every SEQUEL 
query received by the RDBI is translated into a 
sequence of DBC commands, some of which may depend 
on the results of previous commands within the 
sequence. In each of the following examples, the 
statement of a problem is first made, then a SEQUEL 
statement is written to solve the problem and 

finally this SEQUEL statement is translated into a 
sequence of one or more DBC commands. The database 
referenced is the one shown earlier in Figure 2. 
Example 1: The following SEQUEL statement and DBC 
command will find the names of employees in Dept. 
50. 

SEQUEL: 
SELECT NAW 
FROM EMP 
WHERE DNO=50 

DBC Command: 
RETRIEVE: (NAME) ((RELATION='EMP')&(DNO=50)) 

Example 2: To list the names of employees in de- 
partments 25, 47 and 53, the following statement 
may be used. 

SEQUEL: 
SELECT NAME 
FROM EMP 
WHERE DNO IN (25,47,53) 

DBC Command: 
RETRIEVE: (NAME) (((RELATION='E&iP')&(DNO=25)) 

V((RELATION='EMP')&(DNO=47)) 
V((RELATION='EMP')&(DNO=53))) 

Example 3: Consider listing the names of employees 
who work for departments in Evanston. This type of 
transaction requires access to two different re- 
lations and is, therefore, expressed in SEQUEL by 
means of a nested SELECT statement. The inner part 
of the nesting returns the collection of DNO values 
of the departments located in Evanston. The outer 
part then proceeds as though it were given a set of 
constants in lieu of the inner SELECT clause. 

SEQUEL: 
SELECT NAME 
FROM FMP 
WHERE DNO IN 

SELECT DNO 
FROM DEPT 
WHERE LOC='EVANSTON' 

DBC Commands: 
a. mmmm: (DNO) ((RELATION='DEPT')&(LOC= 

EVANSTON')). For each department number 'di' 
retrieved by (a), the RDBI issues the DBC com- 
mand: 

b. RETRIEVE:(NAME) (REIATION='EEP')&(DNO= 
'di')) 

Example 4: An important class of queries is exem- 
plified in the determination of average salary of 
clerks. The built-in SEQUEL function AVG can 
be used to accomplish this result. Other built-in 
functions in the SEQUEL language are SUM, COUNT, 
MAX and MIN. 

SEQUEL: 
SELECT AVG(SAL) 
FROM EMP 
WHERE JOB='CLERR' 

DBC Command: 
RETRIEVE: AVG(SAL) ONLY 

(*) ((RELATION='EMP')&(JOB='CLERK')) 
Notice that the (*) in the DBC command indicates 
that entire records must be retrieved before the 
function AVG is performed. Of course, the same 
effect could have been achieved by replacing the 
(*) with (SAL), thereby avoiding the cost of 
storing entire records in the DBC. The clause 
ONLY indicates that only the value of the function 
need be returned to the RDBI. 
Example 5: The following statement determines the 
count of all the different jobs held by employees 
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in Dept. 50. 
SEQUEL: 

SELECT COUNT(UNIQUE JOB) 
FROM EMP 
WHERE DNO=50 

DBC Command: 
RETRIEVE: COUNT( ) ONLY 

((UNIQUE) JOB) ((RELATIoN='EMP')& 
(DNO=50)) 

Example 6: Consider listing all the departments 
and the average salary of each. This is an example 
of a query in which a relation needs to be par- 
titioned into groups. A built-in function can then 
be applied to each group. 

SEQUEL: 
SELECT DNO,AVG(SAL) 
FROM EMP 
GROUP BY DNO 

DBC Commands: 
a. RETFmvE: ((UNIQUE) DNo) (RELATION='EMP') 

For each department number 'di' retrieved by (a), 
the RDBI issues a command: 

b. RETRIEVE: AVG(SAL) ONLY 
(*) ((RELATION='EMP')&(DNO='di')) 

Example 7: Sometimes it may be desired to partition 
a relation into groups and then to apply a pred- 
icate or a set of predicates which chooses only 
some of the groups and disqualifies other. These 
group-qualifying predicates are placed in a special 
HAVING clause. A predicate in a HAVING clause may 
compare an aggregate property (e.g., AVG(SAL)) of a 
group to a constant or to another aggregate proper- 
ty of the same group. The followng SEQUEL state- 
ment may be used to list all those departments in 
which the average employee salary is less than 
10,000. 

SEQUEL: 
SELECT DNO 
FROM EMf' 
GROUP BY DNO 
HAVING AVG(SAL)<lOOOO 

DBC Commands: 
a. RETRIEVE: ((UNIQUE) DNO) (RELATION='EMP') 

For each department number 'di' retrieved by (a) 
the RDBI issues a command: 

b. RETRIEVE: AVG(SAL) ONLY 
(SAL) (RELATIoN='EMP')G(DN~= 

'di')) 
Since the DBC does not make comparisons on aggre- 
gate properties, the final selection of DNO based 
on (AVG(SAL)<lOOOO) is done by sof bare (i.e., by 
the RDBI) in the front-end computer. 
Example 8: Set comparison operators like =, #, 
[IS] [NOT] IN, CONTAINS and DOES NOT CONTAIN are 
allowed in a HAVING clause as illustrated by this 
example, which lists the departments which have 
employees with every possible job title. 

SEQUEL: 
SELECT DNO 
FROM EMP 
GROUP BY DNO 
HAVING SET(JOB)= 

SELECT JOB 
FROM EMP 

DBC Commands: 
a. RETRIEVE: ((UNIQUE) DNO) (RELATION='EMP') 
b. RETRIEVE: ((UNIQUE) JOB) (RELAT~~N='EMP') 

SORT BY JOB 
For every department number 'di' retrieved by (a), 

issue the command: 
C. RETRIEVE: ((UNIQUE) JOB) ((RELATION='EMP')& 

(DNO='di')) 
SORT BY JOB 

For each department, the comparison of each of the 
sets in (c) to the set in (b) is done by software 
(i.e., by the RDBI). 
Example 9: A join operation may be required to re- 
turn values selected from more than one relation. 
The names of all employees and the locations where 
they work may be listed by the query: 

SEQUEL: 
SELECT EMP.NAME,DEPT.LOC 
FROM EMP,DEPT 
WHERE EMP.DNO=DEPT.DNO 

DBC Command: 
RETRIEVE: (NAME,DNO) (RELATION='EMP') 

CONNECT ON (DNO,DNO) 
(L~C,DN~) (RELATION='DEPT') 

Here, there are two attribute lists: (NAME,DNO) 
for the first query and (LOC,DNO) for the second 
query. The command is to connect (join) on the 
two DNO attributes and return as response data 
triples of the form (NAME,DNO,LOC), where NAME is 
taken from the first attribute list, LOC is taken 
from the second list, and DNO is common to both. 
The RDBI now returns to the user only the pairs 
(NAME,LOC) by deleting DNO from the triples re- 
turned by the DBC. 
Example 10: In some circumstances, it is necessary 
to join a relation with itself according to some 
criterion. The relation name may then have to be 
listed more than once and labeled, e.g., X and Y 
may be two labels for a relation EMP. As an exam- 

ple, the following SEQUEL query will list the 
employee's name and his manager's name for each 
employee whose salary exceeds his manager's salary. 

SEQUEL: 
SELECT X.NAME,Y.NAME 
FROM EMP X,EMP Y 
WHERE X.MGR=Y.EMPNO 
AND X.SAbY.SAL 

DBC Commands: 
a. RETRIEVE: (MGR) (RELATI~N='EM.P') 

CONNECT ON (MGR,EMPNO) 
(EMPNO) (RELATIoN='EMP') 

The only difference between this command and the 
command for Example 9 is that only one attribute 
is returned, instead of X.NAME and Y.NAME as well. 
This is because the AND clause has still got to be 
considered. Notice that since a manager has at 
least one employee (in general), a modified com- 
mand (a') would also have the same effect as (a), 
yet taking less time to execute. However, (a') is 
not general enough for all situations. 

a’. RETRIEVE: ((UNIQUE) MGR) @ELATION='EMP') 
For each manager number 'mi' returned by (a), do 
the following: Send a command 

b. RETRIEVE: (NAME,SAL) ((RELATI~N='EMP')& 
(EMPNO='mi')) 

and for each (nj,sk) pair returned by (b), send a 
command 

C. RETRIEVE: (NAME) ((RELATION='EMP')&(MGR='mi') 
&(SAbsk)) 

Notice that the name retrieved by (c) is an em- 
ployee name, and that returned by (b) is the cor- 
responding manager's name. 

Steps (b) and (c) have been written in such a 
way that for every manager, the DBC accesses all 
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his employees at the same time. These two steps 
could otherwise have been written such that for 
every employee, the DBC accesses all his managers 
at the same time. But, of course, every employee 
has a single manager. Therefore, the way we have 
written the commands is better than its alternative 
since fewer number of accesses is required in the 
former case. The decision is made on the basis of 
the fact that there are fewer unique values of MGR 
than there are of EMPNO. 
Example 11: SEQUEL permits a label to be used to 
qualify attribute names outside the block in which 
the label is defined. The following query uses 
this feature in listing the suppliers who supply 
all the parts used by Dept. 50. 

SEQUEL: 
SELECT SUPPLIER 
FROM SUPPLY x 
WHERE 

(SELECT PART 
FROM SUPPLY 
WHERE SUPPLIER=X.SLJPPLIER) 

CONTAINS 
(SELECT PART 
FROM USAGE 
WHERE DNO=50) 

DBC Command: 
a. RETRIEVE: ((UNIQUE) SUPPLIER) (RELATION= 

'SUPPLY') 
b. RETRIEVE: (PART) (@ELATI~N='USAGE')&(DNO= 

50)) 
Since the block after CONTAINS has a comparison 
involving a constant, it needs to be executed only 
once. This is done by command (b) given above. For 
each supplier 'si' retrieved by (a), a DBC command 

C. RmmvE: (PART) ((RK~TION='SUPPLY')& 
(SUPPLIER='si')) 

is sent, and the sets retrieved by (b) and (c) are 
compared by software. 

The same query could have been made in SEQUEL 
by means of GROUP BY and the special function SET, 
as given below: 

SELECT SUPPLIER 
FROM SUPPLY 
GROUP BY SUPPLIER 
HAVING SET(PART) CONTAINS 

SELECT PART 
FROM USAGE 
WHERE DNO=50 

The DBC commands would be the same as before. 

A Brief Look st Performance 

Because of the parallelism involved in the 
operations performed by the DBC, it should be 
intuitively clear that user transactions will run 
faster on the DBC than on a conventional computer. 
The speed is further enhanced by the fact that a 
sequence of software operations can be replaced 
completely by a single DBC command. For example, 
in order to find all the records satisfying a con- 
junct of predicates, a conventional system will 
first determine (in some manner, e.g., via an in- 
dex) the eligible records. It will then retrieve 
these records and compare each of them against 
the given predicates. In the DBC, on the other 
hand, not only are all the eligible records re- 
trieved in parallel, but it is also true that this 

set of retrieved records is exactly the required 
response set. The reason is simply that records 
are compared against the given predicates simultan- 
eously with their retrieval, thereby rendering un- 
necessary any subsequent software refinement of the 

1, retrieved set. 
In the rest of this section we shall consider 

for study the mass storage requirement, directory 
storage requirement and the execution time of 
queries. Rather than a complete detailed analysis, 
what we provide here is more of a motivation for 
understanding the difference in performance between 
the DBC and conventional computer systems. A de- 
tailed analysis is presented in [19] and published 
in [ZZ]. 

For every tuple stored in a conventional sys- 
tem, the DBC stores a record in its mass memory. 
While a stored tuple consists of pointers (at least 
one for each link [15]) and the values for each 
column of a relation, a DBC record consists of 
keywords. Within a DBC record, each keyword is 
made up of a coded attribute as well as a value. 
In addition, there are one or two special keywords, 
such as <RELATION, relation-name>, but there are no 
pointers. If the average length of a value is 
about double (or more) the size of a coded attri- 
bute (which is quite normal), then the DBC mass 
storage requirement is usually no more than double 
that of a conventional system, even if no links are 
defined on the relation. On the other hand, if 
there are many links, then the DBC storage require- 
ment can actually be somewhat less than that of a 
conventional system. 

With regard to directory storage, it must be 
pointed out that in the DBC implementation of a 
relational database, directories are maintained for 
the relation names and for one clustering attribute 
per relation. Since the DBC records are primarily 
clustered by relation name, the size of each entry 
in the directory for relation names will be quite 
small. The clustering attribute chosen for a re- 
lation is not one of the original attributes but a 
totally new one. Based on the clustering images 
and the clustering links, this clustering attribute 
is allowed to take on as many values as the number 
of cylinders required to store the entire relation. 
This is because individual cylinders are content- 
addressable; so there is no need to keep track of 
records of a relation within individual cylinders. 
Furthermore, due to the large size of the cylinders 
only a few of them will be used for accommodating 
a relation. For every record of a relation, then, 
a value is corn uted 

r I 

based on its ori 

il 

inal attri- 

bute that appears in the clustering image or link) 
for the clustering attribute. The record is then 
stored "close" to other records of the same re- 
lation that have a matching value for the cluster-. 
ing attribute. Si.hce the possible number of values 
of a clustering attribute is very small, the car' 
responding directories will also be small. 

On the other hand, in a conventional system, 
a multi-page index is maintained for every image 
of a relation in the form of a modified B-tree [15] 
Since index entries address pages which are much 
smaller than cylinders in size, there will be many 
more index entries per image than the value entries 
for the DBC clustering attribute. It has been 
estimated in our analysis 1191 that even if there 
is only one image per relation, directory storage 
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requirement in this system (for usual relations, 
say, consisting of 1,000 to 100,000 tuples, each of 
size 50 to 1,000 bytes) is 10 to 100 times the 
amount required by the DBC. 

Query execution time is normally very much 
(about 10 to 100 times) faster on the DBC. The 
reasons are the following: (1) In one secondary 
storage access, the DBC can content-search an en- 
tire cylinder instead of scanning only a single 
page. Since a normal page size is close to 4,000 
bytes, while a cylinder can accommodate as many as 
400,000 bytes, it is not unreasonable to expect one 
or two orders of magnitude increase in speed when 
the DBC is used; (2) The records retrieved by the 
DBC are normally the records required in the re- 
sponse set of the query. This compares with the 
fact that in a conventional system, many of the 
tuples within a retrieved page will not be immed- 
iately required and will, therefore, be wasted; 
(3) The clustering policy used in the DBC implemen- 
tation, which we have not discussed in detail, 
tries to optimize the search policy, without incur- 
ring an inordinately large storage-overhead. 

Concluding Remarks 

In the limited space available for this paper, 
it was not possible to discuss a complete DBC im- 
plementation of the relational data model. We have 
tried to describe mainly the database representation 
problem and the qeury translation aspects. Details 
on the record clustering problem and its relation 
to the clustering links and clustering images have 
not been included. The data control facilities of 
System R may be implemented on the DBC in a conven- 
tional manner. Taking advantage of the hardware 
security mechanisms of the DBC, however, an extra 
degree of flexibility can be attained in solving the 
security problem [19]. Finally, listed below are 
the results of a performance analysis [19], which 
we have broadly overviewed in our last section: 

(1) For a relational database, the mass memory 
of the DBC requires typically up to two 
times more storage than a conventional sys- 
tem. 

(2) The storage used within the DBC structure 
memory is typically one or two orders of 
magnitude less in size than that required 
for storing indexes in a conventional system. 

(3) The execution time required for the common 
SEQUEL queries (simple one-relation or two- 
relation queries) is normally one or two 
orders of magnitude faster when the DBC is 
used. 
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