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1. Introduction

Throughout the history of infor-
mation storage in computers, one of
the most readily observable trends
has been the focus on data indepen-
dence. C.J. Date [27] defined data
independence as “immunity of ap-
plications to change in storage struc-
ture and access strategy.” Modern
database systems offer data indepen-
dence by providing a high-level user
interface through which users deal
with the information content of their
data, rather than the various bits,
pointers, arrays, lists, etc. which are
used (o represent that information.
The system assumes responsibility
for choosing an appropniale internal
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SUMMARY: System R, an experimental database system,
was constructed to demonstrate that the usability advantages
of the relational data model can be realized in a system with
the complete function and -high performance required for
everyday production use. This paper describes the three
principal phases of the System R project and discusses some
of the lessons learned from System R about the design of
relational systems and database systems in general.

representation for the information;
indeed, the representation of a given
fact may change over time without
users being aware of the change. '
The relational data model was
proposed by E.F. Codd [22] in 1970
as the next logical step in the trend
toward data independence. Codd ob-
served that conventional database
systems store information in two
ways: (1) by the contents of records
stored in the database, and (2) by the
ways in which these records are con-
necied together. Different systems
use various names for the connec-
tions among records, such as links,
sets, chains, parents, etc. For exam-
ple, in Figure 1(a). the fact that sup-
plier Acme supplies bolts is repre-

sented by connections between the.
relevant part and supplier records. In
such a system, a user frames a ques-
tion, such as “What is the lowest
price for bolis?”, by writing a pro-
gram which “navigates” through the
maze of connections until it arrives
at the answer to the question. The
user of a “navigational” system has
the burden (or opportunity) to spec
ify exactly how the query is to be
processed; the user's algonthm 1§
then embodied in a program which
is dependent on the data structure
that existed al the time the program
was writlen.

Relational database syslems, as
proposed by Codd, have two impor=
1ant properties: (1) all information is




represented by data values, never by
any sort of “connections” which are
visible to the user; (2) the system
supports a very high-level language
in which users can frame requests for
data without specifying algorithms
for processing the requests. The re-
lational representation of the data in
Figure l{a) is shown in Figure I{b).
[nformation about parts is kept in a
paRTs relation in which each record
has a “key” (unigue identifier) called
parTNO, Information about suppliers
is kept in a SUPPLIERS relation keyed
by suppvo. The information which
was formerly represented by connec-
tons between records is now con-
tained in a third relation, PRICES, in
which parts and suppliers are repre-
sented by their respective keys. The
question “What is the lowest price
for bolts?” can be framed in a high-
level language like SQL [16] as fol-
lows:
SELECT MIN{PRICE)
FROM PRICES
WHERE PARTNO IN

{SELECT PARTHNO

FROM FARTS
WHERE MNAME ="'BOLT)

A relational system can maintain
whatever pointers, indices, or other
access aids it finds appropriate for
processing user requests, but the
user's request is not framed in lerms
of these access aids and is therefore
not dependent on them. Therefore,
the system may change its data rep-
resentation and access aids penodi-
callv to adapt to changing require-
ments without disturbing users’ ex-
1sting applications,

Since Codd’s original paper, the
advantages of the relational data
model in terms of user productivity
and data independence have become
widely recognized. However, as in
the early days of high-level program-
ming languages, questions are some-
limes raised about whether or not an
automatic system can choose as ef-
ficient an algorithm for processing a
complex query as a trained program-
mer would. System R is an experi-
mental systern constructed at the San
Jose IBM Research Laboratory to
demonstrate that a relational data-
base system can incorporate the high
performance and complete function
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Fig. 1{a). A "Navigalional'' Database.

required for evervday production
use.

The key goals established for Sys-
tem R were:

(1) To provide a high-level,
nonnavigational user interface for
maximum user productivity and data
independence.

(2) To support different types
of database use including pro-
grammed transactions, ad hoc que-
nies, and report generalion,

(3} Tosupport a rapidly chang-
ing database environment. in which
tables, indexes, views, transactions,
and other objects could easily be
added 1o and removed from the data-
base without stopping the system.

{4) Ta support a population of

nisms to protect the integrity of the
database in a concurrent-update en-
vironment.

{5) To provide a means of re-
covering the contents of the database
o a consistent state after a failure of
hardware or software.

{6) To provide a flexible mech-
anism whereby differemt views of
stored data can be defined and var-
ious users can be authorized to query
and update these views.

{73 To suppert all of the above
functions with a level of performance
comparable to existing lower-func-
tion database systems.

Throughout the System R project.
there has been a strong commitment
o carry the system through 1o an

many concurrent users, with mecha-  operationally complete prototype
o e
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Fig. 1{b). A Relational Database,
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which could be installed and evalu-
aled in actual user sites.

The history of System R can be
divided into three phases. “Phase
Zero™ of the project, which occurred
duning 1974 and most of 1975, in-
volved the development of the SQL
user interface [14] and a quick im-
plementation of a subset of SQL for
one user at a time, The Phase Zero
prototype, described in [2]. provided
valuable insight in several areas, but
its code was eventually abandoned.
“Phase One” of the project, which
took place throughout most of 1976
and 1977, involved the design and
construction of the full-function,
multiuser version of System R. An
initial system architecture was pre-
sented in [4] and subsequent updates
to the design were described in [10].
“Phase Two™ was the evaluation of
System R in actual use. This oc-
curred during 1978 and 1879 and
involved experiments at the San Jose
Research Laboratory and several
other user sites, The results of some
of these experiments and user expe-
riences are described in [19-21]. At
each user site, System R was installed
for experimental purposes only, and
not as a supported commercial prod-
uct.’

This paper will describe the de-
cisions which were made and the
lessons learned during each of the
three phases of the System R project.

2. Phase Zero: An Initial Proto-
type

Phase Zero of the System R proj-
ect involved the quick implementa-
tion of a subset of system functions.
From the beginning, it was our inten-
tion to learn what we could from this
initial prototype, and then scrap the
Phase Zero code before construction
of the more complete version of Sys-
tem R. We decided to use the rela-

" The System R research prototype later
evalved into SQL/Data System, a relational
database management product offered by
1BM in the DOS/VSE operating system en-
YIronment.

tional access method called XRM,
which had been developed by R.
Lorie at IBM's Cambridge Scientific
Center [40]. (XRM was influenced,
to some extent, by the “Gamma
Zero” interface defined by EF.
Codd and others at San Jose [11].)
Since XRM is a single-user access
method without locking or recovery
capabilities, issues relating to con-
currency and recovery were excluded
from consideration in Phase Zero.

An interpreter program was writ-
ten in PL/I to execute statements
in the high-level SQL (formerly
seEQUEL) language [14, 16] on top
of XRM. The implemented subset
of the SQL language included que-
ries and updates of the database, as
well as the dynamic creation of
new database relations. The Phase
Zero implementation supported the
“subquery” construct of SQL, but
not its “join” construct. In effect, this
meant that a query could search
through several relations in comput-
ing its result, but the final result
would be taken from a single rela-
tion.

The Phase Zero implementation
was primarily intended for use as a
standalone query interface by end
users at interactive terminals. At the
time. litile emphasis was placed on
issues of interfacing to host-language
programs (although Phase Zero
could be called from a PL/I
program). However, considerable
thought was given to the human fac-
tors aspects of the SQL language,
and an experimental study was con-
ducted on the learnability and usa-
bility of QL [44].

One of the basic design decisions
in the Phase Zero prolotype was that
the system catalog, i.¢., the descrip-
tion of the content and structure of
the database, should be stored as a
set of regular relations in the data-
base itself. This approach permits the
system to keep the catalog up o date
automatically as changes are made
to the database, and also makes the
catalog information available to the
system oplimzer for use In access
path selection.

The structure of the Phase Zero
interpreter was strongly influenced

by the facilities of XRM. XRM stores
relations in the form of “tuples”
each of which has a unique 32-bit
“tuple identifier” (TID). Since a TID
contains a page number, it is possi-
ble, given a TID, to fetch the asso-
ciated tuple in one page reference.
However, rather than actual data
values, the tuple contains pointers to
the “domains™ where the actual data
is stored, as shown in Figure 2. Op-
tionally, each domain may have an
“inversion,” which associates do-
main values (e.g. “Programmer”)
with the TIDs of tuples in which the
values appear. Using the inversions,
XRM makes it easy to find a list of
TIDs of tuples which contain a given
value. For example, in Figure 2, if
inversions exist on both the 108 and
LocaTion domains, XRM provides
commands to create a list of TIDs of
employees who are programmers,
and another list of TIDs of employ-
ees who work in Evanston. If the
SQL query calls for programmers
who work in Evanston, these TID
lists can be intersected 1o obtain the
list of TIDs of tuples which satisfy
the query, before any tuples are ac-
tually fetched.

The most challenging task in con-
structing the Phase Zero prototype
was the design of optimizer algo-
rithms for efficient execution of SQL
statements on top of XRM. The de-
sign of the Phase Zero oplimizer is
given in [2]. The objective of the
optimizer was (o minimize the num-
ber of tuples fetched from the data-
base in processing a query. There-
fore, the optimizer made extensive
use of inversions and often manipu-
lated TID lists before beginning to
fetch tuples. Since the TID lists were
potentially large. they were stored as
temporary objects in the database
during query processing.

The results of the Phase Zero
implementation were mixed. One
strongly felt conclusion was that it is
a very good idea, in a project the size
of System R, to plan to throw away
the initial implementation. On the
positive side, Phase Zero demon-
strated the usability of the SQL lan-
guage, the feasibility of creating new
tables and inversions “on the fly"



and relying on an automatic opii-
mizer for access path selection, and
the convenience of storing the system
catalog in the database itself. At the
same time, Phase Zero taught us a
number of valuable lessons which
greatly influenced the design of our
later implementation. Some of these
lessons are summarized below.

(1) The optimizer should take
into account not just the cost of
feiching tuples, but the costs of cre-
aung and manipulating TID hsts,
then fetching tuples, then fetching
the data pointed 1o by the tuples.
When these “hidden costs™ are taken
into account, it will be seen that the
manipulation of TID lists is quite
expensive, especially if the TID lists
are managed in the database rather
than in main storage.

{2) Rather than “number of tu-
ples feiched,” a better measure of
cost would have been “number of
1/0s.” This improved cost measure
would have revealed the great im-
portance of clustering together re-
lated tuples on physical pages so that
several related tuples could be
fetched by a single 1/0. Also, an
1/0 measure would have revealed a
serious drawback of XRM: Storing
the domains separately from the tu-
ples causes many extra 1/0s 1o be
done in retrieving data values. Be-
cause of this, our later implementa-
tion stored data values in the actual
tuples rather than in separate do-
 mains. (In defense of XRM., it should
be noted that the separation of data
values from tuples has some advan-
tages if data values are relatively
large and if many tuples are proc-
essed internally compared to the
number of tuples which are maleri-
alized for output.}

{3) Because the Phase Zero im-
plementation was observed 1o be
CPU-bound during the processing of
a typical query, it was decided the
optimizer cost measure should be a
weighted sum of CPU lime and 1/0
count, with weights adjustable ac-
cording to the system configuration.

(4) Observation of some of the
applications of Phase Zero con-
vinced us of the importance of the
“join” formulation of SQL. In our
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subsequent implementation, both  and access path selection functions
“joins” and “subquenes” were sup-  were isolated in the RDS. Construe-
ported. tion of the RSS was underway in

{5) The Phase Zero optimizer
was quite complex and was oriented
toward complex queries. In our later
implementation, greater emphasis
was placed on relatively simple in-
teractions, and care was laken to
minimize the “path length” for sim-
ple SQL statements.

3. Phase One: Construction of a
Multiuser Prototype

After the completion and evalu-
ation of the Phase Zero prototype,
work began on the construction of
the full-function, multiuser version
of System R. Like Phase Zero, Sys-
tem R consisted of an access method
(called RSS, the Rescarch Storage
System) and an optimizing SQL
processor (called RDS, the Rela-
tional Data System) which runs on
top of the RS5. Separation of the
RSS and RDS provided a beneficial
degree of modulanty; ¢.g., all locking
and logging funclions were isolated
in the RSS, while all authorization

1975 and construction of the RDS
began in 1976. Unlike XRM, the
RSS was onginally designed to sup-
port mulliple concurrent wsers.

The multiuser prototype of Sys-
tem R contained several important
subsystems which were not present
in the earlier Phase Zero prowotype.
In order to prevent conflicts which
might arise when two concurrent
users attempt 1o update the same
data value, a locking subsystem was
provided. The locking subsysiem en-
sures that each data value is accessed
by only one user at a time, that all
the updates made by a given trans-
action become effective simuliane-
ously, and thai deadlocks between
users are detected and resolved. The
security of the system was enhanced
by view and authorization subsys-
tems. The view subsystem permits
users to define alternative views of
the database (e.g., a view of the em-
ployee file in which salaries are de-
leted or aggregated by depariment).
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The authorization subsystem ensures
that each user has access only to
those views for which he has been
specifically authorized by their cre-
ators. Finally, a recovery subsystem
was provided which allows the data-
base to be restored to a consistent
state in the event of a hardware or
software failure.

In order to provide a useful host-
languape capability, it was decided
that System R should support both
PL/1 and Cobol application pro-
grams as well as a standalone query
interface, and that the system should
run under either the VM/CMS or
MVS/TSO operating system envi-
romment. A key goal of the SQL
language was to present the same
capabilities, and a consisient syntax,
to users of the PL/1 and Cobol host
languages and Lo ad hoc query users.
The imbedding of SQL into PL/T 15
described in [16]. Installation of a
multiuser database system under
VM/CMS required certain modifi-
cations to the operaling system in
support of communicating virtual
machines and writable shared virtual
memory. These modifications are de-
scribed in [32].

The standalone query interface
of System R (called UFI, the User-
Friendly Interface) is supported by
a dialog manager program. wrilten
in PL/I, which runs on top of System
R like any other application pro-
gram. Therefore, the UFI suppon
program is a cleanly separated com-
ponent and can be modified inde-
pendently of the rest of the system.
In fact. several uwsers improved on
our UF1 by writing interactive dialog
managers of their own,

The Compilation Approach

Perhaps the most important de-
cision in the design of the RDS was
inspired by R. Lorie's observation, in
early 1976, that it is possible 1o com-
pile very high-level SQL statements
into compact, efficient routines in
System,/370 machine language [42].
Lorie was able to demonstrate that

SQL statements of arbitrary com-
plexity could be decomposed into a
relatively small collection of ma-
chine-language “fragments,” and
that an optimizing compiler could
assemble these code fragments from
a library to form a specially tailored
routine for processing a given SQL
statement. This technique had a very
dramatic effect on our ability to sup-
port application programs for trans-
action processing. In System R. a
PL/1 or Cobol program is run
through a preprocessor in which 1ts
SQL stalements are examined, opti-
mized, and compiled into small, ef-
ficient machine-language routines
which are packaged into an “access
module” for the apphication pro-
gram. Then, when the program goes
into execution, the access module is
invoked to perform all interactions
with the database by means of calls
to the R55, The process of creating
and invoking an access module is
illustrated in Figures 3 and 4. All the
overhead of parsing. validity check-
ing. and access path selection 1s re-
moved from the path of the execut-
ing program and placed in a separate
preprocessor step which need not be
repeated. Perhaps even more impor-
tant is the fact that the running pro-
gram interacts only with its small,
special-purpose access module rather
than with a much larger and less
efficient general-purpose SQL inter-
preter. Thus, the power and ease of
use of the high-level SQL language
are combined with the execution-
time efficiency of the much lower
level RSS interface.

Since all access path selection de-
cisions are made during the prepro-
cessor step in System R, there is the
possibility that subsequent changes
in the database may invalidate the
decisions which are embodied in an
access module, For example, an in-
dex selected by the optimizer may
later be dropped from the database.
Therefore, System R records with
each access module a list of its “de-
pendencies” on database objects
such as tables and indexes. The de-
pendency list is stored in the form of
a regular relation in the system cal-
alog. When the structure of the data-

base changes (e.g.. an index is
dropped), all affected access modules
are marked “invalid.” The next time
an invalid access module is invoked,
il is regenerated from its orgmnal
SQL statements, with newly opti-
mized access paths. This process is
completely transparent to the System
R user,

SQL siatements submitted to the
interactive UFI dialog manager are
processed by the same optimizing
compiler as preprocessed SQL state-
ments. The UFI program passes the
ad hoc SQL statement to System R
with a special “EXECUTE" call. In re-
sponse to the EXECUTE call, System R
parses and optimizes the SQL state-
ment and translates it into a ma-
chine-language routine. The routine
is indistinguishable from an access
maodule and is executed immediately.
This process is described in more
detail in [20].

RS&S Access Paths

Rather than storing data values
in separate “domains” in the manner
of XEM, the RSS chose to store data
values in the individual rcords of the
database. This resulted in records be-
coming variable in length and
longer, on the average, than the
equivalent XRM records. Also, com-
monly used values are represented
many times rather than only once as
in XRM. It was felt, however, that
these disadvantages were more than
offset by the following advantage:
All the data values of a record could
be feiched by & single 1/0.

In place of XRM “inversions,”
the RSS provides “indexes.” which
are associative access aids imple-
mented in the form of B-Trees [26].
Each table in the daiabase may have
anywhere from zero indexes up to an
index on each column (it is also pos-
sible to create an index on a combi-
nation of columns). Indexes make it
possible 1o scan the table in order by
the indexed values, or to directly ac-
cess the records which match a par-
ticular value. Indexes are maintained
automatically by the RSS in the
event of updates to the database.

The RSS also implements
“links,” which are pointers stored
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tion of records on links is not per-
formed automatically by the RSS,
but must be done by a higher level
system.

The access paths made available
by the R5S include (1) index scans,
which access a table associatively
and scan it in value order using an
index: (2) relation scans, which scan
over a table as it is laid out in phys-
ical storage; (3) link scans, which
traverse from one record to another
using links. On any of these types of
scan. “search arguments” may be
specified which limit the records re-
turned to those satisfying a certain
predicate. Also, the RS5 provides a
built-in sorting mechanism which
can lake records from any of the scan
methods and sort them into some
value order, storing the resnlt in a

temporary list in the database. In
System R, the RDS makes extensive
use of index and relation scans and
sorting. The RDS alsa utilizes links
for internal purposes but not as an
access path to user data,

The Optimizer

Building on our Phase Zero ex-
perience, we designed the System R
optimizer to minimize the weighted
sum of the predicted number of 1/0s
and RSS calls in processing an SQL
statement (the relative weights of
these two terms are adjustable ac-
cording to system configuration).
Eather than manipulating TID lists,
the optimizer chooses to scan each
table in the SQL query by means of
only one index (or, if no suitable
index exists, by means of a relation
scan), For example. if the query calls
for programmers who work in Ev-
anston, the oplimizer might choose
10 use the job index to find program-
mers and then examine their loca-
tions; it might use the location index
to find Evanston employees and ex-
amine their jobs; or it might simply
scan the relation and examine the
job and location of all employees.
The choice would be based on the
optimizer's estimate of both the clus-
tering and selectivity properties of
each index, based on statistics stored
in the system catalog. An index is
considered highly selective if it has a
large ratio of distinct key values 10
total entries. An index is considered
1o have the clustering property if the
key order of the index corresponds
closely to the ordering of records in
physical storage. The clustering
property is important because when
a record is feiched via a clustering
index, it is likely that other records
with the same key will be found on
the same page, thus minimizing the
number of page fetches. Because of
the importance of clustering. mech-
anisms were provided for loading
data in valve order and preserving
the value ordering when new records
are inserted into the database.

The techniques of the System R
optimizer for performing joins of two
or more tables have their origin in a
study conducted by M. Blasgen and
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K. Eswaran [7]. Using APL models,
Blasgen and Eswaran studied ten
methods of joining together tables,
based on the use of indexes, sorting,
physical pointers, and TID lists. The
number of disk accesses required to
perform a join was predicted on the
basis of various assumptions for the
ten join methods. Two join methods
were identified such that one or the
other was optimal or nearly optimal
under most circumstances. The two
methods are as follows:

Join Method 1: Scan over the
qualifying rows of table A. For each
row, feich the matching rows of table
B (usually, but not always, an index
on table B is used).

Join Method 2: (Often used
when no suitable index exists.) Sort
the qualifying rows of tables A and
B in order by their respective join
fields. Then scan over the sorted lists
and merge them by matching values.

When selecting an access path for
a join of several tables, the System R
optimizer considers the problem 10
be a sequence of binary joins. It then
performs a tree search in which each
level of the tree consists of one of the
binary joins. The choices to be made
al each level of the tree include which
join method to use and which index,
if any. to select for scanning. Com-
parisons arc applied at each level of
the tree to prune away paths which
achieve the same results as other, less
costly paths. When all paths have
been examined, the optimizer selects
the one of minimum predicied cost.
The System R optimizer algorithms
are described more fully in [47].

Views and Authorization

The major objectives of the view
and authorization subsystems of Sys-
tem R were power and flexibility.
We wanied to allow any SQL query
to be used as the definition of a view.
This was accomplished by storing
each view definition in the form of

an SQL parse tree. When an SQL
operation is 1o be executed against a
view, the parse tree which defines
the operation is merged with the
parse tree which defines the view,
producing a composite parse lrec
which is then sent lo the optimizer
for access path selection. This ap-
proach is similar to the “query mod-
ification” technique proposed by
Stonebraker (48], The algorithms de-
veloped for merging parse trees were
sufficiently general so thal nearly
any SQL statement could be exe-
cuted against any view definition,
with the resiniction that a view can
be updated only if it is derived from
a single table in the database. The
reason for this restriction is that some
updates to views which are derived
from more than one table are not
meaningful (an example of such an
update is given in [24]).

The authorization subsystem of
System R is based on privileges
which are controlled by the 5QL
statements GRANT and REVOKE. Each
user of System R may optionally be
given a privilege called RESOURCE
which enables him /her to create new
tables in the database. When a user
creates a table, he/she receives all
privileges 10 access, update. and de-
stroy that table. The creator of a
table can then grant these privileges
to other individual users, and subse-
quently can revoke these granis if
desired. Each granted privilege may
optionally carry with it the “GRANT
option,” which enables a recipient to
grant the privilege to yet other users.
A REVOKE destroys the whole chain
of granted privileges derived from
the original grant. The authorization
subsystem is described in detail in
[37] and discussed further in [31].

The Recovery Subsysiem

The key objective of the recovery
subsystem is provision of a means
whereby the database may be re-
covered 10 & consistent state in the
event of a failure. A consistent state
is defined as one in which the data-
base does not reflect any updates
made by transactions which did not
complete successfully. There are
three basic types of failure: the disk

media may fail, the system may fail,
or an individual transaction may fail
Although both the scope of the fail-
ure and the time to effect recovery
may be different, all three types of
recovery tequire that an alternate
copy of data be available when the
primary copy is not.

When a media failure occurs,
database information on disk is lost.
When this happens, an image dump
of the database plus a log of “before™
and “after” changes provide the al-
ternate copy which makes recovery
possible. System R’s use of “dual
logs”™ even permits recovery from
media failures on the log itself. To
recover from a media failure, the
database is restored using the latest
image dump and the recovery pro-
cess reapplies all database changes
as specified on the log for completed
transaclions.

When a system failure occurs, the
information in main memory is lost.
Thus, enough information must al-
ways be on disk to make recovery
possible. For recovery from system
failures, System R uses the change
log mentioned above plus something
called “shadow pages.” As each page
in the database is updated, the page
is writlen out in a new place on disk,
and the original page is retained. A
directory of the “old” and “new”
locations of each page is maintained.
Periodically during normal opera-
tion. a “checkpoint™ occurs in which
all updates are forced out to disk, the
“old™ pages are discarded, and the
“new” pages become “old.” In the
event of a system crash, the “new”
pages on disk may be in an incon-
sistent state because some updated
pages may still be in the system
buffers and not yet reflected on disk.
To bring the database back 1o a con-
sistent state, the system reverts to the
“old™ pages. and then uses the log to
redo all committed transactions and
to undo all updates made by incom-
plete transactions. This aspect of the
System R recovery subsystem is de-
scribed in more detail in [36].

When a transaction failure oc-
curs, all database changes which
have been made by the failing trans-
action must be undone. To accom-




plish this, System R simply processes
the change log backwards removing
all changes made by the transaction.
Unlike media and system recovery
which both require that System R be
reinitialized, transaction recovery
takes place on-line.

The Locking Subsystem

A great deal of thought was given
to the design of a locking subsystem
whiwh would prevent interference
ameng concurrent users of System
R. The original design involved the
concept of “predicate locks.” in
which the Jockable unit was a data-
base property such as “employees
whose location is Evanston.” Note
that, in this scheme. a lock might be
held on the predicate LoC = 'EvaNs-
1on’, even if no employees currently
satisfy that predicate. By comparing
the predicates being processed by
different users, the locking subsys-
tem could prevent interference. The
“predicate lock™ design was ulti-
mately abandoned because: (1) de-
termining whether two predicates are
mutually satisfiable is difficult and
time-consuming. (2} two predicates
may appear o conflict when, in fact,
the semantics of the data prevent any
conflict, as In "PRODUCT = AIR-
CRAFT” and “MANUFACTURER =
ACME STATIONERY 0.7 and (3) we
desired 1o contain the locking sub-
sysiem entirely within the R5S, and
therefore to make it independent of
any understanding of the predicates
being processed by various users.
The original predicate locking
scheme is described in [29].

The locking scheme eventually
chosen for System R is described in
[34]. This scheme involves a hierar-
chy of locks, with several different
sizes of lockable units. ranging from
individual records 1o several tables,
The locking subsystem is transparent
10 end users. but acquires locks on
physical objects in the database as
they are processed by each user.
When a user accumuolates many
small locks, they may be “traded”
for a larger lockable unit (e.g.. locks
on many records in a table might be
traded for a lock on the table). When
locks are acquired on small objects,
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“intention™ locks are simultanecusly
acquired on the larger objects which
contain them, For example, user A
and user B may both be updating
emplovee records. Each user holds
an “intention” lock on the employee
table, and “exclusive™ locks on the
particular records being updated. If
user A attempts to trade her ndivid-
val record locks for an “exclusive”
lock at the table level, she must wait
until user B ends his transaction and
releases his “intention™ lock on the
table.

4. Phase Two: Evaluation

The evaluation phase of the Sys-
tem R project lasted approximately
2l years and consisted of two parts:
(1) experiments performed on the
system at the 5an Jose Research Lab-
oratory, and (2) actual use of the
system at a number of internal IBM
sites and at three selected customer
sites, At all user sites, System R was
installed on an experimental basis
for study purposes only, and not as
a supported commercial product.
The first installations of System R
ook place in June 1977.

General User Comments

In general, user response to Sys-
tem R has been enthusiastic. The
system was mostly used in applica-
tions for which ease of installation,
a high-level user languape. and an
ability to rapidly reconfigure the
database were important require-
ments, Several user siles reported
that they were able to install the
system, design and load a database,
and put inle use some application
programs within a matter of days.
User sites also reported that it was
possible to tune the system perform-
ance after data was loaded by creat-
ing and dropping indexes without
impacting end users or application
programs. Even changes in the data-
base tables could be made transpar-
ent 1o users if the tables were read-
only, and also in some cases for up-
dated tables.

Users found the performance
characteristics and resource con-
sumption of System R to be pener-
ally satisfactory for their experimen-

tal applications, although no speci-
fic performance comparisons were
drawn. In general, the experimental
databases used with System R were
smaller than one 3330 disk pack (200
Megabytes) and were typically ac-
cessed by fewer than len concurrent
users. As might be expected, inter-
aclive response slowed down during
the execution of very complex SQL
statements involving joins of several
tables. This performance degrada-
tion must be traded off against
the advantages of normalization
[23, 30]. in which large database
tables are broken into smaller parts
to avoid redundancy, and then
joined back together by the view
mechanism or user applications,

The SOL Language

The SQL user interface of System
R was generally felt 1o be successful
in achieving its goals of simplicity,
power, and data independence. The
language was simple enough in 1ts
basic structure so that users without
prior experience were able to learn a
usable subset on their first sitting, At
the same time. when taken as a
whole. the language provided the
query power of the first-order pred-
icate calculus combined with opera-
tors for grouping. arithmetic. and
built-in functions such as sum and
AVERAGE.

Users consistently praised the
uniformity of the SQL syntax across
the environments of application pro-
grams, ad hoc query, and data defi-
nition (ie., definition of views)
Users who were formerly required 1o
learn inconsistent languages for these
purposes found it easier to deal with
the single syntax {e.g.. when debug-
ging ‘an application program by
guerying the database to observe ils
effects). The single syntax also en-
hanced communication among dif-
ferent functional organizations (e.g..
between database administrators and
application programmers).

While developing applications
using SQL. our experimental users
made a number of suggestions for
extensions and improvements to the
language, most of which were imple-
mented during the course of the proj-
























