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Abstract With current systems, some important
complex queries may take days to complete because
of: (1) the volume of data to be processed, (2) lim-
ited aggregate resources. Introducing parallelism
addresses the first problem. Cheaper, but powerful
computing resources solve the second problem.
According to a survey by Brodie,’ only 10% of com-
puterized data is in data bases. This is an argument
for both more variety and volume of data to be
moved into data base systems. We conjecture that
the primary reasons for this low percentage are that
data base management systems (DBMSs) still need
to provide far greater functionality and improved
performance compared to a combination of applica-
tion programs and file systems. This paper ad-
dresses the issues and solutions relating to intra-
query parallelism in a relational DBMS supporting
SQL. Instead of focussing only on a few algorithms
for a subset of the problems, we provide a broad
framework for the study of the numerous issues that
need to be addressed in supporting parallelism ef-
ficiently and flexibly. We also discuss the impact
that parallelization of complex queries has on short
transactions which have stringent response time
constraints. The pros and cons of the shared nothing,
shared disks and shared everything architectures
for parallelism are enumerated. The impact of par-
allelism on a number of components of an industrial-
strength DBMS are pointed out. The different stages
of query processing during which parallelism may
be gainfully employed are identified. The interac-
tions between parallelism and the traditional sys-
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tems’ pipelining technique are analyzed. Finally,
the performance implications of parallelizing a spe-
cific complex query are studied. This gives us a
range cf sample points for different parameters of
a parallel system architecture, namely, 1/0 and com-
munication bandwidth as a function of aggregate
MIPS.

1. Introduction

The widz2spread adoption of the easy-to-use products
of the relational technology has led to greater ex-
pectaticns on the part of the data base user com-
munity. Support for high level ad hoc query lan-
guages like SQL has replaced the weeks or months
of coding required in the case of the prerelational
systems with a few days of coding in order to pro-
duce programs which access the data base man-
agement system (DBMS) to generate complex re-
ports. Along with this has come the expectation
that the responses to the queries should also be
receivel faster than before, especially because the
queries may be posed by a user at a terminal rather
than by a batch program, as in the past. Coupled
to this is the fact that the volumes of data to be
dealt with also grow by leaps and bounds as the
years (o by and computerization goes into full
swing. Already there are customers who would like
to store more than 100 gigabytes of data in a single
table ard keep it all online all the time! The amount
of data kept in a single large relational data base
is expected to be in the terabyte range in the coming
decade. These trends cause the queries to become
data-int2nsive. Furthermore, there is growing em-
phasis on supporting newer, nonstandard data base
applicalions like VLSI CAD, Computer Aided Soft-
ware Engineering (CASE), etc., where the volumes
of data are enormous compared to the traditional
business data processing arena [HaSS88].

With competition intensifying in various sectors of
the economy (due to, e.g., deregulation in the airline



industry), and direct-mail marketing becoming more
and more common, the complexity of the queries
that are being posed is also growing. Ad hoc inter-
actions with the new generation DBMSs are com-
monly performed through high-level user interfaces,
allowing complex queries to be specified very easily
by users, where the users may not even be aware
of the complexity of their requests! Often, a high-
level interface query resuits in many complex DBMS
queries, which must have a short response time
due to the interactive nature of the user interface.
This increases both the complexity and the traffic
rate of DBMS queries. The same phenomenon oc-
curs in interfaces between high level programming
languages, such as Prolog, and DBMSs (i.e., data
base support for logic programming also has this
effect) [Wolf88]. These programming environments
allow programmers to write applications which ini-
tiate many complex DBMS queries. These trends
cause the queries to become /ogic-intensive.

The processing power of affordable parallel comput-
ers is expected to be over 1000 MIPS shortly. The
combination of massive amounts of data plus enor-
mous processing power creates the opportunity for
much more complex queries. Hence, we expect that
future DBMSs will have to deal with applications
which are increasingly data-intensive and logic-
intensive.

Today’s relational query languages typically do not
have the functions for statistical analysis and struc-
tural (complex objects, record structures, etc.)
expressibility, which are crucial for data summation
and engineering data bases, respectively. We expect
the functionality provided by such query languages
to grow considerably. More of the application logic
will be moved inside the DBMS, both for better
performance (bringing function to data) and for bet-
ter sharing of data among applications (better pro-
tection of data by encapsulation). Note that bringing
function to data would be a good thing even in a
nonparallel system just because it would avoid drag-
ging up to the application level numerous records
which subsequently get disqualified by the applica-
tion when it applies some fancy predicates. Given
that applications tend to be sequential, in a parallel
DBMS, applying the fancy predicates within the
DBMS would allow parallelism to be exploited in
evaluating those predicates also, thereby potentially
reducing the response time tremendously.

DBMSs will have to deal with a much larger set of
data types and operations. From the application

performance viewpoint, this is valuable since it al-
lows more type specific operations to be specified
in search predicates, so that, possibly, massive
amounts of irrelevant data does not pass through
the different layers of the DBMS to the applications.
This is particularly significant since the data rate of
the output from DBMSs is typically much less than
the data rate of storage devices from which data is
retrieved. Operations such as outer join, recursion,
and sampling [OIR089] should be handled by DBMSs
for the same reason.

The problems that the query optimization and the
query execution logic must handle are expanding
because the nature of the queries that DBMSs must
handle is expanding. In most cases, one can hope
to get realtime responses to data and logic intensive
queries only by exploiting parallelism. This may
come as a surprise to some people who might be
led to think that the way to attack the response time
requirement is to stay with the simpler strategy of
no intra-query parallelism, but use faster processors,
and larger and larger amounts of memory. The
limitations to the improvement of response time via
faster processors and larger memories alone relate
to the following observations:

¢ Based on the trends of the recent past, it is clear
that the growth in the processing capacity of a
uniprocessor or a closely-coupled multiprocessor
is not going to be sufficient to provide realtime
responses to certain types of complex queries
using such systems. At least today, it appears
that the $/MIPS {Million Instructions Per Second)
cost of the very powerful machines is much higher
than the $/MIPS cost of smaller, microprocessor-
based machines.

e Even though the price of main memory keeps
declining rapidly and the sizes of the memories
that are attachable to a single processor keep
growing, the volume of data to be handled keeps
growing also. Further, with some architectures,
there are limits on the amount of main memory
that imay be attached to a single machine (e.g.,
2GB of real memory due to the 31-bit rea/ memory
addre:ssing used on the IBM/370).

e As the processors become more and more pow-
erful {(even in the smaller microprocessor-based
machines), the gap between the CPU processing
speed and the 1/0 capacity of a single device
becornes wider and wider. (We will return to this

1 Presented at the ACM-SIGMOD International Conference on Management of Data, Chicago, May 1988.



point in the section “2.5. 1/0 Versus CPU Versus
Communication Parallelism”.) This is at present
necessitating the use of techniques like disk strip-
ing [CABK88, SaGa86] and disk arrays [PaGK88]
to improve the 1I/O bandwidth. For a long time,
systems like IBM’s TPF [Hobs87, Scru87, Siwi77]
used disk striping in software to improve
inter-transaction parallelism. But now, striping is
needed for supporting intra-transaction and query
parallelism as well. Disk striping, if done in soft-
ware, already demands parallelism at least at the
1/0 level to access the multiple disks in parallel.

Therefore, in order to gain price-performance ad-
vantages and response time improvements, the
trend is towards building a data base machine con-
sisting of a large number of smaller machines and
exploiting intra-query parallelism.

2. Overall System Architecture
Options

2.1. Sharved Everything Versus Shared
Disks Versus Shared Nothing

One approach to improving the capacity and avail-
ability characteristics of a single-system DBMS is
to use multiple systems. There are three major
architectures in use in the multisystem environment
[Bhid88]: (1) shared disks (SD) or also called data
sharing [DIRY8S, Haer88, MoNa90, MoNP90,
Rahm87, Rahm88, Rahm89b, Shoe86], (2) shared
nothing (SN) or also called partitioned [Bora88a,
Ston86], and (3) shared everything.

With SD, all the disks containing the data bases are
shared amongst the different systems and each sys-
tem has its own buffer pool. Every system that has
an instance of the DBMS executing on it may access
and modify any portion of the data base on the
shared disks. Since each instance has its own buffer
pool and because conflicting accesses to the same
data may be made from different systems, the in-
teractions amongst the systems must be controlled
via various synchronization protocols. This neces-
sitates global locking and protocols for the mainte-
nance of buffer coherency. SD is the approach used
in IBM’s IMS/VS Data Sharing product [CaHS85,
ObSW83, PeSt83, StUW82], TPF product [Hobs87,
Scru87, Siwi77] and the Amoeba research project

[MoNa®0, MoNP90, SNOP85], in DEC’s VAX DBMS?
and VAX Rdb/VMS products [JoRo89, KrlLS86,
ReSW89], and in NEC’s DCS [SMMTG84]. These
systems are using the SD architecture for inter-trans-
action parallelism rather than intra-transaction par-
allelism.

With SM, each system owns a portion of the data
base and only that portion may be directly read or
modified by that system. That is, the data base is
partitioned amongst the multiple systems. The kind
of synchronization protocols mentioned before for
SD are not needed for SN. But, a transaction ac-
cessing data in multiple systems would need a form
of two-phase commit protocol (e.g., the Presumed
Abort protocol of [MoLO86]) to coordinate its ac-
tivities. This is the approach taken in Tandem’s
Encompass? and NonStop SQL? [BoPu88, Borr81,
Borr84, EGKS89, Tand87, Tand88], Teradata’s
DBC/10122 [DeSB87, Nech86, Tera88], MCC’s Bubba
[AICo84, Bora88b, CABK88], and the University of
Wisconsin’s Gamma [DeGS88, GeDe87, ScDG89].

In the shared everything approach, memory, in ad-
dition to disks, is also shared across the processors.
University of California - Berkeley’s XPRS system
has adopted this approach [SKPO88, StAS89]. it
has been pointed out in [StAS89] that shared ev-
erything has scalability problems. But, it is attractive
within a node of an SD or SN system. It helps
reduce the number of nodes, making system man-
agemerit and load balancing easier. DB2 [CLSW84,
HaJa84], for example, is able to very nicely exploit
a shared everything machine like an IBM 3090-600J
which has 6 processors.

Arguments in favor of SD are given in [HaSS89] in
the context of complex objects and parallelism. For
complex objects, it is said that partitioning the data,
as is required with SN, is a big problem.

2.2. Transaction Monitors

In discussing an overall architecture, the role of
data communications [Duqu87, Sche87, SSSHD87]
and the transaction monitor (like IMS/DC [McGe77],
TUXEDO [AnCK89] or CICS [Ser|89]) cannot be ig-
nored. lMost online transactions are executed in the
environment of a transaction monitor. The monitors
provide support for terminal interactions, message
queue rnanagement, logging, program libraries, etc.
They aie in essence an extension of the base op-
erating system.

2 IBM, AS/400, and OS/2 are trademarks of the International Business Machines Corp. Encompass, NonStop SQL, and Tandem are trademarks
of Tandem Computers, Inc. DEC, VAX DBMS, VAX, VAXcluster, and Rdb/VMS are trademarks of Digital Equipment Corp. DBC/1012 is
a trademark of Teradata Corp. SYBASE is a registered trademark of Sybase, Inc.



Supporting the transaction monitor and the environ-
ment that it needs is essential even in a parallel
architecture system. Any existing large application
base which relies on such an environment must be
accounted for. Resources (CPU, I/0, communication)
used in the nonDBMS part of transactions (i.e., in
transaction monitors and applications) are very sig-
nificant. Hence, it is important to provide a paraliel
environment for both applications and transaction
monitors. Tandem’s Encompass and NonStop SQL
provide such an environment. This is the so called
peer-peer configuration.

If the adopted approach is one in which the monitor
would run on one or more frontend machines and
the actual data management would be done in a
backend (the so called frontend-backend configura-
tion) where parallelism would be exploited using
machines of a different nature from the frontend
machines, then two issues must be addressed. First,
the cost of the interactions between the frontend
and the backend must be taken into account in eval-
uating the performance implications of this approach
on the transaction workioad. This division of labor
between the frontend and the backend is bound to
increase the overall pathlength of a transaction.
This increase will be felt especially in the case of
the short transactions of the transaction workload.
One way to attack this problem is to support the
notion of stored procedures (as in the Sybase?
DBMS [Corn88, Epst88]) and make the frontend is-
sue a single call to the backend to execute a se-
quence of SQL statements.

The second issue is related to pushing more appli-
cation functions down into the lower layers of the
DBMS, either in the form of operations on abstract
data types, function libraries (for scientific routines,
statistical routines, etc.), methods on objects stored
in the data base (as in the object-oriented DBMSs),
or rules (as in rule-based systems). This trend es-
sentially pushes for a more uniform runtime envi-
ronment for applications and DBMSs, thereby allow-
ing functions to move from applications into DBMS
more easily. As a result, it may not be a good idea
to have a very special-purpose operating system in
the backend.

2.3. Interconnection Technologies and
Requirements

The technology used for interconnecting the proces-
sors and the storage devices plays a crucial role in
determining the communication bandwidth that can
be sustained between the processors themselves,
and between the processors and the storage devices.

While fiber-optic [Ross89] switches can sustain high
bandwidths and cover more distances compared to
copper interconnects, costs of fiber-optic interface
and switching devices are still rather high.

In the case of the SD approach, the storage devices
must be attached through a switch since any pro-
cessor must be capable of accessing any of the
devices. This means that the switch should support
high bandwidth communication. The processor to
processor communications will be less in this envi-
ronment, if parallelism for a given transaction is
going to be handled within a system by utilizing a
multiprocessor like the 6-way IBM 3090/600J. Most
of the processor to processor communication is
likely to be messages relating to global locking and
buffer coherency protocols [CaHS85, MoNa90,
MoNPS0, ObSW83, Rahm88, ReSW89].

With SN, the devices may be locally attached to the
owning processors, perhaps using cheaper technol-
ogies. In this case, the processor to processor com-
munications can be significant if a given complex
query is accessing data owned by multiple systems.

2.4. Short Transactions and Complex
Queries

It is very important that the system architecture
that is chosen be such that it can accommodate
complex queries as well as short transactions
against the same data. That is, it should be possible
to pose ad hoc queries against the same data on
which the “bread and butter” applications of the
customers are also performing online, short trans-
actions which may be updating as well as reading
the data. The former is called the query workload
and the latter is called the transaction workload. In
modern applications, mostly the transaction work-
load transfers new data from the real world into
data bsses. Hence, they are the producers of the
data from the data base viewpoint. Examples are:
transactions originating from Automated Teller Ma-
chines, point of sale transactions, stock exchange
transactions. Complex queries are usually consum-
ers of data. Sharing between producers and con-
sumers of data is a fundamental phenomenon. Good
performance for the transaction workload must be
guaranieed since those transactions have more
stringent response time constraints.

Traditionally, users have been forced to deal with
this problem of handling the transaction and query
workloads properly by maintaining two different data
bases on two different systems. One of the data
bases is the most up-to-date one and it is against
that one that the transaction workload is run. The



other data base is an extracted version of the first
one and it is on this extracted data base that the
complex queries are executed. Not all users are
happy with this solution. In addition to the problems
of having to maintain two different systems, the disk
storage requirements are doubled.® Additionally,
there is the expensive extraction process which
needs to be performed periodically and which only
gives out-of-date data to the ad hoc query users.
Some of the advantages of this two data base strat-
egy are: (1) the two types of workloads are on dif-
ferent machines and hence could hopefully be more
easily managed, and (2) since the second data base
is a read-only one, different access paths and buffer
management policies (or even a different DBMS)
may be defined for it to improve the performance
of complex queries. Some of these users with dual
data bases may have an IMS or TPF [Hobs87,
Scru87, Siwi77] system which is running the older
transaction workioad and from which they are unable
to migrate away quickly due to performance and/or
application rewrite cost reasons. They may extract
data from such a system and put it into a DB2 or
Teradata system for the benefit of their newer de-
cision support applications.

When both sets of workloads are brought into the
same system, great care must be exercised to en-
sure that the exploitation of parallelism by the com-
plex queries does not consume too much resources
(CPU, 1/0, and memory) at the expense of the short
transactions. This requires that the system, at the
least, support a priority concept for treating different
users or data base requests differently. Some
server-based systems do not have such a concept,
which leads to very unpredictable response times
and wide variances. A resource governor would
also be essential to control “runaway” queries. DB2
V2R1, for example, introduced such a governor for
controlling the resource consumption of dynamic
SQL queries.

There is also a concurrency versus locking overhead
dilemma with respect to mixing these workloads
with very different characteristics. In order to max-
imize concurrency for the transaction workload, the
application would be highly tempted to choose fine-
granularity (e.g., record) locking [MHLPS89,
MoPi90]. But this will make the query workload
incur significant locking overhead since queries in
general access large number of records. Apart from
the overhead concern, the major problem may be
that the locks held by the complex queries will delay

the transaction workioad from performing updates.
Typically, this problem is dealt with by executing
the complex queries with the isolation level of cursor
stability (CS - degree 2 consistency of System R
[Gray78]). That is, the read locks are given up as
the cursor moves from one record to the next. Even
though many DBMSs (like DB2, the OS/2 Extended
Edition? Database Manager [ChMy88], SQL/DS
{ChGY81], and NonStop SQL) support CS, the re-
search literature has concentrated only on repeat-
able read (RR - degree 3 consistency of System R).
More implications of CS on data accesses have
been discussed in [MHWC90, Moha89, MolLe89].

The locking pathlength overhead problem is normally
addressed using different sofutions, with each one
compromising on some functionality or the other.
Two of the solutions are:

¢ Unlocked Reads Run the queries without locking
and use latches [MHLPS89, MHWC90] to assure
physical consistency of the pages being read. IMS
supports this type of access via what is called GO
processing. Relational systems like Tandem’s
NonStop SQL and IBM’s AS/4002 [AnCo88] also
support such accesses. This solution avoids not
only the locking overhead but also the undesirable
lock conflicts between the two types of workloads.
This approach has the disadvantage that uncom-
mitted data may be exposed to the transactions
that are not obtaining locks. In particular, integrity
constraint violations may be noticed by the un-
locked readers. For statistical queries (e.g., mar-
ket analysis queries), this exposure usually causes
little or no problem. But there is a concern re-
garding queries dealing with structured {e.g., CAD/
CAM) objects, where inconsistent data close to
the root of the object may result in retrieving a
very different, and possibly invalid set of children
objects. In fact, this problem, to a lesser degree,
also occurs with cursor stability. Retrieval of the
children at two different times during the course
of a query may result in two different sets since
the read data is locked only briefly and the data
might have been updated in between the two re-
trievals.

Transient Versioning In this approach, for data
that is being modified, one or more older versions
of it may be maintained [AgSe89, ChGr85, Reed78,
Weih87]. With this support, the query workload
would be able to read without locking. Just for

3 It should be mentioned that, for large data bases, even if only one copy of the data is stored, the total cost of the disks used for storing the
data base is a major portion of the cost of the complete system configuration.



data that is being modified, a slightly older, but
a committed version of that data will be exposed
to such transactions. The advantage is that the
data base that is being exposed will be internally
consistent. The concerns may be that not all the
exposed data is up to date and the slight increase
in storage consumption and complexity to keep
multiple copies of some of the data. But the major
problem may be that typically in such schemes
the transactions that are not locking are not al-
fowed to do any updates and such transactions
must predeclare themselves to be read-only.

[Moha90] presents a technique, called Commit_LSN,
for eliminating, most of the time, the need for locking
when CS accesses are made. This technique takes
advantage of some information (e.g., the log se-
quence number [MHLPS89, MoPi90]) that is tracked,
for recovery purposes, on every page to conclude,
without locking, that all the data in a page is in the
committed state. it turns out to be of help in reduc-
ing the locking overhead even for update transac-
tions, when record locking is in effect. Concurrency
is also improved in conjunction with index concur-
rency control methods like ARIES/IM [MoLe89].
Many applications of the Commit_LSN technique are
described in detail in {[Moha90].

2.5. 1/O Versus CPU Versus
Communication Parallelism

Query processing in a parallel environment requires
four major resource types: CPU, 1/O, memory, and
communication. Some form of parallelism is needed
for large scale use of any of these resources. Disk
arrays [PaGK88] provide both large amounts of
storage as well as many read/write arms for higher
bandwidth {they may also improve availability by
striping different bits of a byte on different devices
and by storing some parity bits in a similar fashion).
Main memory subsystems with many ports and
many memory modules provide similar features.
Likewise, communication systems with switches at
different levels and many ports provide high band-
width. The degree of parallelism needed in each
resource type (e.g., CPU) depends on the load on
that resource type and the speed of a component
of that resource type (e.g., a CPU). As a result,
different degrees of parallelism are needed for dif-
ferent resource types. Here, we study the relation-

ship between parallelism of two major resource
types in DBMSs: CPU and 1/O.

Our objective function is: minimize the response
time up to a threshold, where the constraint is the
amount of given resources. Threshold is defined as
that response time below which minimization is not
significant. In other words, we want to maximize
use of the given limited resources to minimize the
response time up to a threshold.* Different degrees
of parallelism may satisfy this objective. Suppose
we can fully utilize the CPU resource with 100 tasks
or with 1000 tasks. One question is what the degree
of parallelism should be. We argue that it is impor-
tant to find the minimal degree of parallelism, while
satisfying our objective function. The higher the
degree of parallelism, the harder the load balancing
would be. By increasing the number of tasks across
which work is being distributed, we are decreasing
the nurnber of tuples that each task handles. In
other words, we have fragmented the processing,
and made it /ess set oriented, hence potentially
compromising one of the major benefits that the
relational model provides us. As a resuit, the pro-
cessing may become less efficient. For example,
we may lose the efficiency of sequential prefetch
[TeGu84] because each task does not access
enough pages to take full advantage of sequential
prefetch in terms of amortizing the cost of an 1/O
call across a large number of pages.

Inefficiency can also arise in accessing data through
nonclustered indices. In sequential processing, we
extract the TIDs (tuple identifiers) of qualified tuples
from the index, sort the TIDs by page IDs, and then
do the 1/0s [MHWCS0]. Hence, each relevant data
page is retrieved only once. If many tasks do this
in parailel, often the same page may be retrieved
many times, because, for a given page, more than
one task may be interested in different tuples in it.
Each task has a certain fixed cost associated with
operations such as opening and closing scans, and
sort initialization (e.g., initialization of the tourna-
ment trees when tournament sorts are used). This
cost is multiplied by the degree of task parallelism.
In addition to the wastage of CPU cycles, other re-
sources like memory, and channel capacity may
also be wasted. Contention for disk arms and chan-
nels may also be increased.

We would like to study the relationship between
CPU and I/O parallelism. One concern that we have

4 Maximize must be interpreted more carefully in the context of a multiuser environrment. As we see shortly, sometimes too much parallelism
may lead to too much wastage of resources, and may not decrease the response time significantly. We must avoid these cases for the benefit of

other users of the system.



is that often there is a significant mismatch between
the degree of parallelism needed for CPU and that
needed for the 1/O subsystem. One reason for this
is that the speed of I/0 devices has not increased
as fast as that of CPUs. To study the relationship
between |/0 and CPU parallelism, consider the prob-
lem of accessing, directly or through indices, the
base tables. If all the data fits in main memory,
then each task is CPU bound, and we need only one
task per CPU. Hence, degree of parallelism is the
number of available CPUs. If data is on disks, the
tasks can be [/O bound if one disk arm at a time is
used. This causes a significant mismatch between
the degrees of parallelism needed for CPU and 1/O.
The reason is that the speeds of the available disks
are too low compared to the power of the currently
available CPUs, especially the mainframe ones.
Therefore, we need to have numerous disk arms,
as in disk arrays, to keep up with each CPU. Let's
go through an example. We assume that the pro-
cessing capacity of each CPU is 30 MIPS. We con-
sider two types of disks:

1. Slower disks: 3MBPS (megabytes per second)
bandwidth; 20 ms average seek plus search
(i.e., rotational latency) time.

2. Faster disks: higher bandwidth, moderately
lower seek plus search time. Let’s assume that
these disks are an order of magnitude better in
bandwidth (30MBPS) and half order of magni-
tude better in average seek plus search time
(7 ms).

Let’s consider two types of queries:

® Type 1: complex queries with numerous sequential
table scans;

® Type 2: complex queries with numerous TID list
data accesses, as explained above (mostly doing
random 1/Os).

The second type of access is chosen when the table
is very big and the predicates are very selective.
Hence, we may be heavily using even nonclustered
indices (one index, or several, with index ANDing
and/or ORing [MHWC90]). The queries of the first
type mainly do sequential I/0s. Hence, for each 1/0O,
the seek/search cost is incurred once for a set of

pages (e.g., 64 pages). In this case, the limiting
factor is mostly the data transfer bandwidth of the
disk. The second type of queries mainly do random
I/0s. Hence, the seek/search time delay is usually
incurred for every page. In this case, the seek/
search time is the limiting factor.

Let’s study this more quantitatively. Suppose, for a
given query, let L be the total pathlength and / the
total number of pages retrieved from disk. L includes
CPU instructions for performing 1/0, locking, predi-
cate evaluation, sort, join, etc. The ratio L /! is the
average number of instructions of CPU processing
incurred for each page retrieved from the disk. This
ratio is a good means of characterizing a workload,
and we use it to study the balance between CPU
and I/0. The value of this ratio depends on the type
of a query. Later, in the section “5. A More Quan-
titative Analysis”, we will discuss the details of the
performance of a complex query, called 5fanj. For
this query, which is of type 1, the ratio L]/ is about
20K. Fcr queries that have mostly very selective
predicates supported by indices, this ratio is typically
less than 1K. These queries perform a significant
amount of random |/Os. They essentially retrieve
one tuple out of every accessed page. For queries
that perform significant amount of random I/Os and
also significant amount of processing (e.g., sorts,
joins, aggregation, etc.) on the retrieved data, the
ratio increases significantly.

In a mi>ed query and transaction workioad, we must
also consider the effect of transaction workloads on
the balance of CPU and /0. Transaction workloads
also perform a significant amount of random 1/Os.
The L[/ ratio for TP1 transactions [Anon85] is
roughly 50K.5 As we will comment later, these ratios
also depend on the buffer sizes. [FTSN89] reports
15 to 45 1/Os per second per MIPS for users of DEC
computars. Assuming a page size of 4K bytes, we
get L [/ equal to 13 to 34 (this is after converting
VAX MIPS to IBM/370 MIPS using the formula given
in the reference).

Figure 1 gives the degree of I/0 parallelism for each
CPU (more precisely, for a task that fully utilizes a
CPU) fer different L/ ratios.

For L /1 =20 (5fanj type 1 query), the ratio of degree
of paratllelism of I/0 and CPU is about 2.5 for slower
disks. This number is about 0.3 for faster disks. In
this case, there is not much mismatch between the

S Typically, accessing the account table incurs one 1/O for the index leaf page, and one I/O for the data page. Updating of the account table
incurs one /0. Each transaction benefits from the caching of teller and branch table:. Also, 1/Os for the journal table and log (assuming group
commit {GaKi85] 1s used) are compensated across multiple transactions. The actuil number of I/Os for this heavily depends on the buffer
sizes. If we assume one more I/O for all of these, and a pathlength of about 200K nstructions, we get SOK per 1/0.
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degree of parallelism needed for CPU and I/O. If
this query is of type 2 and has the same L {1 ratio,
the degree of parallelism of /0 and CPU is about
31 for slower disks. This number is about 10 for
faster disks. In this case, the degree of /O paral-
lelism needed is more than an order of magnitude
greater than that of CPU, hence there is a significant
mismatch between degree of parallelism of CPU and
1/0 resources.

As the |/O speed increases, we need less parallelism
in the 1/0 subsystem. There are two interesting
cases:

1. Degrees of paralielism for CPU and I/O are
close to each to other.

2. Degree of parallelism for /0 is much more than
that for CPU {more than an order of magnitude
in the above example).

In case 1, the system is not significantly CPU or 1/0
bound. Each task spends roughly equal time using
CPU or /O resources. Suppose each task does
asynchronous disk page prefetch, where the task
starts the 1/0 for the next set of pages at the time
it starts working on the current set of pages. Under
these conditions, each task becomes CPU bound,
and it is sufficient to have as many tasks as CPUs.
1/O parallelism follows from (happens as a result of)
CPU parallelism, and no special mechanism is
needed for 1/O parallelism.

For case 2, we have two possibilities:

1. Use the same approach as above, where 1/O
parallelism follows from CPU parallelism. In
this case, each task is now mostly /0O bound
(even with 1/O overlap). We need to increase
the degree of CPU parallelism to that of I/O,
herice allowing better utilization of resources,



such as CPU. The problem with this approach
is that it artificially increases the CPU parallel-
ism significantly (an order of magnitude in our
example). This may not be acceptable because
as we argued above, we want to decrease the
degree of parallelism in CPU as much as pos-
sible for better load balancing and reduction of
overheads.

2. Decouple parallelism of CPU and 1/0 subsys-
tems. Allow /O to have more parallelism than
CPU. This is the desired approach. An example
of such an approach is the use of disk arrays
where different blocks of data are scattered on
different disks. Note that we mostly need this
for random /O, allowing different disk arms to
work on different blocks of data. As explained
before (and in [MHWC90]), a CPU task accesses
the index and forms a list of pages to be re-
trieved. This list is given to the 1/0 subsystem
(via the STARTIO instruction). Suppose these
pages are stored in a DASD array. The control
unit of the DASD array is responsible to initiate
1O (tasks) on different disk devices in parallel
to retrieve the pages.

As we increase the efficiency of the DBMS software
(more efficient predicate evaluation, sort, join, etc.),
the ratio L // is reduced. As a result, the curve in
Figure 1 moves toward the right, thereby increasing
the amount of I/O parallelism that is needed. The
same happens when the speed of CPUs increases.
The curve moves toward the left with the availability
of more main memory which results in less 1/Os, or
with faster {/O systems. This decreases the amount
of needed 1/0 parallelism. Also, the same happens
as the queries become more logic intensive, i.e., as
more processing is done on the retrieved pages.
Examples are queries with large number of predi-
cates, predicates involving expensive methods on
complex data types (e.g., geographic data), and
large number of joins (with pipelining).

3. Parallel Algorithms

In this section we will discuss ways of parallelizing
a query, load balancing issues, and what
parallelization impact is on different components of
a relational DBMS.

3.1. Targets of Parallelization

There are two (orthogonal) ways of parallelizing
complex queries:

® Program Parallelism (PP)
e Data Parallelism (DP)

PP and DP are possible in both the SD and SN
architectures.

3.1.1. Program Parallelism (PP)

Let us consider an example which involves joining
the four tables T0, T1, T2, and T3. A possible exe-
cution strategy is one in which the join of T0 and
T1 is performed in parallel with the join of T2 and
T3. We call this independent task execution. Another
possible execution strategy is one in which the join
of TO and T1 is performed by task S1 which then
sends the result records incrementally to task S2
to perform the join with T2. S2 then sends its result
records incrementally to S3 to do the join with T3.
We call this the asynchronous pipeline. The reason-
ing behind the name has to do with the fact that
the tuples are piped between tasks. But, unlike the
synchrcnous pipelining used in sequential plans
(e.g., as in System R [SACL79]), here different
stages of the pipeline are not executed in a lock-step
fashion.

The qusue between the producer and consumer
tasks is called a table queue since its contents are
tuples in {(composite) tables. Obviously, some sort
of flow control is needed between the producer(s)
and consumer(s) of a table queue in order to reduce
the overflow of the queue to disk, if the queue gets
too large due to a slow consumer. This kind of
asynchronous pipelining is also proposed in
[Grae9n], and is also useful in distributed data base
management systems and was used in the R* pro-
totype |LMHDL85, SeAd80]. In the latter, the com-
munication network protocols provided the pacing
between the producer and the consumer.

An execution plan is a partially ordered set of op-
erators [HFLP89]. Examples of operators are index
or data access and predicate evaluators, sort, join,
aggregation, etc. The number of operators depends
on the complexity of queries. Obviously, the degree
of parallelism obtainable by PP is limited by the
number of operators used in a query. In fact, the
actual degree of parallelism attainable is usually
much less than this upper bound due to the depen-
dencies between operators. For example, the merge
join of T1 and T2 cannot start until the access and
sort of T1 and T2 are completed. In most of the
cases, PP is not sufficient to provide a degree of
parallelism in the 100s or 1000s. However, PP is
more useful in conjunction with DP which is discussed
more below. Furthermore, the cost of inter-task
communication between operators in two different



tasks is considerably higher than that between op-
erators within the same task. In fact, in systems
like DB2 [CLSW84], (in most of the cases) the tuples
are not copied when they go through synchronous
pipelines between operators. This costis particularly
high if tasks are in different processors which are
not sharing memory. Analysis of the 5fanj query in
the context of a model based on projected
pathlengths of MVS and DB2 shows that the
pathlength more than doubles if all synchronous
pipelines are replaced by asynchronous pipelines.
The extra pathlengths are mostly due to the costs
of forming tuples, inserting them into and retrieving
them from table queues.

3.1.2. Data Parallelism (DP)

DP is the key to supporting a high degree of paral-
lelism. Currently, even in a system which does not
employ parallelism within a query (beyond doing
sequential prefetching of data using system tasks
in anticipation of future requests from the user’s
query processing task [TeGu84]), a table may be
divided up into a number of partitions (one such
system, DB2, allows up to 64 partitions, for example).
Each partition may be stored on a different device
(maybe of even different types) and reorganized
independently. DB2’s partitioning is based on
nonoverlapping key ranges, as specified by the cre-
ator of the table. In contrast, systems like TPF,
Bubba, DBC/1012, and Grace [KiTM83] use hashing
to assign tuples to different partitions.

A hybrid approach is one that combines DP and PP.
The extreme case of the hybrid approach is the one
where we associate one task with each operator for
each data partition. That is, we employ full DP and
full PP. We call it the parallel asynchronous pipeline.
The parallel asynchronous pipeline approach is un-
desirable from the viewpoint of the tremendous in-
crease in pathlength that it would cause. Hence, if
DP provides the desired parallelism, then use syn-
chronous pipeline as much as possible for each par-
tition and run different partitions in parallel. This
scheme is called the parallel synchronous pipeline.

Pipelining helps reduce peaks in data communica-
tions and disk I/O. If pipelining is not used, in a SN
architecture, the data from the producer is trans-
ferred across the network and put on disk at the
consumer’s system. This may cause a peak in com-
munication [GeDe87], if the producer does not have
much work to do {e.g., it is reading the local workfiles
and distributing them across the network). But, if

the data is piped to the consumer, then usually it

is the consumer who is the bottleneck due to the
processing (e.g., join) that needs to be performed
on the incoming data, and also may be due to the
lower priority assigned to it. As a result, the data
transfer is spread over a longer period of time,
thereby reducing the peak in the communication
traffic. In the section “5. A More Quantitative Anal-
ysis”, we will revisit this phenomenon. An asynchro-
nous approach and a synchronous approach are
presented in [SMLC86] for controlling and managing
query pipelines.

3.2. Load Balancing Issues

As discussed earlier, the key elements of parallelism
are data and computation partitioning. Different
methods of data partitioning (e.g., key range parti-
tioning) and computation partitioning (e.g., program
and data parallelism) were discussed before. Com-
putation partitioning must be done such that the
load is spread as evenly as possible amongst the
different tasks and different physical resources in-
volved in the computation. Two kinds of load bal-
ancing are important: (1) physical resource level
(e.g., load balancing of CPU nodes across many
simultaneous applications), (2) task level (e.g., load
balancing of different tasks accessing a table in
parallel). Other discussions on load balancing can
be found in [DGRS89, Rahm89a].

3.2.1. Physical Resource Level

Here, we consider load balancing among the CPU
nodes. Load balancing of /O and communication
resources are not considered. In the partitioned
architecture, the data from a disk must be retrieved
through the CPU node that the disk is attached to.
This node does I/0 and locking, applies the local
predicates, and extracts the qualified tuples, and
sends them to the next stage of computation, which
may be in another node. A node may become over-
loaded if there is too much demand for the data
under its control.® To reduce the load on this node,
we might consider the following alternatives:

1. Off-loading Predicate Evaluation and Tuple Ex-
traction. This requires sending raw pages to
the destination nodes. Locking is essentially at
the page level because the source node cannot
distinguish between qualified and unqualified
tuples. Another alternative is for the destination
nocdle to do the locking. But this requires a

6 Note that the source node also has to deal with updates, causing further load imbalence.



global locking mechanism, as in the SD archi-
tecture.” The effective communication band-
width required may also go up considerably be-
cause the tuples are not filtered at the source.
With this, the SN architecture comes closer to
the SD architecture, where raw pages are
shared amongst the nodes. But unlike in SD,
no buffer coherency protocols are needed.

2. Data Redistribution. We can redistribute the
data to avoid this situation. This is possible if
different pages, or different tuples within pages
are demanded from the different nodes. Also,
it requires a priori knowledge of the data usage
pattern. Further, the usage pattern must not
change too often (e.g., between day and night).
Note that the SD architecture can handle this
very well.

3. Orthogonal Data Distribution. In this approach,
the correlation between distribution of data
placement and data usage is minimized. An
example of this is random data placement. This
approach is the best for avoiding skews. How-
ever, it does not allow the clustering of data to
minimize 1/0 and locking costs. This is partic-
ularly a drawback for handling of complex ob-
jects. Also, the overhead may be too much for
"small” queries - if request has 15 tuple result,
it probably will involve at least 15 tasks on 15
nodes.

It is possible that the same set of tuples are de-
manded from different nodes. If the data is only
read most of the time, then data replication can
reduce contention. Otherwise, the data must be
granularized more through schema changes, or new
lock modes (such as increment/decrement locks)
must be introduced to reduce contention. Also, the
Commit_LSN technique of [Moha90] may be used
to reduce contention and to avoid a significant
amount of locking overhead.

3.2.2. Task Level

With data parallelism, each operator is assigned a
portion of the work. Load balancing among tasks
still requires extensive research. Here, we briefly
mention some of the main issues. Access operators
usually have some local predicates, which must be
considered in assignment of work to different tasks.

7 In partitioned architectures, usually all the locking is done locally.

For example, if a sales table is partitioned on the
value of the month column and a query is issued in
which the predicate on month is such that only the
December tuples are required, then we need data
parallelism at a finer level for processing this query.
Each task may handle the data for a particular day.
Unfortunately, there may be more data for some
days than for others, causing an imbalance in the
work to be performed. This situation is worse if we
do not know at compile time what month of the year
the predicate will specify. This usually happens
when the binding for the month variable comes from
the application or other parts of the query (e.g., it
is a correlation variable passed to a subquery, or
itis part of a join column used during access of the
inner table).

Similar cases exist for other operators. [lyDiS0,
lyRV89, LoY089] address the load balancing issues
for the sort operator.

3.3. System Components-Level Impact

Providing support for intra-query parallelism in a
system designed initially without parallelism in mind
requires making changes to a number of components
in the system. These are the changes that we would
like to address in this section.

Using the System R terminology, we call the upper
part of the system that deals with query optimization
and plan generation the relational data system
(RDS). The lower part of the system that deals with
buffer management, concurrency control, recovery,
record management, and space management is
called the data management system (DMS). We will
discuss the enhancements that need to be done at
the RDS and DMS levels (corresponding to System
R’s RDS and RSS levels).

Enhancements to the SQL language are necessary
to make: more parallelism possible within the DBMS.
Some implementations of SQOL allow the application
to provide only one tuple at a time to the DBMS for
insertion. As a resuit, there is little chance for par-
allelism for such insert operations.? We must allow
the application to specify a set of tuples and insert
them using one SQL command, as is done in SQL/DS.
The same is true for the SQL statements update or
delete where current of cursor. Only one tuple at a
time can be updated or deleted in this case. We
must allow the application to specify update/delete

8  Parallelism is limited to the updating of indices, and subquery execution for symmetri: views with subqueries, where subquery tables are affected

by the insert. .



for a set of tuples in one SQL command.® Enhance-
ments to the application program interface (APl) are
also required to interface DBMS applications which
have many paraliel pieces.

The optimizer may be designed to deal with the
questions relating to the degree of parallelism and
the assignment of work to the different tasks solely
at the time of query compilation. This would be
what we call the compile-time or static optimization.
Another possible approach is the one in which, in
addition to doing the compile-time determination of
the number of tasks, etc., enough intelligence is
built into the run-time support and the plans them-
selves to dynamically adapt the execution plan
based on information about the loads on the different
processors, characteristics (size, data distribution,
etc.) of the intermediate results, the availability of
memory, etc. As can be imagined, this dynamic
optimization is more difficult than the static optimi-
zation approach.

Complexity of optimization is already a major prob-
lem in relational DBMSs, and parallelism makes this
problem even bigger. One question is whether there
is a compromise approach to optimization without
increasing the complexity too much. One idea is a
two-phase static optimizer. First, optimize the query
ignoring parailelism (i.e., act as if the query will be
run in a sequential DBMS). Then, take the query
plan chosen above and optimize it further for par-
allelism. This is the approach chosen in XPRS
[StAS89]. This approach is particularly attractive,
if we want to parallelize an existing DBMS. The
two-phase optimization approach also reduces the
search space of optimization.

Obviously, there will be cases for which this ap-
proach does not produce an optimal plan due to the
fragmentation of optimization. Suppose the first
phase chooses plan alternative P1 and rejects plan
alternative P2. If P2 is much more expensive than
P1, then usually we are not interested in the
parallelized version of P2 either. The reason is that
it wastes a significant amount of resources and such
wastage is not acceptabie in a multiuser environ-
ment. Furthermore, there is a good chance that its
response time will be worse than that of P1. iIf the
resource consumption of P1 is not very different
and the parallelized version of P2 is better than the
parallelized version of P1 then this approach loses.
Suppose P1 uses a nonpartitioned index scan and
P2 uses a partitioned table scan then P2 may be
preferable because it is usually easier to parallelize.

One may consider giving hints to the sequential
optimizer to choose alternatives that are easier to
parallelize.

As argued above, the parallel optimization of a
query depends on how much resources are available.
This is usually known at runtime. However, one
source of complexity of dynamic optimization is the
need for the modification of the plan at runtime,
particularly during the execution of the plan. One
way to avoid this is for the static optimizer to opti-
mize the query based on the maximum amount of
available resources. Then, at runtime, the degree
of parallelism of each part of the plan can be
changed based on the actual amount of available
resources. This usually does not require complex
plan changes at runtime.

Another change that would be desirable to the RDS
component is the consideration of bushy joins (i.e.,
composite inner tables) in addition to the System R
approach of considering only noncomposite inners.
Otherwise, we would be restricted to pipelining as
the only means of getting program parallelism
amongst the join operations. Join pipelining is fea-
sible only if no sort needs to be performed on the
result of one join before the next join can be per-
formed.

As we will see in the section “5. A More Quantitative
Analysis”, runtime part of a parallel DBMS must
support starting/stopping of tasks, monitoring their
progress, and communicating runtime errors. The
papers on Gamma [ScDG89] and PROSPECT
[DGR$Z88] discuss examples of such support. In a
multiuser environment, only a portion of the re-
sources are allocated to a given query. Parallel
queries have the potential of using the entire system
resources, such as CPU, /O, etc. Therefore, there
is a need for a runtime mechanism to limit resource
usage rate of queries to the assigned values. This
usually requires cooperation with the (operating)
system resource manager.

Enhancements may be necessary at the DMS level
for the following:

e Handling of large buffer sizes, and possibly mul-
tiple buffer pools [TeGu84]

® Parallelism
- 1/O parallelism
- Task structure

o Locking support for parallelized update queries.

9 To some extent, this is expected to be addressed in the context of scrollable cursor support by ANSI SQL standard committee {SQL23].



4. Details of Relational Operators

Parallelism is enhanced if we (1) reduce dependen-
cies between operations (e.g., by deferring applica-
tion of join predicates), and (2) make even the lower
level DBMS functions more set oriented (e.g., by
performing aggregation during sort).

Access refers to accessing permanent tables or
workfiles. This operation also includes acquiring
any locks, applying the eligible predicates and per-
forming projections. An access may be via indexes
or by table scans. When access via index is chosen,
more than one index may be used for accessing the
records of a single table [MHWC90].

The join operation involves taking the results of
accessing two or more tables and applying the join
predicates. If parallelism amongst accesses and the
join is being maximized, then, during the access of
the inner table, we cannot take advantage of those
predicates on the inner table that involve columns
of the outer table. The effect is as if the nested
loop join method is not being used and the accesses
are more like those performed in the sort-merge
join method.

Ideally, aggregation should be combined with the
sort and merge phases of the SQL Group By oper-
ation, instead of being performed as a separate
operation after the merge is completed and we have
a completely sorted stream. Combining aggregation
with other operations will cut down the number of
passes through the data by one. More importantly,
in most cases, it will reduce the number of records
to be dealt with in the merge phases, thereby po-
tentially reducing the CPU and I/O overheads.

Duplicate elimination also should be combined with
sort and merge operations. Of course, if the columns
of interest in the result constitute the key of a
nonunique index, then it would be highly preferable
to make the index manager itself return only
nonduplicate values. Under these conditions, re-
trieving all the keys and then eliminating duplicates
in the index manager’s caller would be much more
expensive since indexes typically store duplicate
keys in a compressed form which can drastically
reduce the number of comparisons required to select
only one instance of each duplicate key. It may also
reduce the number of locks that are acquired, de-
pending on what the objects of locking are (see
[Moha89, Moha90, Mole89] for more discussions).
This will be especially beneficial in the SD environ-
ment where the locks are global locks. While the
above points are applicable even without parallelism
coming into the picture, they become extremely im-

portant in the context of a data base machine since
adopting them could lead to a drastic reduction in
communication traffic also.

in the case of the set-oriented insert, delete, and
update operations, the selection of the records to
be dealt with can go on in parallel with the insert,
delete, or update operation. Depending on the con-
sistency level used (RR or CS) during the retrievals,
by the time the delete or update operation is exe-
cuted, the records which previously qualified may
no longer qualify for the delete or update due to
the activities of other transactions. This has to be
dealt with carefully to avoid inconsistencies. This
sort of problem arises even when there is no intra-
transaction parallelism, but the data access is post-
poned until the index accesses are finished and
cursor stability is used during the index access (see
[MHWCS0, Moha90] for more discussions).

The union operation will not have much work to do,
unless (1) duplicates are to be eliminated and/or (2)
an Order By clause exists. If duplicate elimination
is required, then, unless multiquery optimization is
going to be performed and somehow the queries
constituting the operands of the union are going to
be combined, the elimination of the postprocessing
done to remove duplicates would not be possible in
most cases.

5. A More Quantitative Analysis

A comprehensive quantitative analysis is required
to give us the resource requirements of various
workloads, and provide us the effect of resource
limitations. A comprehensive performance evalua-
tion requires a definition of a benchmark data base
and a set of queries for a particular workload. As
mentioned before, we are more interested in a com-
plex query workload as opposed to a transaction
workload. However, a transaction workload is
needed to study the performance of a mix of query
and transaction workloads. There has been a sub-
stantial effort in the past to define a transaction
workload [Anon85, TPC89]. However, work in de-
fining a complex query workload is still in a prelim-
inary stage. Such a workload must include queries
with large number of predicates, joins, and aggre-
gations etc. The data base of such a benchmark
must be scalable to several terabytes. The recent
efforts [Onei89, TuOB89] are steps in this direction.
We have introduced a set of such queries using a
scaled up version of the DB2 benchmark data base
described in [Loos86]. These queries cover the
major DBMS operations as far as parallelism is con-



cerned, including predicate evaluation, sort, join,
aggregation, and set (and multiset) operations.

An in-depth study of such a benchmark is beyond
the scope of this paper. However, we feel it is
important to report some results from our effort in
this area to give a more quantitative feel about the
amounts of different resources needed for complex
queries, and what the balance is between these
resources. We will explain some of the key obser-
vations that arise from studying a complex query,
called 5fanj, and will comment on variations of it.
We will give the results of modeling and simulation
of 5fanj query, including the CPU, 1/0, and commu-
nications requirements. We assume a shared noth-
ing system with aggregate CPU power of 10000MIPS,
consisting of 334 CPUs each with a processing power
of 30 MIPS. We increase the degree of parallelism
such that all the CPU power is used. Based on
these, we derive the aggregate effective communi-
cation and 1/0 bandwidths.

The SQL formulation of 5fanj query is (also see
Figure 3):

SELECT ITMTABLN, ITPTBALN, PURTABLN,
ITLTABLN, ACTTABLN

FROM ITMNUMBR, ITPORDER, PURCHASE,
ITLOCATN, ACTIVLOG

WHERE ITMITEMN=ITPITEMN AND ITPPONUM=PURPONUM
AND ITMITEMN=ITLITEMN
AND ITMITEMN=ACTITEMN
AND ITMITEMN<'IT0106206MNUMBR'
AND ITPQREMN<30000 AND ITPPONUM<'P05600'
AND ITLWKCEN<'WK200' AND ITLTENTR<'2600'
AND ACTLTIME<' 500' AND ACTVDATE<'10@'

In Figure 3, each node is a table in the FROM clause,
and each edge is a conjunct in the WHERE clause
predicate. The local (i.e., nonjoin) predicates are
represented by loop edges. This query accesses
and joins five tables, some with local predicates on
them. The query joins the five tables and outputs
a column from each table. We assume that the user
is able to absorb the output as fast as it is produced.
Hence, the response time is determined solely by
the DBMS execution time. For each table, the tuple
and page cardinality, and the selectivity of the local
predicates are given in Figure 2. Initially, we assume
that table scans are used to access the data. We
will discuss how the results change if we use indices,
and if we change the selectivities of the predicates.
The tables are physically partitioned across the 1/0
devices. Each partition is handled by one disk arm.
We assume that there is one partition per table per
CpPU.

Table Number of | Number of Local
Tuples 4KB
Pages | Predicate
(M=Million) (K=1000)
Selectivi
ty
%
ITMNUMBR 7.0M 75K 60%
ITPORDER 1.4M 174K 85%
PURCHASE 5.2M 477K -
ITLOCATN 104.5M 2377K 18%
ACTIVLOG 209.0M 2349K 8%

Figure 2: Characteristics of the Benchmark Data Base and the 5fanj Query
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Figure 3: 5fanj Query

The execution plan for this query uses the sort-merge
join method, which is usually better than the nested
loop method when there is no usable index on the
join column of the inner table. The join order we
assumed is shown by node numbers in Figure 3
(roughly from the smallest size table to the largest
size table). Now, we explain the parallel plan by
describing the join between the first two tables. We
create one task per partition of ITMNUMBR. Each
task accesses its partition, does locking, applies the
local predicates, and projects the needed columns
of the qualified tuples. This query uses page level
locking with cursor stability (level 2 consistency of
System R). Then, the task sorts the qualified tuples
on the join (with ITPORDER) column and creates the
sort runs as temporary workfiles. The same is done
for ITPORDER. (During the discussion on scheduling
in the section “5.1. Task Scheduling”, we will explain
the choices for program parallelism.) For example,
we have the choice of accessing and sorting the
tables ITLOCATN and ACTIVLOG in parallel or one
after another.

For performing the merge of the ITMNUMBR and
ITPORDER workfiles and doing a merge join, we
create 334 parallel tasks. Each task is assigned a
portion of the outer table (ITMNUMBR) join column
values and performs that part of the join. Assign-
ment of the range of the join column values for
these tasks must be done such that their work is
balanced. This may be done by collecting statistics
during sort (see [LoY089]). The result of the join
done in each task is sorted and put in workfiles as
part of the same task. The join of this intermediate
result with the rest of the tables follows the same
algorithm. Note that the result of the join of
(ITMNUMBR, ITPORDER, PURCHASE) and ITLOCATN

is sorted on the join column ITMNUMBR, which is
the same join column for the following join with
ACTIVLOG table. Hence, no further sort of the in-
termediate result is needed for the last join with
ACTIVLOG. Hence, the result of join of the first four
tables is directly piped (via a synchronous pipeline)
to the join with ACTIVLOG.

Figure 4 shows the pathlength for each operator
type used in this query. The aggregate pathlength
is about 150 billion instructions.’ Most of our cost
estimates are based on IBM’s DB2 [HaJa84]. The
cost for Access is separated into two parts. {(1)Cost
of /O, page level locking, (2) cost of application of
local predicates and extracting the qualified tuples
from the pages and projecting out the relevant col-
umns. The cost of I/O and locking is about 10% of
the total cost. One reason for such a low cost is
that efficient sequential prefetch 1/O [TeGu84] was
used to access the data. As expected, the cost of
sort is dominated by the non-l/O cost. The merge
phase, which merges several workfiles, is more 1/O
intensive because there is little CPU work that needs
to be done.

The Access cost is about 38% of the total query
cost. 62% of the cost is mainly for sort, merge, and
join. In a sense, the Access operators produce the
data relevant to the query from the base tables,
and the rest of the operators work on that data.
Hence, the cost of access may change if the same
relevant data must be extracted from a larger data
base. We will discuss this variation later in the
section “5.4. Further Remarks on Performance"”. If
shared disks (SD) architecture instead of shared
nothing architecture {SN) is used for this query, the
cost of access goes up slightly because of global

10 It should be mentioned that queries with such a high number of instructions are becoming more and more common, particularly for decision
support systems. The pathlength of this query is roughly 5 orders of magnitude higher than TPI transactions.
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locking. On the other hand, during the merge phase,
no communication is needed to read the data from
workfiles, because they are available globally. The
difference between the total pathlength on each ar-
chitecture is insignificant.

5.1. Task Scheduling

Determining the needed /O and communication
bandwidth is more difficult because we have to know
at any given time what tasks are running; i.e., we
have to know the scheduling of the tasks. Each of
the tasks to access and sort ITLOCATN and
ACTIVLOG is I/0 bound if 1/0 parallelism is not used.
Hence, we would like to run them in parallel for
better CPU utilization. This results in higher /O
rate. The scheduler’s goal is to minimize the re-
sponse time by maximizing the efficient usage of
resources. The scheduler must consider the depen-
dency between tasks (e.g., join of ITMNUMBR and
ITPORDER must be done after completion of the
access and the sort of each table when using the
sort-merge join method). The scheduler must also
consider what resources (e.g., CPU, disk arms, mem-
ory, and communication ports) are used by each
task in order to decide on the start times of the
tasks, control of their speeds (e.g., using priorities),
and the proper interleavings of different tasks to
avoid contention on the above resources.

The complexity of an algorithm for producing an
optimal schedule is NP hard. Hence, a workable

scheduler usually needs some heuristics. A com-
plete tr=atment of the scheduling problem requires
further research, and beyond the scope of this pa-
per. For the modeling of our sample problem, we
have designed two simplified scheduling algorithms,
called double-stretch, and no-stretch. Neither of
these algorithms is the ideal one. We argue that an
optimal scheduling algorithm performs somewhere
between these two algorithms. Both of these algo-
rithms use, as parameters, the rate that I/0, CPU,
and communication resources are consumed by
each task to determine the execution schedule. We
assume the aggregate CPU MIPS is given. We max-
imize the usage of CPU resource, and we compute
the rate of usage of other resources, such as I/O
and communication.

Let’s define the following task types for different
parts of execution of the 5fanj query. Task type (T)),
{T2), (Ta), (Te), (Ts) for access and sort of tables
ITMNUMBR, ITPORDER, PURCHASE, ITLOCATN,
ACTIVLOG respectively. As explained above, each
task type consists of 334 task instances. Task type
(T12) for merge and join of output of (Ty) and (72)
and sort of the result. Task type (Tyz3) for merge
and join of (Tq) output with the output of (T3). Task
type (T12a45) for merge and join of (Ty23) output with
the outputs of (T4) and (Ts) (as mentioned above,
the result of join of the first four tables is directly
piped to be merged and joined with the fifth table,
hence all of these are part of the task type (T12345)).



Each task instance runs on one CPU. We can cal-
culate the total amount of CPU, I/O, and communi-
cation resource consumption of each task. Based
on these, we can calculate the duration of a task.
We can calculate the total CPU time essentially
based on the pathlength. Likewise, given the 1/0
parameters of a task (i.e., how many sequential
prefetches, how many random 1/Os, how many
pages, etc.), we can determine the /O time. Simi-
larly, the communication time can be calculated.
Based on these, we determine the time duration of
atask, and the rate that CPU, I/O, and communication
resources are used. Figure 5 shows one rectangle
per task type, where the width is the duration and
the height is the CPU utilization of that task. If CPU
bound, the height is 100%,; otherwise, the height is
less than 100%. This diagram also shows the de-
pendency amongst the different tasks. A similar
diagram can be obtained for other resources, such
as |/0. The critical path is ({T4), (Ty2345)). If we
remove the tasks associated with this critical path,
we get the second critical path: ((Ts)). These two
critical paths are numbered 1 and 2 respectively.
Likewise, we get ((T1,2,3). (Ta)), ((T1.2, T2)), ((T4)) for
critical paths 3, 4, and 5 respectively.

| 1

The no-stretch algorithm tries to place these rec-
tangles such that the total height is less than 100%
of the aggregate MIPS. This is essentially a bin-
packing problem except that the dependency con-
straints between rectangles must not be violated.
Figure 6 shows the result of this scheduling. First,
it places the tasks associated with critical path 1,
((T4).{T12345)). Then, it places the task associated
with critical path 2, ((Ts)). Since we have enough
CPU MIPS left, task (Ts) is ptaced on top of task (74).
That is, they are run in parallel. Then, it places
tasks associated with critical path 3, ((T; 23)). Note
that this task does not fit on top of tasks (T4) and
(Ts). The rest is obvious. The total response time
is 23 seconds.

This scheduling algorithm wastes some CPU re-
source. One way around this is to stretch some of
the rectangles, and even break them into pieces
and place them in the gaps. We could stretch task
(Ty23) and place it on top of tasks (T4) and (Ts). This
is possible by assigning the left-over CPU resource
to task (Ty23) during this period. This may be done
by assigning to this task a lower priority compared
with the other two tasks. In a sense, we are slowing
down task (Ty3). This is acceptable because its

T12345

Figure 5: Time-Resource Diagram for Different Task Types
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Figure 6: Schedule of Different Tasks for the No-Stretch and Double-Stretch Algorithms.

results are not needed until the start of task (T12345).
Note that the area of the rectangle, which is the
total amount of CPU resource consumed by this
task, does not change. As a result of stretching, the
height is reduced. Another way is to break a rec-
tangle into pieces and put pieces in the gaps. For
this, we start a task, then we stop it for a while,
and then we start it again. Combination of stretching
and breaking allows us to place the rectangles such
that no CPU resource will be wasted. This leads us
to the double-stretch algorithm. Note that in reality,
stretching and breaking may increase the total re-
source consumption of a task due to some overhead
associated with task interference. We expect the
design of the scheduler will be such that this cost
is not significant.

The result of the double-stretch algorithm is shown
in Figure 6. Essentially, this algorithm stretches all
the critical paths such that they start at time 0 and
finish when their results are needed (note that by
definition, any critical path, as defined above, can
start at time 0). As a result, it tries to keep as many
tasks active as possible at any time, thereby reduc-
ing the chances of a CPU being idle. In this algo-
rithm, we place the tasks of critical path 1, ((Ts),
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(T12345)), in sequence. Then, we place the task of
critical path 2, (Ts), right above ((T4)). We stretch
this task (hence reducing its height) so that it starts
at the same time as task (T4). Task (7s) is started
at time 0 and finishes when its result is needed.
Then, we place tasks associated with critical path
3, ({(T1,2.3), (T3)) on top of task (Ts). Then, we stretch
all the tasks of critical path 3 so that it starts from
time 0 and finishes when its results are needed. We
do the same for the rest of the critical paths.

At this point, the algorithm calculates the aggregate
height (which is a step function). If the aggregate
height for any period of time is more than 100% of
the aggregate MIPS, then we stretch the rectangles
for that period of time, reducing their aggregate
height to 100% of the aggregate MIPS. If the ag-
gregate height for any period is less than 100% of
the aggregate MIPS, then we increase the degree
of parallelism for the tasks active in that period to
increase the height. As a result of this, the resource
utilization for other resources, such as /O, may
increase.!! This algorithm does not waste any CPU
resource, hence giving the optimum response time
under the CPU resource constraint assumption.



One of the major problems with stretching is the
increase in memory consumption. A task needs its
working set in memory. By stretching, a task uses
the resource given to its working memory (set of
real memory pages needed for this task) for a longer
period of time. This usually results in an increase
in the aggregate memory consumption. Another
way of looking at this is that as a result of stretching
(and breaking) we are increasing the level of mul-
tiprogramming, which usually results in greater
memory consumption. Hence, we believe that a
scheduler must reduce stretching as much as pos-
sible.

5.2. Effective 1/O Bandwidth

Figure 7 shows the 1/0 rate as a function of time
for the no-stretch and double-stretch scheduling al-
gorithms, respectively. For the no-stretch algorithm,
the ratio of MIPS over peak I/O rate is about 7
MIPS/MBPS (million instructions per second over
million bytes per second). The ratio for the double-
stretch algorithm is about 5. The latter ratio was
used to study the 1/0O versus CPU parallelism in the
section “2.5. /O Versus CPU Versus Communication
Parallelism”. The peak aggregate effective 1/0 band-
width is about 2000MBPS. Each 30 MIPS CPU needs
about 6MBPS of effective 1/0 bandwidth. We dis-
cussed this in greater detail in the section “2.5. I/O

10 Bandwidth
1OBIPS=334X30,sh5r_eq nathing

Versus CPU Versus Communication Parallelism”.
Observe that the double-stretch algorithm results in
higher average effective bandwidth because it has
a shorter response time (the same amount of I/0O
must be done in a shorter period of time). The 1/0
rate for the no-stretch algorithm has more fluctua-
tion. This is mainly because the double-stretch al-
gorithm keeps more tasks running at the same time,
though more slowly, and it introduces a more aver-
aging effect.

5.3. Effective Communication Bandwidth

Figure & shows the effective aggregate communica-
tion bandwidth between nodes. Again, the double-
stretch algorithm has less fluctuation than the no-
stretch algorithm. For the no-stretch algorithm, the
ratio of MIPS over peak effective communication
bandwidth is about 9 MIPS/MBPS. The ratio for the
double-stretch algorithm is about 16. For a ratio of
16, the aggregate effective communication band-
width is about 600MBPS."? Each CPU needs about
2MBPS effective communication bandwidth. As ex-
pected, the average effective communication band-
width for the no-stretch algorithm is less than that
for the double-stretch algorithm since the response
time in the former is higher. However, the peak of
the no-stretch algorithm is higher. The reason is
that the merge tasks that retrieve data from remote

0.mll1l
0 2 4 5 8

10
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Figure 7: 1/0 Bandwidth

11 Note that in this example, the algorithm is always feasible because we only put a ccnstraint on the CPU resource type.
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sort workfiles are not stretched, hence they go at a
faster speed, resulting in a higher effective commu-
nication bandwidth peak. However, as explained
before, the merge operators, which mostly get their
inputs from other nodes, pipe their results to the
join operators. The join operators {except for one)
pipe their results into sort operators. As a result,
the speed of the merge operators are controlled
(reduced) also by the join and sort operators. Thus,
pipelining helps reduce the communication peaks
considerably. This is one of the key benefits of
pipelining.

5.4. Further Remarks on Performance

In the above query, most of the data accessed from
the base tables is used for further processing {sort,
join, etc.). This query has low physical selectivity;
ratio of relevant data {defined to be the set of tuples
that satisfy the local predicates) over the data re-
trieved from the base tables is low. Now suppose
5fanj query studied above is over a much larger
data base (e.g., terabyte), but the relevant data is
kept the same. Let’s call this the high physical
selectivity case, as compared with the low selectivity
case studied above.” An example of such a situation
is physical integration of two existing data bases.

The tuples used by queries on each data base may
be scattered across much larger set of pages after
integration. In the high physical selectivity case,
the access part of the plan must filter out much
greater amount of irrelevant data compared with
the low physical selectivity case. If no indices are
available, then a table scan must be used. As a
result, the Access cost will be much higher than
what is shown in Figure 4, dominating the rest of
the costs, because most of the pages accessed con-
tain little or no relevant data. The effective 1/O
bandwidth is much higher because the ratio L[/ is
much lower, i.e., the CPU does not need to do much
work on each retrieved page. Note that this case
argues for architectures where the 1/O devices are
locally attached to the processors. The reason is
that in such an architecture it is much cheaper to
provide high bandwidth 1/O compared with the
shared disks case, where all 1/Os must go through
a processor to disk switch.

In the high physical selectivity case, if indices are
available, then usually index ANDing and/or ORing
[MHWC90] is used to restrict access to pages con-
taining relevant data. In this case, the I/0 bandwidth
is usua'ly higher than the high physical selectivity
case. But the change in the /O bandwidth is not
nearly as drastic as in the case with low physical

12 Note that this is at least an order of magnitude higher than what the Ethernet LANGs provide currently.

13 Obviously we assume queries are optimized, pushing predicates down for better physical selectivity.



selectivity and no applicable index. The same is
true for cost of Access.

If the select list of the query has a large number of
fields or large-sized fields, the effective communi-
cation bandwidth grows almost proportionately.
Techniques similar to semi-join [BeCh81] can be
used to reduce the effective communication band-
width.

6. Summary and Conclusions

In this paper, we discussed some architectural al-
ternatives and design approaches for introducing
intra-query parallelism in a relational DBMS. We
discussed the pros and cons of the shared nothing
(SN) and shared disks (SD) architectures. While
scalability might be a problem for SD, it has many
advantages with respect to load balancing and data
base design. Further research is needed to clarify
these points. A possibility is using the SD architec-
ture in the nodes of an SN system. This gives us
more powerful nodes which are easier to manage
and whose load is easier to balance. Availability in
case of failures of some processors within a node
is also enhanced with this hybrid approach. We also
discussed the increasingly important role that disk
arrays will play in improving the 1/0 subsystem’s
performance to match the latter with that of the
CPUs. We also discussed asynchronous pipelining
using table queues and the overheads that they
impose compared to synchronous pipelining. Paral-
lel synchronous pipelining was pointed out as the
preferred method of accomplishing parallelism,
whenever possible.

Finally, we emphasized the need for a comprehen-
sive benchmark for complex queries. We presented
a quantitative analysis of the usage of different re-
source types (CPU, 1/0, etc.) for a particular complex
query. Based on this, we reemphasized the fact
that the I/0 bandwidth might be very high, if table
scans are used and the predicates have high selec-
tivity. In SN, it is usually easier and cheaper to
provide high bandwidth I/O since disks are locally
attached. With respect to load balancing, we dis-
cussed some of the major issues. We may not fore-
see the skew problems at compile time due to the
absence of knowledge about the values of bindings
of host variables, correlations, etc. This requires
doing some work at run time. This is a major re-
search problem.

Other major topics that must be considered in the
study of a parallel DBMS include system manage-
ment, utilities (data base reload, unload, reorgan-
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ization, etc.), performance of transaction workload
on large number of small CPUs, and mix of trans-
action and query workloads. We are continuing work
on the research topics that we have identified in
this paper.
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