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Abstract

This paper will help the reader configure a very

large Oracle Server database (VLDB) for high per-
formance and high availability with low

maintenance. It describes decisions about database
block size, RAID technology and raw devices, redo
log files, tablespace partitioning, storage parameters,
and rollback segments. This paper explores the tech-
nologies and trade-off constraints associated with
these issues and presents technically detailed meth-
ods for optimizing a configuration within these
trade-offs.
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1. Introduction

VLDB s an acronym fovery large databaseéNhat
constitutes “very large” means different things to
different people, but the label always conjures an
impression of difficulty and complexity, cost and
risk. VLDB is what people call the most formidable
databases that state of the art technology will sup-
port. It takes a lot of creativity, smart planning,
investment, and hard work to prevent an attempted
VLDB implementation from becoming a very large
disappointment.

1.1 Operational Complexity

Operational complexity is an obvious VLDB chal-
lenge. As the operator of a VLDB, you are
continually evaluating dozens of tightly interdepend-
ent parameters. The system will penalize attempts to
make drastic or arbitrary moves. Big objects and
time-consuming processes leave you little maneuver-
ability to get out of trouble, so you have to plan
carefully to avoid the trouble in the first place. The
livelihood of several hundreds or even thousands of
people depend upon your ability to make good deci-
sions quickly. It takes talent and hard work to do
these things well.

Many essential operational procedures like backup
and restore consume time proportional to the size of
the objects being manipulated. So for a very large
database, these essential operations take a very long
time. Mistakes become more costly as a database
grows. Repair operations—Ilike reconfiguring a disk,
rebuilding a table, counting the rows in a table, un-
doing a transaction—might seem normal in a
smaller database, but they cannot be tolerated in a
VLDB. If an activity takes hours out of your opera-
tional uptime, you do what you must to avoid it.

1.2 High Performance

Other factors compound the difficulty. Consider data
access. You may be able to tolerate an inefficiently
written query that consumes 2 CPU seconds on a
high-powered modern system with 20 users, but you
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cannot tolerate the same 2-second service time on a
system with 1,200 users all fighting for latches,
disks, and CPU cycles. Queries against VLDB data
must be exceptionally well tuned, or the whole world
falls apart.

There’s more. Many VLDBs become “VL” in the

first place because large numbers of simultaneous
users and batch programs induce high transaction
rates. Very high transaction rates put a lot of stress
on the 1/O subsystems associated with redo genera-
tion and database writing. And very high process
concurrency puts a lot of stress on the latches and
locks designed to serialize access to critical re-
sources.

1.3 High Availability

The more you think about it, the harder it seems.
VLDBs are often the data sources driving mission
critical applications with very high availability re-
quirements. High-end database designers hear
“seven-by-twenty-four” until we’re nearly numb to
the idea of how monumentally difficult it is—in the
face of electrical and network failures, bad memory
boards and disk controllers, application and operat-
ing system bugs, software and hardware upgrades,
and occasionally even an imperfect operator—to
achieve only seconds or minutes of system downtime

each year. How does one detect and repair the logical

corruption of hundreds or even thousands of giga-
bytes of data that can be caused by an operator entry
error?

1.4 Overcoming VLDB Challenges

The way to overcome these challenges is to make
your database seem as small as possible. You opti-
mize both your configuration and your application to
reduce load at every opportunity. You choose data
structures that minimize query access I/O. You cre-
ate applications with the lightest transactions that
can possibly meet the application’s functional re-
quirements. You isolate the impact of component
failures to the smallest possible subset of your data.
You make your backup and recovery units as small
as possible.

There are several aspects to doing VLDB well, in-
cluding:

< Optimizing the functional process flow
e Optimizing the logical data model

¢ Optimizing the schema
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e Constructing a reliable, high performance hard-
ware configuration

< Optimizing the physical database configuration
¢ Optimizing the application SQL

e Optimizing the operating system and Oracle
Server instance

« Creating correct, reliable operational procedures

In this paper, we investigate the physical database
configuration decisions required to build a successful
VLDB.

2. Oracle Block Size

One of life’s ironies is that on the day when your
Oracle Server experience is the least it will ever be,
you are required to type a value for the block -
sizedatabase parameter which will follow that data-
base throughout its lifetime. It happens that the value
you choose for your Oracle database’s block size is of
profound importance to the performance of your
system. The following sections will alert you to some
of the trade-offs you should consider before choosing
the Oracle block size for your database.

Optimal Oracle block sizes for VLDB range from
4KB to 64KB. The most common VLDB block size
is probably 8KB, with 16KB in second place. Oracle
Server implementations on systems capable of very
fast memory transfer of large memory objects can
benefit from 32KB Oracle blocks and (theoretically,
at least) 64KB. Under no circumstances of which |
am aware should a VLDB operate with a 2KB block
size, and there are only a few very special cases in
which a 4KB block size would be appropriate for a
VLDB. In [Millsap (1996)], | present a much deeper
technical description of the issues we shall summa-
rize here’

2.1 Reducing I/O Load

The most important characteristic of the most diffi-
cult VLDB implementations in the world is the
enormous /O load on these systems. The owners of
the best VLDBs in the world invest extensively into
any technique possible for reducing the I/O load on
their systems. Using big Oracle database blocks is

! Rather than tempt you to find an Oracle Corporation
internal document that won't be easy to find, the special
case for which 4KB blocks may be appropriate is the
VLDB that consists of a huge number (thousands) of very
small segments (smaller than 100KB each).
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one simple technique for reducing some of this I/O
load.

¢ 1/O call overhead-The hardware fixed over-
head costs of any single 1/0O call dominate the
total time for fulfillment of the call. Manipulat-
ing fewer bigger Oracle blocks thus yields a
performance advantage over manipulating more
smaller blocks.

* Index performance-Index performance is in-
versely proportional to the height of the B*-tree
index structure. Larger Oracle blocks allow for
storage of more keys per block, which yields
shallower, wider indexes with better search
performance.

* Reduced chaining-Oracle Server usehaining
to store table, data cluster, or hash cluster rows
that will not fit into a single database block.
Chaining of row pieces across multiple blocks
results in multiple I/O calls per manipulated
row. Bigger Oracle blocks reduce the probability
that a row will require chaining, hence reducing
the total number of I/O calls in the system.

2.2 Improving Space Efficiency

Oracle Server stores a small amount of overhead in
each Oracle block whose size is constant, irrespec-
tive of the amount of data stored within the block.
Thus, the fewer blocks stored in a database, the less
total fixed overhead that database will consume. For
very small segments, the fixed overhead savings can
be overwhelmed by wasted space present in the last
few unused blocks of a segment, but this waste is
itself generally overwhelmed by imprecise storage
parameter$.For very large segments, using a larger
Oracle block size saves roughly two to six percent in
total database volume. This savings translates to
valuable performance and operational cost benefits,
especially noticeable in backup/restore times.

2.3 Preventing Concurrency Bottlenecks

Using bigger Oracle blocks increases the risk of con-
currency bottlenecks unless the physical database
architect understands how to useitligans and
maxtrans storage parameters. The valuenifrans
should be set to the maximum number of transac-
tions that will be expected to simultaneously transact

2 As we shall discuss later, having storage parameter im-
precision is actually a good trade-off compared to the
operational costs of administering very precise storage
parameters in most VLDBs.
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within the block® Hence, if you were to rebuild your
database witl times larger Oracle blocks, then you
should increase youmitrans values by a factor &

as well. To enable dynamic growth of the
“transaction entry table list,” you must also s&tx-
trans to a value larger thanitrans.*

Failing to choose proper valuesioitrans or max-
trans for your database segments can cause waits in
user sessions. Sessions that update Oracle blocks
with this problem will prevent other sessions from
obtaining entries in the block’s data structure that
enables reconstruction of read-consistent queries in
that block. The so-called’L contentiorthat results
can be detected by database administrators who
monitorv$lock. They will see a session waiting for a
TX (transaction enqueue) lock in lock matle
(share).

You can completely avoid these problems by using
sound techniques described in the standard Oracle
Server documentation for settiirgtrans andmax-
trans for database segments.

2.4 Trade-Offs

Although larger-than-normal Oracle block sizes are
good for VLDBSs, there are limits to the maximum
Oracle block size you should choose.

» Physical I/0 size-The size of an Oracle data-
base block should not exceed the maximum size
of a physical read. Be aware also that the size of
an operating system physical read also con-
strains the actual size of batched reads on full-
table scans. For example, if your Oracle block
size is 32KB and your multiblock read count is
32, you very likely will not be fetching
1MB = 32 x 32KB per /O call.

* Redo size-The Oracle Server redo log writer
(Lewr) writes entire Oracle blocks to the on-line
redo log files for transactions that are executed
on tablespaces that are in hot backup mode.
Hence, your desire to reduce your system’s redo
volume during hot backups may motivate you to
limit your Oracle database block size.

« Memory copy sizelf you choose your Oracle
block size to be larger than the amount of mem-
ory that your operating system or hardware
architecture will support in one operation, you

% Transacthere means “performs amsert, update, de-
lete, orselect...for update”

“ This “transaction entry table” is formally called the
terested transactions lisor ITL.
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may note higher CPU loads and performance
degradation associated with manipulating large
blocks in the SGA.

e Concurrency limitations-The maximum allow-
able value foinitrans andmaxtrans is 255. If
your Oracle block size gets so large that more
than 255 transactions will routinely attempt to
update a single Oracle block at the same time,
then your block size is too large. The chances of
this occurring to you are slim to none: if you
actually tried to put 255 concurrent transactions
on one block, the resulting latch contention
would be so severe that you'd have to increase
pctfree for the segment.

3. Disk Configuration

A good database server is at its heart a reliable, high-
performance I/O manager that must operate within
its owner’s economic constraints. Understanding this
makes it easy to understand why 1/0O subsystem con-
figuration is such an important topic for the architect
of any VLDB application.

3.1 Structured Configuration Analysis
At the highest level of abstraction, defining system

requirements is easy, because everyone has the same

three desiredast reliable, andinexpensiveHow-

ever, when we convert these general philosophical
goals into something real, we are confronted with
trade-off decisions. To navigate these conflicts, you
must do two things well: (1) know your goals, and
(2) know your technology. The trick is to find the
right mixtureof fast, reliable, and inexpensive to
meet your specific business needs. It seems that the
right mixture is never the same for you as it is for
your neighbor.

Architectural constraints come at us from two direc-
tions: (1) there are economic constraints, and

(2) there are technology constraints. Economic con-
straints you already understand very well, and I'm
sure you wish you didn’t have to deal with them.
However, even in an imaginary universe in which
you're permitted to buy as much hardware and soft-
ware as you could possibly want, you'd still face
technology costraints.

For example, let's say that you have an OLTP appli-
cation, and you have optimized your disk
configuration for Oracle Server data files to give
uncompromised random I/O performance at the ex-
pense of some sequential I/O performance
degradation. This may seem like a low-impact trade-
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off for OLTP because Oracle Server OLTP I/O to
data files consists predominantly of massive numbers
of well behaved indexed or hash-based reads, and
massive numbers of scattemsglvr writes.

However, your first index rebuild event on a disk
array containing data accessed at a high concurrency
level may well consume 300-500 percent more time
than if you had used a different disk configuration.
Your decision intended to optimize on-line perform-
ance without compromise has directly reduced your
system’s availability by extending the duration of
index unavailability during the index rebuild.

There are hundreds of lessons like this one that make
us appreciate the importance and difficulty of

knowing your requirements and knowing your tech-
nology. The most important tool you can have is a
structured analysis method that helps you ask all the
right questions. In this paper, we will structure our
analysis of I/O subsystem construction by decom-
posingperformanceavailability, andcostas

follows:

Performance
random read performance
random write performance
sequential read performance
sequential write performance
impact of concurrency

Availability
outage frequency
outage duration
performance degradation during outage

Cost
acquisition cost
operational cost

In this paper, we evaluate several tools and tech-
niques in the context of these categories, which are
described in the following sections.

3.1.1 Performance

« Random read performaneeExamples include
indexed or hash-based queries, and rollback
segment reads. Presumably this category in-
cludes the bulk of the read calls executed on a
high-volume OLTP system. For a data ware-
house, this category may represent only a small
fraction of total load.

« Random write performaneeExamples include
all pBwR writes of data, index, and undo
(rollback) segments. This category accounts for
a significant proportion of total write calls on an
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OLTP system during normal operation. There
may be little or no regular random write activity
on a data warehouse.

¢ Sequential read performaneeExamples in-
clude backups, full-table scans, index creations,
parallel queries, temporary segment reads, and
recovery and roll-forward from archived redo
log files. Even for well optimized OLTP appli-
cations, this category still accounts for a
considerable proportion of total load, especially
on OLTP systems with heavy batch processes.
On a data warehouse, sequential reads may ac-
count for nearly all of the system’s read calls.

« Sequential write performaneeExamples in-
cludeLcwr writes, temporary segment writes,
direct-path data loads, index creations, ta-
blespace creations, and data restore operations.
Designers who are focused on transaction and
query processing sometimes forget this category.
But initial data uploads and operational mainte-
nance in any type of Oracle database generate a
lot of sequential-write load.

¢ Impact of concurreney-In each of the catego-
ries named above, the architect should consider
the impact of varying concurrency levels.

3.1.2 Availability

« Outage frequeney-Outage frequency is the
expected number of occurrences of a possible
outage per unit of time. Outage frequency is
specified with the MTTF (mean time to failure)
metric. For example, a disk drive with an MTTF
of 200,000 hours can be expected to fail only
once every 23 years.

¢ Outage duration-Outage cost may be ex-
pressed in dollars, which in turn can be
expressed as a function of outage duration. Out-
age cost for a given event is proportional to the
MTTR (mean time to repair) metric for that
event—the longer the outage duration, the
higher the outage cost.

« Performance degradation during outage
Different disk configurations yield different
performance levels during outage events. Some
configurations have no fault tolerance whatso-
ever; some configurations provide service during
fault at degraded performance levels; and some
configurations provide performance at full
strength during different types of outage. It is
important to match your hardware’s outage deg-
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radation levels with your application’s
requirements.

3.1.3 Cost

« Acquisition cost-Acquisition cost is the eco-
nomic cost of purchasing the system.

e Operational cost-Operational cost is the cost
of running and maintaining the system. Opera-
tional costs include both maintenance costs that
depend on the reliability of the system and ad-
ministrative costs that depend on the complexity
of the system. For example, a system that re-
quires less easily obtainable (e.g., smarter or
better trained) operators and repair technicians
will cost more to operate.

3.1.4 Analysis Method

Decomposing performance, reliability, and cost this
way gives us important tools to design a good sys-
tem. It allows us to evaluate the trade-offs both
within a category (e.g., random read performarsce
sequential write performance) and understand one
category in terms of another (e.g., the strong link
between sequential write performance and outage
duration).

These categories also formalize the way we think
about our system. For example, understanding the
decomposition of reliability allows us to view the
dimensions of outage independently: (1) we can fo-
cus on reducing the frequency of an outage whose
cost we know we cannot tolerate, or (2) we can focus
our efforts on reducing the duration of an outage we
know we cannot prevent. And it reminds us that out-
age duration is partly a reliability issue and partly a
performance issue.

The following sections will help guide you through a
high-level analysis of the performance, availability,
and cost trade-offs in Oracle Server 1/0O subsystem
design. The aim of this section is to help you better
understand your goals and technology options to
help you make more informed decisions, so you can
get the best results from your investment.

3.2 RAID

In second place behind the human being, the most
unreliable mission-critical component of a comput-
ing system is the disk drive. To improve disk
reliability, most hardware vendors today market disk
array systems calledRAID—redundant arrays of
inexpensive disks. RAID offers high-performance,
fault-resilient 1/0 subsystems using less expensive
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disk drive technology than that found on traditional
high-availability mainframe systems.

The termRAID was created in a 1987 paper pub-
lished by Patterson, Gibson, and Katz at the
University of California [Patterson et al. (1988)].

The numeric levels of RAID represent different or-
ganizations of common minicomputer disk
technology to accomplish performance and reliability
goals at low cost.

The primary RAID levels that the Oracle VLDB
architect should understand are levels 0, 1, 0+1, 3,
and 5. Figure 1 summarizes the principal concepts of
these RAID configurations. Note that hardware ven-
dors can choose to implement RAID’s striping and
mirroring functions either in hardware or in soft-
ware. These choices affect the number and types of
special controllers required for implementation.

The performance advantages of RAID configurations
are stunning. By distributing physical I/Os uniformly
across an array of disk drives, striped RAID configu-
rations provide unmatched response time and
throughput statistics. A five-disk striped RAID 0
array can serve almost nine times as many random
I/Os as a configuration of five independent disks
with equivalent response times. The same five-disk
striped array can provide almost five times the se-
quential I/0 throughput of an independent disk
configuration of equal size.

The reliability advantages of RAID are equally im-
pressive. A disk system using one hundred 200,000-
hour MTTF disk drives configured in a non-
redundant organization has a system mean time to
data loss (MTTDL) of less than 83 days. The same
100-disk system configured in a redundant RAID
organization has an MTTDL of about 26 years
[Chen et al. (1992), 161-163]. Mean-time-to-
recovery advantages of RAID are excellent as well.
You can pull an active drive out of a RAID level 5
disk tray, and the system will continue without
missing a beat.

However, each RAID configuration bears unique
costs. You may find that the RAID configuration you
really need is too expensive, and that the only con-
figurations you can afford impose too many other
compromises. The Oracle system architect must
navigate a twisty maze of complex trade-offs when
deciding how to use RAID.

Several authors do a brilliant job of describing RAID
configurations and evaluating RAID organizations
on the basis of reliability, performance, and cost
[Chen et al. (1994); Gui (1993); Sun (1995); and
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many others]. The following sections contain sum-
maries of these concepts with concrete
recommendations about when and how to use each
type of RAID configuration for Oracle Server appli-
cations.

3.2.1 Definitions

Studying RAID literature can be confusing because
the authors in the market seem to interpret the defi-
nitions however they like. To make this paper as
simple as we can, let’s define some important terms
before going on.

* Array—RAID configurations at levels 0, 0+1, 3,
and 5 group disks into collections calkedlor
correction groupr disk arrays We shall call a
group of disks that make up an error correction
group ararray.

e Stripe—Striping is a hardware or software ca-
pability in which logically contiguous data are
written in pieces that are distributed across the
disks in an array.These pieces are called
striping segmentsr stripes

In reading this document, it will be important to
remember that aarray is a collection of disks, and
thatstripesare the pieces that are distributed across
an array. The following picture shows one disk array
containing five disks. Each disk contains five stripes,
for a total of 25 stripes in the entire picture.

RAID 5
controller

SEEEE

® Note thatstriping is spelled with ong, as opposed to
stripping with two p’s, which is what one does to old
paint.

ORACLE



Configuring Oracle Server for VLDB . 7

RAID 0 Host
adapter
RAID 0
controller
RAID 1 Host
adapter
RAID 1
controller
Duplexed Host
RAID 1 adapter
Host
adapter
RAID 0+1 Host
adapter
RAID 0+1
controller
RAID 3 Host
adapter
RAID 3
controller
oo bbb
RAID 5 Host
adapter I
RAID 5
controller
@ Disk without striping === |/0 bus

% Disk with block-level striping === Drive synchronization cabling

@ Disk with bit-level striping D Shading indicates redundancy

Figure 1. Overview of RAID hardware architectures.

ORACLE

Oracle System Performance Group Technical Paper, August 21, 1996



Cary V. Millsap

3.2.2 Nonredundant Striping (RAID Level 0)

RAID 0 is anonredundant disk configuration that
may be striped. Properly configured striping yields
excellent I/O response times for high concurrency
random I/O and excellent throughput for low con-
currency sequential I/O. Selection of stripe size for
an array requires careful consideration of trade-off
constraints. We shall discuss the details of stripe size
optimization in a later section.

Nonredundant disk is useful only for environments
in which capital acquisition cost constraints out-
weigh system reliability requirements.

« Random read performaneeExcellent under all
concurrency levels if each 1/0 request fits within
a single striping segment. Using a stripe size
that is too small can cause dramatic perform-
ance break-down at high concurrency levels.

« Random write performaneeSame as random
read performance.

« Sequential read performaneeExcellent with
fine-grained striping at low concurrency levels.
Also excellent at high concurrency levels if each
I/O fits within a single striping segment. Using
stripe sizes that are too small causes dramatic
performance break-down at high concurrency
levels.

« Sequential write performaneeSame as se-
guential read performance.

« Outage frequeney-Poor. Any disk failure will
cause application outage requiring Oracle media
recovery for every application with data stored
in the failed disk’s array.

« Outage duratioa-Poor. The duration of a
RAID 0 outage is the time required to detect the
failure, replace the disk drive, and perform Ora-
cle Server media recovery.

« Performance degradation during outag®oor.
Any disk failure incurs total blackout for all ap-
plications requiring use of the array containing
the failed disk until Oracle media recovery is
complete.

¢ Acquisition cost-Excellent. RAID 0 is the least
expensive of all RAID configurations to imple-
ment.

e Operational cost-Fair to poor. Operational
costs of dealing with frequent media recoveries
may outweigh the acquisition cost advantages of
RAID 0 over redundant configurations. In-

Oracle System Performance Group Technical Paper, August 21, 1996

creasing capacity requires either purchase of one
or more entire arrays, or reconfiguration of the
existing arrays. Training is required to configure
striped disk arrays for optimal performance.

3.2.3 Mirroring (RAID Level 1)

Mirroring is the VLDB architect’s fundamental tool
for reducing the frequency of disk outage. Mirrored
disks are systems in which identical copies of your
data are written to two or more disks on every write
call, enabling your application to keep running as
long as at least one image is left undisturbed.

In spite of some write performance degradation rela-
tive of mirroring relative to nonredundant
configurations, mirrored disks yield the best write
performance of the fault resilient disk configura-
tions. Mirroring is especially valuable for Oracle
data files holding files with high write rates. Many
Oracle architects use mirroring to protect on-line
and archived redo log files even when cost con-
straints prohibit mirroring the entire disk subsystem.

Multiplexing host adapters, busses, and power sup-
plies makes a mirrored system even more impervious
to hardware failure. In a multiplexed mirrored con-
figuration,n-way redundant writes are performed in
software ton identical host adapters. Several Oracle
customers today use three-way multiplexed (“triple-
mirrored”) configurations to provide flexibility for
data restore operations. Triple mirroring provides
the normal fault resilience of duplexed mirroring
and allows a database administrator to restore the
database to a past point in time without using tapes.
We shall discuss one triple mirroring technique in a
later section.

* Random read performaneeGood. If the im-
plementation uses read-optimizing RAID 1
controllers, then marginally better than an inde-
pendent disk; otherwise, identical to an
independent disk. An optimizing RAID 1 con-
troller will service a read request by reading
only the image whose drive requires the smallest
I/O setup cost, leaving the other disk(s) in the
mirror group free to service other read requests
in parallel.

* Random write performaneeGood. If the im-
plementation uses read-optimizing RAID 1
controllers, then marginally worse than an inde-
pendent disk; otherwise, identical to an
independent disk. Although the mirrored writes
can execute in parallel, the speed of a write call
is constrained by the speed of the slowest of the
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mirrored writes. The cost of anway RAID 1
write is max, W, ..., W,), wherew is the cost
of writing to theith mirror piece. Read-
optimizing controllers desynchronize mirrored
disk drive states, making # w fori#j.

¢ Sequential read performaned-air. See ran-
dom read performance. Throughput is limited to
the speed of one disk.

¢ Sequential write performaneeFair. See ran-
dom write performance. Throughput is limited
to the speed of one disk.

« Outage frequeney-Excellent. Ann-way mir-
rored disk system can withstand umte1 disk
failures per mirror set without incurring appli-
cation outage. However, RAID 1 does not
eliminate the host adapter, I1/O bus, RAID con-
troller, power supply, firmware bugs, or software
bugs as single points of failure. Multiplexing
eliminates the hardware failure points. An
way multiplexed disk system can withstand up
ton—1 host adapter, /O bus, or power supply
failures per plexand up ton—1 disk failures
per mirror set without incurring application out-
age. Multiplexed mirrored disk is the most fault-
resilient configuration available.

« Outage duratioa—Excellent. The duration of a
partial outage involvingi— 1 or fewer drives in
one or more mirror groups ar- 1 components
in a multiplex is the amount of time required to
replace the failed component. During this time
there will be no application outage. The duration
of a data loss outage involvimgrives in a mir-
ror group om components in a plex is the same
as the duration of a RAID 0 outage. During this
time, there will be full application blackout.

« Performance degradation during outage
Excellent. There is no performance degradation
incurred by taking a RAID 1 disk off-line. How-
ever, upon replacement of a failed drive, the
resilvering operation for the fresh drive will
compete with all other I/O to the repaired mirror
group, causing significant performance degra-
dation for applications reading or writing the
repaired mirror group for the duration of the re-
construction. On an-way multiplexed
implementation, up ta— 1 host adapter, I/O
bus, or power supply failures incur no perform-
ance degradation during outage.

< Acquisition cost-Poor. Capacity cost farway
mirroring isn times that of equivalent RAID 0
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capacity. RAID 1 implementations require spe-
cial RAID 1 controllers in addition to the same
number of host adapters required by RAID 0
implementationsn-way multiplexed RAID 1
requiresn times as many host adapters as
RAID 1 but no special RAID tontrollers. Total
multiplexed disk capacity is constrained by 1/O
subsystem host adapter bay capacity beaause
way multiplexing consumestimes more
adapter slots than non-multiplexed configura-
tions.

e Operational cost-Fair. Costs include training
of staff in effective administration of the mir-
rored system, costs to develop custom software
to integrate mirroring procedures into scheduled
maintenance operations, and so on.

3.2.4 Striping and Mirroring (RAID Level 0+1)

Striping and mirroring can be combined to form
what many people today call “RAID 0+%.”

RAID 0+1 unites all of the advantages and disad-
vantages of RAID levels @nd 1: excellent
performance and excellent fault resilience with high
acquisition cost. Duplexed mirroring of striped disk
arrays is the superior configuration for mission criti-
cal, high volume OLTP applications.

« Random read performaneeExcellent under all
concurrency levels if each 1/0 request fits within
a single striping segment. Using a stripe size
that is too small can cause dramatic perform-
ance break-down at high concurrency levels.
Marginally better than RAID O if using RAID 1
read optimization.

« Random write performaneeExcellent, with
excellent high-concurrency performance. Mar-
ginally worse than RAID 0, but much better
than RAID 5. See section on RAID 1 random
write performance.

« Sequential read performaneeExcellent under
all concurrency levels if each 1/0 request fits
within a single striping segment. Using a stripe
size that is too small can cause dramatic per-
formance break-down at high concurrency
levels. Marginally better than RAID 0 if using
RAID 1 read optimization.

® Note that the inventors of RAID terminology include the
provision for “RAID 0+1” within the term RAID ltself
[Chen et al. (1994), 153]. Hardware vendors appear to
have guaranteed the term “RAID 0+1" a rich and happy
life.
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e Sequential write performaneeExcellent. Mar-
ginally worse than RAID 0, but better than
RAID 5. See section on RAID random write
performance. Using a stripe size that is too
small can cause dramatic performance break-
down at high concurrency levels.

¢ Outage frequeney-Excellent. Same as RAID 1.
¢ Outage duration-Excellent. Same as RAID 1.

« Performance degradation during outage
Excellent. Same as RAID 1.

¢ Acquisition cost-Poor. Same as RAID 1 with
potential added cost for striping hardware or
software.

¢ Operational cost-Fair. Optimizing striped
configurations requires training, as does inte-
grating mirror operations into maintenance
procedures. Increasing disk capacity requires
addition of entire arrays or reconfiguration of
existing arrays.

3.2.5 Bit-Interleaved Parity (RAID Level 3)

RAID 3 isone answer to the high cost of 1-for-1
redundancy of RAID 1. In a RAID 3 configuration,
disks are organized into arrays in which one disk is
dedicated to storage of parity data for the other
drives in the array. The RAID 3 striping unit is 1 bit.
The configuration has the property that any single
data drive’s data can be reconstructed given the data
of the remaining drives on its array using an exclu-
sive-or operation.

The primary advantage of RAID 3 is that its acqui-
sition cost is much less than that of RAID 1.
However, its poor random 1/O performance and its
poor performance during partial outage make

RAID 3 generally unsuitable for most Oracle Server
applications. RAID 3 best suits an Oracle application
whose economic constraints outweigh its reliability
requirements, whose reads are mostly poorly opti-
mized full-table scans, and which performs virtually
no inserts, updates, or deletes.

¢ Random read performaneePoor. Drive syn-
chronization prohibits parallelization of small
random read calls. Poor high-concurrency per-
formance.

¢ Random write performaneePoor. Drive syn-
chronization also prohibits parallelization of
small random write calls. Poor high-
concurrency performance.
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¢ Sequential read performaneée/ery good for

low concurrency applications; worse for higher
concurrency applications.

Sequential write performaneeVery good for
low concurrency applications; worse for higher
concurrency applications.

Outage frequeney-Good. A RAID 3 system

can withstand the loss of any single disk on a
