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Foreword

I've been a fan of this book for years, and the third edition makes a great book even
better. Not only do world-class experts share that expertise, but they have taken the
time to update and add chapters with high-quality writing. While the book has many
details on getting high performance from MySQL, the focus of the book is on the pro-
cess of improvement rather than facts and trivia. This book will help you figure out
how to make things better, regardless of changes in MySQL’s behavior over time.

The authors are uniquely qualified to write this book, based on their experience, prin-
cipled approach, focus on efficiency, and commitment to improvement. By experi-
ence, I mean that the authors have been working on MySQL performance from the days
when it didn’t scale and had no instrumentation to the current period where things are
much better. By principled approach, 1 mean that they treat this like a science, first
defining problems to be solved and then using reason and measurement to solve those
problems.

[ am most impressed by their focus on efficiency. As consultants, they don’t have the
luxury of time. Clients getting billed by the hour want problems solved quickly. So the
authors have defined processes and built tools to get things done correctly and effi-
ciently. They describe the processes in this book and publish source code for the tools.

Finally, they continue to get better at what they do. This includes a shift in concern
from throughput to response time, a commitment to understanding the performance
of MySQL on new hardware, and a pursuit of new skills like queueing theory that can
be used to understand performance.

I believe this book augurs a bright future for MySQL. As MySQL has evolved to support
demanding workloads, the authors have led a similar effort to improve the under-
standing of MySQL performance within the community. They have also contributed
directly to that improvement via XtraDB and XtraBackup. I continue to learn from them
and hope you take the time to do so as well.

—Mark Callaghan, Software Engineer, Facebook
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Preface

We wrote this book to serve the needs of not just the MySQL application developer
but also the MySQL database administrator. We assume that you are already relatively
experienced with MySQL. We also assume some experience with general system ad-
ministration, networking, and Unix-like operating systems.

The second edition of this book presented a lot of information to readers, but no book
can provide complete coverage of a topic. Between the second and third editions, we
took notes on literally thousands of interesting problems we’d solved or seen others
solve. When we started to outline the third edition, it became clear that not only would
full coverage of these topics require three to five thousand pages, but the book still
wouldn’t be complete. After reflecting on this problem, we realized that the second
edition’s emphasis on deep coverage was actually self-limiting, in the sense that it often
didn’t teach readers how to think about MySQL.

As a result, this third edition has a different focus from the second edition. We still
convey a lot of information, and we still emphasize the same goals, such as reliability
and correctness. But we’ve also tried to imbue the book with a deeper purpose: we want
to teach the principles of why MySQL works as it does, not just the facts about how it
works. We’ve included more illustrative stories and case studies, which demonstrate
the principles in action. We build on these to try to answer questions such as “Given
MySQL’s internal architecture and operation, what practical effects arise in real usage?
Why do those effects matter? How do they make MySQL well suited (or not well suited)
for particular needs?”

Ultimately, we hope that your knowledge of MySQL’s internals will help you in situa-
tions beyond the scope of this book. And we hope that your newfound insight will help
you to learn and practice a methodical approach to designing, maintaining, and trou-
bleshooting systems that are built on MySQL.

How This Book Is Organized

We fit a lot of complicated topics into this book. Here, we explain how we put them
together in an order that makes them easier to learn.

Xvii

www.it-ebooks.info


http://www.it-ebooks.info/

A Broad Overview

Chapter 1, MySQL Architecture and History is dedicated to the basics—things you’ll
need to be familiar with before you dig in deeply. You need to understand how MySQL
is organized before you’ll be able to use it effectively. This chapter explains MySQL’s
architecture and key facts about its storage engines. It helps you get up to speed if you
aren’t familiar with some of the fundamentals of a relational database, including trans-
actions. This chapter will also be useful if this book is your introduction to MySQL but
you’re already familiar with another database, such as Oracle. We also include a bit of
historical context: the changes to MySQL over time, recent ownership changes, and
where we think it’s headed.

Building a Solid Foundation

The early chapters cover material we hope you’ll reference over and over as you use
MySQL.

Chapter 2, Benchmarking MySQL discusses the basics of benchmarking—that is, de-
termining what sort of workload your server can handle, how fast it can perform certain
tasks, and so on. Benchmarking is an essential skill for evaluating how the server be-
haves under load, but it’s also important to know when it’s not useful.

Chapter 3, Profiling Server Performance introduces you to the response time—oriented
approach we take to troubleshooting and diagnosing server performance problems.
This framework has proven essential to solving some of the most puzzling cases we’ve
seen. Although you might choose to modify our approach (we developed it by modi-
fying Cary Millsap’s approach, after all), we hope you’ll avoid the pitfalls of not having
any method at all.

In Chapters 4 through 6, we introduce three topics that together form the foundation
for a good logical and physical database design. In Chapter 4, Optimizing Schema and
Data Types, we cover the various nuances of data types and table design. Chapter 5,
Indexing for High Performance extends the discussion to indexes—that is, physical
database design. A firm understanding of indexes and how to use them well is essential
for using MySQL effectively, so you’ll probably find yourself returning to this chapter
repeatedly. And Chapter 6, Query Performance Optimization wraps the topics together
by explaining how MySQL executes queries and how you can take advantage of its
query optimizer’s strengths. This chapter also presents specific examples of many com-
mon classes of queries, illustrating where MySQL does a good job and how to transform
queries into forms that use its strengths.

Up to this point, we’ve covered the basic topics that apply to any database: tables,
indexes, data, and queries. Chapter 7, Advanced MySQL Features goes beyond the
basics and shows you how MySQL’s advanced features work. We examine topics such
as partitioning, stored procedures, triggers, and character sets. MySQL’s implementa-
tion of these features is different from other databases, and a good understanding of

xviii | Preface
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them can open up new opportunities for performance gains that you might not have
thought about otherwise.

Configuring Your Application

The next two chapters discuss how to make MySQL, your application, and your hard-
ware work well together. In Chapter 8, Optimizing Server Settings, we discuss how you
can configure MySQL to make the most of your hardware and to be reliable and robust.
Chapter 9, Operating System and Hardware Optimization explains how to get the most
out of your operating system and hardware. We discuss solid-state storage in depth,
and we suggest hardware configurations that might provide better performance for
larger-scale applications.

Both chapters explore MySQL internals to some degree. This is a recurring theme that
continues all the way through the appendixes: learn how it works internally, and you’ll
be empowered to understand and reason about the consequences.

MySQL as an Infrastructure Component

MySQL doesn’t exist in a vacuum. It’s part of an overall application stack, and you’ll
need to build a robust overall architecture for your application. The next set of chapters
is about how to do that.

In Chapter 10, Replication, we discuss MySQL’s killer feature: the ability to set up
multiple servers that all stay in sync with a master server’s changes. Unfortunately,
replication is perhaps MySQL’s most troublesome feature for some people. This
doesn’t have to be the case, and we show you how to ensure that it keeps running well.

Chapter 11, Scaling MySQL discusses what scalability is (it’s not the same thing as
performance), why applications and systems don’t scale, and what to do about it. If
you do it right, you can scale MySQL to suit nearly any purpose. Chapter 12, High
Auvailability delves into a related-but-distinct topic: how to ensure that MySQL stays
up and functions smoothly. In Chapter 13, MySQL in the Cloud, you’ll learn about
what’s different when you run MySQL in cloud computing environments.

In Chapter 14, Application-Level Optimization, we explain what we call full-stack op-
timization—optimization from the frontend to the backend, all the way from the user’s
experience to the database.

The best-designed, most scalable architecture in the world is no good if it can’t survive
power outages, malicious attacks, application bugs or programmer mistakes, and other
disasters. That’s why Chapter 15, Backup and Recovery discusses various backup and
recovery strategies for your MySQL databases. These strategies will help minimize your
downtime in the event of inevitable hardware failure and ensure that your data survives
such catastrophes.

Preface | xix
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Miscellaneous Useful Topics

In the last chapter and the book’s appendixes, we delve into several topics that either
don’t fit well into any of the earlier chapters, or are referenced often enough in multiple
chapters that they deserve a bit of special attention.

Chapter 16, Tools for MySQL Users explores some of the open source and commercial
tools that can help you manage and monitor your MySQL servers more efficiently.

Appendix A introduces the three major unofficial versions of MySQL that have arisen
over the last few years, including the one that our company maintains. It’s worth
knowing what else is available; many problems that are difficult or intractable with
MySQL are solved elegantly by one of the variants. Two of the three (Percona Server
and MariaDB) are drop-in replacements, so the effort involved in trying them out is not
large. However, we hasten to add that we think most users are well served by sticking
with the official MySQL distribution from Oracle.

Appendix B shows you how to inspect your MySQL server. Knowing how to get status
information from the server is important; knowing what that information means is even
more important. We cover SHOW INNODB STATUS in particular detail, because it provides
deep insight into the operations of the InnoDB transactional storage engine. There is a
lot of discussion of InnoDB’s internals in this appendix.

Appendix C shows you how to copy very large files from place to place efficiently—a
must if you are going to manage large volumes of data. Appendix D shows you how to
really use and understand the all-important EXPLAIN command. Appendix E shows you
how to decipher what’s going on when queries are requesting locks that interfere with
each other. And finally, Appendix F is an introduction to Sphinx, a high-performance,
full-text indexing system that can complement MySQL’s own abilities.

Software Versions and Availability

MySQL is a moving target. In the years since Jeremy wrote the outline for the first
edition of this book, numerous releases of MySQL have appeared. MySQL 4.1 and 5.0
were available only as alpha versions when the first edition went to press, but today
MySQL 5.1 and 5.5 are the backbone of many large online applications. As we com-
pleted this third edition, MySQL 5.6 was the unreleased bleeding edge.

We didn’t rely on a single version of MySQL for this book. Instead, we drew on our
extensive collective knowledge of MySQL in the real world. The core of the book is
focused on MySQL 5.1 and MySQL 5.5, because those are what we consider the “cur-
rent” versions. Most of our examples assume you’re running some reasonably mature
version of MySQL 5.1, such as MySQL 5.1.50 or newer or newer. We have made an
effort to note features or functionalities that might not exist in older releases or that
might exist only in the upcoming 5.6 series. However, the definitive reference for map-
ping features to specific versions is the MySQL documentation itself. We expect that
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you’ll find yourself visiting the annotated online documentation (http://dev.mysql.com/
doc/) from time to time as you read this book.

Another great aspect of MySQL is that it runs on all of today’s popular platforms:
Mac OS X, Windows, GNU/Linux, Solaris, FreeBSD, you name it! However, we are
biased toward GNU/Linux! and other Unix-like operating systems. Windows users are
likely to encounter some differences. For example, file paths are completely different
on Windows. We also refer to standard Unix command-line utilities; we assume you
know the corresponding commands in Windows.2

Perl is the other rough spot when dealing with MySQL on Windows. MySQL comes
with several useful utilities that are written in Perl, and certain chapters in this book
present example Perl scripts that form the basis of more complex tools you’ll build.
Percona Toolkit—which is indispensable for administering MySQL—is also written in
Perl. However, Perl isn’t included with Windows. In order to use these scripts, you’ll
need to download a Windows version of Perl from ActiveState and install the necessary
add-on modules (DBI and DBD: :mysql) for MySQL access.

Conventions Used in This Book

The following typographical conventions are used in this book:

Italic
Used for new terms, URLs, email addresses, usernames, hostnames, filenames, file
extensions, pathnames, directories, and Unix commands and utilities.

Constant width
Indicates elements of code, configuration options, database and table names, vari-
ables and their values, functions, modules, the contents of files, or the output from
commands.

Constant width bold
Shows commands or other text that should be typed literally by the user. Also used
for emphasis in command output.

Constant width italic
Shows text that should be replaced with user-supplied values.

This icon signifies a tip, suggestion, or general note.

1. To avoid confusion, we refer to Linux when we are writing about the kernel, and GNU/Linux when we
are writing about the whole operating system infrastructure that supports applications.

2. You can get Windows-compatible versions of Unix utilities at http://unxutils.sourceforge.net or http://
gnuwin32.sourceforge.net.
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This icon indicates a warning or caution.

=

Using Code Examples

This book is here to help you get your job done. In general, you may use the code in
this book in your programs and documentation. You don’t need to contact us for
permission unless you’re reproducing a significant portion of the code. For example,
writing a program that uses several chunks of code from this book doesn’t require
permission. Selling or distributing a CD-ROM of examples from O’Reilly books does
require permission. Answering a question by citing this book and quoting example
code doesn’t require permission. Incorporating a significant amount of example code
from this book into your product’s documentation does require permission.

Examples are maintained on the site http://www.highperfmysql.com and will be updated
there from time to time. We cannot commit, however, to updating and testing the code
for every minor release of MySQL.

We appreciate, but don’t require, attribution. An attribution usually includes the title,
author, publisher, and ISBN. For example: “High Performance MySQL, Third Edi-
tion, by Baron Schwartz et al. (O’Reilly). Copyright 2012 Baron Schwartz, Peter Zaitsev,
and Vadim Tkachenko, 978-1-449-31428-6.”

If you feel your use of code examples falls outside fair use or the permission given above,
feel free to contact us at permissions@oreilly.com.

Safari® Books Online
Saf Safari Books Online (www.safaribooksonline.com) is an on-demand digital
arari library that delivers expert content in both book and video form from the

world’s leading authors in technology and business. Technology profes-
sionals, software developers, web designers, and business and creative
professionals use Safari Books Online as their primary resource for re-
search, problem solving, learning, and certification training.

Safari Books Online offers a range of product mixes and pricing programs for organi-
zations, government agencies, and individuals. Subscribers have access to thousands
of books, training videos, and prepublication manuscripts in one fully searchable da-
tabase from publishers like O’Reilly Media, Prentice Hall Professional, Addison-Wesley
Professional, Microsoft Press, Sams, Que, Peachpit Press, Focal Press, Cisco Press, John
Wiley & Sons, Syngress, Morgan Kaufmann, IBM Redbooks, Packt, Adobe Press, FT
Press, Apress, Manning, New Riders, McGraw-Hill, Jones & Bartlett, Course Tech-
nology, and dozens more. For more information about Safari Books Online, please visit
us online.
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How to Contact Us
Please address comments and questions concerning this book to the publisher:

O’Reilly Media, Inc.

1005 Gravenstein Highway North

Sebastopol, CA 95472

800-998-9938 (in the United States or Canada)
707-829-0515 (international or local)
707-829-0104 (fax)

We have a web page for this book, where we list errata, examples, and any additional
information. You can access this page at:

http://shop.oreilly.com/product/0636920022343.do
To comment or ask technical questions about this book, send email to:
bookquestions@oreilly.com

For more information about our books, conferences, Resource Centers, and the
O’Reilly Network, see our website at:

http://www.oreilly.com
Find us on Facebook: http://facebook.com/oreilly
Follow us on Twitter: http://twitter.com/oreillymedia
Watch us on YouTube: http://www.youtube.com/oreillymedia

You can also get in touch with the authors directly. You can use the contact form on
our company’s website at http://www.percona.com. We’d be delighted to hear from
you.
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CHAPTER 1
MySQL Architecture and History

MySQL is very different from other database servers, and its architectural characteris-
tics make it useful for a wide range of purposes as well as making it a poor choice for
others. MySQL is not perfect, but it is flexible enough to work well in very demanding
environments, such as web applications. At the same time, MySQL can power embed-
ded applications, data warehouses, content indexing and delivery software, highly
available redundant systems, online transaction processing (OLTP), and much more.

To get the most from MySQL, you need to understand its design so that you can
work with it, not against it. MySQL is flexible in many ways. For example, you can
configure it to run well on a wide range of hardware, and it supports a variety of data
types. However, MySQL’s most unusual and important feature is its storage-engine
architecture, whose design separates query processing and other server tasks from data
storage and retrieval. This separation of concerns lets you choose how your data is
stored and what performance, features, and other characteristics you want.

This chapter provides a high-level overview of the MySQL server architecture, the major
differences between the storage engines, and why those differences are important. We’ll
finish with some historical context and benchmarks. We’ve tried to explain MySQL by
simplifying the details and showing examples. This discussion will be useful for those
new to database servers as well as readers who are experts with other database servers.

MySQL’s Logical Architecture

A good mental picture of how MySQL’s components work together will help you un-
derstand the server. Figure 1-1 shows a logical view of MySQL’s architecture.

The topmost layer contains the services that aren’t unique to MySQL. They’re services
most network-based client/server tools or servers need: connection handling, authen-
tication, security, and so forth.

The second layer is where things get interesting. Much of MySQL’s brains are here,
including the code for query parsing, analysis, optimization, caching, and all the
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Figure 1-1. A logical view of the MySQL server architecture

built-in functions (e.g., dates, times, math, and encryption). Any functionality provided
across storage engines lives at this level: stored procedures, triggers, and views, for
example.

The third layer contains the storage engines. They are responsible for storing and
retrieving all data stored “in” MySQL. Like the various filesystems available for GNU/
Linux, each storage engine has its own benefits and drawbacks. The server communi-
cates with them through the storage engine API. This interface hides differences
between storage engines and makes them largely transparent at the query layer. The
API contains a couple of dozen low-level functions that perform operations such as
“begin a transaction” or “fetch the row that has this primary key.” The storage engines
don’t parse SQL! or communicate with each other; they simply respond to requests
from the server.

Connection Management and Security

Each client connection gets its own thread within the server process. The connection’s
queries execute within that single thread, which in turn resides on one core or CPU.
The server caches threads, so they don’t need to be created and destroyed for each new
connection.?

When clients (applications) connect to the MySQL server, the server needs to authen-
ticate them. Authentication is based on username, originating host, and password.

1. One exception is InnoDB, which does parse foreign key definitions, because the MySQL server doesn’t
yet implement them itself.

2. MySQL 5.5 and newer versions support an API that can accept thread-pooling plugins, so a small pool
of threads can service many connections.
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X.509 certificates can also be used across an SSL (Secure Sockets Layer) connection.
Once a client has connected, the server verifies whether the client has privileges for
each query it issues (e.g., whether the client is allowed to issue a SELECT statement that
accesses the Country table in the world database).

Optimization and Execution

MySQL parses queries to create an internal structure (the parse tree), and then applies
avariety of optimizations. These can include rewriting the query, determining the order
in which it will read tables, choosing which indexes to use, and so on. You can pass
hints to the optimizer through special keywords in the query, affecting its decision-
making process. You can also ask the server to explain various aspects of optimization.
This lets you know what decisions the server is making and gives you a reference point
for reworking queries, schemas, and settings to make everything run as efficiently as
possible. We discuss the optimizer in much more detail in Chapter 6.

The optimizer does not really care what storage engine a particular table uses, but the
storage engine does affect how the server optimizes the query. The optimizer asks
the storage engine about some of its capabilities and the cost of certain operations, and
for statistics on the table data. For instance, some storage engines support index types
that can be helpful to certain queries. You can read more about indexing and schema
optimization in Chapter 4 and Chapter 5.

Before even parsing the query, though, the server consults the query cache, which can
store only SELECT statements, along with their result sets. If anyone issues a query that’s
identical to one already in the cache, the server doesn’t need to parse, optimize, or
execute the query at all—it can simply pass back the stored result set. We write more
about that in Chapter 7.

Concurrency Control

Anytime more than one query needs to change data at the same time, the problem of
concurrency control arises. For our purposes in this chapter, MySQL has to do this at
two levels: the server level and the storage engine level. Concurrency control is a big
topic to which a large body of theoretical literature is devoted, so we will just give you
asimplified overview of how MySQL deals with concurrent readers and writers, so you
have the context you need for the rest of this chapter.

We'll use an email box on a Unix system as an example. The classic mbox file format
is very simple. All the messages in an mbox mailbox are concatenated together, one
after another. This makes it very easy to read and parse mail messages. It also makes
mail delivery easy: just append a new message to the end of the file.
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But what happens when two processes try to deliver messages at the same time to the
same mailbox? Clearly that could corrupt the mailbox, leaving two interleaved mes-
sages at the end of the mailbox file. Well-behaved mail delivery systems use locking to
prevent corruption. If a client attempts a second delivery while the mailbox is locked,
it must wait to acquire the lock itself before delivering its message.

This scheme works reasonably well in practice, but it gives no support for concurrency.
Because only a single process can change the mailbox at any given time, this approach
becomes problematic with a high-volume mailbox.

Read/Write Locks

Reading from the mailbox isn’t as troublesome. There’s nothing wrong with multiple
clients reading the same mailbox simultaneously; because they aren’t making changes,
nothing is likely to go wrong. But what happens if someone tries to delete message
number 25 while programs are reading the mailbox? It depends, but a reader could
come away with a corrupted or inconsistent view of the mailbox. So, to be safe, even
reading from a mailbox requires special care.

If you think of the mailbox as a database table and each mail message as a row, it’s easy
to see that the problem is the same in this context. In many ways, a mailbox is really
just a simple database table. Modifying rows in a database table is very similar to re-
moving or changing the content of messages in a mailbox file.

The solution to this classic problem of concurrency control is rather simple. Systems
that deal with concurrent read/write access typically implement a locking system that
consists of two lock types. These locks are usually known as shared locks and exclusive
locks, or read locks and write locks.

Without worrying about the actual locking technology, we can describe the concept as
follows. Read locks on a resource are shared, or mutually nonblocking: many clients
can read from a resource at the same time and not interfere with each other. Write
locks, on the other hand, are exclusive—i.e., they block both read locks and other write
locks—Dbecause the only safe policy is to have a single client writing to the resource at
a given time and to prevent all reads when a client is writing.

In the database world, locking happens all the time: MySQL has to prevent one client
from reading a piece of data while another is changing it. It performs this lock man-
agement internally in a way that is transparent much of the time.

Lock Granularity

One way to improve the concurrency of a shared resource is to be more selective about
what you lock. Rather than locking the entire resource, lock only the part that contains
the data you need to change. Better yet, lock only the exact piece of data you plan to
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change. Minimizing the amount of data that you lock at any one time lets changes to
a given resource occur simultaneously, as long as they don’t conflict with each other.

The problem is locks consume resources. Every lock operation—getting a lock, check-
ing to see whether a lock is free, releasing a lock, and so on—has overhead. If the system
spends too much time managing locks instead of storing and retrieving data, perfor-
mance can suffer.

A locking strategy is a compromise between lock overhead and data safety, and that
compromise affects performance. Most commercial database servers don’t give you
much choice: you get what is known as row-level locking in your tables, with a variety
of often complex ways to give good performance with many locks.

MySQL, on the other hand, does offer choices. Its storage engines can implement their
own locking policies and lock granularities. Lock management is a very important de-
cision in storage engine design; fixing the granularity at a certain level can give better
performance for certain uses, yet make that engine less suited for other purposes. Be-
cause MySQL offers multiple storage engines, it doesn’t require a single general-
purpose solution. Let’s have a look at the two most important lock strategies.

Table locks

The most basic locking strategy available in MySQL, and the one with the lowest over-
head, is table locks. A table lock is analogous to the mailbox locks described earlier: it
locks the entire table. When a client wishes to write to a table (insert, delete, update,
etc.), it acquires a write lock. This keeps all other read and write operations at bay.
When nobody is writing, readers can obtain read locks, which don’t conflict with other
read locks.

Table locks have variations for good performance in specific situations. For example,
READ LOCAL table locks allow some types of concurrent write operations. Write locks
also have a higher priority than read locks, so a request for a write lock will advance to
the front of the lock queue even if readers are already in the queue (write locks can
advance past read locks in the queue, but read locks cannot advance past write locks).

Although storage engines can manage their own locks, MySQL itself also uses a variety
of locks that are effectively table-level for various purposes. For instance, the server
uses a table-level lock for statements such as ALTER TABLE, regardless of the storage
engine.

Row locks

The locking style that offers the greatest concurrency (and carries the greatest overhead)
is the use of row locks. Row-level locking, as this strategy is commonly known, is
available in the InnoDB and XtraDB storage engines, among others. Row locks are
implemented in the storage engine, not the server (refer back to the logical architecture
diagram if you need to). The server is completely unaware of locks implemented in the
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storage engines, and as you’ll see later in this chapter and throughout the book, the
storage engines all implement locking in their own ways.

Transactions

You can’t examine the more advanced features of a database system for very long before
transactions enter the mix. A transaction is a group of SQL queries that are treated
atomically, as a single unit of work. If the database engine can apply the entire group
of queries to a database, it does so, but if any of them can’t be done because of a crash
or other reason, none of them is applied. It’s all or nothing.

Little of this section is specific to MySQL. If you’re already familiar with ACID trans-
actions, feel free to skip ahead to “Transactions in MySQL” on page 10.

A banking application is the classic example of why transactions are necessary. Imagine
a bank’s database with two tables: checking and savings. To move $200 from Jane’s
checking account to her savings account, you need to perform at least three steps:

1. Make sure her checking account balance is greater than $200.
2. Subtract $200 from her checking account balance.
3. Add $200 to her savings account balance.

The entire operation should be wrapped in a transaction so that if any one of the steps
fails, any completed steps can be rolled back.

You start a transaction with the START TRANSACTION statement and then either make its
changes permanent with COMMIT or discard the changes with ROLLBACK. So, the SQL for
our sample transaction might look like this:

START TRANSACTION;

SELECT balance FROM checking WHERE customer_id = 10233276;

UPDATE checking SET balance = balance - 200.00 WHERE customer_id = 10233276;
UPDATE savings SET balance = balance + 200.00 WHERE customer_id = 10233276;
COMMIT;

v W N R

But transactions alone aren’t the whole story. What happens if the database server
crashes while performing line 4? Who knows? The customer probably just lost $200.
And what if another process comes along between lines 3 and 4 and removes the entire
checking account balance? The bank has given the customer a $200 credit without even
knowing it.

Transactions aren’t enough unless the system passes the ACID test. ACID stands for
Atomicity, Consistency, Isolation, and Durability. These are tightly related criteria that
a well-behaved transaction processing system must meet:

Atomicity
A transaction must function as a single indivisible unit of work so that the entire
transaction is either applied or rolled back. When transactions are atomic, there is
no such thing as a partially completed transaction: it’s all or nothing.
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Consistency
The database should always move from one consistent state to the next. In our
example, consistency ensures that a crash between lines 3 and 4 doesn’t result in
$200 disappearing from the checking account. Because the transaction is never
committed, none of the transaction’s changes are ever reflected in the database.

Isolation
The results of a transaction are usually invisible to other transactions until the
transaction is complete. This ensures that if a bank account summary runs after
line 3 but before line 4 in our example, it will still see the $200 in the checking
account. When we discuss isolation levels, you’ll understand why we said usu-
ally invisible.

Durability

Once committed, a transaction’s changes are permanent. This means the changes
must be recorded such that data won’t be lost in a system crash. Durability is a
slightly fuzzy concept, however, because there are actually many levels. Some du-
rability strategies provide a stronger safety guarantee than others, and nothing is
ever 100% durable (if the database itself were truly durable, then how could back-
ups increase durability?). We discuss what durability really means in MySQL in
later chapters.

ACID transactions ensure that banks don’t lose your money. It is generally extremely
difficult or impossible to do this with application logic. An ACID-compliant database
server has to do all sorts of complicated things you might not realize to provide ACID
guarantees.

Just as with increased lock granularity, the downside of this extra security is that the
database server has to do more work. A database server with ACID transactions also
generally requires more CPU power, memory, and disk space than one without them.
As we’ve said several times, this is where MySQL’s storage engine architecture works
to your advantage. You can decide whether your application needs transactions. If you
don’t really need them, you might be able to get higher performance with a nontran-
sactional storage engine for some kinds of queries. You might be able to use LOCK
TABLES to give the level of protection you need without transactions. It’s all up to you.

Isolation Levels

Isolation is more complex than it looks. The SQL standard defines four isolation levels,
with specific rules for which changes are and aren’t visible inside and outside a trans-
action. Lower isolation levels typically allow higher concurrency and have lower
overhead.
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Each storage engine implements isolation levels slightly differently, and

they don’t necessarily match what you might expect if you’re used to

Qs another database product (thus, we won’t go into exhaustive detail in

" this section). You should read the manuals for whichever storage en-
gines you decide to use.

Let’s take a quick look at the four isolation levels:

READ UNCOMMITTED
In the READ UNCOMMITTED isolation level, transactions can view the results of un-
committed transactions. At this level, many problems can occur unless you really,
really know what you are doing and have a good reason for doing it. This level is
rarely used in practice, because its performance isn’t much better than the other
levels, which have many advantages. Reading uncommitted data is also known as
a dirty read.

READ COMMITTED
The default isolation level for most database systems (but not MySQL!) is READ
COMMITTED. It satisfies the simple definition of isolation used earlier: a transaction
will see only those changes made by transactions that were already committed
when it began, and its changes won’t be visible to others until it has committed.
This level still allows what’s known as a nonrepeatable read. This means you can
run the same statement twice and see different data.

REPEATABLE READ

REPEATABLE READ solves the problems that READ UNCOMMITTED allows. It guarantees
that any rows a transaction reads will “look the same” in subsequent reads within
the same transaction, but in theory it still allows another tricky problem: phantom
reads. Simply put, a phantom read can happen when you select some range of rows,
another transaction inserts a new row into the range, and then you select the same
range again; you will then see the new “phantom” row. InnoDB and XtraDB solve
the phantom read problem with multiversion concurrency control, which we ex-
plain later in this chapter.

REPEATABLE READ is MySQL’s default transaction isolation level.

SERIALIZABLE
The highest level of isolation, SERIALIZABLE, solves the phantom read problem by
forcing transactions to be ordered so that they can’t possibly conflict. In a nutshell,
SERIALIZABLE places a lock on every row it reads. At this level, a lot of timeouts and
lock contention can occur. We’ve rarely seen people use this isolation level, but
your application’s needs might force you to accept the decreased concurrency in
favor of the data stability that results.

Table 1-1 summarizes the various isolation levels and the drawbacks associated with
each one.
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Table 1-1. ANSI SQL isolation levels

Nonrepeatable reads Phantom reads
Isolation level Dirty reads possible  possible possible Locking reads
READ UNCOMMITTED Yes Yes Yes No
READ COMMITTED No Yes Yes No
REPEATABLE READ No No Yes No
SERIALIZABLE No No No Yes

Deadlocks

A deadlock is when two or more transactions are mutually holding and requesting locks
on the same resources, creating a cycle of dependencies. Deadlocks occur when trans-
actions try to lock resources in a different order. They can happen whenever multiple
transactions lock the same resources. For example, consider these two transactions
running against the StockPrice table:

Transaction #1

START TRANSACTION;

UPDATE StockPrice SET close = 45.50 WHERE stock_id = 4 and date = '2002-05-01';
UPDATE StockPrice SET close = 19.80 WHERE stock id = 3 and date = '2002-05-02';
COMMIT;

Transaction #2
START TRANSACTION;
UPDATE StockPrice SET high = 20.12 WHERE stock id = 3 and date = '2002-05-02';
UPDATE StockPrice SET high = 47.20 WHERE stock id = 4 and date = '2002-05-01';

COMMIT;

If you’re unlucky, each transaction will execute its first query and update a row of data,
locking it in the process. Each transaction will then attempt to update its second row,
only to find that it is already locked. The two transactions will wait forever for each
other to complete, unless something intervenes to break the deadlock.

To combat this problem, database systems implement various forms of deadlock de-
tection and timeouts. The more sophisticated systems, such as the InnoDB storage
engine, will notice circular dependencies and return an error instantly. This can be a
good thing—otherwise, deadlocks would manifest themselves as very slow queries.
Others will give up after the query exceeds a lock wait timeout, which is not always
good. The way InnoDB currently handles deadlocks is to roll back the transaction that
has the fewest exclusive row locks (an approximate metric for which will be the easiest

to roll back).

Lock behavior and order are storage engine—specific, so some storage engines might
deadlock on a certain sequence of statements even though others won’t. Deadlocks
have a dual nature: some are unavoidable because of true data conflicts, and some are
caused by how a storage engine works.
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Deadlocks cannot be broken without rolling back one of the transactions, either par-
tially or wholly. They are a fact of life in transactional systems, and your applications
should be designed to handle them. Many applications can simply retry their transac-
tions from the beginning.

Transaction Logging

Transaction logging helps make transactions more efficient. Instead of updating the
tables on disk each time a change occurs, the storage engine can change its in-memory
copy of the data. This is very fast. The storage engine can then write a record of the
change to the transaction log, which is on disk and therefore durable. This is also a
relatively fast operation, because appending log events involves sequential I/O in one
small area of the disk instead of random I/O in many places. Then, at some later time,
a process can update the table on disk. Thus, most storage engines that use this tech-
nique (known as write-ahead logging) end up writing the changes to disk twice.

If there’s a crash after the update is written to the transaction log but before the changes
are made to the data itself, the storage engine can still recover the changes upon restart.
The recovery method varies between storage engines.

Transactions in MySQL

MySQL provides two transactional storage engines: InnoDB and NDB Cluster. Several
third-party engines are also available; the best-known engines right now are XtraDB
and PBXT. We discuss some specific properties of each engine in the next section.

AUTOCOMMIT

MySQL operates in AUTOCOMMIT mode by default. This means that unless you've ex-
plicitly begun a transaction, it automatically executes each query in a separate trans-
action. You can enable or disable AUTOCOMMIT for the current connection by setting a
variable:

mysql> SHOW VARIABLES LIKE 'AUTOCOMMIT';

fmmmmm e 4mmmmm - +
| variable name | Value |
mmmmm e Hmmmmm - +
| autocommit | ON |
mmmm e Hmmmmm e +

1 row in set (0.00 sec)
mysql> SET AUTOCOMMIT = 1;

The values 1 and ON are equivalent, as are 0 and OFF. When you run with AUTOCOMMIT
=0, you are always in a transaction, until you issue a COMMIT or ROLLBACK. MySQL then
starts a new transaction immediately. Changing the value of AUTOCOMMIT has no effect
on nontransactional tables, such as MyISAM or Memory tables, which have no notion
of committing or rolling back changes.
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Certain commands, when issued during an open transaction, cause MySQL to commit
the transaction before they execute. These are typically Data Definition Language
(DDL) commands that make significant changes, such as ALTER TABLE, but LOCK
TABLES and some other statements also have this effect. Check your version’s docu-
mentation for the full list of commands that automatically commit a transaction.

MySQL lets you set the isolation level using the SET TRANSACTION ISOLATION LEVEL
command, which takes effect when the next transaction starts. You can set the isolation
level for the whole server in the configuration file, or just for your session:

mysql> SET SESSION TRANSACTION ISOLATION LEVEL READ COMMITTED;

MySQL recognizes all four ANSI standard isolation levels, and InnoDB supports all of
them.

Mixing storage engines in transactions

MySQL doesn’t manage transactions at the server level. Instead, the underlying storage
engines implement transactions themselves. This means you can’t reliably mix different
engines in a single transaction.

If you mix transactional and nontransactional tables (for instance, InnoDB and
MyISAM tables) in a transaction, the transaction will work properly if all goes well.

However, if a rollback is required, the changes to the nontransactional table can’t be
undone. This leaves the database in an inconsistent state from which it might be difficult
to recover and renders the entire point of transactions moot. This is why it is really
important to pick the right storage engine for each table.

MySQL will not usually warn you or raise errors if you do transactional operations on
a nontransactional table. Sometimes rolling back a transaction will generate the warn-
ing “Some nontransactional changed tables couldn’t be rolled back,” but most of the
time, you’ll have no indication you’re working with nontransactional tables.

Implicit and explicit locking

InnoDB uses a two-phase locking protocol. It can acquire locks at any time during a
transaction, but it does not release them until a COMMIT or ROLLBACK. It releases all the
locks at the same time. The locking mechanisms described earlier are all implicit.
InnoDB handles locks automatically, according to your isolation level.

However, InnoDB also supports explicit locking, which the SQL standard does not
mention at all:3

¢ SELECT ... LOCK IN SHARE MODE
* SELECT ... FOR UPDATE

3. These locking hints are frequently abused and should usually be avoided; see Chapter 6 for more details.
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MySQL also supports the LOCK TABLES and UNLOCK TABLES commands, which are im-
plemented in the server, not in the storage engines. These have their uses, but they are
not a substitute for transactions. If you need transactions, use a transactional storage
engine.

We often see applications that have been converted from MyISAM to InnoDB but are
still using LOCK TABLES. This is no longer necessary because of row-level locking, and it
can cause severe performance problems.

’—_ The interaction between LOCK TABLES and transactions is complex, and

‘E’@ there are unexpected behaviors in some server versions. Therefore, we

recommend that you never use LOCK TABLES unless you are in a trans-

action and AUTOCOMMIT is disabled, no matter what storage engine you
are using.

Multiversion Concurrency Control

Most of MySQL’s transactional storage engines don’t use a simple row-locking mech-
anism. Instead, they use row-level locking in conjunction with a technique for increas-
ing concurrency known as multiversion concurrency control (MVCC). MVCC is not
unique to MySQL: Oracle, PostgreSQL, and some other database systems use it too,
although there are significant differences because there is no standard for how MVCC
should work.

You can think of MVCC as a twist on row-level locking; it avoids the need for locking
at all in many cases and can have much lower overhead. Depending on how it is im-
plemented, it can allow nonlocking reads, while locking only the necessary rows during
write operations.

MVCC works by keeping a snapshot of the data as it existed at some point in time.
This means transactions can see a consistent view of the data, no matter how long they
run. It also means different transactions can see different data in the same tables at the
same time! If you’ve never experienced this before, it might be confusing, but it will
become easier to understand with familiarity.

Each storage engine implements MVCC differently. Some of the variations include
optimistic and pessimistic concurrency control. We’ll illustrate one way MVCC works
by explaining a simplified version of InnoDB’s behavior.

InnoDB implements MVCC by storing with each row two additional, hidden values
that record when the row was created and when it was expired (or deleted). Rather
than storing the actual times at which these events occurred, the row stores the system
version number at the time each event occurred. This is a number that increments each
time a transaction begins. Each transaction keeps its own record of the current system
version, as of the time it began. Each query has to check each row’s version numbers
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against the transaction’s version. Let’s see how this applies to particular operations
when the transaction isolation level is set to REPEATABLE READ:

SELECT
InnoDB must examine each row to ensure that it meets two criteria:

a. InnoDB must find a version of the row that is at least as old as the transaction
(i.e., its version must be less than or equal to the transaction’s version). This
ensures that either the row existed before the transaction began, or the trans-
action created or altered the row.

b. The row’s deletion version must be undefined or greater than the transaction’s
version. This ensures that the row wasn’t deleted before the transaction began.

Rows that pass both tests may be returned as the query’s result.

INSERT
InnoDB records the current system version number with the new row.

DELETE
InnoDB records the current system version number as the row’s deletion ID.

UPDATE
InnoDB writes a new copy of the row, using the system version number for the new
row’s version. It also writes the system version number as the old row’s deletion
version.

The result of all this extra record keeping is that most read queries never acquire locks.
They simply read data as fast as they can, making sure to select only rows that meet
the criteria. The drawbacks are that the storage engine has to store more data with each
row, do more work when examining rows, and handle some additional housekeeping
operations.

MVCC works only with the REPEATABLE READ and READ COMMITTED isolation levels. READ
UNCOMMITTED isn’t MVCC-compatible* because queries don’t read the row version
that’s appropriate for their transaction version; they read the newest version, no matter
what. SERIALIZABLE isn’t MVCC-compatible because reads lock every row they return.

MySQL'’s Storage Engines

This section gives an overview of MySQL’s storage engines. We won’t go into great
detail here, because we discuss storage engines and their particular behaviors through-
out the book. Even this book, though, isn’t a complete source of documentation; you
should read the MySQL manuals for the storage engines you decide to use.

MySQL stores each database (also called a schema) as a subdirectory of its data directory
in the underlying filesystem. When you create a table, MySQL stores the table definition

4. There is no formal standard that defines MVCC, so different engines and databases implement it very
differently, and no one can say any of them is wrong.
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in a .frm file with the same name as the table. Thus, when you create a table named
MyTable, MySQL stores the table definition in MyTable.frm. Because MySQL uses the
filesystem to store database names and table definitions, case sensitivity depends on
the platform. On a Windows MySQL instance, table and database names are case
insensitive; on Unix-like systems, they are case sensitive. Each storage engine stores the
table’s data and indexes differently, but the server itself handles the table definition.

You can use the SHOW TABLE STATUS command (or in MySQL 5.0 and newer versions,
query the INFORMATION_SCHEMA tables) to display information about tables. For example,
to examine the user table in the mysql database, execute the following:

mysql> SHOW TABLE STATUS LIKE 'user' \G
1. row

Name: user
Engine: MyISAM
Row_format: Dynamic
Rows: 6
Avg row length: 59
Data length: 356
Max_data length: 4294967295
Index_length: 2048
Data free: 0
Auto_increment: NULL
Create_time: 2002-01-24 18:07:17
Update_time: 2002-01-24 21:56:29
Check_time: NULL
Collation: utf8_bin
Checksum: NULL
Create_options:
Comment: Users and global privileges
1 row in set (0.00 sec)

The output shows that this is a MyISAM table. You might also notice a lot of other
information and statistics in the output. Let’s look briefly at what each line means:

Name
The table’s name.

Engine
The table’s storage engine. In old versions of MySQL, this column was named
Type, not Engine.

Row_format
The row format. For a MyISAM table, this can be Dynamic, Fixed, or Compressed.
Dynamic rows vary in length because they contain variable-length fields such as
VARCHAR or BLOB. Fixed rows, which are always the same size, are made up of fields
that don’t vary in length, such as CHAR and INTEGER. Compressed rows exist only in
compressed tables; see “Compressed MyISAM tables” on page 19.

Rows
The number of rows in the table. For MyISAM and most other engines, this number
is always accurate. For InnoDB, it is an estimate.
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Avg row_length
How many bytes the average row contains.

Data_length
How much data (in bytes) the entire table contains.

Max_data_length
The maximum amount of data this table can hold. This is engine-specific.

Index length
How much disk space the index data consumes.

Data_free
For a MyISAM table, the amount of space that is allocated but currently unused.
This space holds previously deleted rows and can be reclaimed by future INSERT
statements.

Auto_increment
The next AUTO_INCREMENT value.

Create time

When the table was first created.
Update time

When data in the table last changed.

Check _time
When the table was last checked using CHECK TABLE or myisamchk.

Collation
The default character set and collation for character columns in this table.

Checksum
A live checksum of the entire table’s contents, if enabled.

Create options
Any other options that were specified when the table was created.

Comment
This field contains a variety of extra information. For a MyISAM table, it contains
the comments, if any, that were set when the table was created. If the table uses
the InnoDB storage engine, the amount of free space in the InnoDB tablespace
appears here. If the table is a view, the comment contains the text “VIEW.”

The InnoDB Engine

InnoDB is the default transactional storage engine for MySQL and the most important
and broadly useful engine overall. It was designed for processing many short-lived
transactions that usually complete rather than being rolled back. Its performance and
automatic crash recovery make it popular for nontransactional storage needs, too. You
should use InnoDB for your tables unless you have a compelling need to use a different
engine. If you want to study storage engines, it is also well worth your time to study
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InnoDB in depth to learn as much as you can about it, rather than studying all storage
engines equally.

InnoDB’s history

InnoDB has a complex release history, but it’s very helpful to understand it. In 2008,
the so-called InnoDB plugin was released for MySQL 5.1. This was the next generation
of InnoDB created by Oracle, which at that time owned InnoDB but not MySQL. For
various reasons that are great to discuss over beers, MySQL continued shipping the
older version of InnoDB, compiled into the server. But you could disable this and install
the newer, better-performing, more scalable InnoDB plugin if you wished. Eventually,
Oracle acquired Sun Microsystems and thus MySQL, and removed the older codebase,
replacing it with the “plugin” by default in MySQL 5.5. (Yes, this means that now the
“plugin” is actually compiled in, not installed as a plugin. Old terminology dies hard.)

The modern version of InnoDB, introduced as the InnoDB plugin in MySQL 5.1, sports
new features such as building indexes by sorting, the ability to drop and add indexes
without rebuilding the whole table, and a new storage format that offers compression,
a new way to store large values such as BLOB columns, and file format management.
Many people who use MySQL 5.1 don’t use the plugin, sometimes because they aren’t
aware of it. If you’re using MySQL 5.1, please ensure that you’re using the InnoDB
plugin. It’s much better than the older version of InnoDB.

InnoDB is such an important engine that many people and companies have invested
in developing it, not just Oracle’s team. Notable contributions have come from Google,
Yasufumi Kinoshita, Percona, and Facebook, among others. Some of these improve-
ments have been included into the official InnoDB source code, and many others have
been reimplemented in slightly different ways by the InnoDB team. In general,
InnoDB’s development has accelerated greatly in the last few years, with major im-
provements to instrumentation, scalability, configurability, performance, features, and
support for Windows, among other notable items. MySQL 5.6 lab previews and mile-
stone releases include a remarkable palette of new features for InnoDB, too.

Oracle is investing tremendous resources in improving InnoDB performance, and doing
a great job of it (a considerable amount of external contribution has helped with this,
t00). In the second edition of this book, we noted that InnoDB failed pretty miserably
beyond four CPU cores. It now scales well to 24 CPU cores, and arguably up to 32 or
even more cores depending on the scenario. Many improvements are slated for the
upcoming 5.6 release, but there are still opportunities for enhancement.

InnoDB overview

InnoDB stores its data in a series of one or more data files that are collectively known
as a tablespace. A tablespace is essentially a black box that InnoDB manages all by itself.
In MySQL 4.1 and newer versions, InnoDB can store each table’s data and indexes in
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separate files. InnoDB can also use raw disk partitions for building its tablespace, but
modern filesystems make this unnecessary.

InnoDB uses MVCC to achieve high concurrency, and it implements all four SQL stan-
dard isolation levels. It defaults to the REPEATABLE READ isolation level, and it has a
next-key locking strategy that prevents phantom reads in this isolation level: rather than
locking only the rows you’ve touched in a query, InnoDB locks gaps in the index struc-
ture as well, preventing phantoms from being inserted.

InnoDB tables are built on a clustered index, which we will cover in detail in later chap-
ters. InnoDB’s index structures are very different from those of most other MySQL
storage engines. As a result, it provides very fast primary key lookups. However, sec-
ondary indexes (indexes that aren’t the primary key) contain the primary key columns,
so if your primary key is large, other indexes will also be large. You should strive for a
small primary key if you’ll have many indexes on a table. The storage format is platform-
neutral, meaning you can copy the data and index files from an Intel-based server to a
PowerPC or Sun SPARC without any trouble.

InnoDB has a variety of internal optimizations. These include predictive read-ahead for
prefetching data from disk, an adaptive hash index that automatically builds hash in-
dexes in memory for very fast lookups, and an insert buffer to speed inserts. We cover
these later in this book.

InnoDB’s behavior is very intricate, and we highly recommend reading the “InnoDB
Transaction Model and Locking” section of the MySQL manual if you're using
InnoDB. There are many subtleties you should be aware of before building an appli-
cation with InnoDB, because of its MVCC architecture. Working with a storage engine
that maintains consistent views of the data for all users, even when some users are
changing data, can be complex.

As a transactional storage engine, InnoDB supports truly “hot” online backups through
avariety of mechanisms, including Oracle’s proprietary MySQL Enterprise Backup and
the open source Percona XtraBackup. MySQL’s other storage engines can’t take hot
backups—to get a consistent backup, you have to halt all writes to the table, which in
a mixed read/write workload usually ends up halting reads too.

The MyISAM Engine

As MySQL’s default storage engine in versions 5.1 and older, MyISAM provides a large
list of features, such as full-text indexing, compression, and spatial (GIS) functions.
MyISAM doesn’t support transactions or row-level locks. Its biggest weakness is un-
doubtedly the fact that it isn’t even remotely crash-safe. MyISAM is why MySQL still
has the reputation of being a nontransactional database management system, more
than a decade after it gained transactions! Still, MyISAM isn’t all that bad for a non-
transactional, non-crash-safe storage engine. If you need read-only data, or if your
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tables aren’t large and won’t be painful to repair, it isn’t out of the question to use it.
(But please, don’t use it by default. Use InnoDB instead.)

Storage

MyISAM typically stores each table in two files: a data file and an index file. The two
files bear .MYD and .MYT extensions, respectively. MyISAM tables can contain either
dynamic or static (fixed-length) rows. MySQL decides which format to use based on
the table definition. The number of rows a MyISAM table can hold is limited primarily
by the available disk space on your database server and the largest file your operating
system will let you create.

MyISAM tables created in MySQL 5.0 with variable-length rows are configured by
default to handle 256 TB of data, using 6-byte pointers to the data records. Earlier
MySQL versions defaulted to 4-byte pointers, for up to 4 GB of data. All MySQL ver-
sions can handle a pointer size of up to 8 bytes. To change the pointer size on a MyISAM
table (either up or down), you must alter the table with new values for the MAX_ROWS
and AVG_ROW_LENGTH options that represent ballpark figures for the amount of space you
need. This will cause the entire table and all of its indexes to be rewritten, which might
take a long time.

MyISAM features

As one of the oldest storage engines included in MySQL, MyISAM has many features
that have been developed over years of use to fill niche needs:

Locking and concurrency
MyISAM locks entire tables, not rows. Readers obtain shared (read) locks on all
tables they need to read. Writers obtain exclusive (write) locks. However, you can
insert new rows into the table while select queries are running against it (concurrent
inserts).

Repair
MySQL supports manual and automatic checking and repairing of MyISAM tables,
but don’t confuse this with transactions or crash recovery. After repairing a table,
you’ll likely find that some data is simply gone. Repairing is slow, too. You can use
the CHECK TABLE mytable and REPAIR TABLE mytable commands to check a table for
errors and repair them. You can also use the myisamchk command-line tool to
check and repair tables when the server is offline.

Index features
You can create indexes on the first 500 characters of BLOB and TEXT columns in
MyISAM tables. MyISAM supports full-text indexes, which index individual words
for complex search operations. For more information on indexing, see Chapter 5.
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Delayed key writes
MyISAM tables marked with the DELAY KEY WRITE create option don’t write
changed index data to disk at the end of a query. Instead, MyISAM bulffers the
changes in the in-memory key buffer. It flushes index blocks to disk when it prunes
the buffer or closes the table. This can boost performance, but after a server or
system crash, the indexes will definitely be corrupted and will need repair. You can
configure delayed key writes globally, as well as for individual tables.

Compressed MyISAM tables

Some tables never change once they’re created and filled with data. These might be
well suited to compressed MyISAM tables.

You can compress (or “pack”) tables with the myisampack utility. You can’t modify
compressed tables (although you can uncompress, modify, and recompress tables if
you need to), but they generally use less space on disk. As a result, they offer faster
performance, because their smaller size requires fewer disk seeks to find records. Com-
pressed MyISAM tables can have indexes, but they’re read-only.

The overhead of decompressing the data to read it is insignificant for most applications
on modern hardware, where the real gain is in reducing disk I/O. The rows are com-
pressed individually, so MySQL doesn’t need to unpack an entire table (or even a page)
just to fetch a single row.

MyISAM performance

Because of its compact data storage and low overhead due to its simpler design,
MyISAM can provide good performance for some uses. It does have some severe scal-
ability limitations, including mutexes on key caches. MariaDB offers a segmented key
cache that avoids this problem. The most common MyISAM performance problem we
see, however, is table locking. If your queries are all getting stuck in the “Locked” status,
you’re suffering from table-level locking.

Other Built-in MySQL Engines

MySQL has a variety of special-purpose storage engines. Many of them are somewhat
deprecated in newer versions, for various reasons. Some of these are still available in
the server, but must be enabled specially.

The Archive engine

The Archive engine supports only INSERT and SELECT queries, and it does not support
indexes until MySQL 5.1. It causes much less disk I/O than MyISAM, because it buffers
data writes and compresses each row with zlib as it’s inserted. Also, each SELECT query
requires a full table scan. Archive tables are thus best for logging and data acquisition,
where analysis tends to scan an entire table, or where you want fast INSERT queries.
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Archive supports row-level locking and a special buffer system for high-concurrency
inserts. It gives consistent reads by stopping a SELECT after it has retrieved the number
of rows that existed in the table when the query began. It also makes bulk inserts
invisible until they’re complete. These features emulate some aspects of transactional
and MVCC behaviors, but Archive is not a transactional storage engine. It is simply a
storage engine that’s optimized for high-speed inserting and compressed storage.

The Blackhole engine

The Blackhole engine has no storage mechanism at all. It discards every INSERT instead
of storing it. However, the server writes queries against Blackhole tables to its logs, so
they can be replicated or simply kept in the log. That makes the Blackhole engine
popular for fancy replication setups and audit logging, although we’ve seen enough
problems caused by such setups that we don’t recommend them.

The CSV engine

The CSV engine can treat comma-separated values (CSV) files as tables, but it does not
support indexes on them. This engine lets you copy files into and out of the database
while the server is running. If you export a CSV file from a spreadsheet and save it in
the MySQL server’s data directory, the server can read it immediately. Similarly, if you
write data to a CSV table, an external program can read it right away. CSV tables are
thus useful as a data interchange format.

The Federated engine

This storage engine is sort of a proxy to other servers. It opens a client connection to
another server and executes queries against a table there, retrieving and sending rows
as needed. It was originally marketed as a competitor to features supported in many
enterprise-grade proprietary database servers, such as Microsoft SQL Server and
Oracle, but that was always a stretch, to say the least. Although it seemed to enable a
lot of flexibility and neat tricks, it has proven to be a source of many problems and is
disabled by default. A successor to it, FederatedX, is available in MariaDB.

The Memory engine

Memory tables (formerly called HEAP tables) are useful when you need fast access to
data that either never changes or doesn’t need to persist after a restart. Memory tables
can be up to an order of magnitude faster than MyISAM tables. All of their data is stored
in memory, so queries don’t have to wait for disk I/O. The table structure of a Memory
table persists across a server restart, but no data survives.

Here are some good uses for Memory tables:

* For “lookup” or “mapping” tables, such as a table that maps postal codes to state
names
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* For caching the results of periodically aggregated data

* For intermediate results when analyzing data

Memory tables support HASH indexes, which are very fast for lookup queries. Although
Memory tables are very fast, they often don’t work well as a general-purpose
replacement for disk-based tables. They use table-level locking, which gives low write
concurrency. They do not support TEXT or BLOB column types, and they support only
fixed-size rows, so they really store VARCHARs as CHARs, which can waste memory. (Some
of these limitations are lifted in Percona Server.)

MySQL uses the Memory engine internally while processing queries that require a
temporary table to hold intermediate results. If the intermediate result becomes too
large for a Memory table, or has TEXT or BLOB columns, MySQL will convert it to a
MyISAM table on disk. We say more about this in later chapters.

W N
og People often confuse Memory tables with temporary tables, which are
"‘:‘ ephemeral tables created with CREATE TEMPORARY TABLE. Temporary
T QU tables can use any storage engine; they are not the same thing as tables
" that use the Memory storage engine. Temporary tables are visible only

to a single connection and disappear entirely when the connection

closes.

The Merge storage engine

The Merge engine is a variation of MyISAM. A Merge table is the combination of several
identical MyISAM tables into one virtual table. This can be useful when you use MySQL
in logging and data warehousing applications, but it has been deprecated in favor of
partitioning (see Chapter 7).

The NDB Cluster engine

MySQL AB acquired the NDB database from Sony Ericsson in 2003 and built the NDB
Cluster storage engine as an interface between the SQL used in MySQL and the native
NDB protocol. The combination of the MySQL server, the NDB Cluster storage engine,
and the distributed, shared-nothing, fault-tolerant, highly available NDB database is
known as MySQL Cluster. We discuss MySQL Cluster later in this book.

Third-Party Storage Engines

Because MySQL offers a pluggable storage engine API, beginning around 2007 a be-
wildering array of storage engines started springing up to serve special purposes. Some
of these were included with the server, but most were third-party products or open
source projects. We’'ll discuss a few of the storage engines that we’ve observed to be
useful enough that they remain relevant even as the diversity has thinned out a bit.
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OLTP storage engines

Percona’s XtraDB storage engine, which is included with Percona Server and MariaDB,
is a modified version of InnoDB. Its improvements are targeted at performance, meas-
urability, and operational flexibility. It is a drop-in replacement for InnoDB with the
ability to read and write InnoDB’s data files compatibly, and to execute all queries that
InnoDB can execute.

There are several other OLTP storage engines that are roughly similar to InnoDB in
some important ways, such as offering ACID compliance and MVCC. One is PBXT,
the creation of Paul McCullagh and Primebase GMBH. It sports engine-level replica-
tion, foreign key constraints, and an intricate architecture that positions it for solid-
state storage and efficient handling of large values such as BLOBs. PBXT is widely
regarded as a community storage engine and is included with MariaDB.

TokuDB uses a new index data structure called Fractal Trees, which are cache-
oblivious, so they don’t slow down as they get larger than memory, nor do they age or
fragment. TokuDB is marketed as a Big Data storage engine, because it has high com-
pression ratios and can support lots of indexes on large data volumes. At the time of
writing it is in early production release status, and has some important limitations
around concurrency. This makes it best suited for use cases such as analytical datasets
with high insertion rates, but that could change in future versions.

RethinkDB was originally positioned as a storage engine designed for solid-state
storage, although it seems to have become less niched as time has passed. Its most
distinctive technical characteristic could be said to be its use of an append-only copy-
on-write B-Tree index data structure. It is still in early development, and we’ve neither
evaluated it nor seen it in use.

Falcon was promoted as the next-generation transactional storage engine for MySQL
around the time of Sun’s acquisition of MySQL AB, but it has long since been canceled.
Jim Starkey, the primary architect of Falcon, has founded a new company to build a
cloud-enabled NewSQL database called NuoDB (formerly NimbusDB).

Column-oriented storage engines

MySQL is row-oriented by default, meaning that each row’s data is stored together,
and the server works in units of rows as it executes queries. But for very large volumes
of data, a column-oriented approach can be more efficient; it allows the engine to re-
trieve less data when full rows aren’t needed, and when each column is stored sepa-
rately, it can often be compressed more effectively.

The leading column-oriented storage engine is Infobright, which works well at very
large sizes (tens of terabytes). It is designed for analytical and data warehousing use
cases. It works by storing data in blocks, which are highly compressed. It maintains a
set of metadata for each block, which allows it to skip blocks or even to complete queries
simply by looking at the metadata. It has no indexes—that’s the point; at such huge
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sizes, indexes are useless, and the block structure is a kind of quasi-index. Infobright
requires a customized version of the server, because portions of the server have to be
rewritten to work with column-oriented data. Some queries can’t be executed by the
storage engine in column-oriented mode, and cause the server to fall back to row-by-
row mode, which is slow. Infobright is available in both open source—community and
proprietary commercial versions.

Another column-oriented storage engine is Calpont’s InfiniDB, which is also available
in commercial and community versions. InfiniDB offers the ability to distribute queries
across a cluster of machines. We haven’t seen anyone use it in production, though.

By the way, if you’re in the market for a column-oriented database that isn’t MySQL,
we’ve also evaluated LucidDB and MonetDB. You can find benchmarks and opinions
on the MySQL Performance Blog, although they will probably become somewhat out-
dated as time passes.

Community storage engines

A full list of community storage engines would run into the scores, and perhaps even
to triple digits if we researched them exhaustively. However, it’s safe to say that most
of them serve very limited niches, and many aren’t known or used by more than a few
people. We'll just mention a few of them. We haven’t seen most of these in production
use. Caveat emptor!

Aria
Aria, formerly named Maria, is the original MySQL creator’s planned successor to
MyISAM. It’s available in MariaDB. Many of the features that were planned for it
seem to have been deferred in favor of improvements elsewhere in the MariaDB
server. At the time of writing it is probably best to describe it as a crash-safe version
of MyISAM, with several other improvements such as the ability to cache data (not
just indexes) in its own memory.

Groonga

Thisis a full-text search storage engine that claims to offer accuracy and high speed.
OQGraph

This engine from Open Query supports graph operations (think “find the shortest

path between nodes”) that are impractical or impossible to perform in SQL.
Q4M

This engine implements a queue inside MySQL, with support for operations that

SQL itself makes quite difficult or impossible to do in a single statement.
SphinxSE

This engine provides a SQL interface to the Sphinx full-text search server, which

we discuss more in Appendix F.
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Spider
This engine partitions data into several partitions, effectively implementing trans-
parent sharding, and executes your queries in parallel across shards, which can be
located on different servers.

VPForMySQL
This engine supports vertical partitioning of tables through a sort of proxy storage
engine. That is, you can chop a table into several sets of columns and store those
independently, but query them as a single table. It’s by the same author as the
Spider engine.

Selecting the Right Engine

Which engine should you use? InnoDB is usually the right choice, which is why we’re
glad that Oracle made it the default engine in MySQL 5.5. The decision of which engine
to use can be summed up by saying, “Use InnoDB unless you need a feature it doesn’t
provide, and for which there is no good alternative approach.” For example, when we
need full-text search, we usually prefer to use InnoDB in combination with Sphinx,
rather than choosing MyISAM for its full-text indexing capabilities. Sometimes we
choose something other than InnoDB when we don’t need InnoDB’s features and an-
other engine provides a compelling benefit without downsides. For instance, we might
use MyISAM when its limited scalability, poor support for concurrency, and lack of
crash resilience aren’t an issue, but InnoDB’s increased space consumption is a
problem.

We prefer not to mix and match different storage engines unless absolutely needed. It
makes things much more complicated and exposes you to a whole new set of potential
bugs and edge-case behaviors. The interactions between the storage engines and the
server are complex enough without adding multiple storage engines into the mix. For
example, multiple storage engines make it difficult to perform consistent backups or
to configure the server properly.

If you believe that you do need a different engine, here are some factors you should
consider:

Transactions
If your application requires transactions, InnoDB (or XtraDB) is the most stable,
well-integrated, proven choice. MyISAM is a good choice if a task doesn’t require
transactions and issues primarily either SELECT or INSERT queries. Sometimes spe-
cific components of an application (such as logging) fall into this category.

Backups
The need to perform regular backups might also influence your choice. If your
server can be shut down at regular intervals for backups, the storage engines are
equally easy to deal with. However, if you need to perform online backups, you
basically need InnoDB.
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Crash recovery
If you have a lot of data, you should seriously consider how long it will take to
recover from a crash. MyISAM tables become corrupt more easily and take much
longer to recover than InnoDB tables. In fact, this is one of the most important
reasons why a lot of people use InnoDB when they don’t need transactions.

Special features

Finally, you sometimes find that an application relies on particular features or op-
timizations that only some of MySQL’s storage engines provide. For example, a
lot of applications rely on clustered index optimizations. On the other hand, only
MyISAM supports geospatial search inside MySQL. If a storage engine meets one
or more critical requirements, but not others, you need to either compromise or
find a clever design solution. You can often get what you need from a storage engine
that seemingly doesn’t support your requirements.

You don’t need to decide right now. There’s a lot of material on each storage engine’s
strengths and weaknesses in the rest of the book, and lots of architecture and design
tips as well. In general, there are probably more options than you realize yet, and it
might help to come back to this question after reading more. If you’re not sure, just
stick with InnoDB. It’s a safe default and there’s no reason to choose anything else if
you don’t know yet what you need.

These topics might seem rather abstract without some sort of real-world context, so
let’s consider some common database applications. We’ll look at a variety of tables and
determine which engine best matches with each table’s needs. We give a summary of
the options in the next section.

Logging

Suppose you want to use MySQL to log a record of every telephone call from a central
telephone switch in real time. Or maybe you’ve installed mod_log_sql for Apache, so
you can log all visits to your website directly in a table. In such an application, speed
is probably the most important goal; you don’t want the database to be the bottleneck.
The MyISAM and Archive storage engines would work very well because they have
very low overhead and can insert thousands of records per second.

Things will get interesting, however, if you decide it’s time to start running reports to
summarize the data you’ve logged. Depending on the queries you use, there’s a good
chance that gathering data for the report will significantly slow the process of inserting
records. What can you do?

One solution is to use MySQL’s built-in replication feature to clone the data onto a
second server, and then run your time- and CPU-intensive queries against the data on
the replica. This leaves the master free to insert records and lets you run any query you
want on the replica without worrying about how it might affect the real-time logging.
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You can also run queries at times of low load, but don’t rely on this strategy continuing
to work as your application grows.

Another option is to log to a table that contains the year and name or number of the
month in its name, such asweb_logs 2012 01 orweb_logs 2012_jan. While you’re busy
running queries against tables that are no longer being written to, your application can
log records to its current table uninterrupted.

Read-only or read-mostly tables

Tables that contain data used to construct a catalog or listing of some sort (jobs, auc-
tions, real estate, etc.) are usually read from far more often than they are written to.
This seemingly makes them good candidates for MyISAM—if you don’t mind what
happens when MyISAM crashes. Don’t underestimate how important this is; a lot of
users don’t really understand how risky it is to use a storage engine that doesn’t even
try to get their data written to disk. (MyISAM just writes the data to memory and
assumes the operating system will flush it to disk sometime later.)

It’s an excellent idea to run a realistic load simulation on a test server
and then literally pull the power plug. The firsthand experience of re-
Qs covering from a crash is priceless. It saves nasty surprises later.

Don’t just believe the common “MyISAM is faster than InnoDB” folk wisdom. It is
not categorically true. We can name dozens of situations where InnoDB leaves
MyISAM in the dust, especially for applications where clustered indexes are useful or
where the data fits in memory. As you read the rest of this book, you’ll get a sense of
which factors influence a storage engine’s performance (data size, number of I/O op-
erations required, primary keys versus secondary indexes, etc.), and which of them
matter to your application.

When we design systems such as these, we use InnoDB. MyISAM might seem to work
okay in the beginning, but it will absolutely fall on its face when the application gets
busy. Everything will lock up, and you’ll lose data when you have a server crash.

Order processing

When you deal with any sort of order processing, transactions are all but required.
Half-completed orders aren’t going to endear customers to your service. Another im-
portant consideration is whether the engine needs to support foreign key constraints.
InnoDB is your best bet for order-processing applications.
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Bulletin boards and threaded discussion forums

Threaded discussions are an interesting problem for MySQL users. There are hundreds
of freely available PHP and Perl-based systems that provide threaded discussions. Many
of them aren’t written with database efficiency in mind, so they tend to run a lot of
queries for each request they serve. Some were written to be database-independent, so
their queries do not take advantage of the features of any one database system. They
also tend to update counters and compile usage statistics about the various discussions.
Many of the systems also use a few monolithic tables to store all their data. As a result,
a few central tables become the focus of heavy read and write activity, and the locks
required to enforce consistency become a substantial source of contention.

Despite their design shortcomings, most of these systems work well for small and me-
dium loads. However, if a website grows large enough and generates significant traffic,
it will become very slow. The obvious solution is to switch to a different storage engine
that can handle the heavy read/write volume, but users who attempt this are sometimes
surprised to find that the system runs even more slowly than it did before!

What these users don’t realize is that the system is using a particular query, normally
something like this:

mysql> SELECT COUNT(*) FROM table;

The problem is that not all engines can run that query quickly: MyISAM can, but other
engines might not. There are similar examples for every engine. Later chapters will help
you keep such a situation from catching you by surprise and show you how to find and
fix the problems if it does.

(D-ROM applications

If you ever need to distribute a CD-ROM- or DVD-ROM-based application that uses
MySQL data files, consider using MyISAM or compressed MyISAM tables, which can
easily be isolated and copied to other media. Compressed MyISAM tables use far less
space than uncompressed ones, but they are read-only. This can be problematic in
certain applications, but because the data is going to be on read-only media anyway,
there’s little reason not to use compressed tables for this particular task.

Large data volumes

How big is too big? We’ve built and managed—or helped build and manage—many
InnoDB databases in the 3 TB to 5 TB range, or even larger. That’s on a single server,
not sharded. It’s perfectly feasible, although you have to choose your hardware wisely,
practice smart physical design, and plan for your server to be I/O-bound. At these sizes,
MyISAM is just a nightmare when it crashes.

If you’re going really big, such as tens of terabytes, you’re probably building a data
warehouse. In this case, Infobright is where we’ve seen the most success. Some very
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large databases that aren’t suitable for Infobright might be candidates for TokuDB
instead.

Table Conversions

There are several ways to convert a table from one storage engine to another, each with
advantages and disadvantages. In the following sections, we cover three of the most
common ways.

ALTER TABLE

The easiest way to move a table from one engine to another is with an ALTER TABLE
statement. The following command converts mytable to InnoDB:

mysql> ALTER TABLE mytable ENGINE = InnoDB;

This syntax works for all storage engines, but there’s a catch: it can take a lot of time.
MySQL will perform a row-by-row copy of your old table into a new table. During that
time, you’ll probably be using all of the server’s disk I/O capacity, and the original table
will be read-locked while the conversion runs. So, take care before trying this technique
on a busy table. Instead, you can use one of the methods discussed next, which involve
making a copy of the table first.

When you convert from one storage engine to another, any storage engine—specific
features are lost. For example, if you convert an InnoDB table to MyISAM and back
again, you will lose any foreign keys originally defined on the InnoDB table.

Dump and import

To gain more control over the conversion process, you might choose to first dump the
table to a text file using the mysqldump utility. Once you’ve dumped the table, you can
simply edit the dump file to adjust the CREATE TABLE statement it contains. Be sure to
change the table name as well as its type, because you can’t have two tables with the
same name in the same database even if they are of different types—and mysqldump
defaults to writing a DROP TABLE command before the CREATE TABLE, so you might lose
your data if you are not careful!

CREATE and SELECT

The third conversion technique is a compromise between the first mechanism’s speed
and the safety of the second. Rather than dumping the entire table or converting it all
at once, create the new table and use MySQL’s INSERT ... SELECT syntax to populate
it, as follows:

mysql> CREATE TABLE innodb_table LIKE myisam_table;

mysql> ALTER TABLE innodb_table ENGINE=InnoDB;
mysql> INSERT INTO innodb_table SELECT * FROM myisam_table;
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That works well if you don’t have much data, but if you do, it’s often more efficient to
populate the table incrementally, committing the transaction between each chunk so
the undo logs don’t grow huge. Assuming that id is the primary key, run this query
repeatedly (using larger values of x and y each time) until you’ve copied all the data to
the new table:

mysql> START TRANSACTION;

mysql> INSERT INTO innodb_table SELECT * FROM myisam_table

-> WHERE id BETWEEN x AND y;
mysql> COMMIT;

After doing so, you’ll be left with the original table, which you can drop when you’re
done with it, and the new table, which is now fully populated. Be careful to lock the
original table if needed to prevent getting an inconsistent copy of the data!

Tools such as Percona Toolkit’s pt-online-schema-change (based on Facebook’s online
schema change technique) can remove the error-prone and tedious manual work from
schema changes.

A MySQL Timeline

It is helpful to understand MySQL’s version history as a frame of reference when
choosing which version of the server you want to run. Plus, it’s kind of fun for old-
timers to remember what it used to be like in the good old days!

Version 3.23 (2001)
This release of MySQL is generally regarded as the moment MySQL “arrived” and
became a viable option for widespread use. MySQL was still not much more than
a query language over flat files, but MyISAM was introduced to replace ISAM, an
older and much more limited storage engine. InnoDB was available, but was not
shipped in the standard binary distribution because it was so new. If you wanted
to use InnoDB, you had to compile the server yourself with support for it. Version
3.23 introduced full-text indexing and replication. Replication was to become the
killer feature that propelled MySQL to fame as the database that powered much
of the Internet.

Version 4.0 (2003)
New syntax features appeared, such as support for UNION and multi-table DELETE
statements. Replication was rewritten to use two threads on the replica, instead of
one thread that did all the work and suffered from task switching. InnoDB was
shipped as a standard part of the server, with its full feature set: row-level locking,
foreign keys, and so on. The query cache was introduced in version 4.0 (and hasn’t
changed much since then). Support for SSL connections was also introduced.
Version 4.1 (2005)
More query syntax features were introduced, including subqueries and INSERT ON
DUPLICATE KEY UPDATE. The UTF-8 character set was supported. There was a new
binary protocol and prepared statement support.
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Version 5.0 (2006)
A number of “enterprise” features appeared in this release: views, triggers, stored
procedures, and stored functions. The ISAM engine was removed completely, but
new storage engines such as Federated were introduced.

Version 5.1 (2008)

This release was the first under Sun Microsystems’s ownership after its acquisition
of MySQL AB, and was over five years in the making. Version 5.1 introduced par-
titioning, row-based replication, and a variety of plugin APIs, including the
pluggable storage engine API. The BerkeleyDB storage engine—MySQL’s first
transactional storage engine—was removed and some others, such as Federated,
were deprecated. Also, Oracle, now the owner of Innobase Oy,> released the
InnoDB plugin storage engine.

Version 5.5 (2010)

MySQL 5.5 was the first release following Oracle’s acquisition of Sun (and there-
fore MySQL). It focused on improvements to performance, scalability, replication,
partitioning, and support for Microsoft Windows, but included many other im-
provements as well. InnoDB became the default storage engine, and many legacy
features and deprecated options and behaviors were scrubbed. The PERFORMANCE
_SCHEMA database was added, along with a first batch of enhanced instrumentation.
New plugin APIs for replication, authentication, and auditing were added. A plugin
for semisynchronous replication was available, and Oracle released commercial
plugins for authentication and thread pooling in 2011. There were also major ar-
chitectural changes to InnoDB, such as a partitioned buffer pool.

Version 5.6 (Unreleased)

MySQL 5.6 will have a raft of new features, including the first major improvements
to the query optimizer in many years, more plugin APIs (e.g., one for full-text
search), replication improvements, and greatly expanded instrumentation in the
PERFORMANCE_SCHEMA database. The InnoDB team is also hard at work, with a huge
variety of changes and improvements having been released in development mile-
stones and lab previews. Whereas MySQL 5.5 seemed to be about firming up and
fixing the fundamentals, with a limited number of new introductions, MySQL 5.6
appears to be focused on advancing server development and performance, using
5.5’s success as a springboard.

Version 6.0 (Canceled)
Version 6.0 is confusing because of the overlapping chronology. It was announced
during the 5.1 development years. There were rumors or promises of many new
features, such as online backups and server-level foreign keys for all storage en-
gines, subquery improvements, and thread pooling. This release was canceled, and
Sun resumed development with version 5.4, which was eventually released as

5. Oracle also now owns BerkeleyDB.
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version 5.5. Many of the features of the 6.0 codebase have been (or will be) released
in versions 5.5 and 5.6.

We’d summarize MySQL’s history this way: it was clearly a disruptive innovation® early
in its lifecycle, with limited and sometimes second-class functionality, but its features
and low price made it a killer application to power the explosion of the Internet. In the
early 5.x releases, it tried to move into enterprise territory with features such as views
and stored procedures, but these were buggy and brittle, so it wasn’t always smooth
sailing. In hindsight, MySQL 5.0’s flood of bug fixes didn’t settle down until around
the 5.0.50 releases, and MySQL 5.1 didn’t fare much better. The 5.0 and 5.1 releases
were delayed, and the Sun and Oracle acquisitions made many observers fearful. But
in our opinion, things are on track: MySQL 5.5 was the highest-quality release in
MySQL’s history, Oracle’s ownership is making MySQL much more palatable to en-
terprise customers, and version 5.6 promises great improvements in functionality and
performance.

Speaking of performance, we thought it would be interesting to show a basic bench-
mark of the server’s performance over time. We decided not to benchmark versions
older than 4.1, because it’s very rare to see 4.0 and older in production these days. In
addition, an apples-to-apples benchmark is very hard to produce across so many dif-
ferent versions, for reasons you’ll read more about in the next chapter. We had lots of
fun crafting a benchmark method that would work uniformly across the server versions
that we did use, and it took many tries to get it right. Table 1-2 shows the results in
transactions per second for several levels of concurrency.

Table 1-2. Readonly benchmarks of several MySQL versions
Threads MySQLA1  MySQL5.0  MySQL5.1  MySQLS5.1withInnoDBplugin  MySQL5.5  MySQL5.6?

1 686 640 596 594 531 526

2 1307 1221 1140 139 1077 1019
4 2275 2168 2032 2043 1938 1831
8 3879 3746 3606 3681 3523 3320
16 4374 4527 4393 6131 5881 5573
32 4591 4864 4698 7762 7549 7139
64 4688 5078 4910 7536 7269 6994

2 At the time of our benchmark, MySQL 5.6 was not yet released as GA.
This is a little easier to see in graphical form, which we’ve shown in Figure 1-2.

Before we interpret the results, we need to tell you a little bit about the benchmark
itself. We ran it on our Cisco UCS C250 machine, which has two six-core CPUs, each
with two hardware threads. The server contains 384 GB of RAM, but we ran the

6. The term “disruptive innovation” originated in Clayton M. Christensen’s book The Innovator’s
Dilemma (Harper).
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Figure 1-2. Readonly benchmarks of several MySQL versions

benchmark with a 2.5 GB dataset, so we configured MySQL with a 4 GB buffer pool.
The benchmark was the standard SysBench read-only workload, with all data in
InnoDB, fully in-memory and CPU-bound. We ran the benchmark for 60 minutes for
each measurement point, measuring throughput every 10 seconds and using 900 sec-
onds of measurements after the server warmed up and stabilized to generate the final
results.

Now, looking at the results, two broad trends are clear. First, MySQL versions that
include the InnoDB plugin perform much better at higher concurrency, which is to say
that they are more scalable. This is to be expected, because we know older versions are
seriously limited at high concurrency. Second, newer MySQL versions are slower than
older versions in single-threaded workloads, which you might not have expected but
is easily explained by noting that this is a very simple read-only workload. Newer server
versions have a more complex SQL grammar, and lots of other features and improve-
ments that enable more complex queries but are simply additional overhead for the
simple queries we’re benchmarking here. Older versions of the server are simpler and
thus have an advantage for simple queries.

We wanted to show you a more complex read/write benchmark (such as TPC-C) over
a broader range of concurrencies, but we found it ultimately impossible to do across
such a diversity of server versions. We can say that in general, newer versions of the
server have better and more consistent performance on more complex workloads, es-
pecially at higher concurrency, and with a larger dataset.
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Which version should you use? This depends on your business more than on your
technical needs. You should ideally build on the newest version that’s available, but of
course you might choose to wait until the first bugs have been worked out of a brand-
new release. If you’re building an application that’s not in production yet, you might
even consider building it on the upcoming release so that you delay your upgrade life-
cycle as much as possible.

MySQL’s Development Model

MySQL’s development process and release model have changed greatly over the years,
but now appear to have settled down into a steady rhythm. Oracle releases new
development milestones periodically, with previews of features that will eventually be
included in the next GA” release. These are for testing and feedback, not for production
use, but Oracle’s statement is that they’re high quality and essentially ready to release
at any time—and we see no reason to disagree with that. Oracle also periodically re-
leases lab previews, which are special builds that include only a selected feature for
interested parties to evaluate. These features are not guaranteed to be included in the
next release of the server. And finally, once in a while Oracle will bundle up the features
it deems to be ready and ship a new GA release of the server.

MySQL remains GPL-licensed and open source, with the full source code (except for
commercially licensed plugins, of course) available to the community. Oracle seems to
understand that it would be unwise to ship different versions of the server to the com-
munity and its paying customers. MySQL AB tried that, which resulted in its paying
customers becoming the bleeding-edge guinea pigs, robbing them of the benefit of
community testing and feedback. That policy was the reverse of what enterprise cus-
tomers need, and was discontinued in the Sun days.

Now that Oracle is releasing some server plugins for paying customers only, MySQL
is for all intents and purposes following the so-called open-core model. Although
there’s been some murmuring over the release of proprietary plugins for the server, it
comes from a minority and has sometimes been exaggerated. Most MySQL users we
know (and we know a lot of them) don’t seem to mind. The commercially licensed,
pay-only plugins are acceptable to those users who actually need them.

In any case, the proprietary extensions are just that: extensions. They do not represent
a crippleware development model, and the server is more than adequate without them.
Frankly, we appreciate the way that Oracle is building more features as plugins. If the
features were built right into the server with no API, there would be no choice: you’d
get exactly one implementation, with limited opportunity to build something that
suited you better. For example, if Oracle eventually releases InnoDB’s full-text search
functionality as a plugin, it will be an opportunity to use the same API to develop a
similar plugin for Sphinx or Lucene, which many people might find more useful. We

7. GA stands for generally available, which means “production quality” to pointy-haired bosses.
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also appreciate clean APIs inside the server. They help to promote higher-quality code,
and who doesn’t want that?

Summary

MySQL has a layered architecture, with server-wide services and query execution on
top and storage engines underneath. Although there are many different plugin APIs,
the storage engine API is the most important. If you understand that MySQL executes
queries by handing rows back and forth across the storage engine API, you’ve grasped
one of the core fundamentals of the server’s architecture.

MySQL was built around ISAM (and later MyISAM), and multiple storage engines and
transactions were added later. Many of the server’s quirks reflect this legacy. For ex-
ample, the way that MySQL commits transactions when you execute an ALTER TABLE
is a direct result of the storage engine architecture, as well as the fact that the data
dictionary is stored in .frm files. (There’s nothing in InnoDB that forces an ALTER to be
nontransactional, by the way; absolutely everything InnoDB does is transactional.)

The storage engine API has its downsides. Sometimes choice isn’t a good thing, and
the explosion of storage engines in the heady days of the 5.0 and 5.1 versions of MySQL
might have introduced too much choice. In the end, InnoDB turns out to be a very good
storage engine for something like 95% or more of users (that’s just a rough guess). All
those other engines usually just make things more complicated and brittle, although
there are special cases where an alternative is definitely called for.

Oracle’s acquisition of first InnoDB and then MySQL brought both products under
one roof, where they can be codeveloped. This appears to be working out well for
everyone: InnoDB and the server itself are getting better by leaps and bounds in many
ways, MySQL remains GPL’ed and fully open source, the community and customers
alike are getting a solid and stable database, and the server is becoming ever more
extensible and useful.
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CHAPTER 2
Benchmarking MySQL

Benchmarking is an essential skill for MySQL novices and power users alike. A bench-
mark, simply put, is a workload designed to stress your system. The usual goal is to
learn about the system’s behavior, but there are other worthwhile reasons for running
benchmarks, such as reproducing a desired system state or burning in new hardware.
In this chapter we’ll explore reasons, strategies, tactics, and tools for benchmarking
MySQL and MySQL-based applications. We’ll focus especially on sysbench, because
it’s an excellent tool for MySQL benchmarking.

Why Benchmark?

Why is benchmarking so important? It’s because benchmarking is uniquely convenient
and effective for studying what happens when you give systems work to do. A bench-
mark can help you observe the system’s behavior under load, determine the system’s
capacity, learn which changes are important, or see how your application performs
with different data. Benchmarking lets you create fictional circumstances, beyond the
real conditions you can observe. You can do these things and more with benchmarks:

* Validate your assumptions about the system, and see whether your assumptions
are realistic.

* Reproduce a bad behavior you’re trying to eliminate in the system.

* Measure how your application currently performs. If you don’t know how fast it
currently runs, you can’t be sure any changes you make are helpful. You can also
use historical benchmark results to diagnose problems you didn’t foresee.

* Simulate a higher load than your production systems handle, to identify the scal-
ability bottleneck that you’ll encounter first with growth.
* Plan for growth. Benchmarks can help you estimate how much hardware, network

capacity, and other resources you’ll need for your projected future load. This can
help reduce risk during upgrades or major application changes.
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* Test your application’s ability to tolerate a changing environment. For example,
you can find out how your application performs during a sporadic peak in con-
currency or with a different configuration of servers, or you can see how it handles
a different data distribution.

* Test different hardware, software, and operating system configurations. Is RAID
5 or RAID 10 better for your system? How does random write performance change
when you switch from ATA disks to SAN storage? Does the 2.4 Linux kernel scale
better than the 2.6 series? Does a MySQL upgrade help performance? What about
using a different storage engine for your data? You can answer these questions with
special benchmarks.

* Prove that your newly purchased hardware is correctly configured. We can’t count
the number of times we’ve used benchmarks to burn in a new system and found
misconfigurations or faulty hardware components. It’s a good idea not to put a
new server into production without benchmarking it first, and never to take a
hosting provider or hardware vendor’s word for what is installed and how fast it
should perform. Testing is always a good idea, if possible.

You can also use benchmarks for other purposes, such as to create a unit test suite for
your application, but we focus only on performance-related aspects here.

The problem with benchmarking is that it isn’t real. The workload you use to stress
the system is usually very simple in comparison with real-life workloads. There’s a
reason for that: real-life workloads are nondeterministic, varying, and too complex to
understand readily. If you benchmarked your systems with real workloads, it would be
harder to draw accurate conclusions from the benchmarks.

In what ways is a benchmark’s workload unrealistic? There are many artificial dimen-
sions to a benchmark—the data size, the distribution of data and queries—but perhaps
the most important is that a benchmark usually runs as fast as it possibly can, loading
the system so heavily that it behaves badly. In many cases we would like to tell bench-
mark tools to run as fast as possible within certain tolerances, throttling themselves as
necessary to maintain good performance. This would be especially helpful for deter-
mining the system’s maximum usable capacity. However, most benchmarking tools
don’t support such complexity. It’s good to keep in mind that the tools limit the mean-
ingfulness and usefulness of the results.

It’s tricky to use benchmarks for capacity planning, too. It is often unrealistic to ex-
trapolate from benchmark results. For example, suppose you want to know how much
business growth you will be able to support with your new database server. You bench-
mark the existing server, then benchmark the new server and find that it can perform
40 times as many transactions per second. But that doesn’t mean that your business
will be able to grow 40-fold on the new server. By the time your revenue grows that
much, the system will probably have more traffic, more users, more data, and more
interconnections between related pieces of data. You should not expect any of those
factors to grow only 40 times, especially the number of relationships. In addition, your
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application will almost certainly have changed by the time your revenue has grown by
a factor of 40. You will have new features, some of which might impact the database
far out of proportion to their apparent complexity. These changes in workload, data,
relationships, and features are very hard to simulate, and theirimpacts are hard to guess.

Asaresult, we usually settle for approximations, with a goal of knowing whether there’s
still a decent amount of spare capacity in the system. It is possible to do more realistic
load testing (as distinct from benchmarking), but it requires a lot of care in creating the
dataset and workload, and in the end it’s not really a benchmark. Benchmarks are
simpler, more directly comparable to each other, and cheaper and easier to run. And
despite their limitations, benchmarks are useful. You just need to be clear about what
you’re doing and in what ways the outcome is meaningful.

Benchmarking Strategies

There are two primary benchmarking strategies: you can benchmark the application
as a whole, or isolate MySQL. We call these two strategies full-stack and single-
component benchmarking, respectively. There are several reasons to measure the ap-
plication as a whole instead of just MySQL.:

* You're testing the entire application, including the web server, the application
code, the network, and the database. This is useful because you don’t care about
MySQL’s performance in particular; you care about the whole application.

* MySQL is not always the application bottleneck, and a full-stack benchmark can
reveal this.

* Only by testing the full application can you see how each part’s cache behaves.
* Benchmarks are good only to the extent that they reflect your actual application’s

behavior, which is hard to do when you’re testing only part of it.

On the other hand, application benchmarks can be hard to create and even harder to
set up correctly. If you design the benchmark badly, you can end up making bad deci-
sions, because the results don’t reflect reality.

Sometimes, however, you don’t really want to know about the entire application. You
might just need a MySQL benchmark, at least initially. Such a benchmark is useful if:
* You want to compare different schemas or queries.
* You want to benchmark a specific problem you see in the application.
* You want to avoid a long benchmark in favor of a shorter one that gives you a faster
“cycle time” for making and measuring changes.

It’s also useful to benchmark MySQL when you can repeat your application’s queries
against a real dataset. The data itself and the dataset’s size both need to be realistic. If
possible, use a snapshot of actual production data.
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Unfortunately, setting up a realistic benchmark can be complicated and time-
consuming, and if you can get a copy of the production dataset, count yourself lucky.
It might even be impossible—for example, you might be developing a new application
that has few users and little data. If you want to know how it’ll perform when it grows
very large, you’ll have no option but to simulate the larger application’s data and
workload.

What to Measure

It’s best to identify your goals before you start benchmarking—indeed, before you even
design your benchmarks. Your goals will determine the tools and techniques you’ll
use to get accurate, meaningful results. Try to frame your goals as a questions, such as
“Is this CPU better than that one?” or “Do the new indexes work better than the current
ones?”

You sometimes need different approaches to measure different things. For example,
latency and throughput might require different benchmarks.

Consider some of the following measurements and how they fit your goals:

Throughput

Throughput is defined as the number of transactions per unit of time. This is one
of the all-time classics for benchmarking database applications. Standardized
benchmarks such as TPC-C (see http://www.tpc.org) are widely quoted, and many
database vendors work very hard to do well on them. These benchmarks measure
online transaction processing (OLTP) throughput and are most suitable for inter-
active multiuser applications. The usual unit of measurement is transactions per
second, although it is sometimes transactions per minute.

Response time or latency

This measures the total time a task requires. Depending on your application, you
might need to measure time in micro- or milliseconds, seconds, or minutes. From
this you can derive aggregate response times, such as average, maximum, mini-
mum, and percentiles. Maximum response time is rarely a useful metric, because
the longer the benchmark runs, the longer the maximum response time is likely to
be. It’s also not at all repeatable, because it’s likely to vary widely between runs.
For this reason, it’s common to use percentile response times instead. For example,
if the 95th percentile response time is 5 milliseconds, you know that the task fin-
ishes in 5 milliseconds or less 95% of the time.

It’s usually helpful to graph the results of these benchmarks, either as lines (for
example, the average and 95th percentile) or as a scatter plot so you can see how
the results are distributed. These graphs help show how the benchmarks will be-
have in the long run. We will return to this point later in this chapter.
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Concurrency

Concurrency is an important but frequently misused and misunderstood metric.
Forexample, it’s popular to say how many users are browsing a website at the same
time, usually measured by how many sessions there are.! However, HTTP is state-
less and most users are simply reading what’s displayed in their browsers, so this
doesn’t translate into concurrency on the web server. Likewise, concurrency on
the web server doesn’t necessarily translate to the database server; the only thing
it directly relates to is how much data your session storage mechanism must be
able to handle. A more accurate measurement of concurrency on the web server is
how many simultaneous requests are running at any given time.

You can measure concurrency at different places in the application, too. The higher
concurrency on the web server might cause higher concurrency at the database
level, but the language and toolset will influence this. Be sure that you don’t confuse
open connections to the database server with concurrency. A well-designed appli-
cation might have hundreds of connections open to the MySQL server, but only a
fraction of these should be running queries at the same time. Thus, a website with
“50,000 users at a time” might require only 10 or 15 simultaneously running quer-
ies on the MySQL server!

In other words, what you should really care about benchmarking is the working
concurrency, or the number of threads or connections doing work simultaneously.
Measure whether throughput drops or response times increase when the concur-
rency increases; if so, your application probably can’t handle spikes in load.

Concurrency is completely different from other metrics such as response time and
throughput: it’s usually not an outcome, but rather a property of how you set up
the benchmark. Instead of measuring the concurrency your application achieves,
you will usually instruct the benchmark tool to generate various levels of concur-
rency, and then measure the application’s performance. However, you should
measure concurrency at the database, too. When you tell sysbench to run with 32,
64, and 128 threads, check the database server during each run and record the
value of the Threads_running status variable. In Chapter 11, you’ll see why this is
useful for capacity planning.

Scalability
Scalability measurements are useful for systems that need to maintain performance
under a changing workload. We’ll discuss scalability more formally in Chap-
ter 11, but one short definition is that an ideal system should get twice as much
work done (twice as much throughput) when you double the number of workers
trying to complete tasks. A second angle on the same goal is that if you double the
resources available (for example, twice as many CPUs), you should be able to ach-
ieve twice the throughput. In both cases, you also want to ensure that performance

1. Forum software, in particular, has miseducated countless website owners to believe they have tens of
thousands of users at a time.
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(response time) is acceptable. Most systems are not linearly scalable, and exhibit
diminishing returns and degraded performance as you vary the parameters.

Scalability measurements are good for capacity planning, because they can show
weaknesses in your application that other benchmark strategies won’t show. For
example, if you design your system to perform well on a response-time benchmark
with a single connection (a poor benchmark strategy), your application might per-
form badly when there’s any degree of concurrency. A benchmark that looks for
consistent response times under an increasing number of connections would show
this design flaw.

Some activities, such as batch jobs to create summary tables from granular data,
just need fast response times, period. It’s fine to benchmark them for pure response
time, but remember to think about how they’ll interact with other activities. Batch
jobs can cause interactive queries to suffer, and vice versa.

In the final analysis, it’s best to benchmark whatever is important to your users. Try to
gather some requirements (formally or informally) about what acceptable response
times are, what kind of concurrency you expect, and so on. Then try to design your
benchmarks to satisfy all of the requirements, without getting tunnel vision and focus-
ing on some things to the exclusion of others.

Benchmarking Tactics

With the general behind us, let’s move on to the specifics of how to design and execute
benchmarks. Before we discuss how to do benchmarks well, though, let’s look at some
common mistakes that can lead to unusable or inaccurate results:

Using a subset of the real data size, such as using only one gigabyte of data when
the application will need to handle hundreds of gigabytes, or using the current
dataset when you plan for the application to grow much larger.

Using incorrectly distributed data, such as uniformly distributed data when the
real system’s data will have “hot spots.” (Randomly generated data is almost always
unrealistically distributed.)

Using unrealistically distributed parameters, such as pretending that all user pro-
files are equally likely to be viewed.2

Using a single-user scenario for a multiuser application.
Benchmarking a distributed application on a single server.

Failing to match real user behavior, such as “think time” on a web page. Real users
request a page and then read it; they don’t click on links one after another without
pausing.

2. Justin Bieber, we love you! Just kidding.
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* Running identical queries in a loop. Real queries aren’t identical, so they cause
cache misses. Identical queries will be fully or partially cached at some level.

* Failing to check for errors. If a benchmark’s results don’t make sense—e.g., if a
slow operation suddenly completes very quickly—check for errors. You might just
be benchmarking how quickly MySQL can detect a syntax error in the SQL query!
Always check error logs after benchmarks, as a matter of principle.

* Ignoring how the system performs when it’s not warmed up, such as right after a
restart. Sometimes you need to know how long it’ll take your server to reach ca-
pacity after a restart, so you’ll want to look specifically at the warmup period.
Conversely, if you intend to study normal performance, you’ll need to be aware
that if you benchmark just after a restart many caches will be cold, and the bench-
mark results won’t reflect the results you’ll get under load when the caches are
warmed up.

* Using default server settings. There’s more on optimizing server settings in later
chapters.

* Benchmarking too quickly. Your benchmark needs to last a while. We’ll say more
about this later.

Merely avoiding these mistakes will take you a long way toward improving the quality
of your results.

All other things being equal, you should typically strive to make the tests as realistic as
you can. Sometimes, though, it makes sense to use a slightly unrealistic benchmark.
For example, say your application is on a different host from the database server. It
would be more realistic to run the benchmarks in the same configuration, but doing
so would add more variables, such as how fast and how heavily loaded the network is.
Benchmarking on a single node is usually easier, and, in some cases, it’s accurate
enough. You’ll have to use your judgment as to when this is appropriate.

Designing and Planning a Benchmark

The first step in planning a benchmark is to identify the problem and the goal. Next,
decide whether to use a standard benchmark or design your own.

If you use a standard benchmark, be sure to choose one that matches your needs. For
example, don’t use TPC-H to benchmark an ecommerce system. In TPC’s own words,
“TPC-H is an ad-hoc, decision support benchmark.” Therefore, it’s not an appropriate
benchmark for an OLTP system.

Designing your own benchmark is a complicated and iterative process. To get started,
take a snapshot of your production dataset. Make sure you can restore this dataset for
subsequent runs.

Next, you need queries to run against the data. You can make a unit test suite into a
rudimentary benchmark just by running it many times, but that’s unlikely to match
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how you really use the database. A better approach is to log all queries on your pro-
duction system during a representative time frame, such as an hour during peak load
or an entire day. If you log queries during a small time frame, you might need to choose
several time frames. This will let you cover all system activities, such as weekly reporting
queries or batch jobs you schedule during off-peak times.3

You can log queries at different levels. For example, you can log the HTTP requests on
a web server if you need a full-stack benchmark. You can also enable MySQL’s query
log, but if you replay a query log, be sure to recreate the separate threads instead of just
replaying each query linearly. It’s also important to create a separate thread for each
connection in the log, instead of shuffling queries among threads. The query log shows
which connection ran each query.

Even if you don’t build your own benchmark, you should write down your bench-
marking plan. You’re going to run the benchmark many times over, and you need to
be able to reproduce it exactly. Plan for the future, too. You might not be the one who
runs the benchmark the next time around, and even if you are, you probably will not
remember exactly how you ran it the first time. Your plan should include the test data,
the steps taken to set up the system, how you measured and analyzed the results, and
the warmup plan.

Design some method of documenting parameters and results, and document each run
carefully. Your documentation method might be as simple as a spreadsheet or note-
book, or as complex as a custom-designed database. Keep in mind that you’ll probably
want to write some scripts to help analyze the results, so the easier it is to process the
results without opening spreadsheets and text files, the better.

How Long Should the Benchmark Last?

It’s important to run the benchmark for a meaningful amount of time. If you’re inter-
ested in the system’s steady-state performance, which you probably should be, then
you need to observe the system in a steady state. This can take a surprisingly long time
to achieve, especially on servers with a lot of data and a lot of memory. Most systems
have some bulffers that create burstable capacity—the ability to absorb spikes, defer
some work, and catch up later after the peak is over. But if you pressure these mecha-
nisms for a long time, they will fill up, and you will eventually see that the system can’t
sustain its short-term peak performance.

Sometimes you don’t know how long your benchmark needs to run. If this is the case,
you can just run the benchmark forever, and observe until you are satisfied that the
system is starting to become stable. Here’s an example of how we did this on a system
we didn’t know well. Figure 2-1 shows a time-series plot of the system’s disk read and
write throughput.

3. All this is provided that you want a perfect benchmark, of course. Real life usually gets in the way.
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Figure 2-1. I/O performance during an extended benchmark

As the system warmed up, the read I/O activity settled into a steady line after three or
four hours, but writes remained variable for at least eight hours, and then there were a
few sharp notches in the plot of writes. After that, both reads and writes seemed to
settle in.# A rule of thumb is to wait until the system looks like it’s been steady for at
least as long as the initial warmup appeared to take. We ended up running this bench-
mark for 72 hours to ensure that the system was exhibiting its typical long-term
behavior.

A very common benchmarking mistake is to run a series of short benchmarks, such as
60-second runs, and conclude something about the system’s performance from that.
We hear a lot of comments such as “I tried benchmarking the new version of the server,
and it wasn’t faster than the old version.” When we dig into the actual benchmark, we
often find the benchmarks were conducted in a way that doesn’t support the conclu-
sions they’re intended to generate. Sometimes people protest that they just don’t have
time to benchmark the server for 8 or 12 hours at 10 different levels of concurrency on
two or three server versions. If you don’t have the time to do the benchmarks right, any
time you do spend is wasted; it is better to trust other people’s results, instead of doing
an incomplete benchmark and getting the wrong answers.

4. By the way, the graph of write I/O activity shows extremely bad behavior; this system’s steady state is a
performance catastrophe. Calling ita “steady state” is almost laughable, but our point is that it’s indicative
of how the server is going to behave over the long term.
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Capturing System Performance and Status

It is important to capture as much information about the system under test (SUT) as
possible while the benchmark runs. It’s a good idea to make a benchmark directory
with subdirectories for each run’s results. You can then place the results, configuration
files, measurements, scripts, and notes for each run in the appropriate subdirectory. If
you can measure more than you think you’re interested in, record the extra data any-
way. It’s much better to have unneeded data than to miss important data, and you
might find the extra data useful in the future. Try to record status and performance
metrics such as CPU usage, disk I/O, network traffic statistics, counters from SHOW
GLOBAL STATUS; and so on.

Here is a sample shell script that you can use to gather data on MySQL during bench-
marks:

#!/bin/sh

INTERVAL=5
PREFIX=$INTERVAL-sec-status
RUNFILE=/home/benchmarks/running
mysql -e 'SHOW GLOBAL VARIABLES' >> mysql-variables
while test -e $RUNFILE; do
file=$(date +%F_%I)
sleep=$(date +%s.%N | awk "{print $INTERVAL - (\$1 % $INTERVAL)}")
sleep $sleep
ts="$(date +"TS %s.%N %F %T")"
loadavg="$(uptime)"
echo "$ts $loadavg" >> $PREFIX-${file}-status
mysql -e 'SHOW GLOBAL STATUS' >> $PREFIX-${file}-status &
echo "$ts $loadavg" >> $PREFIX-${file}-innodbstatus
mysql -e 'SHOW ENGINE INNODB STATUS\G' >> $PREFIX-${file}-innodbstatus &
echo "$ts $loadavg" >> $PREFIX-${file}-processlist
mysql -e 'SHOW FULL PROCESSLIST\G' >> $PREFIX-${file}-processlist &
echo $ts
done
echo Exiting because $RUNFILE does not exist.

The shell script, simple as it is, is a solid framework for gathering performance and
status data. There are a few things about it that we find useful, which you might not
appreciate until you run large benchmarks across many servers and find it difficult to
answer questions about system behavior:

* The iterations are timed so that it will run every time the clock is evenly divisible
by 5 seconds. If you just insert “sleep 5 into the loop, the loop will take slightly
longer than 5 seconds to run, and you won’t have an easy time correlating any data
captured by this script with any other scripts or graphs. And even if your loops
somehow last exactly 5 seconds, it’s annoying to have some data from one system
with a timestamp of 15:32:18.218192 and another system at 15:32:23.819437. You
can change 5 seconds to something else, such as 1, 10, 30, or 60 if you want; we
usually use 5 or 10 seconds.

44 | Chapter2: Benchmarking MySQL

www.it-ebooks.info


http://www.it-ebooks.info/

* Each file is named after the date and hour when the benchmark is run. When
benchmarks last for days and the files grow large, you might find it handy to move
previous files off the server and free up some disk space if needed, and get a head
start on analyzing the full results. When you’re looking for data about a specific
point in time, it’s also nice to be able to find it in a file named after the hour, rather
than searching through a single file that has grown to gigabytes in size.

* Fach sample begins with a distinctive timestamp line, so you can search through
the files for samples related to specific times, and you can write little awk and sed
scripts easily.

* The script doesn’t preprocess or filter anything it gathers. It’s a good idea to gather
everything in its raw form, and process and filter it later. If you preprocess it, you’ll
surely find yourself wishing for the raw data later when you find an anomaly and
need more data to understand it.

* You can make the script exit when the benchmark is done by removing the /home/
benchmarks/running file in the script that executes your benchmark.

This is just a short code snippet, and probably won’t meet your needs as-is, but it’s an
illustration of a good general approach to capturing performance and status data. As
shown, the script captures only a few kinds of data on MySQL, but you can easily add
more things to it. You can capture /proc/diskstats to record disk I/O for later analysis
with the pt-diskstats tool,> for example.

Getting Accurate Results

The best way to get accurate results is to design your benchmark to answer the question
you want to answer. Have you chosen the right benchmark? Are you capturing the data
you need to answer the question? Are you benchmarking by the wrong criteria? For
example, are you running a CPU-bound benchmark to predict the performance of an
application you know will be I/O-bound?

Next, make sure your benchmark results will be repeatable. Try to ensure that the
system is in the same state at the beginning of each run. If the benchmark is important,
you should reboot between runs. If you need to benchmark on a warmed-up server,
which is the norm, you should also make sure that your warmup is long enough (see
the previous section on how long to run a benchmark), and that it’s repeatable. If the
warmup consists of random queries, for example, your benchmark results will not be
repeatable.

If the benchmark changes data or schema, reset it with a fresh snapshot between runs.
Inserting into a table with a thousand rows will not give the same results as inserting
into a table with a million rows! The data fragmentation and layout on disk can also

5. See Chapter 9 for more on the pt-diskstats tool.
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make your results nonrepeatable. One way to make sure the physical layout is close to
the same is to do a quick format and file copy of a partition.

Watch out for external load, profiling and monitoring systems, verbose logging, peri-
odic jobs, and other factors that can skew your results. A typical surprise is a cron job
that starts in the middle of a benchmark run, or a Patrol Read cycle or scheduled
consistency check on your RAID card. Make sure all the resources the benchmark needs
are dedicated to it while it runs. If something else is consuming network capacity, or if
the benchmark runs on a SAN that’s shared with other servers, your results might not
be accurate.

Try to change as few parameters as possible each time you run a benchmark. If you
must change several things at once, you risk missing something. Parameters can also
be dependent on one another, so sometimes you can’t change them independently.
Sometimes you might not even know they are related, which adds to the complexity.6

It generally helps to change the benchmark parameters iteratively, rather than making
dramatic changes between runs. For example, if you’re trying to adjust a setting to
create a specific behavior, use techniques such as divide-and-conquer (halving the dif-
ferences between runs) to home in on the right value.

We see a lot of benchmarks that try to predict performance after a migration, such as
migrating from Oracle to MySQL. These are often troublesome, because MySQL per-
forms well on completely different types of queries than Oracle. If you want to know
how well an application built on Oracle will run after migrating it to MySQL, you
usually need to redesign the schema and queries for MySQL. (In some cases, such as
when you’re building a cross-platform application, you might want to know how the
same queries will run on both platforms, but that’s unusual.)

You can’t get meaningful results from the default MySQL configuration settings either,
because they’re tuned for tiny applications that consume very little memory. Some of
the biggest face-palm moments we’ve had were when someone published flawed
benchmarks comparing MySQL to other relational database management systems
(RDBMSs) with the default settings. Irritatingly, these novice benchmarks often seem
to become headline news.

Solid-state storage (SSDs and PCle cards) presents special challenges for benchmarking,
which we address in Chapter 9.

Finally, if you get a strange result, don’t simply dismiss it as a bad data point or say you
don’t understand. Investigate and try to find out what happened. You might find a
valuable result, a huge problem, or a flaw in your benchmark design. It’s not a good
idea to publish benchmarks if you don’t understand the results. We’ve seen more than

6. Sometimes, this doesn’t really matter. For example, if you're thinking about migrating from a Solaris
system on SPARC hardware to GNU/Linux on x86, there’s no point in benchmarking Solaris on x86 as
an intermediate step!
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a few cases where benchmarks with odd results turned out to be completely meaning-
less due to a silly mistake, and the benchmarker looked rather foolish in the end.”

Running the Benchmark and Analyzing Results

Once you’ve prepared everything, you’re ready to run the benchmark and begin gath-
ering and analyzing data.

It’s a good idea to automate the benchmark runs. Doing so will improve your results
and their accuracy, because it will prevent you from forgetting steps or accidentally
doing things differently on different runs. It will also help you document how to run
the benchmark.

Any automation method will do; for example, a Makefile or a set of custom scripts.
Choose whatever scripting language makes sense for you: shell, PHP, Perl, etc. Try to
automate as much of the process as you can, including loading the data, warming up
the system, running the benchmark, and recording the results.

W

When you have it set up correctly, benchmarking can be a one-step
process. If you’re just running a one-off benchmark to check something
s quickly, you might not want to automate it, but if you think you’ll ever
" refer to the results in the future, do it anyway. If you don’t, you’ll never
remember how you ran the benchmark or what parameters you used,
and you won’t be able to use the benchmark results later.

You’ll usually run a benchmark several times. Exactly how many runs you need
depends on how you score the results, and how important the benchmark is. If you
need greater certainty, you need to run the benchmark more times. Common practices
are to look for the best result, average all the results, or just run the benchmark five
times and average the three best results. You can be as precise as you want. You might
want to apply statistical methods to your results, find the confidence interval, and so
on, but you often don’t need that level of certainty.8 If it answers your question to your
satisfaction, you can simply run the benchmark several times and see how much the
results vary. If they vary widely, either run the benchmark more times or run it for
longer, which usually reduces variance.

Once you have your results, you need to analyze them—that is, turn the numbers into
knowledge. The goal is to answer the question that frames the benchmark. Ideally,
you’d like to be able to make a statement such as “Upgrading to four CPUs increases
throughput by 50% with the same response time” or “The indexes made the queries
faster.” If you want to be more scientific, read up on the null hypothesis before

7. This has never, ever happened to any of the authors. Just in case you’re wondering.

8. If you really need scientific, rigorous results, you should read a good book on how to design and execute
controlled tests, because the subject is much larger than we can cover here.
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benchmarking—but note that most people are unlikely to hold you to such strict
standards.

How you “crunch the numbers” depends on how you collect the results. You should
probably write scripts to analyze the results, not only to help reduce the amount of
work required, but for the same reasons you should automate the benchmark itself:
repeatability and documentation. Here is a very simple skeleton shell script that can
help you extract time-series metrics from the data-gathering script we showed earlier.
[t accepts as its command-line options the filenames of the collected data:

#!/bin/sh
# This script converts SHOW GLOBAL STATUS into a tabulated format, one line

# per sample in the input, with the metrics divided by the time elapsed
# between samples.

awk '

BEGIN {
printf "#ts date time load QPS";
fmt = " %.2f";

/"TS/ { # The timestamp lines begin with TS.
ts = substr($2, 1, index($2, ".") - 1);
load = NF - 2;
diff = ts - prev_ts;

prev_ts = ts;
printf "\n%s %s %s %s", ts, $3, $4, substr($load, 1, length($load)-1);
}
/Queries/ {
printf fmt, ($2-Queries)/diff;
Queries=$2
}
" g

If you name this script analyze and run it against the status file generated by the earlier
script, you might get something like the following:

[baron@ginger ~]$ ./analyze 5-sec-status-2011-03-20
#ts date time load QPS

1300642150 2011-03-20 17:29:10 0.00 0.62

1300642155 2011-03-20 17:29:15 0.00 1311.60
1300642160 2011-03-20 17:29:20 0.00 1770.60
1300642165 2011-03-20 17:29:25 0.00 1756.60
1300642170 2011-03-20 17:29:30 0.00 1752.40
1300642175 2011-03-20 17:29:35 0.00 1735.00
1300642180 2011-03-20 17:29:40 0.00 1713.00
1300642185 2011-03-20 17:29:45 0.00 1788.00
1300642190 2011-03-20 17:29:50 0.00 1596.40

The first line is the column headers, and you should ignore the second line, because it
is before the benchmark really started to run. Subsequent lines have the Unix time-
stamp, date, time (notice the data points occur on the five-second clock ticks, as men-
tioned previously), system load average, and finally the QPS (queries per second) that
the database server was executing. This is the bare minimum data you need to examine
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the system’s performance. Next we’ll show you how to plot this quickly and see what
happened during the benchmark.

The Importance of Plotting

If you want to achieve world domination, you must plot continually, pun intended.
But seriously, the single easiest and most rewarding thing you can do with your system
performance metrics is plot them in a time series and look at them. You can spot prob-
lems on a chart instantly, when they could be difficult or impossible to see by examining
the raw data. You should resist the temptation to simply look at the averages and other
summary statistics your benchmark tool might print out. Averages are useless, because
they obscure what is really happening. Fortunately, the output from the scripts we’ve
written so far is custom-made for tools such as gnuplot or R to plot in the blink of an
eye. We’'ll demonstrate using gnuplot, assuming you saved the data into a file called
QPS-per-5-seconds:

gnuplot> plot "QPS-per-5-seconds” using 5 w lines title "QPS"

This instructs gnuplot to plot the fifth field in the file (the QPS field) with lines and title
it “QPS” on the plot. Figure 2-2 shows the result.
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Figure 2-2. Plotting the benchmark’s QPS

Now let’slook at an example that will make the value of plotting more obvious. Suppose
your system suffers from so-called “furious flushing” when it gets behind on check-
pointing and blocks all activity until it catches up, causing sharp drops in the through-
put. The 95th percentile and average response times will not show the drops, so the
results will hide the problem. However, a graph will show periodic notches. This is
illustrated in Figure 2-3.
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Figure 2-3. Results from a 30-minute dbt2 benchmark run

Figure 2-3 shows the throughput in new-order transactions per minute (NOTPM). This
line shows significant drops, which the overall average (the dotted line) doesn’t show
at all. The first drop is because the server’s caches are cold. The others show when the
server spends time intensively flushing dirty pages to the disk. Without the graph, these
aberrations are hard to see.

Such spiky behavior is very common in heavily loaded systems, and needs to be inves-
tigated. In this case, the behavior was because of the use of an older version of InnoDB,
which had a poor flushing algorithm. But you can’t take that for granted. You need to
go back to your detailed statistics and look at them. What did SHOW ENGINE INNODB
STATUS look like during these notches? What about the output of SHOW FULL PROCESS
LIST? You might be able to see instantly that InnoDB was flushing, or that there were
many threads in the process list with a status of “waiting on query cache lock,” or
something else similarly obvious. This is why it’s helpful to capture very detailed data
during your benchmarks, and then plot it so problems pop out.

Benchmarking Tools

You don’t have to roll your own benchmarking system, and in fact you shouldn’t unless
there’s a good reason why you can’t use one of the available ones. We show you some
of the available tools in the following sections.
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Full-Stack Tools

Recall that there are two types of benchmarks: full-stack and single-component. Not
surprisingly, there are tools to benchmark full applications, and there are tools to
stress-test MySQL and other components in isolation. Testing the full stack is usually
a better way to get a clear picture of your whole application’s performance. Full-stack
tools include:

ab
ab is an Apache HTTP server benchmarking tool. It shows how many requests per
second your HTTP server is capable of serving. If you are benchmarking a web
application, this translates to how many requests per second the entire application
can satisfy. It’s a very simple tool, but its usefulness is limited because it just ham-
mers one URL as fast as it can. More information on ab is available at http://httpd
.apache.org/docs/2.0/programs/ab.html.

http_load
This tool is similar in concept to ab; it is also designed to load a web server, but
it’s more flexible. You can create an input file with many different URLs, and
http_load will choose from among them at random. You can also instruct it to issue
requests at a timed rate, instead of just running them as fast as it can. See http:/
www.acme.com/software/http_load/ for more information.

JMeter
JMeter is a Java application that can load another application and measure its
performance. It was designed for testing web applications, but you can also use it
to test FTP servers and issue queries to a database via JDBC.

JMeter is much more complex than ab and http_load. For example, it has features
that let you simulate real users more flexibly, by controlling such parameters as
ramp-up time. It has a graphical user interface with built-in result graphing, and it
offers the ability to record and replay results offline. For more information, see
http://jakarta.apache.org/imeter/.

Single-Component Tools

Here are some useful tools to test the performance of MySQL and the system on which
it runs. We show example benchmarks with some of these tools in the next section:

mysqlslap

mysqlslap (http://dev.mysql.com/doc/refman/5.1/en/mysqlslap.html) simulates load
on the server and reports timing information. It is part of the MySQL 5.1 server
distribution, but it should be possible to run it against MySQL 4.1 and newer
servers. You can specify how many concurrent connections it should use, and you
can give it either a SQL statement on the command line or a file containing SQL
statements to run. If you don’t give it statements, it can also autogenerate SELECT
statements by examining the server’s schema.
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MySQL Benchmark Suite (sql-bench)
MySQL distributes its own benchmark suite with the MySQL server, and you can
use it to benchmark several different database servers. It is single-threaded and
measures how quickly the server executes queries. The results show which types
of operations the server performs well.

The main benefit of this benchmark suite is that it contains a lot of predefined tests
that are easy to use, so it makes it easy to compare different storage engines or
configurations. It’s useful as a high-level benchmark, to compare the overall per-
formance of two servers. You can also run a subset of its tests (for example, just
testing UPDATE performance). The tests are mostly CPU-bound, but there are short
periods that demand a lot of disk I/O.

The biggest disadvantages of this tool are that it’s single-user, it uses a very small
dataset, you can’t test your site-specific data, and its results might vary between
runs. Because it’s single-threaded and completely serial, it will not help you assess
the benefits of multiple CPUs, but it can help you compare single-CPU servers.

Perl and DBD drivers are required for the database server you wish to benchmark.
Documentation is available at http://dev.mysql.com/doc/en/mysql-benchmarks
eml/.

Super Smack
Super Smack (http://vegan.net/tony/supersmack/) is a benchmarking, stress-testing,
and load-generating tool for MySQL and PostgreSQL. It is a complex, powerful
tool that lets you simulate multiple users, load test data into the database, and
populate tables with randomly generated data. Benchmarks are contained in
“smack” files, which use a simple language to define clients, tables, queries, and
so on.

Database Test Suite

The Database Test Suite, designed by The Open Source Development Labs (OSDL)
and hosted on SourceForge at http://sourceforge.net/projects/osdldbt/, is a test kit
for running benchmarks similar to some industry-standard benchmarks, such as
those published by the Transaction Processing Performance Council (TPC). In
particular, the dbt2 test tool is a free (but uncertified) implementation of the
TPC-C OLTP test. We used to use it a lot, but we have developed purpose-built
tools for MySQL that we now use instead.

Percona’s TPCC-MySQL Tool
We have created a fair-usage implementation of a benchmark similar to the
TPC-C test, with tools specifically designed for benchmarking MySQL. This is the
tool we use most often for evaluating how MySQL behaves on nontrivial work-
loads. (For simpler benchmarks, we usually use sysbench instead.) The source code
is available at https://launchpad.net/perconatools, and there is brief usage docu-
mentation in the source repository.
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sysbench

sysbench (https://launchpad.net/sysbench) is a multithreaded system benchmarking
tool. Its goal is to get a sense of system performance, in terms of the factors im-
portant for running a database server. For example, you can measure the perfor-
mance of file I/O, the OS scheduler, memory allocation and transfer speed, POSIX
threads, and the database server itself. sysbench supports scripting in the Lua lan-
guage (http://www.lua.org), which makes it very flexible for testing a variety of
scenarios. It is our favorite all-around benchmarking tool for MySQL, operating
system, and hardware performance.

MySQL’s BENCHMARK() Function

MySQL has a handy BENCHMARK () function that you can use to test execution speeds for
certain types of operations. You use it by specifying a number of times to execute and
an expression to execute. The expression can be any scalar expression, such as a scalar
subquery or a function. This is convenient for testing the relative speed of some oper-
ations, such as seeing whether MD5() is faster than SHA1():

mysql> SET @input := 'hello world';
mysql> SELECT BENCHMARK (1000000, MD5(@input));

B e L LT LT +
| BENCHMARK (1000000, MD5(@input)) |
R L L e L L L +
| 0|
B e L LT LT +

1 row in set (2.78 sec)
mysql> SELECT BENCHMARK (1000000, SHA1(@input));

L e L L L L e +
| BENCHMARK (1000000, SHA1(@input)) |
e +
| 0|
B e +

1 row in set (3.50 sec)

The return value is always 0; you time the execution by looking at how long the client
application reported the query took. In this case, it looks like MD5() is faster. However,
using BENCHMARK () correctly is tricky unless you know what it’s really doing. It simply
measures how fast the server can execute the expression; it does not give any indication
of the parsing and optimization overhead. And unless the expression includes a user
variable, as in our example, the second and subsequent times the server executes the
expression might be cache hits.?

Although it’s handy, we don’t use BENCHMARK() for real benchmarks. It’s too hard to
figure out what it really measures, and it’s too narrowly focused on a small part of the
overall execution process.

9. One of the authors made this mistake and found that 10,000 executions of a certain expression ran
just as fast as 1 execution. It was a cache hit. In general, this type of behavior should always make
you suspect either a cache hit or an error.
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Benchmarking Examples

In this section, we’ll show you some examples of actual benchmarks with tools we
mentioned in the preceding sections. We can’t cover each tool exhaustively, but these
examples should help you decide which benchmarks might be useful for your purposes
and get you started using them.

http_load

Let’s start with a simple example of how to use http_load. We’ll use the following URLs,
which we saved to a file called urls.txt:

http://www.mysqlperformanceblog.com/
http://www.mysqlperformanceblog.com/page/2/
http://www.mysqlperformanceblog.com/mysql-patches/
http://www.mysqlperformanceblog.com/mysql-performance-presentations/
http://www.mysqlperformanceblog.com/2006/09/06/slow-query-log-analyzes-tools/

The simplest way to use http_load is to simply fetch the URLs in a loop. The program
fetches them as fast as it can:

$ http_load -parallel 1 -seconds 10 urls.txt
19 fetches, 1 max parallel, 837929 bytes, in 10.0003 seconds
44101.5 mean bytes/connection
1.89995 fetches/sec, 83790.7 bytes/sec
msecs/connect: 41.6647 mean, 56.156 max, 38.21 min
msecs/first-response: 320.207 mean, 508.958 max, 179.308 min
HTTP response codes:

code 200 - 19

The results are pretty self-explanatory; they simply show statistics about the requests.
A slightly more complex usage scenario is to fetch the URLs as fast as possible in a loop,
but emulate five concurrent users:

$ http_load -parallel 5 -seconds 10 urls.txt
94 fetches, 5 max parallel, 4.75565e+06 bytes, in 10.0005 seconds
50592 mean bytes/connection
9.39953 fetches/sec, 475541 bytes/sec
msecs/connect: 65.1983 mean, 169.991 max, 38.189 min
msecs/first-response: 245.014 mean, 993.059 max, 99.646 min
HTTP response codes:
code 200 - 94

Alternatively, instead of fetching as fast as possible, we can emulate the load for a
predicted rate of requests (such as five per second):

$ http_load -rate 5 -seconds 10 urls.txt

48 fetches, 4 max parallel, 2.50104e+06 bytes, in 10 seconds
52105 mean bytes/connection

4.8 fetches/sec, 250104 bytes/sec

msecs/connect: 42.5931 mean, 60.462 max, 38.117 min
msecs/first-response: 246.811 mean, 546.203 max, 108.363 min
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HTTP response codes:
code 200 - 48

Finally, we emulate even more load, with an incoming rate of 20 requests per second.
Notice how the connect and response times increase with the higher load:

$ http_load -rate 20 -seconds 10 urls.txt

111 fetches, 89 max parallel, 5.91142e+06 bytes, in 10.0001 seconds

53256.1 mean bytes/connection

11.0998 fetches/sec, 591134 bytes/sec

msecs/connect: 100.384 mean, 211.885 max, 38.214 min

msecs/first-response: 2163.51 mean, 7862.77 max, 933.708 min

HTTP response codes:

code 200 -- 111

MySQL Benchmark Suite

The MySQL Benchmark Suite consists of a set of Perl benchmarks, so you’ll need Perl
to run them. You’ll find the benchmarks in the sql-bench/ subdirectory in your MySQL
installation. On Debian GNU/Linux systems, for example, they’re in /usr/share/mysql/
sql-bench/.

Before getting started, read the included README file, which explains how to use the
suite and documents the command-line arguments. To run all the tests, use commands
like the following:

$ cd /usr/share/mysql/sql-bench/

sql-bench$ ./run-all-tests --server=mysql --user=root --log --fast

Test finished. You can find the result in:
output/RUN-mysql_fast-Linux_2.4.18 686_smp_1686

The benchmarks can take quite a while to run—perhaps over an hour, depending on
your hardware and configuration. If you give the --log command-line option, you can
monitor progress while they’re running. Each test logs its results in a subdirectory
named output. Each file contains a series of timings for the operations in each bench-
mark. Here’s a sample, slightly reformatted for printing:
sql-bench$ tail -5 output/select-mysql_fast-Linux_2.4.18_686_smp_i686
Time for count_distinct_group on_key (1000:6000):
34 wallclock secs ( 0.20 usr 0.08 sys + 0.00 cusr 0.00 csys = 0.28 CPU)
Time for count_distinct group on_key parts (1000:100000):
34 wallclock secs ( 0.57 usr 0.27 sys + 0.00 cusr 0.00 csys = 0.84 CPU)
Time for count_distinct_group (1000:100000):
34 wallclock secs ( 0.59 usr 0.20 sys + 0.00 cusr 0.00 csys = 0.79 CPU)
Time for count_distinct_big (100:1000000):
8 wallclock secs ( 4.22 usr 2.20 sys + 0.00 cusr 0.00 csys = 6.42 CPU)
Total time:
868 wallclock secs (33.24 usr 9.55 sys + 0.00 cusr 0.00 csys = 42.79 CPU)

As an example, the count_distinct_group on key (1000:6000) test took 34 wall-clock
seconds to execute. That’s the total amount of time the client took to run the test. The
other values (usr, sys, cursr, csys) that added up to 0.28 seconds constitute the over-
head for this test. That’s how much of the time was spent running the benchmark client
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code, rather than waiting for the MySQL server’s response. This means that the figure
we care about—how much time was tied up by things outside the client’s
control—was 33.72 seconds.

Rather than running the whole suite, you can run the tests individually. For example,
you might decide to focus on the insert test. This gives you more detail than the sum-
mary created by the full test suite:

sql-bench$ ./test-insert
Testing server 'MySQL 4.0.13 log' at 2003-05-18 11:02:39

Testing the speed of inserting data into 1 table and do some selects on it.
The tests are done with a table that has 100000 rows.

Generating random keys
Creating tables
Inserting 100000 rows in order
Inserting 100000 rows in reverse order
Inserting 100000 rows in random order
Time for insert (300000):
42 wallclock secs ( 7.91 usr 5.03 sys + 0.00 cusr 0.00 csys = 12.94 CPU)
Testing insert of duplicates
Time for insert duplicates (100000):
16 wallclock secs ( 2.28 usr 1.89 sys + 0.00 cusr 0.00 csys = 4.17 CPU)

sysbench

The sysbench tool can run a variety of “tests” (benchmarks). It was designed to test not
only database performance, but also how well a system is likely to perform as a database
server. In fact, Peter and Vadim originally designed it to run benchmarks specifically
relevant to MySQL performance, even though they aren’t actually all MySQL bench-
marks. We'll start with some tests that aren’t MySQL-specific and measure perfor-
mance for subsystems that will determine the system’s overall limits. Then we’ll show
you how to measure database performance.

We highly recommend getting familiar with sysbench. It is one of the most useful tools
in a MySQL user’s bag. And although there are many other tools that perform some of
the functions it can do, those tools aren’t always reliable and the results aren’t always
relevant to MySQL performance. For example, you can test I/O performance with
iozone, bonnie++, and a number of other tools, but it requires a lot of care to make
them test I/O in a similar fashion to the way InnoDB exercises the disks. On the other
hand, sysbench behaves a lot like InnoDB, so its fileio test is relevant out-of-the-box.

The syshench CPU benchmark

The most obvious subsystem test is the CPU benchmark, which uses 64-bit integers to
calculate prime numbers up to a specified maximum. We run this on two servers, both
running GNU/Linux, and compare the results. Here’s the first server’s hardware:
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[server1i ~]$ cat /proc/cpuinfo

model name : AMD Opteron(tm) Processor 246
stepping H

cpu MHz : 1992.857

cache size : 1024 KB

And here’s how to run the benchmark:

[server1 ~]$ sysbench --test=cpu --cpu-max-prime=20000 run
sysbench v0.4.8: multithreaded system evaluation benchmark

Test execution summary: total time: 121.7404s

The second server has a different CPU:

[server2 ~]$ cat /proc/cpuinfo

model name : Intel(R) Xeon(R) CPU 5130 @ 2.00GHz
stepping : 6
cpu MHz © 1995.005

Here’s its benchmark result:

[serverl ~]$ sysbench --test=cpu --cpu-max-prime=20000 run
sysbench v0.4.8: multithreaded system evaluation benchmark

Test execution summary: total time: 61.8596s

The result simply indicates the total time required to calculate the primes, which is very
easy to compare. In this case, the second server ran the benchmark about twice as fast
as the first server.

The syshench file 1/0 benchmark

The fileio benchmark measures how your system performs under different kinds of
/O loads. It is very helpful for comparing hard drives, RAID cards, and RAID modes,
and for tweaking the I/O subsystem. It emulates how InnoDB uses the disks in some
important ways.

The first stage in running this test is to prepare some files for the benchmark. You
should generate much more data than will fit in memory. If the data fits in memory,
the operating system will cache most of it, and the results will not accurately represent
an I/O-bound workload. We begin by creating a dataset:

$ sysbench --test=fileio --file-total-size=150G prepare
This creates files in the current working directory, which the run step will read and

write. The second step is to run the benchmark. Several options are available to test
different types of I/O performance:
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seqwr
Sequential write

seqrewr
Sequential rewrite

seqrd
Sequential read

rndrd
Random read

rndwr
Random write

rndrw
Combined random read/write

The following command runs the random read/write access file I/O benchmark:

$ sysbench --test=fileio --file-total-size=150G --file-test-mode=rndrw/
--init-rng=on --max-time=300 --max-requests=0 run

Here are the results:

sysbench v0.4.8: multithreaded system evaluation benchmark

Running the test with following options:
Number of threads: 1
Initializing random number generator from timer.

Extra file open flags: 0

128 files, 1.1719Gb each

150Gb total file size

Block size 16Kb

Number of random requests for random IO: 10000
Read/Write ratio for combined random IO test: 1.50
Periodic FSYNC enabled, calling fsync() each 100 requests.
Calling fsync() at the end of test, Enabled.

Using synchronous I/0 mode

Doing random r/w test

Threads started!

Time 1limit exceeded, exiting...

Done.

Operations performed: 40260 Read, 26840 Write, 85785 Other = 152885 Total
Read 629.06Mb Written 419.38Mb Total transferred 1.0239Gb (3.4948Mb/sec)
223.67 Requests/sec executed

Test execution summary:
total time: 300.0004s
total number of events: 67100
total time taken by event execution: 254.4601
per-request statistics:
min: 0.0000s
avg: 0.0038s
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max: 0.5628s
approx. 95 percentile: 0.0099s

Threads fairness:
events (avg/stddev): 67100.0000/0.00
execution time (avg/stddev):  254.4601/0.00

There’s a lot of information in the output. The most interesting numbers for measuring
the I/O subsystem are the number of requests per second and the total throughput. In
this case, the results are 223.67 requests/sec and 3.4948 MB/sec, respectively. The
timing information, especially the approximate 95th percentile, is also valuable. These
values provide a good indication of disk performance.

When you’re finished, you can run a cleanup to delete the files sysbench created for the
benchmarks:

$ sysbench --test=fileio --file-total-size=150G cleanup

The syshench OLTP benchmark

The OLTP benchmark emulates a simple transaction-processing workload. We show
an example with a table that has a million rows. The first step is to prepare a table for
the test:

$ sysbench --test=oltp --oltp-table-size=1000000 --mysql-db=test/
--mysql-user=root prepare
sysbench v0.4.8: multithreaded system evaluation benchmark

No DB drivers specified, using mysql
Creating table 'sbtest'...
Creating 1000000 records in table 'sbtest'...

That’s all you need to do to prepare the test data. Next, we run the benchmark in read-
only mode for 60 seconds, with eight concurrent threads:

$ sysbench --test=oltp --oltp-table-size=1000000 --mysql-db=test --mysql-user=root/
--max-time=60 --oltp-read-only=on --max-requests=0 --num-threads=8 run
sysbench v0.4.8: multithreaded system evaluation benchmark

No DB drivers specified, using mysql

WARNING: Preparing of "BEGIN" is unsupported, using emulation
(last message repeated 7 times)

Running the test with following options:

Number of threads: 8

Doing OLTP test.

Running mixed OLTP test

Doing read-only test

Using Special distribution (12 iterations, 1 pct of values are returned in 75 pct
cases)

Using "BEGIN" for starting transactions

Using auto_inc on the id column

Threads started!

Time 1limit exceeded, exiting...
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(last message repeated 7 times)
Done.

OLTP test statistics:
queries performed:

read: 179606

write: 0

other: 25658

total: 205264
transactions: 12829 (213.07 per sec.)
deadlocks: 0 (0.00 per sec.)

read/write requests:
other operations:

Test execution summary:

179606 (2982.92 per sec.)
25658 (426.13 per sec.)

total time: 60.2114s
total number of events: 12829
total time taken by event execution: 480.2086
per-request statistics:
min: 0.0030s
avg: 0.0374s
max: 1.9106s
approx. 95 percentile: 0.1163s

Threads fairness:
events (avg/stddev):
execution time (avg/stddev):

1603.6250/70.66
60.0261/0.06

Asbefore, there’s quite a bit of information in the results. The most interesting parts are:

* The transaction count
* The rate of transactions per second
* The timing statistics (minimal, average, maximal, and 95th percentile time)

¢ The thread-fairness statistics, which show how fair the simulated workload was

The example we’ve given is applicable to version 4 of sysbench, which is available in
prebuilt binaries from SourceForge.net. However, if you’re willing to compile sys-
bench from the source code on Launchpad (it’s easy and tastes great!), you can take
advantage of a lot of improvements in version 5. You can run benchmarks against
multiple tables instead of a single table, and you can observe throughput and response
time at regular intervals, such as every 10 seconds. These metrics are very important
for understanding system behavior.

Other syshench features

The sysbench tool can run several other system benchmarks that don’t measure a
database server’s performance directly:

memory
Exercises sequential memory reads or writes.
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threads
Benchmarks the thread scheduler’s performance. This is especially useful to test
the scheduler’s behavior under high load.

mutex
Measures mutex performance by emulating a situation where all threads run con-
currently most of the time, acquiring mutex locks only briefly. (A mutex is a data
structure that guarantees mutually exclusive access to some resource, preventing
concurrent access from causing problems.)

seqwr
Measures sequential write performance. This is very important for testing a sys-
tem’s practical performance limits. It can show how well your RAID controller’s
cache performs and alert you if the results are unusual. For example, if you have
no battery-backed write cache but your disk achieves 3,000 requests per second,
something is wrong, and your data is not safe.

In addition to the benchmark-specific mode parameter (--test), sysbench accepts some
other common parameters, such as --num-threads, --max-requests, and --max-time. See
the documentation for more information on these.

dbt2 TPC-C on the Database Test Suite

The Database Test Suite’s dbt2 tool is a free implementation of the TPC-C test. TPC-
C is a specification published by the TPC organization that emulates a complex online
transaction-processing load. It reports its results in transactions per minute (tpmC),
along with the cost of each transaction (Price/tpmC). The results depend greatly on the
hardware, so the published TPC-C results contain detailed specifications of the servers
used in the benchmark.

\

The dbt2 testis not really TPC-C. It’s not certified by TPC, and its results
aren’t directly comparable with TPC-C results. Also note that the
Qs authors have created what we consider to be a better tool than dbt2 for
© MySQL; see the next section.

Let’s look at a sample of how to set up and run a dbt2 benchmark. We used version
0.37 of dbt2, which is the most recent version we were able to use with MySQL (newer
versions contain fixes that MySQL does not fully support). The following are the steps
we took:

1. Prepare data.

The following command creates data for 10 warehouses in the specified directory.
The warehouses use a total of about 700 MB of space. The amount of space required
will change in proportion to the number of warehouses, so you can change
the -w parameter to create a dataset with the size you need:
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# src/datagen -w 10 -d /mnt/data/dbt2-w10
warehouses = 10

districts = 10

customers = 3000

items = 100000

orders = 3000

stock = 100000

new_orders = 900

Output directory of data files: /mnt/data/dbt2-wi10

Generating data files for 10 warehouse(s)...
Generating item table data...

Finished item table data...

Generating warehouse table data...

Finished warehouse table data...

Generating stock table data...

2. Load data into the MySQL database.

The following command creates a database named dbt2w10 and loads it with the
data we generated in the previous step (-d is the database name and -f is the direc-
tory with the generated data):
# scripts/mysql/mysql_load_db.sh -d dbt2wio -f /mnt/data/dbt2-wio/
-s /var/lib/mysql/mysql.sock
3. Run the benchmark.
The final step is to execute the following command from the scripts directory:

# run_mysql.sh -c 10 -w 10 -t 300 -n dbt2w1o/
-u root -o /var/lib/mysql/mysql.sock-e

DBT2 test for MySQL started *

* %

Results can be found in output/9 directory

* *
* Test consists of 4 stages: *
* *
* 1. Start of client to create pool of databases connections *
* 2. Start of driver to emulate terminals and transactions generation *
* 3, Test *
* 4. Processing of results *
* *
DATABASE NAME : dbt2w10

DATABASE USER: root

DATABASE SOCKET: /var/lib/mysql/mysql.sock

DATABASE CONNECTIONS: 10

TERMINAL THREADS: 100

SCALE FACTOR(WARHOUSES): 10

TERMINALS PER WAREHOUSE: 10

DURATION OF TEST(in sec): 300

SLEEPY in (msec) 300
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ZERO DELAYS MODE: 1

Stage 1. Starting up client...

Delay for each thread - 300 msec. Will sleep for 4 sec to start 10 database
connections

CLIENT_PID = 12962

Stage 2. Starting up driver...

Delay for each thread - 300 msec. Will sleep for 34 sec to start 100 terminal
threads

All threads has spawned successfuly.

Stage 3. Starting of the test. Duration of the test 300 sec
Stage 4. Processing of results...

Shutdown clients. Send TERM signal to 12962.
Response Time (s)

Transaction % Average : 90oth % Total Rollbacks %
Delivery 3.53 2.224 :  3.059 1603 0 0.00

New Order 41.24 0.659 : 1.175 18742 172 0.92
Order Status 3.86 0.684 : 1.228 1756 0 0.00
Payment 39.23 0.644 : 1.161 17827 0 0.00
Stock Level 3.59 0.652 : 1.147 1630 0 0.00

3396.95 new-order transactions per minute (NOTPM)
5.5 minute duration

0 total unknown errors

31 second(s) ramping up

The most important result is this line near the end:

This shows how many transactions per minute the system can process; more is better.
(The term “new-order” is not a special term for a type of transaction; it simply means
the test simulated someone placing a new order on the imaginary ecommerce website.)

3396.95 new-order transactions per minute (NOTPM)

You can change a few parameters to create different benchmarks:

-C

The number of connections to the database. You can change this to emulate dif-
ferent levels of concurrency and see how the system scales.

This enables zero-delay mode, which means there will be no delay between queries.
This stress-tests the database, but it can be unrealistic as real users need some
“think time” before generating new queries.

The total duration of the benchmark. Choose this time carefully, or the results will
be meaningless. Too short a time for benchmarking an I/O-bound workload will
give incorrect results because the system will not have enough time to warm the
caches and start to work normally. On the other hand, if you want to benchmark
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a CPU-bound workload, you shouldn’t make the time too long, or the dataset
might grow significantly and become I/O-bound.

This benchmark’s results can provide information on more than just performance. For
example, if you see too many rollbacks, you’ll know something is likely to be wrong.

Percona’s TPCC-MySQL Tool

Although it’s great for simple tests and comparisons, the workload that sysbench gen-
erates is not really relevant to any real-world application. The TPC-C benchmark is
much better for that. Although the dbt2 tool shown in the previous section is one fair-
use implementation of that benchmark, it has some drawbacks. These prompted the
authors of this book to create another TCP-C-like benchmark tool better suited to
running a lot of very large benchmarks. The code is available through Launchpad at
https://code.launchpad.net/~percona-dev/perconatools/tpcc-mysql, and there is a brief
README file that explains how to build and use the tool. It is quite simple to use. For
large numbers of warehouses, you might want to consider using the parallel data load-
ing utility included with the tool, because otherwise it can take a long time to generate
the dataset.

To use the tool, you need to create the database and table structures, load the data, and
then execute the benchmark. The database and table structures are simple SQL scripts
included with the source code, and the data loading is accomplished through the
tpcc_load C program, which you must compile. This will run for a while and produce
a great deal of output. (You should always redirect program output to files for docu-
mentation purposes, but here you really need to do so, or you might even lose your
scrollback history.) Here is an example setup, creating a small (five warehouses) dataset
in a database named tpccs:

$ ./tpcc_load localhost tpcc5 username p4ssword 5

**k HHfeasy#Ht TPC-C Data Loader ***

<Parameters>
[server]: localhost
[port]: 3306

[DBname]: tpccs
[user]: username
[pass]: p4ssword

[warehouse]: 5

TPCC Data Load Started...
Loading Item

[output snipped for brevity]

Loading Orders for D=10, W= 5
.......... 1000
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.......... 3000
Orders Done.

...DATA LOADING COMPLETED SUCCESSFULLY.

Next, you need to execute the benchmark, which requires the tpcc_start C program.
Again there is a lot of output, which should be redirected to a file. Here is a very short
sample run that runs five threads against the five warehouses, warming up for 30 sec-
onds and then benchmarking for 30 seconds:

$ ./tpcc_start localhost tpcc5 username p4ssword 5 5 30 30

**k HHteasy#Ht TPC-C Load Generator ***

<Parameters>
[server]: localhost
[port]: 3306

[DBname]: tpccs
[user]: username
[pass]: p4ssword

[warehouse]: 5

[connection]: 5
[rampup]: 30 (sec.)
[measure]: 30 (sec.)

RAMP-UP TIME. (30 sec.)
MEASURING START.

10, 63(0):0.40, 63(0):0.42, 7(0):0.76, 6(0):2.60, 6(0):0.17
20, 75(0):0.40, 74(0):0.62, 7(0):0.04, 9(0):2.38, 7(0):0.75
30, 83(0):0.22, 84(0):0.37, 9(0):0.04, 7(0):1.97, 9(0):0.80

STOPPING THREADS.....
<RT Histogram>

1.New-Order
2.Payment
3.0rder-Status
4.Delivery
5.Stock-Level

<90th Percentile RT (MaxRT)>
New-Order : 0.37 (1.10)

Payment : 0.47 (1.24)
Order-Status : 0.06 (0.96)
Delivery : 2.43 (2.72)
Stock-Level : 0.75 (0.79)

<Raw Results>
[0] sc:221 1t:0 rt:o0 fl:o0
[1] sc:221 1t:0 rt:0 fl:0
[2] sc:23 1t:0 rt:0 fl:0
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[3] sc:22 1t:0 rt:o fl:0
[4] sc:22 1t:0 rt:0 fl:0
in 30 sec.

<Raw Results2(sum ver.)>

] sc:2212 1t:0 rt:0 fl:0
] sc:2212 1t:0 rt:0 fl:0
] sc:23 1t:0 rt:o fl:0
] sc:22 1t:0 rt:0 fl:0
] sc:22 1t:0 rt:o fl:0

<Constraint Check> (all must be [OK])
[transaction percentage]
Payment: 43.42% (>=43.0%) [OK]
Order-Status: 4.52% (>= 4.0%) [OK]
Delivery: 4.32% (>= 4.0%) [OK]
Stock-Level: 4.32% (>= 4.0%) [OK]
[response time (at least 90% passed)]
New-Order: 100.00% [OK]
Payment: 100.00% [OK]
Order-Status: 100.00% [OK]
Delivery: 100.00% [OK]
Stock-Level: 100.00% [OK]

<TpmC>
442.000 TpmC

The very last line is the benchmark result: the number of transactions per minute that
the benchmark achieved.10If you see aberrant results in the lines immediately preceding
this, such as the constraint check lines, you can examine the response-time histograms
and other verbose output for clues about what was going wrong. Of course, you should
have used scripts such as those we showed earlier in this chapter as well, so you should
also have detailed diagnostic and performance data about what the server was doing
during the benchmark run.

Summary

Everyone who uses MySQL has reasons to learn the basics of benchmarking it. Bench-
marking is not just a practical activity for solving business problems, it’s also highly
educational. Learning how to frame a problem in such a way that a benchmark can
help provide an answer is analogous to working from word problems to setting up
equations in a math course. Phrasing the question correctly, choosing the right bench-
mark to answer the question, selecting the benchmark duration and parameters, run-
ning the benchmark, collecting the data, and analyzing the results will all make you a
much better MySQL user.

10. We ran this benchmark on a laptop for demonstration purposes only. Real servers should perform much
faster.

66 | Chapter2: Benchmarking MySQL

www.it-ebooks.info


http://www.it-ebooks.info/

If you haven’t done so yet, we recommend at least getting familiar with sysbench. Learn
how to use its oltp and fileio benchmarks, if nothing else. The 01tp benchmark is very
handy for quickly comparing different systems. Filesystem and disk benchmarks, on
the other hand, are invaluable for troubleshooting and isolating misbehaving compo-
nents when there are system performance problems. We’ve used such benchmarks
many times to prove that despite the administrator’s claims, a SAN really did have a
failed disk, or a RAID controller’s cache policy wasn’t actually configured as the utility
claimed it was. And when you’re benchmarking a single disk and it claims to be able
to execute 14,000 random reads per second, you know that you’ve either made a mis-
take or something is seriously wrong or misconfigured.!!

If you’ll be benchmarking systems often, it’s a good idea to make a discipline of it. Pick
a few benchmark tools that suit your needs, and learn them well. Build up a library of
scripts to help you set up benchmarks, capture the output and system performance
and status information, and analyze it afterward. Get comfortable with a plotting utility
such as gnuplot or R—don’t waste your time on spreadsheets; they are far too
cumbersome and slow. Plot early and plot often, to discover problems and failures in
your benchmarks and systems. Your eyes are more sophisticated than any script or tool
for discovering anomalies.

11. Asingle spinning disk can perform only a couple hundred operations per second, due to seek and rotation
times.
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CHAPTER 3
Profiling Server Performance

The three most common performance-related requests we receive in our consulting
practice are to find out whether a server is doing all of its work optimally, to find out
why a specific query is not executing quickly enough, and to troubleshoot mysterious
intermittent incidents, which users commonly call “stalls,” “pileups,” or “freezes.” This
chapter is a direct response to those three types of requests. We’ll show you tools and
techniques to help you speed up a server’s overall workload, speed up a single query,
or troubleshoot and solve a problem when it’s hard to observe, and you don’t know
what causes it or even how it manifests.

This might seem like a tall order, but it turns out that a simple method can show you
the signal within the noise. That method is to focus on measuring what the server spends
its time doing, and the technique that supports this is called profiling. In this chapter,
we’ll show you how to measure systems and generate profiles, and we’ll show you how
to profile your whole stack, from the application to the database server to individual
queries.

But you must empty your cup before you can fill it, so let’s dispel a few common mis-
conceptions about performance first. This gets a bit dense, so stay with us and we’ll
explain it all with examples later.

Introduction to Performance Optimization

Ask 10 people to define performance and you’ll probably get 10 different answers,
filled with terms such as “queries per second,” “CPU utilization,” “scalability,” and so
on. This is fine for most purposes, because people understand performance differently
in different contexts, but we will use a formal definition in this chapter. Our definition
is that performance is measured by the time required to complete a task. In other words,
performance is response time. This is a very important principle. We measure
performance by tasks and time, not by resources. A database server’s purpose is to
execute SQL statements, so the tasks we care about are queries or statements—the
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bread-and-butter SELECT, UPDATE, INSERT, and so on.! A database server’s performance
is measured by query response time, and the unit of measurement is time per query.

Now for another rhetorical question: what is optimization? We’ll return to this later,
but for now let’s agree that performance optimization is the practice of reducing re-
sponse time as much as possible? for a given workload.

We find that many people are very confused about this. If you think performance op-
timization requires you to reduce CPU utilization, for example, you’re thinking about
reducing resource consumption. But this is a trap. Resources are there to be consumed.
Sometimes making things faster requires that you increase resource consumption.
We’ve upgraded many times from an old version of MySQL with an ancient version of
InnoDB, and witnessed a dramatic increase in CPU utilization as a result. This is usually
nothing to be concerned about. It usually means that the newer version of InnoDB is
spending more time doing useful work and less time fighting with itself. Looking at
query response time is the best way to know whether the upgrade was an improvement.
Sometimes an upgrade introduces a bug such as not using an index, which can also
manifest as increased CPU utilization. CPU utilization is a symptom, not a goal, and
it’s best to measure the goal, or you could get derailed.

Similarly, if you thought that performance optimization was about improving queries
per second, then you were thinking about throughput optimization. Increased through-
put can be considered as a side effect of performance optimization.3 Optimizing queries
makes it possible for the server to execute more queries per second, because each one
requires less time to execute when the server is optimized. (The unit of throughput is
queries per time, which is the inverse of our definition of performance.)

So if the goal is to reduce response time, we need to understand why the server requires
a certain amount of time to respond to a query, and reduce or eliminate whatever
unnecessary work it’s doing to achieve the result. In other words, we need to measure
where the time goes. This leads to our second important principle of optimization: you
cannot reliably optimize what you cannot measure. Your first job is therefore to measure
where time is spent.

1. We don’t distinguish between queries and statements, DDL and DML, and so on. If you send a command
to the server, no matter what it is, you just care about how quickly it executes. We tend to use “query”
as a catch-all phrase for any command you send.

2. We'll mostly avoid philosophical discussions about performance optimization, but we have two
suggestions for further reading. There is a white paper called Goal-Driven Performance Optimization on
Percona’s website (http://www.percona.com), which is a compact quick-reference sheet. It is also very
worthwhile to read Cary Millsap’s book Optimizing Oracle Performance (O’Reilly). Cary’s performance
optimization method, Method R, is the gold standard in the Oracle world.

3. Some people define performance in terms of throughput, which is okay, but it’s not the definition we use
here. We think response time is more useful, although throughput is often easier to measure in
benchmarks.
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We’ve observed that many people, when trying to optimize something, spend the bulk
of their time changing things and very little time measuring. In contrast, we aim to
spend most of our time—perhaps upwards of 90%—measuring where the response
time is spent. If we don’t find the answer, we might not have measured correctly or
completely. When we gather complete and properly scoped measurements about server
activity, performance problems usually can’t hide, and the solution often becomes
trivially obvious. Measuring can be a challenge, however, and it can also be hard to
know what to do with the results once you have them—measuring where the time is
spent is not the same thing as understanding why the time is spent.

We mentioned proper scoping, but what does that mean? A properly scoped measure-
ment is one that measures only the activity you want to optimize. There are two com-
mon ways that you can capture something irrelevant:

* You can begin and end your measurements at the wrong time.

* You can measure things in aggregate instead of specifically targeting the activity
itself.

For example, a common mistake is to observe a slow query, and then look at the whole
server’s behavior to try to find what’s wrong. If the query is slow, then it’s best to
measure the query, not the whole server. And it’s best to measure from the beginning
of the query to the end, not before or after.

The time required to execute a task is spent either executing, or waiting. The best way
to reduce the time required to execute is to identify and measure the subtasks, and then
do one or more of the following: eliminate subtasks completely, make them happen
less often, or make them happen more efficiently. Reducing waiting is a more complex
exercise, because waiting can be caused by “collateral damage” from other activities
on the system, and thus there can be interaction between the task and other tasks that
might be contending for access to resources such as the disk or CPU. And you might
need to use different techniques or tools, depending on whether the time is spent ex-
ecuting or waiting.

In the preceding paragraph we said that you need to identify and optimize subtasks.
But that’s an oversimplification. Infrequent or short subtasks might contribute so little
to overall response time that it’s not worth your time to optimize them. How do you
determine which tasks to target for optimization? This is why profiling was invented.
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How Do You Know If Measurements Are Right?

If measurements are so important, then what if the measurements are wrong? In fact,
measurements are always wrong. The measurement of a quantity is not the same as the
quantity itself. The measurements might not be wrong enough to make a big difference,
but they’re wrong. So the question really should be, “How uncertain is the measure-
ment?” This is a topic that’s addressed in great detail in other books, so we won’t tackle
it here. Just be conscious that you’re working with measurements, not the actual
quantities they represent. As usual, the measurements can be presented in confusing
or ambiguous ways, which can lead to wrong conclusions, too.

Optimization Through Profiling

Once you have learned and practiced the response time—oriented method of perfor-
mance optimization, you’ll find yourself profiling systems over and over.

Profiling is the primary means of measuring and analyzing where time is consumed.
Profiling entails two steps: measuring tasks and the time elapsed, and aggregating and
sorting the results so that the important tasks bubble to the top.

Profiling tools all work in pretty much the same way. When a task begins, they start a
timer, and when it ends, they stop the timer and subtract the start time from the end
time to derive the response time. Most tools also record the task’s parent. The resulting
data can be used to construct call graphs, but more importantly for our purpose, similar
tasks can be grouped together and summed up. It can be helpful to do sophisticated
statistical analysis on the tasks that were grouped into one, but at a minimum, you need
to know how many tasks were grouped together, and the sum of their response times.
The profile report accomplishes this. A profile report consists of a table of tasks, one
line per task. Each line shows a name, the number of times the task executed, the total
time consumed, the average time per execution, and what portion of the whole this
task consumed. The profile report should be sorted in order of total time consumed,
descending.

To make this clearer, let’s look at a real profile of an entire server’s workload, which
shows the types of queries that the server spends its time executing. This is a top-level
view of where the response time goes; we’ll show others later. The following is from
Percona Toolkit’s pt-query-digest tool, which is the successor to Maatkit’s mk-query-
digest. We've simplified it slightly and included only the first few types of queries, to
remove distractions:

Rank Response time Calls R/Call Item

1 11256.3618 68.1% 78069 0.1442 SELECT InvitesNew
2 2029.4730 12.3% 14415 0.1408 SELECT StatusUpdate
3 1345.3445 8.1% 3520 0.3822 SHOW STATUS
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We've shown only the first few lines in the profile, ranked in order of total response
time consumption, with the minimal set of columns that a profile ought to have. Each
row shows the response time as a total and as a percent of the overall total, the number
of times the query executed, the average response time per query, and an abstraction
of the query. This profile makes it clear how expensive each of these types of queries
is, relative to each other as well as to the whole. In this case, tasks are queries, which
is probably the most common way that you’ll profile MySQL.

We will actually discuss two kinds of profiling: execution-time profiling and wait
analysis. Execution-time profiling shows which tasks consume the most time, whereas
wait analysis shows where tasks get stuck or blocked the most.

When tasks are slow because they’re consuming too many resources and are spending
most of their time executing, they won’t spend much time waiting, and wait analysis
will not be useful. The reverse is true, too: when tasks are waiting all the time and not
consuming any resources, measuring where they spend time executing won’t be very
helpful. If you’re not sure which kind of time consumption is the problem, you might
need to do both. We’ll show some examples of that later.

In practice, when execution-time profiling shows that a task is responsible for a lot of
elapsed time, you might be able to drill into it and find that some of the “execution
time” is spent waiting, at some lower level. For example, our simplified profile above
shows that a lot of time is consumed by a SELECT against the InvitesNew table, but at a
lower level, that time might be spent waiting for I/O to complete.

Before you can profile a system, you need to be able to measure it, and that often
requires instrumentation. An instrumented system has measurement points where data
is captured, and some way to make the data available for collection. Systems that are
well-instrumented are rather uncommon. Most systems are not built with a lot of in-
strumentation points, and those that are often provide only counts of activities, and no
way to measure how much time those activities took. MySQL is an example of this, at
least until version 5.5 when the first version of the Performance Schema introduced a
few time-based measurement points.* Versions 5.1 and earlier of MySQL had practi-
cally no time-based measurement points; most of the data you could get about the
server’s operation was in the form of SHOW STATUS counters, which simply count how
many times activities occur. That’s the main reason we ended up creating Percona
Server, which has offered detailed query-level instrumentation since version 5.0.

Fortunately, even though our ideal performance optimization technique works best
with great instrumentation, you can still make progress even with imperfectly instru-
mented systems. It’s often possible to measure the systems externally, or, failing that,
to make educated guesses based on knowledge of the system and the best information
available to you. However, when you do so, just be conscious that you’re operating on

4. The Performance Schema in MySQL 5.5 doesn’t provide query-level details; that is added in MySQL 5.6.
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potentially flawed data, and your guesses are not guaranteed to be correct. This is a
risk that you usually take when you observe systems that aren’t perfectly transparent.

For example, in Percona Server 5.0, the slow query log can reveal a few of the most
important causes of poor performance, such as waiting for disk I/O or row-level locks.
If the log shows 9.6 seconds of disk I/O wait for a 10-second query, it’s not important
to find out where the remaining 4% of the response time went. The disk I/O is clearly
the most important problem.

Interpreting the Profile

The profile shows you the most important tasks first, but what it doesn’t show you can
be just as important. Refer to the example profile we showed earlier. Unfortunately,
there’s a lot that it conceals, because all it shows is ranks, sums, and averages. Here’s
what’s missing:

Worthwhile queries

The profile doesn’t automatically show you which queries are worth your time to
optimize. This brings us back to the meaning of optimization. If you read Cary
Millsap’s book, you’ll get a lot more on this topic, but we’ll repeat two salient
points. First, some tasks aren’t worth optimizing because they contribute such a
small portion of response time overall. Because of Amdahl’s Law, a query that
consumes only 5% of total response time can contribute only 5% to overall
speedup, no matter how much faster you make it. Second, if it costs you a thousand
dollars to optimize a task and the business ends up making no additional money
as a result, you just deoptimized the business by a thousand dollars. Thus, opti-
mization should halt when the cost of improvement outweighs the benefit.

Outliers
Tasks might need to be optimized even if they don’t sort to the top of the profile.
If an occasional task is very slow, it might be unacceptable to users, even though
it doesn’t happen often enough to constitute a significant portion of overall re-
sponse time.

Unknown unknowns®
A good profiling tool will show you the “lost time,” if possible. Lost time is the
amount of wall-clock time not accounted in the tasks measured. For example, if
you measure the process’s overall CPU time as 10 seconds, but your profile of
subtasks adds up to 9.7 seconds, there are 300 milliseconds of lost time. This can
be an indication that you’re not measuring everything, or it could just be unavoid-
able due to rounding errors and the cost of measurement itself. You should pay
attention to this, if the tool shows it. You might be missing something important.
If the profile doesn’t show this, you should try to be conscious of its absence and

5. With apologies to Donald Rumsfeld. His comments were actually very insightful, even if they sounded
funny.

74 | Chapter3: Profiling Server Performance

www.it-ebooks.info


http://www.it-ebooks.info/

include it in your mental (or real) notes about what information you’re missing.
Our example profile doesn’t show lost time; that’s just a limitation of the tool we
used.

Buried details

The profile doesn’t show anything about the distribution of the response times.
Averages are dangerous because they hide information from you, and the average
isn’t a good indication of the whole. Peter often likes to say that the average tem-
perature of patients in the hospital isn’t important.6 What if item #1 in the profile
we showed earlier were really composed of two queries with one-second response
times, and 12,771 queries with response times in the tens of microseconds? There’s
no way to know from what we’re given. In order to make the best decisions about
where to concentrate your efforts, you need more information about the 12,773
queries that got packed into that single line in the profile. It’s especially helpful to
have more information on the response times, such as histograms, percentiles, the
standard deviation, and the index of dispersion.

Good tools can help you by automatically showing you some of these things. In fact,
pt-query-digest includes many of these details in its profile, and in the detailed report
that follows the profile. We simplified so that we could focus the example on the im-
portant basics: sorting the most expensive tasks to the top. We’ll show examples of a
richer and more useful profile report later in this chapter.

Another very important thing that’s missing from our example profile is the ability to
analyze interactions at a higher layer in the stack. When we’re looking solely at queries
in the server, we don’t really have the ability to link together related queries and un-
derstand whether they were all part of the same user interaction. We have tunnel vision,
so to speak, and we can’t zoom out and profile at the level of transactions or page views.
There are some ways to solve this problem, such as tagging queries with special com-
ments indicating where they originated and then aggregating at that level. Or you can
add instrumentation and profiling capabilities at the application layer, which is the
subject of our next section.

Profiling Your Application

You can profile pretty much anything that consumes time, and this includes your ap-
plication. In fact, profiling your application is generally easier than profiling your
database server, and much more rewarding. Although we’ve started by showing a pro-
file of a MySQL server’s queries for the purposes of illustration, it’s better to try to
measure and profile from the top down.” This lets you trace tasks as they flow through

6. Blimey! (It’s an inside joke. We can’t resist.)

7. We'll show examples later where we have a priori knowledge that the problem originates at a lower level,
so we skip the top-down approach.
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the system from the user to the servers and back. It’s often true that the database server
is to blame for performance problems, but it’s the application’s fault at least as often.
Bottlenecks can also be caused by any of the following:

* External resources, such as calls to web services or search engines

* Operations that require processing large amounts of data in the application, such
as parsing big XML files

* Expensive operations in tight loops, such as abusing regular expressions

* Badly optimized algorithms, such as naive search algorithms to find items in lists

Fortunately, it’s easy to figure out whether MySQL is the problem. You just need an
application profiling tool. (As a bonus, once you have it in place, it can help developers
write efficient code from the start.)

We recommend that you include profiling code in every new project you start. It might
be hard to inject profiling code into an existing application, but it’s easy to include it
in new applications.

Will Profiling Slow Your Servers?

Yes, it will make your application slower. No, it will make your application much faster.
Wait, we can explain.

Profiling and routine monitoring add overhead. The important questions are how much
overhead they add and whether the extra work is worth the benefit.

Many people who design and build high-performance applications believe that you
should measure everything you can and just accept the cost of measurement as a part
of your application’s work. Oracle performance guru Tom Kyte was famously asked
how costly Oracle’s instrumentation is, and he replied that the instrumentation makes
it possible to improve performance by at least 10%. We agree with this philosophy,
and for most applications that wouldn’t otherwise receive detailed performance eval-
uations every day, we think the improvement is likely to be much more than 10%. Even
if you don’t agree, it’s a great idea to build in at least some lightweight profiling that
you can enable permanently. It’s no fun to hit a performance bottleneck you never saw
coming, just because you didn’t build your systems to capture day-to-day changes in
their performance. Likewise, when you find a problem, historical data is invaluable.
You can also use the profiling data to help you plan hardware purchases, allocate re-
sources, and predict load for peak times or seasons.

What do we mean by “lightweight” profiling? Timing all SQL queries, plus the total
script execution time, is certainly cheap. And you don’t have to do it for every page
view. If you have a decent amount of traffic, you can just profile a random sample by
enabling profiling in your application’s setup file:
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<?php
$profiling_enabled = rand(0, 100) > 99;
>

Profiling just 1% of your sessions should help you find the worst problems. It’s ex-
tremely helpful to do this in production, because you’ll find things that you’ll never see
elsewhere.

A few years ago, when we wrote the second edition of this book, good prefabricated
tools for profiling applications in production weren’t all that readily available for the
popular web programming languages and frameworks, so we showed you a code ex-
ample of baking your own in a simple but effective way. Today we’re glad to say that
great tools are available and all you have to do is open the box and start improving
performance.

Firstand foremost, we want to tout the benefits of a software-as-a-service product called
New Relic. We aren’t paid to praise it, and we normally don’t endorse specific com-
panies or products, but this is a great tool. If you can possibly use it, you should. Our
customers who use New Relic are able to solve their problems without our help much
more often, and they can sometimes use it to identify problems correctly even when
they can’t find the solution. New Relic plugs into your application, profiles it, and sends
the data back to a web-based dashboard that makes it easy to take a response time—
oriented approach to application performance. You end up doing the right thing
without having to think about it. And New Relic instruments a lot of the user experi-
ence, from the web browser to the application code to the database and other external
calls.

What’s great about tools like New Relic is that they let you instrument your code in
production, all the time—not just in development, and not just sometimes. This is an
important point because many profiling tools, or the instrumentation they need to
function, can be so expensive that people are afraid to run them in production. You
need to instrument in production because you’ll discover things about your system’s
performance that you won’t find in development or staging environments. If your
chosen tools are really too expensive to run all the time, try to at least run them on one
application server in the cluster, or instrument just a fraction of executions, as men-
tioned in the sidebar “Will Profiling Slow Your Servers?”.

Instrumenting PHP Applications

If you can’t use New Relic, there are other good options. For PHP in particular, there
are several tools that can help you do profile your application. One of them is xhprof
(http://pecl.php.net/package/xhprof), which Facebook developed for its own use and
open sourced in 2009. It has a lot of advanced features, but for our purposes, the pri-
mary things to mention are that it’s easy to install and use, it’s lightweight and built for
scale so it can run in production all the time even on a very large installation, and it
generates a sensible profile of function calls sorted by time consumption. In addition
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to xhprof, there are low-level profiling tools such as xdebug, Valgrind, and cachegrind
to help you inspect your code in various ways.8 Some of these tools are not suitable for
production use because of their verbosity and high overhead, but can be great to use
in your development environment.

The other PHP profiling tool we’ll discuss is one that we wrote ourselves, based
partially on the code and principles we introduced in the second edition of this book.
It is called instrumentation-for-php (IfP), and it’s hosted on Google Code at http://code
.google.com/p/instrumentation-for-php/. It doesn’t instrument PHP itself as thoroughly
as xhprof does, but it instruments database calls more thoroughly, and thus it’s an
extremely valuable way to profile your application’s database usage when you don’t
have much access to or control over the database, which is often the case. IfP is a
singleton class that provides counters and timers, so it’s also easy to put into production
without requiring access to your PHP configuration, which again is the norm for a lot
of developers.

IfP doesn’t profile all of your PHP functions automatically—just the most important
ones. You have to start and stop custom counters manually when you identify things
that you want to profile, for example. But it times the whole page execution automat-
ically, and it makes it easy to instrument database and memcached calls automatically,
so you don’t have to start and stop counters explicitly for those important items. This
means that you can profile three very valuable things in a jiffy: the application at the
level of requests (page views), database queries, and cache queries. It also exports
the counters and timers to the Apache environment, so you can get Apache to write
the results out to the log. This is an easy and very lightweight way to store the results
for later analysis. IfP doesn’t store any other data on your systems, so there’s no need
for additional system administrator involvement.

Touseit, yousimply call start_request() at the very start of the page execution. Ideally,
this should be the first thing your application does:

require_once('Instrumentation.php');
Instrumentation::get_instance()->start_request();

This registers a shutdown function, so you don’t have to do anything further at the end
of the execution.

IfP adds comments to your SQL queries automatically. This makes it possible to analyze
the application quite flexibly by looking at the database server’s query log, and it also
makes it easy to know what’s really going on when you look at SHOW PROCESSLIST and
see some abusive query running in MySQL. If you’re like most people, you’ll have a
hard time tracking down the source of a bad query, especially if it’s a query that was
cobbled together through string concatenation and so forth, so you can’t just search
for it in the source code. This solves that problem. It tells you which application host

8. Unlike PHP, many programming languages have some built-in support for profiling. For Ruby, use the
-r command-line option; for Perl you can use perl -d:DProf, and so on.
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sent the query, even if you’re using a proxy or a load balancer. It tells you which ap-
plication user is responsible, and you can find the page request, source code function,
and line number, as well as key-value pairs for all of the counters you’ve created. Here’s
an example:

-- File: index.php Line: 118 Function: fullCachePage request_id: ABC session_id: XYZ
SELECT * FROM ...

How you instrument the calls to MySQL depends on which interface you use to connect
to MySQL. If you’re using the object-oriented mysqli interface, it’s a one-line change:
just replace the call to the mysqli constructor with a call to the automatically instru-
mented mysqli_x constructor instead. This constructor is a subclass provided by IfP,
with instrumentation and query rewrites baked in. If you’re not using the object-
oriented interface, or you’re using some other database access layer, you might need
to rewrite a little bit of code. Hopefully you don’t have database calls scattered
haphazardly throughout your code, but if you do, you can use an integrated develop-
ment environment (IDE) such as Eclipse to help you refactor it easily. Centralizing your
database access code is a very good practice, for many reasons.

Analyzing the results is easy. The pt-query-digest tool from Percona Toolkit has func-
tionality to extract the embedded name-value pairs from the query comments, so you
can simply log the queries with the MySQL log file and process the log file. And you
can use mod_log_config with Apache to set up custom logging with environment vari-
ables exported by IfP, along with the %D macro to capture request times in microseconds.

You can load the Apache log into a MySQL database with LOAD DATA INFILE and ex-
amine it with SQL queries easily. There is a PDF slideshow on the IfP website that gives
examples of how to do all of these things and more, with sample queries and command-
line arguments.

If you’re resisting adding instrumentation to your application, or if you feel too busy,
consider that it might be much easier than you think. The effort invested will pay you
back many times over in time savings and performance improvements. There’s no sub-
stitute for application instrumentation. Use New Relic, xhprof, IfP, or any of a number
of other solutions for various application languages and environments; this is not a
wheel you need to reinvent.
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The MySQL Enterprise Monitor's Query Analyzer

One of the tools you should consider using is the MySQL Enterprise Monitor. It’s part
of a commercial MySQL support subscription from Oracle. It can capture queries to
your server, either from the application’s MySQL connection libraries or from a proxy
(although we’re not fans of using the proxy). It has a very nice graphical user interface
that shows a profile of queries on the server and makes it easy to zoom into a specific
time period, such as during a suspicious spike in a graph of status counters. You can
also see information such as the queries’ EXPLAIN plans, making it a very useful trou-
bleshooting and diagnosis tool.

Profiling MySQL Queries

There are two broad approaches to profiling queries, which address two of the ques-
tions we mentioned in this chapter’s introduction. You can profile a whole server, in
terms of which queries contribute the most to its load. (If you’ve started at the top with
application-level profiling, you might already know which queries need attention.)
Then, once you’ve targeted specific queries for optimization, you can drill down to
profiling them individually, measuring which subtasks contribute the most to their
response times.

Profiling a Server's Workload

The server-wide approach is worthwhile because it can help you to audit a server for
inefficient queries. Identifying and fixing these “bad” queries can help you improve the
application’s performance overall, as well as target specific trouble spots. You can re-
duce the overall load on the server, thus making all queries faster by reducing conten-
tion for shared resources (“collateral benefit”). Reducing load on the server can help
you delay or avoid upgrades or other more costly measures, and you can discover and
address poor user experiences, such as outliers.

MySQL is getting more instrumentation with each new release, and if the current trend
is a reliable indicator, it will soon have world-class support for measuring most impor-
tant aspects of its performance. But in terms of profiling queries and finding the most
expensive ones, we don’t really need all that sophistication. The tool we need the most
has been there for a long time. It’s the so-called slow query log.

Capturing MySQL'’s queries to a log

In MySQL, the slow query log was originally meant to capture just “slow” queries, but
for profiling, we need it to log all queries. And we need high-resolution response times,
not the one-second granularity that was available in MySQL 5.0 and earlier. Fortu-
nately, those old limitations are a thing of the past. In MySQL 5.1 and newer versions,
the slow query log is enhanced so that you can set the long_query time server variable
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to zero, capturing all queries, and the query response time is available with microsecond
resolution. If you are using Percona Server, this functionality is available in version 5.0,
and Percona Server adds a great deal more control over the log’s contents and capturing
queries.

The slow query log is the lowest-overhead, highest-fidelity way to measure query exe-
cution times in current versions of MySQL. If you’re worried about the additional
I/O it might cause, put your mind at ease. We benchmarked it, and on I/O-bound
workloads, the overhead is negligible. (It’s actually more noticeable on CPU-bound
workloads.) A more valid concern is filling up your disk. Make sure that you have log
rotation set up for the slow query log, if you leave it on all the time. Or, just don’t enable
it all the time; leave it disabled, and turn it on only for a period of time to gather a
workload sample.

MySQL has another type of query log, called the “general log,” but it’s not much use
for analyzing and profiling a server. The queries are logged as they arrive at the server,
so the log has no information on response times or the query execution plan. MySQL
5.1 and later also support logging queries to tables, but that too is a nonstarter for
most purposes. The performance impact is huge, and although MySQL 5.1 prints query
times with microsecond precision in the slow query log, it reverts to one-second gran-
ularity for logging slow queries to a table. That’s not very helpful.

Percona Server logs significantly more details to the slow query log than MySQL does.
There is valuable information on the query execution plan, locking, I/O activity, and
much more. These additional bits of data were added slowly over time, as we faced
different optimization scenarios that demanded more details about how queries ac-
tually executed and where they spent their time. We also made it much easier to
administer. For example, we added the ability to control every connection’s long_
query_time threshold globally, so you can make them start or stop logging their quer-
ies when the application uses a connection pool or persistent connections and you can’t
reset their session-level variables. All in all, it is a lightweight and full-featured way to
profile a server and optimize its queries.

Sometimes you don’t want to log queries on the server, or you can’t for some reason,
such as not having access to the server. We encountered these same limitations, so we
developed two alternative techniques and programmed them both into Percona Tool-
kit’s pt-query-digest tool. The first tactic is watching SHOW FULL PROCESSLIST repeatedly
with the --processlist option, noting when queries first appear and when they disappear.
This is a sufficiently accurate method for some purposes, but it can’t capture all queries.
Very short-lived queries can sneak in and finish before the tool can observe them.

The second technique is capturing TCP network traffic and inspecting it, then decoding
the MySQL client/server protocol. You can use tcpdump to save the traffic to disk, then
use pt-query-digest with the --type=tpcdump option to decode and analyze the queries.
This is a much higher-precision technique, and it can capture all queries. It even works
with advanced protocol features such as the binary protocol used to create and execute
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server-side prepared statements, and the compressed protocol. You can also use
MySQL Proxy with a logging script, but in practice we rarely do this.

Analyzing the query log

We suggest that at least every now and then you should use the slow query log to
capture all queries executing on your server, and analyze them. Log the queries for some
representative period of time, such as an hour during your peak traffic time. If your
workload is very homogeneous, a minute or less might even be enough to find bad
queries that need to be optimized.

Don’t just open up the log and start looking at it directly—it’s a waste of time and
money. Generate a profile first, and if you need to, then you can go look at specific
samples in the log. It’s best to work from a high-level view down to the low level, or
you could de-optimize the business, as mentioned earlier.

Generating a profile from the slow query log requires a good log analysis tool. We
suggest pt-query-digest, which is arguably the most powerful tool available for MySQL
query log analysis. It supports a large variety of functionality, including the ability to
save query reports to a database and track changes in workload over time.

By default, you simply execute it and pass it the slow query log file as an argument, and
it just does the right thing. It prints out a profile of the queries in the log, and then
selects “important” classes of queries and prints out a detailed report on each one. The
report has dozens of little niceties to make your life easier. We continue to develop this
tool actively, so you should read the documentation for the most recent version to learn
about its current functionality.

We'll give you a brief tour of the report pt-query-digest prints out, beginning with the
profile. Here is an uncensored version of the profile we showed earlier in this chapter:

# Profile
Rank Query ID Response time Calls R/Call V/M  Item

OXBFCF8E3F293F6466 11256.3618 68.1% 78069 0.1442 0.21 SELECT InvitesNew?
0x620B8CAB2B1C76EC 2029.4730 12.3% 14415 0.1408 0.21 SELECT StatusUpdate?
0xB90978440CC11CC7 1345.3445 8.1% 3520 0.3822 0.00 SHOW STATUS
0xCB73D6B5B031B4CF 1341.6432 8.1% 3509 0.3823 0.00 SHOW STATUS

MISC oxMISC 560.7556 3.4% 23930 0.0234 0.0 <17 ITEMS>

B wWKN R

#
#
#
#
#
#
#

There’s a little more detail here than we saw previously. First, each query has an 1D,
which is a hash of its “fingerprint.” A fingerprint is the normalized, canonical version
of the query with literal values removed, whitespace collapsed, and everything lower-
cased (notice that queries 3 and 4 appear to be the same, but they have different fin-
gerprints). The tool also merges tables with similar names into a canonical form. The
question mark at the end of the InvitesNew table name signifies that there is a shard
identifier appended to the table name, and the tool has removed that so that queries
against tables with a similar purpose are aggregated together. This report is from a
heavily sharded Facebook application.
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Another bit of extra detail here is the variance-to-mean ratio, in the V/M column. This
is also known as the index of dispersion. Queries with a higher index of dispersion have
a more variable execution-time profile, and highly variable queries are generally good
candidates for optimization. If you specify the --explain option to pt-query-digest, it will
also add a column with a short representation of the query’s EXPLAIN plan—sort of a
“geek code” for the query. This, in combination with the V/M column, makes it a snap
to see which queries are bad and potentially easy to optimize.

Finally, there’s an additional line at the bottom, showing the presence of 17 other types
of queries that the tool didn’t consider important enough to report individually,
and a summary of the statistics for all of them. You can use options such as --limit and
--outliers to make the tool show more details instead of collapsing unimportant queries
into this final line. By default, the tool prints out queries that are either in the top 10
time consumers overall, or whose execution time was over a one-second threshold too
many times. Both of these limits are configurable.

Following the profile, the tool prints out a detailed report on each type of query. You
can match the query reports to the profile by looking for the query ID or the rank.
Here’s the report for the #1 ranked query, the “worst” one:

# Query 1: 24.28 QPS, 3.50x concurrency, ID OxBFCF8E3F293F6466 at byte 5590079

# This item is included in the report because it matches --limit.

# Scores: V/M = 0.21

# Query time sparkline: | ~ .~ |

# Time range: 2008-09-13 21:51:55 to 22:45:30

# Attribute pct total min max avg 95% stddev median
# === =

# Count 63 78069

# Exec time 68 11256s 37us 1s  144ms  501ms  175ms 68ms
# Lock time 85 134s 0  650ms 2ms  176us 20ms 57us
# Rows sent 8 70.18k 0 1 0.92 0.99 0.27 0.99
# Rows examine 8 70.84k 0 3 0.93 0.99 0.28 0.99
# Query size 84 10.43M 135 141 140.13 136.99 0.10 136.99
# String:

# Databases production

# Hosts

# Users fbappuser

# Query_time distribution

#  1us

# 10us #

# 100us  HEHEHHEH S

#  1ms Hit#

# A0ms  HEHFHHHHEH R

# 100ms  HEHFHHEH S S
# 1s #

# 10s+

# Tables

# SHOW TABLE STATUS FROM ‘production * LIKE'InvitesNew82'\G

# SHOW CREATE TABLE ‘production . InvitesNew82'\G

# EXPLAIN /*!50100 PARTITIONS*/
SELECT InviteId, InviterIdentifier FROM InvitesNew82 WHERE (InviteSetId = 87041469)
AND (InviteeIdentifier = 1138714082) LIMIT 1\G
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The report contains a variety of metadata at the top, including how often the query
executes, its average concurrency, and the byte offset where the worst-performing in-
stance of the query was found in the log file. There is a tabular printout of the numeric
metadata, including statistics such as the standard deviation.?

This is followed by a histogram of the response times. Interestingly, you can see that
this query has a double-peak histogram, under Query time distribution. It usually
executes in the hundreds of milliseconds, but there’s also a significant spike of queries
that execute about three orders of magnitude faster. If this log were from Percona
Server, we’d have a richer set of attributes in the query log, so we’d be able to slice and
dice the queries to determine why that happens. Perhaps those are queries against
specific values that are disproportionately common, so a different index is used, or
perhaps they’re query cache hits, for example. This sort of double-peak histogram
shape is not unusual in real systems, especially for simple queries, which will usually
have only a few alternative execution paths.

Finally, the report detail section ends with little helper snippets to make it easy for you
to copy and paste commands into a terminal and examine the schema and status of the
tables mentioned, and an EXPLAIN-ready sample query. The sample contains all of the
literals and isn’t “fingerprinted,” so it’s a real query. It’s actually the instance of this
query that had the worst execution time in our example.

After you choose the queries you want to optimize, you can use this report to examine
the query execution very quickly. We use this tool constantly, and we’ve spent a lot of
time tweaking it to be as efficient and helpful as possible. We definitely recommend
that you get comfortable with it. MySQL might gain more sophisticated built-in in-
strumentation and profiling in the future, but at the time of writing, logging queries
with the slow query log or tcpdump and running the resulting log through pt-query-
digest is about as good as you can get.

Profiling a Single Query

After you've identified a single query to optimize, you can drill into it and determine
why it takes as much time as it does, and how to optimize it. The actual techniques for
optimizing queries are covered in later chapters in this book, along with the background
necessary to support those techniques. Our purpose here is simply to show you how
to measure what the query does and how long each part of that takes. Knowing this
helps you decide which optimization techniques to use.

Unfortunately, most of the instrumentation in MySQL isn’t very helpful for profiling
queries. This is changing, but at the time of writing, most production servers don’t have
the newest profiling features. So for practical purposes, we’re pretty much limited to

9. We're keeping it simple here for clarity, but Percona Server’s query log will produce a much more detailed
report, which could help you understand why the query is apparently spending 144 ms to examine a
single row—that’s a lot!
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SHOW STATUS, SHOW PROFILE, and examining individual entries in the slow query log (if
you have Percona Server—standard MySQL doesn’t have any additional information
in the log). We’ll demonstrate all three techniques for a single query and show you
what you can learn about the query execution from each.

Using SHOW PROFILE

The SHOW PROFILE command is a community contribution from Jeremy Cole that’s in-
cluded in MySQL 5.1 and newer, and some versions of MySQL 5.0. It is the only real
query profiling tool available in a GA release of MySQL at the time of writing. It is
disabled by default, but can be enabled for the duration of a session (connection) simply
by setting a server variable:

mysql> SET profiling = 1;

After this, whenever you issue a statement to the server, it will measure the elapsed
time and a few other types of data whenever the query changes from one execution
state to another. The feature actually has quite a bit of functionality, and was designed
to have more, butit will probably be replaced or superseded by the Performance Schema
in a future release. Regardless, the most useful functionality of this feature is to generate
a profile of the work the server did during statement execution.

Every time you issue a query to the server, it records the profiling information in a
temporary table and assigns the statement an integer identifier, starting with 1. Here’s
an example of profiling a view included with the Sakila sample database:10

mysql> SELECT * FROM sakila.nicer_but_slower film list;

[query results omitted]
997 rows in set (0.17 sec)

The query returned 997 rows in about a sixth of a second. Let’s see what SHOW PRO
FILES (note the plural) knows about this query:

mysql> SHOW PROFILES;

R EREEEEEE  ERREEEEEEEE oo +
| Query ID | Duration | Query |
EEREEEEEE  ERREEEEEEEE T e T PR +
| 1 | 0.16767900 | SELECT * FROM sakila.nicer_but_slower_ film list |
EEREEEEEE  ERREEEEEEEE T +

The first thing you’ll notice is that it shows the query’s response time with higher
precision, which is nice. Two decimal places of precision, as shown in the MySQL
client, often isn’t enough when you’re working on fast queries. Now let’s look at the
profile for this query:

10. The view is too lengthy to show here, but the Sakila database is available for download from MySQL’s
website.
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mysql> SHOW PROFILE FOR QUERY 1;

Hmm e Hmmmmmmmmae +
| Status | Duration |
Hmm e Hmmmmmmmmae +
| starting | 0.000082 |
| Opening tables | 0.000459 |
| System lock | 0.000010 |
| Table lock | 0.000020 |
| checking permissions | 0.000005 |
| checking permissions | 0.000004 |
| checking permissions | 0.000003 |
| checking permissions | 0.000004 |
| checking permissions | 0.000560 |
| optimizing | 0.000054 |
| statistics | 0.000174 |
| preparing | 0.000059 |
| Creating tmp table | 0.000463 |
| executing | 0.000006 |
| Copying to tmp table | 0.090623 |
| Sorting result | 0.011555 |
| Sending data | 0.045931 |
| removing tmp table | 0.004782 |
| Sending data | 0.000011 |
| init | 0.000022 |
| optimizing | 0.000005 |
| statistics | 0.000013 |
| preparing | 0.000008 |
| executing | 0.000004 |
| Sending data | 0.010832 |
| end | 0.000008 |
| query end | 0.000003 |
| freeing items | 0.000017 |
| removing tmp table | 0.000010 |
| freeing items | 0.000042 |
| removing tmp table | 0.001098 |
| closing tables | 0.000013 |
| logging slow query | 0.000003 |
| logging slow query | 0.000789 |
| cleaning up | 0.000007 |
B B et +

The profile allows you to follow through every step of the query’s execution and see
how long it took. You’ll notice that it’s a bit hard to scan this output and see where
most of the time was spent. It is sorted in chronological order, but we don’t really care
about the order in which the steps happened—we just care how much time they took,
so we know what was costly. Unfortunately, you can’t sort the output of the command
with an ORDER BY. Let’s switch from using the SHOW PROFILE command to querying the
corresponding INFORMATION_SCHEMA table, and format to look like the profiles we’re used
to seeing:

mysql> SET @query_id = 1;
Query OK, 0 rows affected (0.00 sec)

mysql> SELECT STATE, SUM(DURATION) AS Total R,
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->  ROUND(

-> 100 * SUM(DURATION) /

-> (SELECT SUM(DURATION)

-> FROM INFORMATION_SCHEMA.PROFILING
-> WHERE QUERY_ID = @query_id

-> )> 2) AS Pct R,

->  COUNT(*) AS Calls,

->  SUM(DURATION) / COUNT(*) AS "R/Call"
-> FROM INFORMATION_SCHEMA.PROFILING

-> WHERE QUERY_ID = @query_id

-> GROUP BY STATE

-> ORDER BY Total_R DESC;

R e L LT Fommmmmmee- R +------- Fommmmmmmm e +
| STATE | Total R | Pct R | Calls | R/Call |
Fom e B i +------- - L e LR +
| Copying to tmp table | 0.090623 | 54.05 | 1 | 0.0906230000 |
| Sending data | 0.056774 | 33.86 | 3 | 0.0189246667 |
| Sorting result | 0.011555 | 6.89 | 1 | 0.0115550000 |
| removing tmp table | 0.005890 | 3.51 | 3 | 0.0019633333 |
| logging slow query | 0.000792 | 0.47 | 2 | 0.0003960000 |
| checking permissions | 0.000576 | 0.34 | 5 | 0.0001152000 |
| Creating tmp table | 0.000463 | 0.28 | 1 | 0.0004630000 |
| Opening tables | 0.000459 | 0.27 | 1 | 0.0004590000 |
| statistics | 0.000187 | o0.11 | 2 | 0.0000935000 |
| starting | 0.000082 | o0.05 | 1 | 0.0000820000 |
| preparing | 0.000067 | 0.04 | 2 | 0.0000335000 |
| freeing items | 0.000059 | 0.04 | 2 | 0.0000295000 |
| optimizing | 0.000059 | 0.04 | 2 | 0.0000295000 |
| init | 0.000022 | 0.01 | 1 | 0.0000220000 |
| Table lock | 0.000020 | 0.01 | 1 | 0.0000200000 |
| closing tables | 0.000013 | o0.01 | 1 | 0.0000130000 |
| System lock | 0.000010 | 0.01 | 1 | 0.0000100000 |
| executing | 0.000010 | 0.01 | 2 | 0.0000050000 |
| end | 0.000008 | 0.00 | 1 | 0.0000080000 |
| cleaning up | 0.000007 | 0.00 | 1 | 0.0000070000 |
| query end | 0.000003 | 0.00 | 1 | 0.0000030000 |
LR e L LT Fommmmmmee LR Fomm———- B +

Much better! Now we can see that the reason this query took so long was that it spent
over half its time copying data into a temporary table. We might need to look into
rewriting this query so it doesn’t use a temporary table, or perhaps do it more efficiently.
The next biggest time consumer, “Sending data,” is really kind of a catch-all state that
could represent any number of different server activities, including searching for match-
ing rows in a join and so on. It’s hard to say whether we’ll be able to shave any time off
this. Notice that “Sorting result” takes up a very small portion of the time, not enough
to be worth optimizing. This is rather typical, which is why we encourage people not
to spend time on “tuning the sort buffers” and similar activities.

As usual, although the profile helps us identify what types of activity contribute the
most to the elapsed time, it doesn’t tell us why. To find out why it took so much time
to copy data into the temporary table, we’d have to drill down into that state and
produce a profile of the subtasks it executed.
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Using SHOW STATUS

MySQL’s SHOW STATUS command returns a variety of counters. There is a server-wide
global scope for the counters, as well as a session scope that is specific to your own
connection. The Queries counter, for example, starts at zero in your session and in-
creases every time you issue a query. If you execute SHON GLOBAL STATUS (note the ad-
dition of the GLOBAL keyword), you’ll see a server-wide count of queries the server has
issued since it was started. The scope of each counter varies—counters that don’t have
a session-level scope still appear in SHOW STATUS, masquerading as session counters—
and this can be confusing. It’s something to keep in mind as you use this command.
Aswe discussed earlier, gathering properly scoped measurements is key. If you’re trying
to optimize something that you can observe occurring in your specific connection to
the server, measurements that are being polluted by server-wide activity are not helpful.
The MySQL manual has a great reference to all of the variables and whether they have
session or global scope.

SHOW STATUS can be a helpful tool, but it isn’t really profiling.11 Most of the results from
SHOW STATUS are just counters. They tell you how often various activities took place,
such as reads from an index, but they tell you nothing about how much time was
consumed. There is only one counter in SHOW STATUS that shows time consumed by an
operation (Innodb_row lock time), and it has only global scope, so you can’t use it to
examine only the work you’ve done in your session.

Still, although SHOW STATUS doesn’t provide timings, it can be helpful to look at it after
you execute a query and examine the values for a few of the counters. You can form a
guess about which types of expensive operations took place and how likely they were
to contribute to the query time. The most important counters are the handler counters
and the temporary file and table counters. We explain these in more detail in Appen-
dix B. Here’s an example of resetting the session status counters to zero, selecting from
the same view we used in the previous section, and then looking at the counters:

mysql> FLUSH STATUS;

mysql> SELECT * FROM sakila.nicer_but_slower_film_list;

[query results omitted]

mysql> SHOW STATUS WHERE Variable name LIKE 'Handler’%’
OR Variable_name LIKE 'Created%’;

|
+
| Created_tmp_disk_tables |
| Created_tmp_files |
| Created_tmp_tables |
| Handler_commit |
| Handler_delete |
| Handler_discover |
| Handler_prepare |
| Handler_read first |

P OOORFrR,rWON

11. If you own the second edition of this book, you’ll notice that we’re doing an about-face on this point.
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Handler read key | 7483

| |
| Handler_read_next | 6462 |
| Handler_read_prev | o

| Handler_read_rnd | 5462 |
| Handler_read_rnd_next | 6478 |
| Handler_rollback | o

| Handler_savepoint | o |
| Handler_savepoint_rollback | 0 |
| Handler_ update | o |
| Handler_ write | 6459 |
e Hmmmmm e +

It looks like the query used three temporary tables—two of them on disk—and did a
lot of unindexed reads (Handler_read rnd_next). If we didn’t know anything about the
view we just accessed, we might guess that the query is perhaps doing a join without
an index, possibly because of a subquery that created temporary tables and then made
it the right-hand input to a join. Temporary tables created to hold the results of sub-
queries don’t have indexes, so this seems plausible.

When you use this technique, be aware that SHOW STATUS itself creates a temporary table,
and accesses this table with handler operations, so the numbers you see in the output
are actually impacted by SHOW STATUS. This varies between server versions. Given what
we already know about the query’s execution from SHOW PROFILES, it looks like the
count of temporary tables might be overstated by 2.

It’s worth noting that you can probably discover most of the same information by
looking at an EXPLAIN plan for this query. But EXPLAIN is an estimate of what the server
thinks it will do, and looking at the status counters is a measurement of what it actually
did. EXPLAIN won’t tell you whether a temporary table was created on disk, for example,
which is slower than in memory. There’s more on EXPLAIN in Appendix D.

Using the slow query log

What does the enhanced slow query log in Percona Server reveal about this query?
Here’s what it captured from the very same execution of the query that we demon-
strated in the section on SHOW PROFILE:

# Time: 110905 17:03:18

# User@Host: root[root] @ localhost [127.0.0.1]

# Thread_id: 7 Schema: sakila Last_errno: 0 Killed: 0

# Query time: 0.166872 Lock time: 0.000552 Rows sent: 997 Rows_examined: 24861

Rows_affected: 0 Rows_read: 997

Bytes_sent: 216528 Tmp_tables: 3 Tmp_disk_tables: 2 Tmp_table_sizes: 11627188

InnoDB_trx_id: 191E

QC_Hit: No Full scan: Yes Full join: No Tmp_table: Yes Tmp_table on_disk: Yes

Filesort: Yes Filesort_on_disk: No Merge passes: 0
InnoDB_IO r_ops: 0 InnoDB_IO r_bytes: 0 InnoDB_IO r_wait: 0.000000
InnoDB_rec_lock_wait: 0.000000 InnoDB_queue_wait: 0.000000
InnoDB_pages_distinct: 20

# PROFILE_VALUES ... Copying to tmp table: 0.090623... [omitted]

SET timestamp=1315256598;

SELECT * FROM sakila.nicer but_slower film list;

HoHEH H R R

Profiling MySQL Queries | 89

www.it-ebooks.info


http://www.it-ebooks.info/

Itlooks like the query did create three temp tables after all, which was somewhat hidden
from view in SHOW PROFILE (perhaps due to a subtlety in the way the server executed
the query). Two of the temp tables were on disk. And we’re shortening the output here
for readability, but toward the end, the SHOW PROFILE data for this query is actually
written to the log, so you can even log that level of detail in Percona Server.

As you can see, this highly verbose slow query log entry contains just about everything
you can see in SHOW PROFILE and SHOW STATUS, and then some. This makes the log a very
useful place to look for more detail when you find a “bad” query with pt-query-digest.
When you’re looking at a report from pt-query-digest, you’ll see a header line such as
the following;:

# Query 1: 0 QPS, Ox concurrency, ID OXEE758CSEOD7EADEE at byte 3214

You can use the byte offset from the header to zoom right into that section of the log,
like this:

tail -c +3214 /path/to/query.log | head -n100

And presto, you can look at all the details. By the way, pt-query-digest understands all
the added name-value pairs in the Percona Server slow query log format, and auto-
matically prints out a much more detailed report as a result.

Using the Performance Schema

At the time of writing, the Performance Schema tables introduced in MySQL 5.5 don’t
support query-level profiling. The Performance Schema is rather new and in rapid de-
velopment, with much more functionality in the works for future releases. However,
even MySQL 5.5’s initial functionality can reveal interesting information. For example,
here’s a query that shows the top causes of waiting in the system:

mysql> SELECT event_name, count_star, sum_timer_wait

-> FROM events_waits_summary_global by event_name
-> ORDER BY sum_timer_wait DESC LIMIT 5;

e e dmmmm e Fmmm e +
| event_name | count_star | sum timer wait |
e e dmmmm e Fmmm e +
| innodb_log file | 205438 | 2552133070220355 |
| Query cache::COND_cache_status_changed | 8405302 | 2259497326493034 |
| Query cache::structure_guard_mutex | 55769435 | 361568224932147 |
| innodb_data_file | 62423 | 347302500600411 |
| dict_table stats | 15330162 |  53005067680923 |
B e e T T ommmmmmee D LR EE P +

There are a few of things that limit the Performance Schema’s use as a general-purpose
profiling tool at present. First, it doesn’t yet provide the level of detail on query exe-
cution stages and timing that we’ve been showing with existing tools. Second, it hasn’t
been “in the wild” for all that long, and the implementation has more overhead at
present than many conservative users are comfortable with. (There is reason to believe
this will be fixed soon.)
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Finally, it’s sometimes too complex and low-level to be accessible to most users in its
raw form. The features implemented so far are mostly targeted toward the things we
need to measure when modifying MySQL source code to improve the server’s perfor-
mance. This includes things like waits and mutexes. Some of the features in MySQL
5.5 are valuable to power users as opposed to server developers, but those still need
some frontend tool development to make it convenient to use them and interpret the
results. Right now the state of the art is writing complex queries against a large variety
of metadata tables with lots and lots of columns. It’s a pretty intimidating amount of
instrumentation to navigate and understand.

When the Performance Schema gets more functionality in MySQL 5.6 and beyond, and
there are nice tools to use it, it’s going to be awesome. And it’s really nice that Oracle
is implementing it as tables accessible through SQL so that users can consume the data
in whatever manner is most useful to them. For the time being, though, it’s not quite
a workable replacement for the slow query log or other tools that can help us imme-
diately see how to improve server and query performance.

Using the Profile for Optimization

So you’ve got a profile of your server or your query—what do you do with it? A good
profile usually makes the problem obvious, but the solution might not be (although it
often is). At this point, especially when optimizing queries, you need to rely on a lot of
knowledge about the server and how it executes queries. The profile, or as much of one
asyou can gather, points you in the right direction and gives you a basis for using further
tools, such as EXPLAIN, to apply your knowledge and measure the results. That’s a topic
for future chapters, but at least you have the right starting point.

In general, although a profile with complete measurements ought to make determining
the problem trivial, we can’t always measure perfectly because the systems we’re trying
to measure don’t support it. In the example we’ve been looking at, we suspect that
temporary tables and unindexed reads are contributing most of the response time to
the query, but we can’t prove it. Sometimes problems are hard to solve because you
might not have measured everything you need, or your measurements might be badly
scoped. You might be measuring server-wide activity instead of looking specifically at
what you’re trying to optimize, for example, or you might be looking at measurements
that count from a point in time before your query started to execute, rather than the
instant the query began.

There’s another possibility. Suppose you analyze your slow query log and find a simple
query that took an unreasonably long time to execute a handful of times, although it
ran quickly thousands of other times. You run the query again, and it is lightning fast,
as it should be. You use EXPLAIN, and it is using an index correctly. You even try similar
queries with different values in the WHERE clause to ensure you aren’t just seeing cache
hits, and they run quickly. Nothing seems to be wrong with this query. What gives?
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If you have only the standard MySQL slow query log, with no execution plan or detailed
timing information, you are limited to the knowledge that the query ran badly at the
point that it was logged—you can’t see why that was. Perhaps something else was
consuming resources on the system, such as a backup, or perhaps some kind of locking
or contention blocked the query’s progress. Intermittent problems are a special case
that we’ll cover in the next section.

Diagnosing Intermittent Problems

Intermittent problems such as occasional server stalls or slow queries can be frustrating
to diagnose, and the most egregious wastes of time we’ve seen have been results of
phantom problems that happen only when you’re not looking, or aren’t reliably re-
producible. We’ve seen people spend literally months fighting with such problems. In
the process, some of them reverted to a trial-and-error troubleshooting approach, and
sometimes made things dramatically worse by trying to change things such as server
settings at random, hoping to stumble upon something that would help.

Try to avoid trial and error if you can. Trial-and-error troubleshooting is risky, because
the results can be bad, and it can be frustrating and inefficient. If you can’t figure out
what the problem is, you might not be measuring correctly, you might be measuring
in the wrong place, or you might not know the necessary tools to use. (Or the tools
might not exist—we’ve developed a number of tools specifically to address the lack
of transparency in various system components, from the operating system to MySQL
itself.)

To illustrate the importance of trying to avoid trial and error, here are some sample
resolutions we’ve found to some of the intermittent database performance problems
we’ve been called in to solve:

* The application was executing cut! to fetch exchange rate quotes from an external
service, which was running very slowly at times.

* Important cache entries were expiring from memcached, causing the application
to flood MySQL with requests to regenerate the cached items.

* DNS lookups were timing out randomly.

* The query cache was freezing MySQL periodically due to mutex contention or
inefficient internal algorithms for deleting cached queries.

* InnoDB scalability limitations were causing query plan optimization to take too
long when concurrency was over some threshold.

Asyou can see, some of these problems were in the database, and some of them weren’t.
Only by beginning at the place where the misbehavior could be observed and working
through the resources it used, measuring as completely as possible, can you avoid
hunting in the wrong place for problems that don’t exist there.
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We'll stop lecturing you now, and explain the approach and tools we use for solving
intermittent problems.

Single-Query Versus Server-Wide Problems

Do you have any evidence of the problem? If so, try to determine whether the problem
is with a single isolated query, or if it’s server-wide. This is important to point you in
the right direction. If everything on the server is suffering, and then everything is okay
again, then any given query that’s slow isn’t likely to be the problem. Most of the slow
queries are likely to be victims of some other problem instead. On the other hand, if
the server is running nicely as a whole and a single query is slow for some reason, you
have to look more closely at that query.

Server-wide problems are fairly common. As more powerful hardware has become
available in the last several years, with 16-core and bigger servers becoming the norm,
MySQL’s scalability limitations on SMP systems have become more noticeable. Most
of these problems are in older versions, which are unfortunately still widely used in
production. MySQL still has some scalability problems even in newer versions, but
they are much less serious, and much less frequently encountered, because they’re edge
cases. This is good news and bad news: good because you’re much less likely to hit
them, and bad because they require more knowledge of MySQL internals to diagnose.
It also means that a lot of problems can be solved by simply upgrading MySQL.12

How do you determine whether the problem is server-wide or isolated to a single query?
If the problem occurs repeatedly enough that you can observe it in action, or run a
script overnight and look at the results the next day, there are three easy techniques
that can make it obvious in most cases. We'll cover those next.

Using SHOW GLOBAL STATUS

The essence of this technique is to capture samples of SHON GLOBAL STATUS at high
frequency, such as once per second, and when the problem manifests, look for “spikes”
or “notches” in counters such as Threads_running, Threads_connected, Questions, and
Queries. Thisis a simple method that anyone can use (no special privileges are required)
without impacting the server, so it’s a great way to learn more about the nature of the
problem without a big investment of time. Here’s a sample command and output:
$ mysqladmin ext -i1 | awk '
/Queries/{q=$4-qp;qp=$4}
/Threads_connected/{tc=$4}
/Threads_running/{printf "%5d %5d %5d\n", q, tc, $4}'
2147483647 136 7
798 136 7

767 134 9
828 134 7

12. Again, don’t do that without a good reason to believe that it’s the solution.
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683 134 7
784 135 7
614 134 7
108 134 24
187 134 31
179 134 28

1179 134 7

1151 134 7
1240 135 7
1000 135 7

The command captures samples of SHOW GLOBAL STATUS every second and pipes those
into an awk script that prints out queries per second, Threads connected, and
Threads_running (number of queries currently executing). These three tend to be very
sensitive to server-wide stalls. What usually happens is that, depending on the nature
of the problem and how the application connects to MySQL, queries per second will
drop and at least one of the other two will spike. Here the application is probably using
a connection pool, so there’s no spike of connected threads, but there’s a clear bump
in in-progress queries at the same time that the queries per second value drops to a
fraction of its normal level.

What could explain this behavior? It’s risky to guess, but in practice we’ve seen two
common cases. One is some kind of internal bottleneck in the server, causing new
queries to begin executing but to pile up against some lock that the older queries are
waiting to acquire. This type of lock usually puts back-pressure on the application
servers and causes some queueing there, too. The other common case we’ve seen is a
spike of heavy queries such as those that can happen with a badly handled memc-
ached expiration.

At one line per second, you can easily let this run for hours or days and make a quick
plot to see if there are any areas with aberrations. If a problem is truly intermittent, you
can let it run as long as needed and then refer back to the output when you notice the
problem. In most cases this output will show the problem clearly.

Using SHOW PROCESSLIST

With this method, you capture samples of SHOW PROCESSLIST and look for lots of threads
that are in unusual states or have some other unusual characteristic. For example, it’s
rather rare for queries to stay in the “statistics” state for very long, because this is the
phase of query optimization where the server determines the best join order—normally
very fast. Likewise, it’s rare to see a lot of threads reporting the user as “Unauthenticated
user,” because this is a state that happens in the middle of the connection handshake
when the client specifies the user it’s trying to use to log in.

Vertical output with the \G terminator is very helpful for working with SHOW PROCESS
LIST, because it puts each column of each row of the output onto its own line, making
it easy to do a little sort|uniq|sort incantation that helps you view the count of unique
values in any desired column easily:
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$ mysql -e 'SHOW PROCESSLIST\G' | grep State: | sort | uniq -c | sort -rn
744  State:
67 State: Sending data
36 State: freeing items
8 State: NULL
State: end
State: Updating
State: cleaning up
State: update
State: Sorting result
State: logging slow query

PP NANO

Just change the grep pattern if you want to examine a different column. The State
column is a good one for a lot of cases. Here we can see that there are an awful lot of
threads in states that are part of the end of query execution: “freeing items,” “end,”
“cleaning up,” and “logging slow query.” In fact, in many samples on the server from
which this output came, this pattern or a similar one occurred. The most characteristic
and reliable indicator of a problem was a high number of queries in the “freeing items”
state.

You don’t have to use command-line techniques to find problems like this. You can
query the PROCESSLIST table in the INFORMATION SCHEMA if your server is new enough, or
use innotop with a fast refresh rate and watch the screen for an unusual buildup of
queries. The example we just showed was of a server with InnoDB internal contention
and flushing problems, but it can be far more mundane than that. The classic example
would be a lot of queries in the “Locked” state. That’s the unlovable trademark of
MyISAM with its table-level locking, which quickly escalates into server-wide pileups
when there’s enough write activity on the tables.

Using query logging

To find problems in the query log, turn on the slow query log and set long_query time
to 0 globally, and make sure that all of the connections see the new setting. You might
have to recycle connections so they pick up the new global value, or use Percona Server’s
feature to force it to take effect instantly without disrupting existing connections.

If you can’t enable the slow query log to capture all queries for some reason, use
tcpdump and pt-query-digest to emulate it. Look for periods in the log where the
throughput drops suddenly. Queries are sent to the slow query log at completion time,
so pileups typically result in a sudden drop of completions, until the culprit finishes
and releases the resource that’s blocking the other queries. The other queries will then
complete. What’s helpful about this characteristic behavior is that it lets you blame the
first query that completes after a drop in throughput. (Sometimes it’s not quite the first
query; other queries might be running unaffected while some are blocked, so this isn’t
completely reliable.)

Again, good tools can help with this. You can’t be looking through hundreds of giga-
bytes of queries by hand. Here’s a one-liner that relies on MySQL’s pattern of writing
the current time to the log when the clock advances one second:
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$ awk '/~ Time:/{print $3, $4, c;c=0}/"# User/{c++}' slow-query.log
080913 21:52:17 51
080913 21:52:18 29
080913 21:52:19 34
080913 21:52:20 33
080913 21:52:21 38
080913 21:52:22 15
080913 21:52:23 47
080913 21:52:24 96
080913 21:52:25 6
080913 21:52:26 66
080913 21:52:27 37
080913 21:52:28 59

There was a drop in throughput in that output, which was interestingly also preceded
by a rush of queries completing. Without looking into the log around these timestamps
it’s hard to say what happened, but it’s possible that the spike is related to the drop
immediately afterward. In any case, it’s clear that something odd happened in this
server, and digging into the log around the timestamps in question could be very fruit-
ful. (When we looked into this log, we found that the spike was due to connections
being disconnected. Perhaps an application server was being restarted. Not everything
is a MySQL problem.)

Making sense of the findings

Nothing beats visualization of the data. We’ve shown only small examples here, but in
reality many of these techniques can result in thousands of lines of output. Get com-
fortable with gnuplot or R or another graphing tool of your choice. You can use them
to plot things in a jiffy—much faster than a spreadsheet—and you can instantly zoom
in on aberrations in a plot that you’ll have a hard time seeing in a scrolling terminal,
even if you think you’re pretty good at Matrix-watching.13

We suggest trying the first two approaches—SHOW STATUS and SHOW PROCESSLIST—
initially, because they’re cheap and can be done interactively with nothing more than
a little bit of shell scripting or running queries repeatedly. Analyzing the slow query log
is much more disruptive and harder to do, and often shows what looks like funny
patterns that disappear as you look closer. We’ve found that it’s easy to imagine pat-
terns where there are none.

When you find an aberration, what does it mean? It usually means that queries are
queueing somewhere, or there’s a flood or spike of a particular kind of query. Now the
task is to find out why.

13. We haven’t seen the woman in the red dress yet, but we’ll let you know if we do.
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Capturing Diagnostic Data

When an intermittent problem strikes, it’s important to measure everything you pos-
sibly can, preferably for only the duration of the problem. If you do this right, you will
gather a ton of diagnostic data. The data you don’t collect often seems to be the data
you really need to diagnose the problem.

To get started, you need two things:

1. A reliable and real-time “trigger”—a way to know when the problem happens
2. A tool to gather the diagnostic data

The diagnostic trigger

The trigger is very important to get right. It’s the foundation for capturing the data
when the problem happens. There are two common problems that cause this to go
sideways: false positives and false negatives. If you have a false positive, you’ll gather
diagnostic data when nothing’s wrong, and you’ll waste time and get frustrated. False
negatives will result in missed opportunities and more wasted time and frustration.
Spend a little extra time making sure that your trigger indicates for sure that the problem
is happening, if you need to. It’s worth it.

What is a good criterion for a trigger? As shown in our examples, Threads_running
tends to be very sensitive to problems, but pretty stable when nothing is wrong. A spike
of unusual thread states in SHOW PROCESSLIST is another good indicator. But there can
be many more ways to observe the problem, including specific output in SHOW INNODB
STATUS, a spike in the server’s load average, and so on. The key is to express this as
something that you can compare to a definite threshold. This usually means a count.
A count of threads running, a count of threads in “freeing items” state, and so on works
well. The -c option to grep is your friend when looking at thread states:

$ mysql -e 'SHOW PROCESSLIST\G' | grep -c "State: freeing items"
36

Pick a threshold that’s high enough that you won’t hit it during normal operation, but
not so high that you won’t capture the problem in action. Beware, too, of setting the
threshold too high to catch the problem when it begins. Problems that escalate tend to
cause cascades of other problems, and if you capture diagnostic information after things
have really gone down the toilet, you’ll likely have a harder time isolating the original
cause. You want to collect your data when things are clearly circling the drain, if
possible, but before the loud flushing sound deafens you. For example, spikes in
Threads_connected can go insanely high—we’ve seen it escalate from 100 to 5000 or
more in the space of a couple minutes. You could clearly use 4999 as the threshold, but
why wait for things to get that bad? If the application doesn’t open more than 150
connections when it’s healthy, start collecting at 200 or 300.

Referring back to our earlier example of Threads_running, it looks like the normal con-
currency is less than 10. But 10 is not a good threshold—it is way too likely to produce
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false positives, and 15 isn’t far enough away to definitely be out of the normal range of
behavior either. There could be a mini-pileup at 15, but it’s quite possible that it could
not quite cross the tipping point, and the problem could clear right up before getting
bad enough to be clearly diagnosable. We’d suggest setting 20 as the threshold in that
example.

You probably also want to capture the problem as soon as it is clearly happening, but
only after waiting briefly to ensure that it’s not a false positive or short-term spike. So,
our final trigger would be this: watch the status variables once per second, and if
Threads_running exceeds 20 for more than 5 seconds, start gathering diagnostic data.
(By the way, our example showed the problem going away after three seconds. That’s
a bit contrived to keep the example brief. A three-second problem is not likely to be
easily diagnosable, and most problems we’ve seen last a bit longer.)

Now you need to set up some kind of tool to watch the server and take action when
the trigger condition occurs. You could script this yourself, but we’ve saved you the
trouble. There’s a tool called pt-stalk in Percona Toolkit that is custom-built just for
this. It has a lot of nice features whose necessity we’ve learned of through the school
of hard knocks. For example, it looks at how much disk space is free, so it won’t fill up
your disk with the data it collects and crash your server. Not that we’ve ever done that,
you understand!

The pt-stalk tool is really simple to use. You can configure the variable to watch, the
threshold, the frequency of checks, and so forth. It supports a lot more fanciness than
that if needed, but that’s all you need to do for our example. Read the user’s manual
that comes with it before you use it. It relies on another tool for actually collecting the
data, which we’ll discuss next.

What kinds of data should you collect?

Now that you have determined a diagnostic trigger, you can use it to fire some process
to collect data. But what kind of data should you collect? The answer, as mentioned
previously, is everything you possibly can—but for only a reasonable amount of time.
Gather operating system stats, CPU usage, disk utilization and free space, samples of
ps output, memory usage, and everything you can from within MySQL, such as samples
of SHOW STATUS, SHOW PROCESSLIST, and SHOW INNODB STATUS. You'll need all of these
things, and probably more, to diagnose problems.

Execution time is spent doing work or waiting, as you’ll recall. When an unknown
problem happens, there are two types of causes, broadly speaking. The server could be
doing a lot of work—consuming a lot of CPU cycles—or it could be stuck waiting for
resources to become free. You need two different approaches to gather the diagnostic
data to identify the causes of each of these types of problems: a profile when the system
is doing too much work, and wait analysis when the system is doing too much waiting.
But how do you know which of these to focus on when the problem is unknown? You
don’t, so it’s best to collect data for both.
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The primary profiling tool we rely on for server internals on GNU/Linux (as opposed
to queries server-wide) is oprofile. We’ll show examples of this a bit later. You can also
profile the server’s system calls with strace, but we have found this to be riskier on
production systems. More on that later, too. For capturing queries to profile, we like
to use tcpdump. It’s hard to turn the slow query log on and off reliably at a moment’s
notice on most versions of MySQL, but you can get a pretty good simulation of it from
TCP traffic. Besides, the traffic is useful for lots of other kinds of analysis.

For wait analysis, we often use GDB stack traces.14 Threads that are stuck in a particular
spot inside of MySQL for a long time tend to have the same stack trace. The procedure
is to start gdb, attach it to the mysqld process, and dump stack traces for all threads.
You can then use some short scripts to aggregate common stack traces together and do
the sort|unig|sort magic to show which ones are most common. We’ll show how to use
the pt-pmp tool for this a bit later.

You can also do wait analysis with data such as snapshots of SHOW PROCESSLIST and
SHOW INNODB STATUS by observing thread and transaction states. None of these
approaches is perfectly foolproof, but in practice they work often enough to be very
helpful.

Gathering all of this data sounds like a lot of work! You probably anticipated this
already, but we’ve built a tool to do this for you too. It’s called pt-collect, and it’s also
part of Percona Toolkit. It’s intended to be executed from pt-stalk. It needs to be run
as root in order to gather most of the important data. By default, it will collect data for
30 seconds and then exit. This is usually enough to diagnose most problems, but not
so much that it causes problems when there’s a false positive.

The tool is easy to download and doesn’t need any configuration—all of the configu-
ration goes into pt-stalk. You will want to ensure that gdb and oprofile are installed on
your server, and enable those in the pt-stalk configuration. You also need to ensure that
mysqld has debug symbols.1> When the trigger condition occurs, the tool will gather a
pretty complete set of data. It will create timestamped files in a specified directory. At
the time of writing, it’s rather oriented toward GNU/Linux and will need tweaking on
other operating systems, but it’s still a good place to start.

Interpreting the data

If you’ve set up your trigger condition correctly and let pt-stalk run long enough to
catch the problem in action a few times, you’ll end up with a lot of data to sift through.
What’s the most useful place to start? We suggest looking at just a few things, with two

14. A caveat: using GDB is intrusive. It will freeze the server momentarily, especially if you have a lot of
threads (connections), and can sometimes even crash it. The benefit still sometimes outweighs the risk.
If the server becomes unusable anyway during a stall, it’s not such a bad thing to double-freeze it.

15. Sometimes symbols are omitted as an “optimization,” which really is not an optimization; it just makes
diagnosing problems harder. You can use the nm tool to check if you have them, and install the
debuginfo packages for MySQL to supply symbols.
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purposes in mind. First, check that the problem really did occur, because if you have
many samples to examine, you won’t want to spend your time on false positives. Sec-
ond, see if something obvious jumps out at you.

W

It’s very helpful to capture samples of how the server looks when it’s
behaving well, notjust when it’s in trouble. This will help you determine
* Q8" whether a particular sample, or even a portion of a sample, is abnormal
* or not. For example, when you’re looking at the states of queries in the
process list, you can answer questions such as “Is it normal for a lot of
queries to be sorting their results?”

The most fruitful things to look at are usually query or transaction behavior, and server
internals behavior. Query or transaction behavior shows you whether the problem was
caused by the way the server is being used: badly written SQL, bad indexing, bad logical
database design, and so on. You can see what the users are doing to the server by looking
at places where queries and transactions appear: in the logged TCP traffic, in the SHOW
PROCESSLIST output, and so on. Server internals behavior tells you whether the server
is buggy or has built-in performance or scalability problems. You can see this in some
of the same places, but also in oprofile and gdb output. This takes more experience to
interpret.

If you don’t know how to interpret what’s wrong, you can tarball the directory full of
collected data and submit it to a support provider for analysis. Any competent MySQL
support professional will be able to interpret the data and tell you what it means. And
they’ll love you for sending such detailed data to peruse. You might also want to send
the output of two other tools in Percona Toolkit: pt-mysql-summary and pt-summary.
These show status and configuration snapshots of your MySQL instance and the op-
erating system and hardware, respectively.

Percona Toolkit includes a tool designed to help you look through lots of samples of
collected data quickly. It’s called pt-sift, and it helps you navigate between samples,
shows a summary of each sample, and lets you drill down into particular bits of the
data if desired. It can save a lot of keystrokes.

We showed some examples of status counters and thread states earlier. We’ll finish out
this chapter by showing some examples of output from oprofile and gdb. Here’s an
oprofile report from a server that was having trouble. Can you find the problem?

samples % image name app name symbol name

893793  31.1273 /no-vmlinux /no-vmlinux (no symbols)

325733 11.3440 mysqld mysqld Query_cache: :free_memory block()

117732 4.1001 libc libc (no symbols)

102349 3.5644 mysqld mysqld my_hash_sort_bin

76977 2.6808 mysqld mysqld MYSQLparse()

71599 2.4935 libpthread libpthread pthread mutex_trylock

52203 1.8180 mysqld mysqld read_view_open_now

46516 1.6200 mysqld mysqld Query_cache::invalidate_query block_list()
42153 1.4680 mysqld mysqld Query_cache: :write_result_data()
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37359 1.3011 mysqld mysqld MYSQL1ex()
35917 1.2508 libpthread 1libpthread _ pthread _mutex_unlock usercnt
34248 1.1927 mysqld mysqld __intel_new_memcpy

If you said “the query cache,” you were right. This server’s query cache was causing far
too much work and slowing everything down. This had happened overnight, a factor
of 50 slowdown, with no other changes to the system. Disabling the query cache re-
turned the server to its normal performance. This is an example of when server internals
are relatively straightforward to interpret.

Another important tool for bottleneck analysis is wait analysis using stack traces from
gdb. A single thread’s stack trace normally looks like the following, which we’ve for-
matted a bit for printing:

Thread 992 (Thread 0x7f6ee0111910 (LWP 31510)):

#0 0x0000003be560b2f9 in pthread cond wait@®@GLIBC 2.3.2 () from /libpthread.so.0
#1 0x00007f6ee14f0965 in os_event wait_low () at os/osOsync.c:396

#2 0x00007f6ee1531507 in srv_conc_enter innodb () at srv/srvOsrv.c:1185
#3 0x00007f6ee14c906a in innodb_srv_conc_enter_innodb () at handler/ha_innodb.cc:609
#4 ha_innodb::index_read () at handler/ha_innodb.cc:5057

#5 0x00000000006538c5 in ?? ()

#6  0x0000000000658029 in sub_select() ()

#7 0x0000000000658e25 in ?? ()

#8 0x00000000006677c0 in JOIN::exec() ()

#9 0x000000000066944a in mysql select() ()

#10 0x0000000000669ea4 in handle_select() ()

#11 0x00000000005ff89a in ?? ()

#12 0x0000000000601c5e in mysql execute_command() ()

#13 0x000000000060701c in mysql parse() ()

#14 0x000000000060829a in dispatch_command() ()

#15 0x0000000000608b8a in do_command (THD*) ()

#16 0x00000000005fbd1d in handle_one_connection ()

#17 0x0000003be560686a in start thread () from /lib64/libpthread.so.0
#18 0x0000003bedede3bd in clone () from /1lib64/libc.so.6

#19 0x0000000000000000 in ?? ()

The stack reads from the bottom up; that is, the thread is currently executing inside of
the pthread_cond wait function, which was called from os_event wait low. Reading
down the trace, it looks like this thread was trying to enter the InnoDB kernel
(stv_conc_enter_innodb), but got putonaninternal queue (os_event wait low) because
more than innodb_thread concurrency threads were already inside the kernel. The real
value of stack traces is aggregating lots of them together, however. This is a technique
that Domas Mituzas, a former MySQL support engineer, made popular with his “poor
man’s profiler” tool. He currently works at Facebook, and he and others there have
developed a wide variety of tools for gathering and analyzing stack traces. You can find
out more about what’s available at http://'www.poormansprofiler.org.

We have an implementation of the poor man’s profiler in Percona Toolkit, called pt-
pmp. It’s a shell and awk program that collapses similar stack traces together and does
the usual sort|unig|sort to show the most common ones first. Here’s what the full set
of stack traces looks like after crunching it down to its essence. We’re going to use
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the -1 5 option to truncate the stack traces after five levels so that we don’t get so many
traces with common tops but different bottoms, which would prevent them from ag-
gregating together and showing where things are really waiting:

$ pt-pmp -1 5 stacktraces.txt
507 pthread_cond_wait,one_thread _per_ connection_end,handle_one_connection,
start_thread,clone
398 pthread cond wait,os_event wait low,srv_conc_enter innodb,
innodb_srv_conc_enter innodb,ha_innodb::index_read
83 pthread cond wait,os event wait low,sync_array wait event,mutex spin wait,
mutex_enter func
10 pthread cond wait,os event wait low,os aio simulated handle,fil aio wait,
io_handler thread
pthread cond wait,os event wait low,srv_conc_enter innodb,
innodb_srv_conc_enter innodb,ha_innodb::general fetch
pthread cond wait,os event wait low,sync_array wait event,rw lock s lock spin,
rw_lock s lock func
sigwait,signal hand,start thread,clone,??
select,os_thread sleep,srv_lock timeout and monitor thread,start thread,clone
select,os thread sleep,srv_error monitor thread,start thread,clone
select,handle connections sockets,main
read,vio read buff,::??,my net read,cli safe read

~

PR R RR w

[y

pthread cond wait,os event wait low,sync_array wait event,rw lock x lock low,
rw_lock x lock func

pthread cond wait,MYSQL BIN LOG::wait for update,mysql binlog_ send,
dispatch_command,do_command

1 fsync,os_file fsync,os file flush,fil flush,log write up to

[y

The first line is the characteristic signature of an idle thread in MySQL, so you can
ignore that. The second line is the most interesting one: it shows that a lot of threads
are waiting to enter the InnoDB kernel but are blocked. The third line shows many
threads waiting on some mutex, but we can’t see which one because we have truncated
the deeper levels of the stack trace. If it is important to know which mutex that is, we
would need to re run the tool with a larger value for the - option. In general, the stack
traces show that lots of things are waiting for their turn inside InnoDB, but why? That
isn’t clear at all. To find out, we probably need to look elsewhere.

As the preceding stack trace and oprofile reports show, these types of analysis are not
always useful to those who aren’t experts with MySQL and InnoDB source code, and
you should ask for help from someone else if you get stuck.

Now let’s move on to a server whose problems don’t show up on either a profile or
wait analysis, and need to be diagnosed differently.

A Case Study in Diagnostics

In this section we’ll step you through the process of diagnosing a real customer’s in-
termittent performance problem. This case study is likely to get into unfamiliar territory
unless you’re an expert with MySQL, InnoDB, and GNU/Linux. However, the specifics
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we’ll discuss are not the point. Try to look for the method within the madness: read
this section with an eye toward the assumptions and guesses we make, the reasoning-
based and measurement-based approaches we take, and so on. We are delving into a
specific and detailed case simply to illustrate generalities.

Before beginning to solve a problem at someone else’s request, it’s good to try to clear
up two things, preferably taking notes to help avoid forgetting or omitting anything:

1. First, what’s the problem? Try to be clear on that. It’s surprisingly easy to go hunt-
ing for the wrong problem. In this case, the customer complained that once every
day or two, the server rejected connections with a max_connections error. It lasted
from a few seconds to a few minutes, and was highly sporadic.

2. Next, what has been done to try to fix it? In this case, the customer did not attempt
to resolve the issue at all. This was extremely helpful, because few things are as
hard to understand as another person’s description of the exact sequence of events,
changes they made, and effects thereof. This is especially true when they call in
desperation after a couple of sleepless nights and caffeine-filled days. A server that
has been subjected to unknown changes, with unknown effects, is much harder to
troubleshoot, especially if you’re under time pressure.

With that behind us, let’s get started. It’s a good idea not only to try to understand
how the server behaves, but also to take an inventory of the server’s status, configura-
tion, software, and hardware. We did so with the pt-summary and pt-mysql-summary
tools. Briefly, this server had 16 CPU cores, 12 GB of RAM, and a total of 900 MB of
data, all in InnoDB, on a solid-state drive. The server was running GNU/Linux with
MySQL 5.1.37 and the InnoDB plugin version 1.0.4. We’d worked with this customer
previously on other unexpected performance problems, and we knew the systems. The
database was never the problem in the past; it had always been bad application behav-
ior. We took a look at the server and found nothing obviously wrong at a glance. The
queries weren’t perfect, but they were still running in less than 10 ms most of the time.
So we confirmed that the server was fine under normal circumstances. (This is impor-
tant to do; many problems that are noticed only sporadically are actually symptoms of
chronic problems, such as failed hard drives in RAID arrays.)

W

N This case study might be a little tedious. We’ll “play dumb” to show all
fs. of the diagnostic data, explain everything we see in detail, and follow
T Qs several potential trains of thought to completion. In reality, we don’t

" take such a frustratingly slow approach to every problem, and we’re not
trying to say that you should, either.

We installed our diagnostic toolkit and set it to trigger on Threads_connected, which
was normally less than 15 but increased to several hundred during these problems.
We'll present a sample of the data we collected as a result, but we’ll hold our
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commentary until later. See if you can drink from the fire hose and pick out items that
are likely to be important:

* The query activity ranged from 1,000 to 10,000 queries per second, with many of
them being “garbage” commands such as pinging the server to see if it was alive.
Most of the rest were SELECT commands—ifrom 300 to 2,000 per second—and there
were a very small number of UPDATE commands (about 5 per second).

* There were basically two distinct types of queries in SHOW PROCESSLIST, varying only
in the values in the WHERE clauses. Here are the query states, summarized:
$ grep State: processlist.txt | sort | uniq -c | sort -rn
161  State: Copying to tmp table
156  State: Sorting result
136  State: statistics
50 State: Sending data
24  State: NULL
13 State:
7 State: freeing items
7 State: cleaning up
1 State: storing result in query cache
1 State: end
* Most queries were doing index scans or range scans—no full-table scans or cross
joins.
* There were between 20 and 100 sorts per second, with between 1,000 and 12,000
rows sorted per second.

* There were between 12 and 90 temporary tables created per second, with about 3
to 5 of them on disk.

* There was no problem with table locking or the query cache.

* InSHOW INNODB STATUS, we observed that the main thread state was “flushing buffer
pool pages,” but there were only a few dozen dirty pages to flush (Innodb_buffer
_pool pages dirty), there was practically no change in Innodb_buffer pool
_pages_flushed, and the difference between the log sequence number and the last
checkpoint was very small. The InnoDB buffer pool wasn’t even close to being full;
it was much bigger than the data size. Most threads were waiting in the InnoDB
queue: “12 queries inside InnoDB, 495 queries in queue.”

* We captured iostat output for 30 seconds, one sample per second. This showed
that there was essentially no read activity at all on the disks, but writes went through
the roof, and average I/O wait times and queue length were extremely high. Here
is the first bit of the output, simplified to fit on the page without wrapping:

r/s  w/s rsec/s  wsec/s avgqu-sz await svctm %util

1.00 500.00 8.00 86216.00 5.05 11.95 0.59 29.40
0.00 451.00 0.00 206248.00 123.25 238.00 1.90 85.90
0.00 565.00 0.00 269792.00 143.80 245.43 1.77 100.00
0.00 649.00 0.00 309248.00 143.01 231.30 1.54 100.10
0.00 589.00 0.00 281784.00 142.58 232.15 1.70 100.00
0.00 384.00 0.00 162008.00 71.80 238.39 1.73 66.60
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0.00 14.00 0.00  400.00  0.01 0.93 0.36 0.50
0.00 13.00 0.00  248.00  0.01 0.92 0.23 0.30
0.00 13.00 0.00  408.00  0.01 0.92 0.23 0.30
* The output of vmstat confirmed what we saw in iostat and showed that the CPUs
were basically idle except for some I/O wait during the spike of writes (ranging up
to 9% wait).

Is your brain full yet? This can happen quickly when you dig into a system in detail and
you don’t have (or you try to ignore) any preconceived notions, so you end up looking
at everything. Most of what you’ll look at is either completely normal, or shows the
effects of the problem but doesn’t indicate the source of the problem. Although at this
point we have some good guesses about the cause of the problem, we’ll keep going by
looking at the oprofile report, and we’ll begin to add commentary and interpretation
as we throw more data at you:

samples % image name app name symbol name
473653  63.5323 no-vmlinux no-vmlinux /no-vmlinux
95164  12.7646 mysqld mysqgld /usr/libexec/mysqld

53107 7.1234 libc-2.10.1.s0 1libc-2.10.1.s0 memcpy

13698 1.8373 ha_innodb.so  ha_innodb.so  build_template()

13059 1.7516 ha_innodb.so ha_innodb.so btr_search_guess_on_hash

11724 1.5726 ha_innodb.so ha_innodb.so row_sel store mysql rec

8872 1.1900 ha_innodb.so ha_innodb.so rec_init_offsets_comp_ordinary
7577 1.0163 ha_innodb.so ha_innodb.so row_search_for_mysql

6030 0.8088 ha_innodb.so ha_innodb.so rec_get_offsets_func

5268 0.7066 ha_innodb.so ha_innodb.so cmp_dtuple rec_with match

It’s not at all obvious what most of these symbols represent, and most of the time is
lumped together in the kernell® and in a generic mysqld symbol that doesn’t tell us
anything.17 Don’t get distracted by all of the ha_innodb.so symbols. Look at the per-
centage of time they contributed: regardless of what they do, they’re burning so little
time that you can be sure they’re not the problem. This is an example of a problem that
isn’t going to yield results from this type of profile analysis. We are looking at the wrong
data. When you see something like the previous sample, move along and look at other
data to see if there’s a more obvious pointer to the cause.

At this point, if you’re interested in the wait analysis from gdb stack traces, please refer
to the end of the preceding section. The sample we showed there is from the system
we're currently diagnosing. If you recall, the bulk of stack traces were simply waiting
to enter the InnoDB kernel, which corresponds to “12 queries inside InnoDB, 495
queries in queue” in the output from SHOW INNODB STATUS.

Do you see anything that points conclusively to a specific problem? We didn’t; we saw
possible symptoms of many different problems, and at least two potential causes of the

16. In theory, we need kernel symbols to understand what’s going on inside the kernel. In practice, this can
be a hassle to install, and we know from looking at vmstat that the system CPU usage was low, so we’re
unlikely to find much other than “sleeping” there anyway.

17. Tt looks like this was a bad build of MySQL.
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problem based on intuition and experience. But we also saw something that didn’t
make sense. If you look at the iostat output again, in the wsec/s column you can see
that for about six seconds, the server is writing hundreds of megabytes of data per
second to the disks. Each sector is 512 bytes, so those samples show up to 150 MB of
writes per second at times. Yet the entire database is only 900 MB, and the workload
is mostly SELECT queries. How can this happen?

When you examine a system, try to ask yourself whether there are any things like this
that simply don’t add up, and investigate them further. Try to follow each train of
thought to its conclusion, and try not to get sidetracked on too many tangents, or you
could forget about a promising possibility. Write down little notes and cross them off
to help ensure that you’ve dotted all the Ts.18

At this point, we could jump right to a conclusion, and it would be wrong. We see from
the main thread state that InnoDB is trying to flush dirty pages, which generally doesn’t
appear in the status output unless flushing is delayed. We know that this version of
InnoDB is prone to the “furious flushing” problem, also called a checkpoint stall. This
is what happens when InnoDB doesn’t spread flushing out evenly over time, and it
suddenly decides to force a checkpoint (flush a lot of data) to make up for that. This
can cause serious blocking inside InnoDB, making everything queue and wait to enter
the kernel, and thus pile up at the layers above InnoDB in the server. We showed an
example in Chapter 2 of the periodic drops in performance that can happen when there
is furious flushing. Many of this server’s symptoms are similar to what happens during
a forced checkpoint, but it’s not the problem in this case. You can prove that in many
ways, perhaps most easily by looking at the SHOW STATUS counters and tracking the
change in the Innodb buffer pool pages flushed counter, which, as we mentioned
earlier, was not increasing much. In addition, we noted that the buffer pool doesn’t
have much dirty data to flush anyway—certainly not hundreds of megabytes. This is
not surprising, because the workload on this server is almost entirely SELECT queries.
We can therefore conclude that instead of blaming the problem on InnoDB
flushing, we should blame InnoDB’s flushing delay on the problem. It is a symptom—
an effect—not a cause. The underlying problem is causing the disks to become satu-
rated that InnoDB isn’t having any luck getting its I/O tasks done. So we can eliminate
this as a possible cause, and cross off one of our intuition-based ideas.

Distinguishing cause from effect can be hard sometimes, and it can be tempting to just
skip the investigation and jump to the diagnosis when a problem looks familiar. It is
good to avoid taking shortcuts, but it’s equally important to pay attention to your
intuition. If something looks familiar, it is prudent to spend a little time measuring the
necessary and sufficient conditions to prove whether that’s the problem. This can save
a lot of time you’d otherwise spend looking through other data about the system and
its performance. Just try not to jump to conclusions based on a gut feeling that “I've

18. Or whatever that phrase is. Put all your eggs in one haystack?
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seen this before, and I am sure it’s the same thing.” Gather some evidence, if you can—
especially evidence that could disprove your gut feeling.

The next step was to try to figure out what was causing the server’s I/O usage to be so
strange. We call your attention to the reasoning we used earlier: “The server writes
hundreds of megabytes to disk for many seconds, but the database is only 900 MB.
How can this happen?” Notice the implicit assumption that the database is doing the
writing? What evidence did we have that it’s the database? Try to catch yourself when
you think unsubstantiated thoughts, and when something doesn’t make sense, ask if
you’re assuming something. If you can, measure and remove the doubt.

We saw two possibilities: either the database was causing the I/O—and if we could
find the source of that, we thought that it was likely that we’d find the cause of the
problem—or, the database wasn’t doing all that I/O, but rather something else was,
and the lack of I/O resources could have been impacting the database. We're stating
that very carefully to avoid another implicit assumption: just because the disks are busy
doesn’t guarantee that MySQL will suffer. Remember, this server basically has a read-
only in-memory workload, so it is quite possible to imagine that the disks could stop
responding for a long time without causing serious problems.

If you’re following our reasoning, you might see that we need to go back and gut-check
another assumption. We can see that the disk device was behaving badly, as evidenced
by the high wait times. A solid-state drive shouldn’t take a quarter of a second per I/O
on average. And indeed, we can see thatiostat claimed the drive itself was responding
quickly, but things were taking a long time to get through the block device queue to
the drive. Remember that this is only what iostat claims; it could be wrong.

What Causes Poor Performance?

When a resource is behaving badly, it’s good to try to understand why. There are a few
possibilities:

1. The resource is being overworked and doesn’t have the capacity to behave well.

2. The resource is not configured properly.

3. The resource is broken or malfunctioning.

In the case we’re examining, iostat’s output could point to either too much work, or
misconfiguration (why are I/O requests queueing so long before reaching the disk, if
it’s actually responding quickly?). However, a very important part of deciding what’s
wrong is to compare the demand on the system to its known capacity. We know from
extensive benchmarking that the particular SSD drive this customer was using can’t
sustain hundreds of megabytes of writes per second. Thus, although iostat claims the
disk is responding just fine, it’s likely that this isn’t entirely true. In this case, we had
no way to prove that the disk was slower than iostat claimed, but it looked rather likely
to be the case. Still, this doesn’t change our opinion: this could be disk abuse,!° mis-
configuration, or both.
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After working through the diagnostic data to reach this point, the next task was obvi-
ous: measure what was causing the I/O. Unfortunately, this was infeasible on the ver-
sion of GNU/Linux the customer was using. We could have made an educated guess
with some work, but we wanted to explore other options first. As a proxy, we could
have measured how much I/O was coming from MySQL, but again, in this version of
MySQL that wasn’t really feasible due to lack of instrumentation.

Instead, we opted to try to observe MySQL’s I/O, based on what we know about how
it uses the disk. In general, MySQL writes only data, logs, sort files, and temporary
tables to disk. We eliminated data and logs from consideration, based on the status
counters and other information we discussed earlier. Now, suppose MySQL were to
suddenly write a bunch of data to disk temporary tables or sort files. How could we
observe this? Two easy ways are to watch the amount of free space on the disk, or to
look at the server’s open filehandles with the Isof command. We did both, and the
results were convincing enough to satisty us. Here’s what df -h showed every second
during the same incident we’ve been studying;:
Filesystem Size Used Avail Use% Mounted on
/dev/sda3  58G 20G 36G  36%
/dev/sda3  58G 20G 36G  36%
/dev/sda3  58G 19G 36G  35%
/dev/sda3  58G 19G 36G  35%
/dev/sda3 558G  19G  36G  35%
/dev/sda3 558G  19G  36G  35%
/dev/sda3  58G 18G 37G  33%

/dev/sda3  58G 18G  37G 33%
/dev/sda3  58G 18G  37G 33%

NN N TN TN NN NN

And here’s the data from Isof, which for some reason we gathered only once per five
seconds. We're simply summing the sizes of all of the files mysqld has open in /tmp,
and printing out the total for each timestamped sample in the file:

$ awk '

/mysqld.*tmp/ {
total += $7;

}

/"Sun Mar 28/ && total {
printf "%s %7.2f MB\n", $4, total/1024/1024;
total = 0;

}' 1sof.txt

18:34:38 1655.21 MB
18:34:43 1.88 MB
18:34:48 1.88 MB
18:34:53 1.88 MB
18:34:58 1.88 MB

Based on this data, it looks like MySQL is writing about 1.5 GB of data to temporary
tables in the beginning phases of the incident, and this matches what we found in the
SHOW PROCESSLIST states (“Copying to tmp table”). The evidence points to a storm of

19. Someone call the 1-800 hotline!
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bad queries all at once saturating the disk. The most common cause of this we’ve seen
(this is our intuition at work) is a cache stampede, when cached items expire all at once
from memcached and many instances of the application try to repopulate the cache
simultaneously. We showed samples of the queries to the developers and discussed
their purpose. Indeed, it turned out that simultaneous cache expiration was the cause
(confirming our intuition). In addition to the developers addressing the problem at the
application level, we were able to help them modify the queries so they didn’t use
temporary tables on disk. Either one of these fixes might have prevented the problem,
but it was much better to do both than just one.

Now, we’d like to apply a little hindsight to explain some questions you might have
had as we went along (we certainly critiqued our own approach as we reviewed it for
this chapter):

Why didn’t we just optimize the slow queries to begin with?

Because the problem wasn’t slow queries, it was “too many connections” errors.
Sure, it’s logical to see that long-running queries cause things to stack up and the
connection count to climb. But so can dozens of other things. In the absence of
finding a good reason for why things are going wrong, it’s all too tempting to fall
back to looking for slow queries or other general things that look like they could
be improved.20 But this goes badly more often than it goes well. If you took your
car to the mechanic and complained about an unfamiliar noise, and then got slap-
ped with a bill for balancing the tires and changing the transmission fluid because
the mechanic couldn’t figure out the real problem and went looking for other things
to do, wouldn’t you be annoyed?

But isn’t it a red flag that the queries were running slowly with a bad EXPLAIN?
They were indeed—during the incidents. Was that a cause or an effect? It wasn’t
obvious until we dug into things more deeply. And remember, the queries seemed
to be running well enough in normal circumstances. Just because a query does a
filesort with a temporary table doesn’t mean it is a problem. Getting rid of filesorts
and temporary tables is a catch-all, “best practice” type of tactic.

Generic “best practices” reviews have their place, but they are seldom the solution
to highly specific problems. The problem could easily have been misconfiguration,
for example. We’ve seen many cases where someone tried to fix a misconfigured
server with tactics such as optimizing queries, which was ultimately a waste of time
and just prolonged the damage caused by the real problem.

If cached items were being regenerated many times, wouldn’t there be multiple identical
queries?
Yes, and this is something we did not investigate at the time. Multiple threads
regenerating the same cached item would indeed cause many completely identical
queries. (This is different from having multiple queries of the same general type,

20. Also known as the “when all you have is a hammer, everything looks like a nail” approach.
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which might differ in a parameter to the WHERE clause, for example.) Noticing this
could have stimulated our intuition and directed us to the solution more quickly.

There were hundreds of SELECT queries per second, but only five UPDATEs. What’s to say
that these five weren’t really heavy queries?
They could indeed have been responsible for a lot of load on the server. We didn’t
show the actual queries because it would clutter things too much, but it’s a valid
point that the absolute number of each type of query isn’t necessarily meaningful.

Isn’t the “proof” about the origin of the I/O storms still pretty weak?

Yes, itis. There could be many explanations for why a small database would write
a huge amount of data to disk, or why the disk’s free space decreased quickly. This
is something that’s ultimately pretty hard to measure (though not impossible) on
the versions of MySQL and GNU/Linux in question. Although it’s possible to play
devil’s advocate and come up with lots of scenarios, we chose to balance the cost
and potential benefit by pursuing what seemed like the most promising leads first.
The harder it is to measure and be certain, the higher the cost/benefit ratio climbs,
and the more willing we are to accept uncertainty.

We said “the database was never the problem in the past.” Wasn’t that a bias?
Yes, that was a bias. If you caught it, great—if not, well, then hopefully it serves
as a useful illustration that we all have biases.

We'd like to finish this troubleshooting case study by pointing out that this issue
probably could have been solved (or prevented) without our involvement by using an
application profiling tool such as New Relic.

Other Profiling Tools

We’ve shown a variety of ways to profile MySQL, the operating system, and queries.
We've demonstrated those that we think you’ll find most useful, and of course, we’ll
show more tools and techniques for inspecting and measuring systems throughout this
book. But wait, there’s more!

Using the USER_STATISTICS Tables

Percona Server and MariaDB include additional INFORMATION_SCHEMA tables for object-
level usage statistics. These were originally created at Google. They are extremely useful
for finding out how much or little the various parts of your server are actually used. In
alarge enterprise, where the DBAs are responsible for managing the databases and have
little control over the developers, they can be vital for measuring and auditing database
activity and enforcing usage policies. They’re similarly useful for multitenant applica-
tions such as shared hosting environments. When you’re hunting for performance
problems, on the other hand, they can be great for helping you figure out who’s spend-
ing the most time in the database or what tables and indexes are most or least used.
Here are the tables:
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mysql> SHOW TABLES FROM INFORMATION_SCHEMA LIKE '%_STATISTICS';

| CLIENT_STATISTICS |
| INDEX_STATISTICS |
| TABLE_STATISTICS |
| THREAD_STATISTICS |
| USER_STATISTICS |

We don’t have space for examples of all the queries you can perform against these
tables, but a couple of bullet points won’t hurt:

* You can find the most-used and least-used tables and indexes, by reads, updates,
or both.

* You can find unused indexes, which are candidates for removal.

* You can look at the CONNECTED_TIME versus the BUSY TIME of the replication user to
see whether replication will likely have a hard time keeping up soon.

In MySQL 5.6, the Performance Schema adds tables that serve purposes similar to the
aforementioned tables.

Using strace

The strace tool intercepts system calls. There are several ways you can use it. One is to
time the system calls and print out a profile:
$ strace -cfp $(pidof mysqld)

Process 12648 attached with 17 threads - interrupt to quit
~CProcess 12648 detached

% time seconds usecs/call calls errors syscall
73.51 0.608908 13839 44 select
24.38 0.201969 20197 10 futex
0.76 0.006313 1 11233 3 read
0.60 0.004999 625 8 unlink
0.48 0.003969 22 180 write
0.23 0.001870 11 178 pread64
0.04 0.000304 0 5538 _1lseek

[some lines omitted for brevity]

100.00 0.828375 17834 46 total

In this way, it’s a bit like oprofile. However, oprofile will profile the internal symbols of
the program, not just the system calls. In addition, strace uses a different technique for
intercepting the calls, which is a bit more unpredictable and adds a lot of overhead.
And strace measures wall-clock time, whereas oprofile measures where the CPU cycles
are spent. As an example, strace will show when I/O waits are a problem because it
measures from the beginning of a system call such as read or preadé64 to the end of the
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call, but oprofile usually won’t because the I/O system call doesn’t actually do any CPU
work—it just waits for the I/O to complete.

We use oprofile only when necessary, because it can have strange side effects on a big
multithreaded process like mysqld, and while strace is attached, mysqld will run so
slowly that it’s pretty much unusable for a production workload. Still, it can be ex-
tremely useful in some circumstances, and there is a tool in Percona Toolkit called
pt-ioprofile that uses strace to generate a true profile of I/O activity. This has been
helptul in proving or disproving some hard-to-measure cases that we couldn’t bring to
a close otherwise. (If the server had been running MySQL 5.6, we’d have been able to
do this with the Performance Schema instead.)

Summary

This chapter lays the foundation of thought processes and techniques you’ll need to
succeed in performance optimization. The right mental approach is the key to unlock-
ing the full potential of your systems and applying the knowledge you’ll gain in the rest
of this book. Here are some of the fundamentals we tried to illustrate:

* We think that the most useful way to define performance is in terms of response
time.

* You cannot reliably improve what you cannot measure, so performance improve-
ment works best with high-quality, well-scoped, complete measurements of re-
sponse time.

* The best place to start measuring is the application, not the database. If there is a
problem in the lower layers, such as the database, good measurements will make
it obvious.

* Most systems are impossible to measure completely, and measurements are
always wrong. But you can usually work around the limitations and get a good
outcome anyway, if you acknowledge the imperfection and uncertainty of the pro-
cess you use.

* Thorough measurements produce way too much data to analyze, so you need a
profile. This is the best tool to help you bubble important things to the top so you
can decide where to start.

* A profile is a summary, which obscures and discards details. It also usually doesn’t
show you what’s missing. It’s unwise to take a profile at face value.

* There are two kinds of time consumption: working and waiting. Many profiling
tools can only measure work done, so wait analysis is sometimes an important
supplement, especially when CPU usage is low but things still aren’t getting done.

* Optimization is not the same thing as improvement. Stop working when further
improvement is not worth the cost.
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* Payattention to your intuition, but try to use it to direct your analysis, not to decide
on changes to the system. Base your decisions on data, not gut feeling, as much as
possible.

The overall approach we showed to solving performance problems is to first clarify the
question, then choose the appropriate technique to answer it. If you’re trying to see if
you can improve the server’s performance overall, a good way to start is to log all the
queries and produce a system-wide profile with pt-query-digest. If you’re hunting for
bad queries you might not know about, logging and profiling will also help. Look for
top time consumers, queries that are causing a bad user experience, and queries that
are highly variable or have strange response-time histograms. When you find “bad”
queries, drill into them by looking at the detailed report from pt-query-digest, using
SHOW PROFILE, and using other tools such as EXPLAIN.

If the queries are performing badly for no discernible reason, you might be experiencing
sporadic server-wide problems. To find out, you can measure and plot the server’s
status counters at a fine level of detail. If this reveals a problem, use the same data to
formulate a reliable trigger condition, so you can capture a burst of detailed diagnostic
data. Invest as much time and care as necessary to find a good trigger condition that
avoids false positives and false negatives. If you capture the problem in action but you
still don’t understand the cause, gather more data, or ask for help.

You’re working with systems you can’t measure fully, but they’re just state machines,
so if you are careful, logical, and persistent, you will usually get results. Try not to
confuse effects with causes, and try not to make changes until you have identified the
problem.

The theoretically pure approach of top-down profiling and exhaustive measurement is
the ideal toward which we aspire, but we often have to deal with real systems. Real
systems are complex and inadequately instrumented, so we do the best we can with
what we have. Tools such as pt-query-digest and the MySQL Enterprise Monitor’s query
analyzer aren’t perfect, and often won’t show conclusive proof of a problem’s cause.
But they are good enough to get the job done much of the time.

Summary | 113

www.it-ebooks.info


http://www.it-ebooks.info/

www.it-ebooks.info


http://www.it-ebooks.info/

CHAPTER 4
Optimizing Schema and Data Types

Good logical and physical design is the cornerstone of high performance, and you must
design your schema for the specific queries you will run. This often involves trade-offs.
Forexample, a denormalized schema can speed up some types of queries but slow down
others. Adding counter and summary tables is a great way to optimize queries, but they
can be expensive to maintain. MySQL’s particular features and implementation details
influence this quite a bit.

This chapter and the following one, which focuses on indexing, cover the MySQL-
specific bits of schema design. We assume that you know how to design databases, so
this is not an introductory chapter, or even an advanced chapter, on database design.
It’s a chapter on MySQL database design—it’s about what is different when designing
databases with MySQL rather than other relational database management systems. If
you need to study the basics of database design, we suggest Clare Churcher’s book

Beginning Database Design (Apress).

This chapter is preparation for the two that follow. In these three chapters, we will
explore the interaction of logical design, physical design, and query execution. This
requires a big-picture approach as well as attention to details. You need to understand
the whole system to understand how each piece will affect others. You might find it
useful to review this chapter after reading the chapters on indexing and query optimi-
zation. Many of the topics discussed can’t be considered in isolation.

Choosing Optimal Data Types

MySQL supports a large variety of data types, and choosing the correct type to store
your data is crucial to getting good performance. The following simple guidelines can
help you make better choices, no matter what type of data you are storing:

Smaller is usually better.
In general, try to use the smallest data type that can correctly store and represent
your data. Smaller data types are usually faster, because they use less space on the
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disk, in memory, and in the CPU cache. They also generally require fewer CPU
cycles to process.

Make sure you don’t underestimate the range of values you need to store, though,
because increasing the data type range in multiple places in your schema can be a
painful and time-consuming operation. If you’re in doubt as to which is the best
data type to use, choose the smallest one that you don’t think you’ll exceed. (If the
system is not very busy or doesn’t store much data, or if you’re at an early phase
in the design process, you can change it easily later.)
Simple is good.

Fewer CPU cycles are typically required to process operations on simpler data
types. For example, integers are cheaper to compare than characters, because
character sets and collations (sorting rules) make character comparisons compli-
cated. Here are two examples: you should store dates and times in MySQL’s built-
in types instead of as strings, and you should use integers for IP addresses. We
discuss these topics further later.

Avoid NULL if possible.
A lot of tables include nullable columns even when the application does not need
to store NULL (the absence of a value), merely because it’s the default. It’s usually
best to specify columns as NOT NULL unless you intend to store NULL in them.

It’s harder for MySQL to optimize queries that refer to nullable columns, because
they make indexes, index statistics, and value comparisons more complicated. A
nullable column uses more storage space and requires special processing inside
MySQL. When a nullable column is indexed, it requires an extra byte per entry
and can even cause a fixed-size index (such as an index on a single integer column)
to be converted to a variable-sized one in MyISAM.

The performance improvement from changing NULL columns to NOT NULL is usually
small, so don’t make it a priority to find and change them on an existing schema
unless you know they are causing problems. However, if you’re planning to index
columns, avoid making them nullable if possible.

There are exceptions, of course. For example, it’s worth mentioning that InnoDB
stores NULL with a single bit, so it can be pretty space-efficient for sparsely populated
data. This doesn’t apply to MyISAM, though.

The first step in deciding what data type to use for a given column is to determine what
general class of types is appropriate: numeric, string, temporal, and so on. This is usu-
ally pretty straightforward, but we mention some special cases where the choice is
unintuitive.

The next step is to choose the specific type. Many of MySQL’s data types can store the
same kind of data but vary in the range of values they can store, the precision they
permit, or the physical space (on disk and in memory) they require. Some data types
also have special behaviors or properties.
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For example, a DATETIME and a TIMESTAMP column can store the same kind of data: date
and time, to a precision of one second. However, TIMESTAMP uses only half as much
storage space, is time zone—aware, and has special autoupdating capabilities. On the
other hand, it has a much smaller range of allowable values, and sometimes its special
capabilities can be a handicap.

We discuss base data types here. MySQL supports many aliases for compatibility, such
as INTEGER, BOOL, and NUMERIC. These are only aliases. They can be confusing, but they
don’t affect performance. If you create a table with an aliased data type and then ex-
amine SHOW CREATE TABLE, you’ll see that MySQL reports the base type, not the alias
you used.

Whole Numbers

There are two kinds of numbers: whole numbers and real numbers (numbers with a
fractional part). If you’re storing whole numbers, use one of the integer types: TINYINT,
SMALLINT, MEDIUMINT, INT, or BIGINT. These require 8, 16, 24, 32, and 64 bits of storage
space, respectively. They can store values from -2®1 to 2#1D—1 where N is the number
of bits of storage space they use.

Integer types can optionally have the UNSIGNED attribute, which disallows negative val-
ues and approximately doubles the upper limit of positive values you can store. For
example, a TINVINT UNSIGNED can store values ranging from 0 to 255 instead of from
-128 to 127.

Signed and unsigned types use the same amount of storage space and have the same
performance, so use whatever’s best for your data range.

Your choice determines how MySQL stores the data, in memory and on disk. However,
integer computations generally use 64-bit BIGINT integers, even on 32-bit architectures.
(The exceptions are some aggregate functions, which use DECIMAL or DOUBLE to perform
computations.)

MySQL lets you specify a “width” for integer types, such as INT(11). This is meaningless
for most applications: it does not restrict the legal range of values, but simply specifies
the number of characters MySQL’s interactive tools (such as the command-line client)
will reserve for display purposes. For storage and computational purposes, INT(1) is
identical to INT(20).

B
N Third-party storage engines, such as Infobright, sometimes have their
:‘:\ own storage formats and compression schemes, and don’t necessarily
\ . . .
Qs use those that are common to MySQL’s built-in storage engines.
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Real Numbers

Real numbers are numbers that have a fractional part. However, they aren’t just for
fractional numbers; you can also use DECIMAL to store integers that are so large they
don’t fit in BIGINT. MySQL supports both exact and inexact types.

The FLOAT and DOUBLE types support approximate calculations with standard floating-
point math. If you need to know exactly how floating-point results are calculated, you
will need to research your platform’s floating-point implementation.

The DECIMAL type is for storing exact fractional numbers. In MySQL 5.0 and newer, the
DECIMAL type supports exact math. MySQL 4.1 and earlier used floating-point math to
perform computations on DECIMAL values, which could give strange results because of
loss of precision. In these versions of MySQL, DECIMAL was only a “storage type.”

The server itself performs DECIMAL math in MySQL 5.0 and newer, because CPUs don’t
support the computations directly. Floating-point math is significantly faster, because
the CPU performs the computations natively.

Both floating-point and DECIMAL types let you specify a precision. For a DECIMAL column,
you can specify the maximum allowed digits before and after the decimal point. This
influences the column’s space consumption. MySQL 5.0 and newer pack the digits into
a binary string (nine digits per four bytes). For example, DECIMAL(18, 9) will store nine
digits from each side of the decimal point, using nine bytes in total: four for the digits
before the decimal point, one for the decimal point itself, and four for the digits after
the decimal point.

A DECIMAL number in MySQL 5.0 and newer can have up to 65 digits. Earlier MySQL
versions had a limit of 254 digits and stored the values as unpacked strings (one byte
per digit). However, these versions of MySQL couldn’t actually use such large numbers
in computations, because DECIMAL was just a storage format; DECIMAL numbers were
converted to DOUBLEs for computational purposes,

You can specify a floating-point column’s desired precision in a couple of ways, which
can cause MySQL to silently choose a different data type or to round values when you
store them. These precision specifiers are nonstandard, so we suggest that you specify
the type you want but not the precision.

Floating-point types typically use less space than DECIMAL to store the same range of
values. A FLOAT column uses four bytes of storage. DOUBLE consumes eight bytes and has
greater precision and a larger range of values than FLOAT. As with integers, you're
choosing only the storage type; MySQL uses DOUBLE for its internal calculations on
floating-point types.

Because of the additional space requirements and computational cost, you should use
DECIMAL only when you need exact results for fractional numbers—for example, when
storing financial data. But in some high-volume cases it actually makes sense to use a
BIGINT instead, and store the data as some multiple of the smallest fraction of currency

118 | Chapter4: Optimizing Schema and Data Types

www.it-ebooks.info


http://www.it-ebooks.info/

you need to handle. Suppose you are required to store financial data to the ten-
thousandth of a cent. You can multiply all dollar amounts by a million and store the
result in a BIGINT, avoiding both the imprecision of floating-point storage and the cost
of the precise DECIMAL math.

String Types

MySQL supports quite a few string data types, with many variations on each. These
data types changed greatly in versions 4.1 and 5.0, which makes them even more com-
plicated. Since MySQL 4.1, each string column can have its own character set and set
of sorting rules for that character set, or collation (see Chapter 7 for more on these
topics). This can impact performance greatly.

VARCHAR and CHAR types

The two major string types are VARCHAR and CHAR, which store character values. Un-
fortunately, it’s hard to explain exactly how these values are stored on disk and in
memory, because the implementations are storage engine—dependent. We assume you
are using InnoDB and/or MyISAM. If not, you should read the documentation for your
storage engine.

Let’s take a look at how VARCHAR and CHAR values are typically stored on disk. Be aware
that a storage engine may store a CHAR or VARCHAR value differently in memory from how
it stores that value on disk, and that the server may translate the value into yet another
storage format when it retrieves it from the storage engine. Here’s a general comparison
of the two types:

VARCHAR
VARCHAR stores variable-length character strings and is the most common string
data type. It can require less storage space than fixed-length types, because it uses
only as much space as it needs (i.e., less space is used to store shorter values). The
exception is a MyISAM table created with ROW_FORMAT=FIXED, which uses a fixed
amount of space on disk for each row and can thus waste space.

VARCHAR uses 1 or 2 extra bytes to record the value’s length: 1 byte if the column’s
maximum length is 255 bytes or less, and 2 bytes if it’s more. Assuming the
latini character set, a VARCHAR(10) will use up to 11 bytes of storage space. A
VARCHAR(1000) can use up to 1002 bytes, because it needs 2 bytes to store length
information.

VARCHAR helps performance because it saves space. However, because the rows are
variable-length, they can grow when you update them, which can cause extra work.
If a row grows and no longer fits in its original location, the behavior is storage
engine—dependent. For example, MyISAM may fragment the row, and InnoDB
may need to split the page to fit the row into it. Other storage engines may never
update data in-place at all.
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It’s usually worth using VARCHAR when the maximum column length is much larger
than the average length; when updates to the field are rare, so fragmentation is not
a problem; and when you’re using a complex character set such as UTF-8, where
each character uses a variable number of bytes of storage.

In version 5.0 and newer, MySQL preserves trailing spaces when you store and
retrieve values. In versions 4.1 and older, MySQL strips trailing spaces.

It’s trickier with InnoDB, which can store long VARCHAR values as BLOBs. We discuss
this later.

CHAR
CHAR is fixed-length: MySQL always allocates enough space for the specified num-
ber of characters. When storing a CHAR value, MySQL removes any trailing spaces.
(This was also true of VARCHAR in MySQL 4.1 and older versions—CHAR and VAR
CHAR were logically identical and differed only in storage format.) Values are padded
with spaces as needed for comparisons.

CHAR is useful if you want to store very short strings, or if all the values are nearly
the same length. For example, CHAR is a good choice for MD5 values for user pass-
words, which are always the same length. CHAR is also better than VARCHAR for data
that’s changed frequently, because a fixed-length row is not prone to fragmenta-
tion. For very short columns, CHAR is also more efficient than VARCHAR; a CHAR(1)
designed to hold only Y and N values will use only one byte in a single-byte character
set,! but a VARCHAR(1) would use two bytes because of the length byte.

This behavior can be a little confusing, so we’ll illustrate with an example. First, we
create a table with a single CHAR(10) column and store some values in it:

mysql> CREATE TABLE char_test( char_col CHAR(10));
mysql> INSERT INTO char_test(char_col) VALUES
-> ('string1'), (' string2'), ('string3 ');
When we retrieve the values, the trailing spaces have been stripped away:
mysql> SELECT CONCAT("'", char_col, "'") FROM char_test;

A m e +
| CONCAT("'", char_col, "'") |
e +
| 'string1' |
| ' string2' |
| 'string3’ |
e +

If we store the same values into a VARCHAR(10) column, we get the following result upon
retrieval:

1. Remember that the length is specified in characters, not bytes. A multibyte character set can require more
than one byte to store each character.
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mysql> SELECT CONCAT("'", varchar_col, "'") FROM varchar_test;

e o +
| CONCAT("'", varchar_col, "'") |
e o +
| 'string1' |
| ' string2' |
| 'string3 ' |
e +

How data is stored is up to the storage engines, and not all storage engines handle fixed-
length and variable-length data the same way. The Memory storage engine uses fixed-
size rows, so it has to allocate the maximum possible space for each value even when
it’s a variable-length field.2 However, the padding and trimming behavior is consistent
across storage engines, because the MySQL server itself handles that.

The sibling types for CHAR and VARCHAR are BINARY and VARBINARY, which store binary
strings. Binary strings are very similar to conventional strings, but they store bytes
instead of characters. Padding is also different: MySQL pads BINARY values with \0 (the
zero byte) instead of spaces and doesn’t strip the pad value on retrieval .3

These types are useful when you need to store binary data and want MySQL to compare
the values as bytes instead of characters. The advantage of byte-wise comparisons is
more than just a matter of case insensitivity. MySQL literally compares BINARY strings
one byte at a time, according to the numeric value of each byte. As a result, binary
comparisons can be much simpler than character comparisons, so they are faster.

Generosity Can Be Unwise

Storing the value 'hello' requires the same amount of space in a VARCHAR(5) and a
VARCHAR(200) column. Is there any advantage to using the shorter column?

Asitturns out, there is a big advantage. The larger column can use much more memory,
because MySQL often allocates fixed-size chunks of memory to hold values internally.
This is especially bad for sorting or operations that use in-memory temporary tables.
The same thing happens with filesorts that use on-disk temporary tables.

The best strategy is to allocate only as much space as you really need.

BLOB and TEXT types

BLOB and TEXT are string data types designed to store large amounts of data as either
binary or character strings, respectively.

2. The Memory engine in Percona Server supports variable-length rows.

3. Be careful with the BINARY type if the value must remain unchanged after retrieval. MySQL will pad it to
the required length with \os.
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In fact, they are each families of data types: the character types are TINYTEXT, SMALL
TEXT, TEXT, MEDIUMTEXT, and LONGTEXT, and the binary types are TINYBLOB, SMALLBLOB,
BLOB, MEDIUMBLOB, and LONGBLOB. BLOB is a synonym for SMALLBLOB, and TEXT is a synonym
for SMALLTEXT.

Unlike with all other data types, MySQL handles each BLOB and TEXT value as an object
with its own identity. Storage engines often store them specially; InnoDB may use a
separate “external” storage area for them when they’re large. Each value requires from
one to four bytes of storage space in the row and enough space in external storage to
actually hold the value.

The only difference between the BLOB and TEXT families is that BLOB types store binary
data with no collation or character set, but TEXT types have a character set and collation.

MySQL sorts BLOB and TEXT columns differently from other types: instead of sorting the
full length of the string, it sorts only the first max_sort_length bytes of such columns.
If you need to sort by only the first few characters, you can either decrease the
max_sort_length server variable or use ORDER BY SUBSTRING(column, length).

MySQL can’t index the full length of these data types and can’t use the indexes for
sorting. (You’ll find more on these topics in the next chapter.)

On-Disk Temporary Tables and Sort Files

Because the Memory storage engine doesn’t support the BLOB and TEXT types, queries
that use BLOB or TEXT columns and need an implicit temporary table will have to use on-
disk MyISAM temporary tables, even for only a few rows. (Percona Server’s Memory
storage engine supports the BLOB and TEXT types, but at the time of writing, it doesn’t
yet prevent on-disk tables from being used.)

This can result in a serious performance overhead. Even if you configure MySQL to
store temporary tables on a RAM disk, many expensive operating system calls will be
required.

The best solution is to avoid using the BLOB and TEXT types unless you really need them.
If you can’t avoid them, you may be able to use the SUBSTRING(column, length) trick
everywhere a BLOB column is mentioned (including in the ORDER BY clause) to convert
the values to character strings, which will permit in-memory temporary tables. Just be
sure that you’re using a short enough substring that the temporary table doesn’t grow
larger than max_heap_table size or tmp table size, or MySQL will convert the table
to an on-disk MyISAM table.

The worst-case length allocation also applies to sorting of values, so this trick can help
with both kinds of problems: creating large temporary tables and sort files, and creating
them on disk.
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Here’s an example. Suppose you have a table with 10 million rows, which uses a couple
of gigabytes on disk. It has a VARCHAR(1000) column with the utf8 character set. This
can use up to 3 bytes per character, for a worst-case size of 3,000 bytes. If you mention
this column in your ORDER BY clause, a query against the whole table can require over
30 GB of temporary space just for the sort files!

If the Extra column of EXPLAIN contains “Using temporary,” the query uses an implicit
temporary table.

Using ENUM instead of a string type

Sometimes you can use an ENUM column instead of conventional string types. An ENUM
column can store a predefined set of distinct string values. MySQL stores them very
compactly, packed into one or two bytes depending on the number of values in the list.
It stores each value internally as an integer representing its position in the field defini-
tion list, and it keeps the “lookup table” that defines the number-to-string correspond-
ence in the table’s .frm file. Here’s an example:
mysql> CREATE TABLE enum_test(
-> e ENUM('fish', 'apple', 'dog') NOT NULL
> );
mysql> INSERT INTO enum_test(e) VALUES('fish'), ('dog'), ('apple');

The three rows actually store integers, not strings. You can see the dual nature of the
values by retrieving them in a numeric context:

mysql> SELECT e + 0 FROM enum_test;

R +
| e+o0|
R +
| 1|
| 3 |
| 2 |
ommmmmm +

This duality can be terribly confusing if you specify numbers for your ENUM constants,
asin ENUM('1", '2', '3'). We suggest you don’t do this.

Another surprise is that an ENUM field sorts by the internal integer values, not by the
strings themselves:

mysql> SELECT e FROM enum_test ORDER BY e;
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You can work around this by specifying ENUM members in the order in which you want
them to sort. You can also use FIELD() to specify a sort order explicitly in your queries,
but this prevents MySQL from using the index for sorting:

mysql> SELECT e FROM enum_test ORDER BY FIELD(e, 'apple', 'dog', 'fish');

If we’d defined the values in alphabetical order, we wouldn’t have needed to do that.

The biggest downside of ENUM is that the list of strings is fixed, and adding or removing
strings requires the use of ALTER TABLE. Thus, it might not be a good idea to use ENUM
as a string data type when the list of allowed string values is likely to change arbitrarily
in the future, unless it’s acceptable to add them at the end of the list, which can be done
without a full rebuild of the table in MySQL 5.1.

Because MySQL stores each value as an integer and has to do a lookup to convert it to
its string representation, ENUM columns have some overhead. This is usually offset by
their smaller size, but not always. In particular, it can be slower to join a CHAR or
VARCHAR column to an ENUM column than to another CHAR or VARCHAR column.

To illustrate, we benchmarked how quickly MySQL performs such a join on a table in
one of our applications. The table has a fairly wide primary key:

CREATE TABLE webservicecalls (
day date NOT NULL,
account smallint NOT NULL,
service varchar(10) NOT NULL,
method varchar(50) NOT NULL,
calls int NOT NULL,
items int NOT NULL,
time float NOT NULL,
cost decimal(9,5) NOT NULL,
updated datetime,
PRIMARY KEY (day, account, service, method)
) ENGINE=InnoDB;

The table contains about 110,000 rows and is only about 10 MB, so it fits entirely in
memory. The service column contains 5 distinct values with an average length of 4
characters, and the method column contains 71 values with an average length of 20
characters.

We made a copy of this table and converted the service and method columns to ENUM,
as follows:

CREATE TABLE webservicecalls enum (
. omitted ...
service ENUM(...values omitted...) NOT NULL,
method ENUM(...values omitted...) NOT NULL,
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... omitted ...
) ENGINE=InnoDB;
We then measured the performance of joining the tables by the primary key columns.
Here is the query we used:

mysql> SELECT SQL_NO_CACHE COUNT(*)
-> FROM webservicecalls
-> JOIN webservicecalls USING(day, account, service, method);

We varied this query to join the VARCHAR and ENUM columns in different combinations.
Table 4-1 shows the results.

Table 4-1. Speed of joining VARCHAR and ENUM columns

Test Queries per second
VARCHAR joined to VARCHAR 2.6
VARCHAR joined to ENUM 1.7
ENUM joined to VARCHAR 1.8
ENUM joined to ENUM 35

The join is faster after converting the columns to ENUM, but joining the ENUM columns to
VARCHAR columns is slower. In this case, it looks like a good idea to convert these col-
umns, as long as they don’t have to be joined to VARCHAR columns. It’s a common design
practice to use “lookup tables” with integer primary keys to avoid using character-based
values in joins.

However, there’s another benefit to converting the columns: according to the Data_
length column from SHOW TABLE STATUS, converting these two columns to ENUM made
the table about 1/3 smaller. In some cases, this might be beneficial even if the ENUM
columns have to be joined to VARCHAR columns. Also, the primary key itself is only about
half the size after the conversion. Because this is an InnoDB table, if there are any other
indexes on this table, reducing the primary key size will make them much smaller, too.
We explain this in the next chapter.

Date and Time Types

MySQL has many types for various kinds of date and time values, such as YEAR and
DATE. The finest granularity of time MySQL can store is one second. (MariaDB has
microsecond-granularity temporal types.) However, it can do temporal computations
with microsecond granularity, and we’ll show you how to work around the storage
limitations.

Most of the temporal types have no alternatives, so there is no question of which one
is the best choice. The only question is what to do when you need to store both the
date and the time. MySQL offers two very similar data types for this purpose: DATE
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TIME and TIMESTAMP. For many applications, either will work, but in some cases, one
works better than the other. Let’s take a look:

DATETIME
This type can hold a large range of values, from the year 1001 to the year 9999,
with a precision of one second. It stores the date and time packed into an integer
in YYYYMMDDHHMMSS format, independent of time zone. This uses eight bytes
of storage space.

By default, MySQL displays DATETIME values in a sortable, unambiguous format,
such as 2008-01-16 22:37:08. This is the ANSI standard way to represent dates
and times.

TIMESTAMP
As its name implies, the TIMESTAMP type stores the number of seconds elapsed since
midnight, January 1, 1970, Greenwich Mean Time (GMT)—the same as a Unix
timestamp. TIMESTAMP uses only four bytes of storage, so it has a much smaller
range than DATETIME: from the year 1970 to partway through the year 2038. MySQL
provides the FROM_UNIXTIME() and UNIX TIMESTAMP() functions to convert a Unix
timestamp to a date, and vice versa.

MySQL 4.1 and newer versions format TIMESTAMP values just like DATETIME values,
but MySQL 4.0 and older versions display them without any punctuation between
the parts. This is only a display formatting difference; the TIMESTAMP storage format
is the same in all MySQL versions.

The value a TIMESTAMP displays also depends on the time zone. The MySQL server,
operating system, and client connections all have time zone settings.

Thus, a TIMESTAMP that stores the value 0 actually displays it as 1969-12-31 19:00:00
in Eastern Standard Time (EST), which has a five-hour offset from GMT. It’s worth
emphasizing this difference: if you store or access data from multiple time zones,
the behavior of TIMESTAMP and DATETIME will be very different. The former preserves
values relative to the time zone in use, while the latter preserves the textual repre-
sentation of the date and time.

TIMESTAMP also has special properties that DATETIME doesn’t have. By default,
MySQL will set the first TIMESTAMP column to the current time when you insert a
row without specifying a value for the column.#* MySQL also updates the first
TIMESTAMP column’s value by default when you update the row, unless you assign
a value explicitly in the UPDATE statement. You can configure the insertion and
update behaviors for any TIMESTAMP column. Finally, TIMESTAMP columns are NOT
NULL by default, which is different from every other data type.

4. Therules for TIMESTAMP behavior are complex and have changed in various MySQL versions, so you should
verify that you are getting the behavior you want. It’s usually a good idea to examine the output of SHOW
CREATE TABLE after making changes to TIMESTAMP columns.
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Special behavior aside, in general if you can use TIMESTAMP you should, because it is
more space-efficient than DATETIME. Sometimes people store Unix timestamps as integer
values, but this usually doesn’t gain you anything. The integer format is often less
convenient to deal with, so we do not recommend doing this.

What if you need to store a date and time value with subsecond resolution? MySQL
currently does not have an appropriate data type for this, but you can use your own
storage format: you can use the BIGINT data type and store the value as a timestamp in
microseconds, or you can use a DOUBLE and store the fractional part of the second after
the decimal point. Both approaches will work well. Or you can use MariaDB instead
of MySQL.

Bit-Packed Data Types

MySQL has a few storage types that use individual bits within a value to store data
compactly. All of these types are technically string types, regardless of the underlying
storage format and manipulations:

BIT
Before MySQL 5.0, BIT s just a synonym for TINYINT. Butin MySQL 5.0 and newer,
it’s a completely different data type with special characteristics. We discuss the
new behavior here.

You can use a BIT column to store one or many true/false values in a single column.
BIT(1) defines a field that contains a single bit, BIT(2) stores 2 bits, and so on; the
maximum length of a BIT column is 64 bits.

BIT behavior varies between storage engines. MyISAM packs the columns together
for storage purposes, so 17 individual BIT columns require only 17 bits to store
(assuming none of the columns permits NULL). MyISAM rounds that to three bytes
forstorage. Other storage engines, such as Memory and InnoDB, store each column
as the smallest integer type large enough to contain the bits, so you don’t save any
storage space.

MySQL treats BIT as a string type, not a numeric type. When you retrieve a BIT
(1) value, the result is a string but the contents are the binary value 0 or 1, not the
ASCII value “0” or “1”. However, if you retrieve the value in a numeric context,
the result is the number to which the bit string converts. Keep this in mind if you
need to compare the result to another value. For example, if you store the value
b'00111001" (which is the binary equivalent of 57) into aBIT(8) column and retrieve
it, you will get the string containing the character code 57. This happens to be the
ASCII character code for “9”. But in a numeric context, you’ll get the value 57:
mysql> CREATE TABLE bittest(a bit(8));

mysql> INSERT INTO bittest VALUES(b'00111001');
mysql> SELECT a, a + 0 FROM bittest;
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This can be very confusing, so we recommend that you use BIT with caution. For
most applications, we think it is a better idea to avoid this type.

If you want to store a true/false value in a single bit of storage space, another option
is to create a nullable CHAR(0) column. This column is capable of storing either the
absence of a value (NULL) or a zero-length value (the empty string).

SET

If you need to store many true/false values, consider combining many columns into
one with MySQL’s native SET data type, which MySQL represents internally as a
packed set of bits. It uses storage efficiently, and MySQL has functions such as
FIND_IN SET() and FIELD() that make it easy to use in queries. The major drawback
is the cost of changing the column’s definition: this requires an ALTER TABLE, which
is very expensive on large tables (but see the workaround later in this chapter). In
general, you also can’t use indexes for lookups on SET columns.

Bitwise operations on integer columns
An alternative to SET is to use an integer as a packed set of bits. For example, you
can pack eight bits in a TINVINT and manipulate them with bitwise operators. You
can make this easier by defining named constants for each bit in your application
code.

The major advantage of this approach over SET is that you can change the “enu-
meration” the field represents without an ALTER TABLE. The drawback is that your
queries are harder to write and understand (what does it mean when bit 5 is set?).
Some people are comfortable with bitwise manipulations and some aren’t, so
whether you’ll want to try this technique is largely a matter of taste.

An example application for packed bits is an access control list (ACL) that stores per-
missions. Each bit or SET element represents a value such as CAN_READ, CAN_WRITE, or
CAN_DELETE. If you use a SET column, you’ll let MySQL store the bit-to-value mapping
in the column definition; if you use an integer column, you’ll store the mapping in your
application code. Here’s what the queries would look like with a SET column:
mysql> CREATE TABLE acl (
-> perms SET('CAN_READ', 'CAN_WRITE', 'CAN_DELETE') NOT NULL
> )5
mysql> INSERT INTO acl(perms) VALUES ('CAN_READ,CAN DELETE');
mysql> SELECT perms FROM acl WHERE FIND_IN_SET('AN_READ', perms);

B T T TR +
| perms |
B T T TR +
| CAN_READ,CAN DELETE |
B T T TR +

If you used an integer, you could write that example as follows:
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mysql> SET @CAN_READ := 1 << 0,
-> @CAN_WRITE := 1 << 1,
-> @CAN_DELETE := 1 << 2;

mysql> CREATE TABLE acl (

-> perms TINYINT UNSIGNED NOT NULL DEFAULT o

->);
mysql> INSERT INTO acl(perms) VALUES(@CAN_READ + @CAN_DELETE);
mysql> SELECT perms FROM acl WHERE perms & @CAN_READ;

Hmmmm e +
| perms |
Hmmmm e +
| 51
Hmmmm e +

We've used variables to define the values, but you can use constants in your code
instead.

Choosing Identifiers

Choosing a good data type for an identifier column is very important. You’re more
likely to compare these columns to other values (for example, in joins) and to use them
for lookups than other columns. You’re also likely to use them in other tables as foreign
keys, so when you choose a data type for an identifier column, you’re probably choosing
the type in related tables as well. (As we demonstrated earlier in this chapter, it’s a good
idea to use the same data types in related tables, because you’re likely to use them for
joins.)

When choosing a type for an identifier column, you need to consider not only the
storage type, but also how MySQL performs computations and comparisons on that
type. For example, MySQL stores ENUM and SET types internally as integers but converts
them to strings when doing comparisons in a string context.

Once you choose a type, make sure you use the same type in all related tables. The
types should match exactly, including properties such as UNSIGNED.> Mixing different
data types can cause performance problems, and even if it doesn’t, implicit type con-
versions during comparisons can create hard-to-find errors. These may even crop up
much later, after you’ve forgotten that you’re comparing different data types.

Choose the smallest size that can hold your required range of values, and leave room
for future growth if necessary. For example, if you have a state_id column that stores
US state names, you don’t need thousands or millions of values, so don’t use an INT.
ATINYINT should be sufficient and is three bytes smaller. If you use this value as a foreign
key in other tables, three bytes can make a big difference. Here are a few tips:

5. If you’re using the InnoDB storage engine, you may not be able to create foreign keys unless the data
types match exactly. The resulting error message, “ERROR 1005 (HYO000): Can’t create table,” can be
confusing depending on the context, and questions about it come up often on MySQL mailing lists.
(Oddly, you can create foreign keys between VARCHAR columns of different lengths.)
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Integer types
Integers are usually the best choice for identifiers, because they’re fast and they
work with AUTO_INCREMENT.

ENUM and SET
The ENUM and SET types are generally a poor choice for identifiers, though they can
be okay for static “definition tables” that contain status or “type” values. ENUM and
SET columns are appropriate for holding information such as an order’s status, a
product’s type, or a person’s gender.

As an example, if you use an ENUM field to define a product’s type, you might want
a lookup table primary keyed on an identical ENUM field. (You could add columns
to the lookup table for descriptive text, to generate a glossary, or to provide mean-
ingful labels in a pull-down menu on a website.) In this case, you’ll want to use the
ENUM as an identifier, but for most purposes you should avoid doing so.
String types

Avoid string types for identifiers if possible, because they take up a lot of space and
are generally slower than integer types. Be especially cautious when using string
identifiers with MyISAM tables. MyISAM uses packed indexes for strings by de-
fault, which can make lookups much slower. In our tests, we’ve noted up to six
times slower performance with packed indexes on MyISAM.

You should also be very careful with completely “random” strings, such as those
produced by MD5(), SHA1(), or UUID(). Each new value you generate with them will
be distributed in arbitrary ways over a large space, which can slow INSERT and some
types of SELECT queries:®

* They slow INSERT queries because the inserted value has to go in a random
location in indexes. This causes page splits, random disk accesses, and clus-
tered index fragmentation for clustered storage engines. More about this in
the next chapter.

* They slow SELECT queries because logically adjacent rows will be widely dis-
persed on disk and in memory.

* Random values cause caches to perform poorly for all types of queries because
they defeat locality of reference, which is how caching works. If the entire
dataset is equally “hot,” there is no advantage to having any particular part of
the data cached in memory, and if the working set does not fit in memory, the
cache will have a lot of flushes and misses.

If you do store UUID values, you should remove the dashes or, even better, convert the
UUID values to 16-byte numbers with UNHEX() and store them in a BINARY (16) column.
You can retrieve the values in hexadecimal format with the HEX() function.

6. On the other hand, for some very large tables with many writers, such pseudorandom values can actually
help eliminate “hot spots.”
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Values generated by UUID() have different characteristics from those generated by a
cryptographic hash function such as SHA1(): the UUID values are unevenly distributed
and are somewhat sequential. They’re still not as good as a monotonically increasing
integer, though.

Beware of Autogenerated Schemas

We’ve covered the most important data type considerations (some with serious and
others with more minor performance implications), but we haven’t yet told you about
the evils of autogenerated schemas.

Badly written schema migration programs and programs that autogenerate schemas
can cause severe performance problems. Some programs use large VARCHAR fields for
everything, or use different data types for columns that will be compared in joins. Be
sure to double-check a schema if it was created for you automatically.

Object-relational mapping (ORM) systems (and the “frameworks” that use them) are
another frequent performance nightmare. Some of these systems let you store any type
of data in any type of backend data store, which usually means they aren’t designed to
use the strengths of any of the data stores. Sometimes they store each property of each
object in a separate row, even using timestamp-based versioning, so there are multiple
versions of each property!

This design may appeal to developers, because it lets them work in an object-oriented
fashion without needing to think about how the data is stored. However, applications
that “hide complexity from developers” usually don’t scale well. We suggest you think
carefully before trading performance for developer productivity, and always test on a
realistically large dataset, so you don’t discover performance problems too late.

Special Types of Data

Some kinds of data don’t correspond directly to the available built-in types. A time-
stamp with subsecond resolution is one example; we showed you some options for
storing such data earlier in the chapter.

Another example is an [Pv4 address. People often use VARCHAR(15) columns to store IP
addresses. However, they are really unsigned 32-bit integers, not strings. The dotted-
quad notation is just a way of writing it out so that humans can read it more easily. You
should store TP addresses as unsigned integers. MySQL provides the INET_ATON() and
INET _NTOA() functions to convert between the two representations.

Schema Design Gotchas in MySQL

Although there are universally bad and good design principles, there are also issues that
arise from how MySQL is implemented, and that means you can make MySQL-specific
mistakes, too. This section discusses problems that we’ve observed in schema designs
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with MySQL. It might help you avoid those mistakes and choose alternatives that work
better with MySQL’s specific implementation.

Too many columns

MySQL’s storage engine API works by copying rows between the server and the
storage engine in a row buffer format; the server then decodes the buffer into col-
umns. But it can be costly to turn the row buffer into the row data structure with
the decoded columns. MyISAM’s fixed row format actually matches the server’s
row format exactly, so no conversion is needed. However, MyISAM’s variable row
format and InnoDB’s row format always require conversion. The cost of this con-
version depends on the number of columns. We discovered that this can become
expensive when we investigated an issue with high CPU consumption for a cus-
tomer with extremely wide tables (hundreds of columns), even though only a few
columns were actually used. If you’re planning for hundreds of columns, be aware
that the server’s performance characteristics will be a bit different.

Too many joins

The so-called entity-attribute-value (EAV) design pattern is a classic case of a uni-
versally bad design pattern that especially doesn’t work well in MySQL. MySQL
has a limitation of 61 tables per join, and EAV databases require many self-joins.
We’ve seen more than a few EAV databases eventually exceed this limit. Even at
many fewer joins than 61, however, the cost of planning and optimizing the query
can become problematic for MySQL. As a rough rule of thumb, it’s better to have
a dozen or fewer tables per query if you need queries to execute very fast with high
concurrency.

The all-powerful ENUM
Beware of overusing ENUM. Here’s an example we saw:
CREATE TABLE ... (
country enum('','0','1','2",...,"'31")

The schema was sprinkled liberally with this pattern. This would probably be a
questionable design decision in any database with an enumerated value type, be-
cause it really should be an integer that is foreign-keyed to a “dictionary” or
“lookup” table anyway. But in MySQL, you can’t add a new country to the list
without an ALTER TABLE, which is a blocking operation in MySQL 5.0 and earlier,
and even in 5.1 and newer if you add the value anywhere but at the end of the list.
(We’ll show some hacks to address this later, but they’re just hacks.)

The ENUM in disguise
An ENUM permits the column to hold one value from a set of defined values. A SET
permits the column to hold one or more values from a set of defined values. Some-
times these can be easy to confuse. Here’s an example:

CREATE TABLE ...(
is_default set('Y','N"') NOT NULL default 'N'
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That almost surely ought to be an ENUM instead of a SET, assuming that it can’t be
both true and false at the same time.

NULL not invented here
We wrote earlier about the benefits of avoiding NULL, and indeed we suggest con-
sidering alternatives when possible. Even when you do need to store a “no value”
fact in a table, you might not need to use NULL. Perhaps you can use zero, a special
value, or an empty string instead.

However, you can take this to extremes. Don’t be too afraid of using NULL when
you need to represent an unknown value. In some cases, it’s better to use NULL than
a magical constant. Selecting one value from the domain of a constrained type,
such as using -1 to represent an unknown integer, can complicate your code a lot,
introduce bugs, and just generally make a total mess out of things. Handling
NULL isn’t always easy, but it’s often better than the alternative.

Here’s one example we’ve seen pretty frequently:

CREATE TABLE ... (
dt DATETIME NOT NULL DEFAULT '0000-00-00 00:00:00'

That bogus all-zeros value can cause lots of problems. (You can configure MySQL’s
SQL_MODE to disallow nonsense dates, which is an especially good practice for a new
application that hasn’t yet created a database full of bad data.)

On a related topic, MySQL does index NULLs, unlike Oracle, which doesn’t include
non-values in indexes.

Normalization and Denormalization

There are usually many ways to represent any given data, ranging from fully normalized
to fully denormalized and anything in between. In a normalized database, each fact is
represented once and only once. Conversely, in a denormalized database, information
is duplicated, or stored in multiple places.

If you’re not familiar with normalization, you should study it. There are many good
books on the topic and resources online; here, we just give a brief introduction to the
aspects you need to know for this chapter. Let’s start with the classic example of em-
ployees, departments, and department heads:

EMPLOYEE ~ DEPARTMENT  HEAD

Jones Accounting Jones
Smith Engineering Smith
Brown Accounting Jones
Green Engineering Smith
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The problem with this schema is that inconsistencies can occur while the data is being
modified. Say Brown takes over as the head of the Accounting department. We need
to update multiple rows to reflect this change, and that’s a pain and introduces oppor-
tunities for error. If the “Jones” row says the head of the department is something
different from the “Brown” row, there’s no way to know which is right. It’s like the old
saying, “A person with two watches never knows what time it is.” Furthermore, we
can’t represent a department without employees—if we delete all employees in the
Accounting department, we lose all records about the department itself. To avoid these
problems, we need to normalize the table by separating the employee and department
entities. This process results in the following two tables for employees:

EMPLOYEE_NAME ~ DEPARTMENT

Jones Accounting
Smith Engineering
Brown Accounting
Green Engineering

and departments:

DEPARTMENT  HEAD
Accounting Jones

Engineering Smith

These tables are now in second normal form, which is good enough for many purposes.
However, second normal form is only one of many possible normal forms.

We’re using the last name as the primary key here for purposes of illus-
tration, because it’s the “natural identifier” of the data. In practice,
Qs however, we wouldn’t do that. It’s not guaranteed to be unique, and it’s
" usually a bad idea to use a long string for a primary key.

Pros and Cons of a Normalized Schema

People who ask for help with performance issues are frequently advised to normalize
their schemas, especially if the workload is write-heavy. This is often good advice. It
works well for the following reasons:

* Normalized updates are usually faster than denormalized updates.

* When the data is well normalized, there’s little or no duplicated data, so there’s
less data to change.

* Normalized tables are usually smaller, so they fit better in memory and perform
better.
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* Thelack of redundant data means there’s less need for DISTINCT or GROUP BY queries
when retrieving lists of values. Consider the preceding example: it’s impossible
to get a distinct list of departments from the denormalized schema without DIS
TINCT or GROUP BY, but if DEPARTMENT is a separate table, it’s a trivial query.

The drawbacks of a normalized schema usually have to do with retrieval. Any nontrivial
query on a well-normalized schema will probably require at least one join, and perhaps
several. This is not only expensive, but it can make some indexing strategies impossible.
For example, normalizing may place columns in different tables that would benefit
from belonging to the same index.

Pros and Cons of a Denormalized Schema

A denormalized schema works well because everything is in the same table, which
avoids joins.

If you don’t need to join tables, the worst case for most queries—even the ones that
don’t use indexes—is a full table scan. This can be much faster than a join when the
data doesn’t fit in memory, because it avoids random I/O.

A single table can also allow more efficient indexing strategies. Suppose you have a
website where users post their messages, and some users are premium users. Now say
you want to view the last 10 messages from premium users. If you’ve normalized the
schema and indexed the publishing dates of the messages, the query might look like
this:
mysql> SELECT message_text, user_name
-> FROM message
-> INNER JOIN user ON message.user_id=user.id

-> WHERE user.account_type="premiumv
-> ORDER BY message.published DESC LIMIT 10;

To execute this query efficiently, MySQL will need to scan the published index on
the message table. For each row it finds, it will need to probe into the user table and
check whether the user is a premium user. This is inefficient if only a small fraction of
users have premium accounts.

The other possible query plan is to start with the user table, select all premium users,
get all messages for them, and do a filesort. This will probably be even worse.

The problem is the join, which is keeping you from sorting and filtering simultaneously
with a single index. If you denormalize the data by combining the tables and add an
index on (account_type, published), you can write the query without a join. This will
be very efficient:
mysql> SELECT message_text,user_name
-> FROM user_messages
-> WHERE account_type="premium'

-> ORDER BY published DESC
-> LIMIT 10;
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A Mixture of Normalized and Denormalized

Given that both normalized and denormalized schemas have benefits and drawbacks,
how can you choose the best design?

The truth is, fully normalized and fully denormalized schemas are like laboratory rats:
they usually have little to do with the real world. In the real world, you often need to
mix the approaches, possibly using a partially normalized schema, cache tables, and
other techniques.

The most common way to denormalize data is to duplicate, or cache, selected columns
from one table in another table. In MySQL 5.0 and newer, you can use triggers to update
the cached values, which makes the implementation easier.

In our website example, for instance, instead of denormalizing fully you can store
account_type in both the user and message tables. This avoids the insert and delete
problems that come with full denormalization, because you never lose information
about the user, even when there are no messages. It won’t make the user_message table
much larger, but it will let you select the data efficiently.

However, it’s now more expensive to update a user’s account type, because you have
to change it in both tables. To see whether that’s a problem, you must consider how
frequently you’ll have to make such changes and how long they will take, compared to
how often you’ll run the SELECT query.

Another good reason to move some data from the parent table to the child table is for
sorting. For example, it would be extremely expensive to sort messages by the author’s
name on a normalized schema, but you can perform such a sort very efficiently if you
cache the author name in the message table and index it.

It can also be useful to cache derived values. If you need to display how many messages
each user has posted (as many forums do), either you can run an expensive subquery
to count the data every time you display it, or you can have a nun_messages column in
the user table that you update whenever a user posts a new message.

Cache and Summary Tables

Sometimes the best way to improve performance is to keep redundant data in the same
table as the data from which it was derived. However, sometimes you’ll need to build
completely separate summary or cache tables, specially tuned for your retrieval needs.
This approach works best if you can tolerate slightly stale data, but sometimes you
really don’t have a choice (for instance, when you need to avoid complex and expensive
real-time updates).

The terms “cache table” and “summary table” don’t have standardized meanings. We
use the term “cache tables” to refer to tables that contain data that can be easily, if more
slowly, retrieved from the schema (i.e., data that is logically redundant). When we say
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“summary tables,” we mean tables that hold aggregated data from GROUP BY queries
(i.e., data thatis notlogically redundant). Some people also use the term “roll-up tables”
for these tables, because the data has been “rolled up.”

Staying with the website example, suppose you need to count the number of messages
posted during the previous 24 hours. It would be impossible to maintain an accurate
real-time counter on a busy site. Instead, you could generate a summary table every
hour. You can often do this with a single query, and it’s more efficient than maintaining
counters in real time. The drawback is that the counts are not 100% accurate.

If you need to get an accurate count of messages posted during the previous 24-hour
period (with no staleness), there is another option. Begin with a per-hour summary
table. You can then count the exact number of messages posted in a given 24-hour
period by adding the number of messages in the 23 whole hours contained in that
period, the partial hour at the beginning of the period, and the partial hour at the end
of the period. Suppose your summary table is called msg per hr and is defined
as follows:
CREATE TABLE msg_per_hr (
hr DATETIME NOT NULL,

cnt INT UNSIGNED NOT NULL,
PRIMARY KEY(hr)

);
You can find the number of messages posted in the previous 24 hours by adding the
results of the following three queries. We’re using LEFT(NOW(), 14) to round the current
date and time to the nearest hour:
mysql> SELECT SUM(cnt) FROM msg_per_hr
-> WHERE hr BETWEEN
-> CONCAT(LEFT(NOW(), 14), '00:00') - INTERVAL 23 HOUR
->  AND CONCAT(LEFT(NOW(), 14), '00:00') - INTERVAL 1 HOUR;
mysql> SELECT COUNT(*) FROM message
-> WHERE posted >= NOW() - INTERVAL 24 HOUR
-> AND posted < CONCAT(LEFT(NOW(), 14), '00:00') - INTERVAL 23 HOUR;

mysql> SELECT COUNT(*) FROM message
-> WHERE posted >= CONCAT(LEFT(NOW(), 14), '00:00');

Either approach—an inexact count or an exact count with small range queries to fill
in the gaps—is more efficient than counting all the rows in the message table. This is
the key reason for creating summary tables. These statistics are expensive to compute
in real time, because they require scanning a lot of data, or queries that will only run
efficiently with special indexes that you don’t want to add because of the impact they
will have on updates. Computing the most active users or the most frequent “tags” are
typical examples of such operations.

Cache tables, in turn, are useful for optimizing search and retrieval queries. These
queries often require a particular table and index structure that is different from the
one you would use for general online transaction processing (OLTP) operations.
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For example, you might need many different index combinations to speed up various
types of queries. These conflicting requirements sometimes demand that you create a
cache table that contains only some of the columns from the main table. A useful tech-
nique is to use a different storage engine for the cache table. If the main table uses
InnoDB, for example, by using MyISAM for the cache table you’ll gain a smaller index
footprint and the ability to do full-text search queries. Sometimes you might even want
to take the table completely out of MySQL and into a specialized system that can search
more efficiently, such as the Lucene or Sphinx search engines.

When using cache and summary tables, you have to decide whether to maintain their
data in real time or with periodic rebuilds. Which is better will depend on your appli-
cation, but a periodic rebuild not only can save resources but also can result in a more
efficient table that’s not fragmented and has fully sorted indexes.

When you rebuild summary and cache tables, you’ll often need their data to remain
available during the operation. You can achieve this by using a “shadow table,” which
is a table you build “behind” the real table. When you’re done building it, you can swap
the tables with an atomic rename. For example, if you need to rebuild my_summary, you
can create my_summary_new, fill it with data, and swap it with the real table:

mysql> DROP TABLE IF EXISTS my_summary new, my_summary old;

mysql> CREATE TABLE my_summary new LIKE my_ summary;

-- populate my summary new as desired
mysql> RENAME TABLE my_summary TO my summary old, my summary new TO my_summary;

If you rename the original my_summary table my_summary old before assigning the name
my_summary to the newly rebuilt table, as we’ve done here, you can keep the old version
until you’re ready to overwrite it at the next rebuild. It’s handy to have it for a quick
rollback if the new table has a problem.

Materialized Views

Many database management systems, such as Oracle or Microsoft SQL Server, offer a
feature called materialized views. These are views that are actually precomputed and
stored as tables on disk, and can be refreshed and updated through various strategies.
MySQL doesn’t support this natively (we’ll go into details about its support for views
in Chapter 7). However, you can implement materialized views yourself, using Justin
Swanhart’s open source Flexviews tools (http://code.google.com/p/flexviews/). Flex-
views is more sophisticated than roll-your-own solutions and offers a lot of nice features
that make materialized views simpler to create and maintain. It consists of a few parts:

* A Change Data Capture (CDC) utility that reads the server’s binary logs and ex-
tracts relevant changes to rows
* A set of stored procedures that help define and manage the view definitions

* Tools to apply the changes to the materialized data in the database

138 | Chapter4: Optimizing Schema and Data Types

www.it-ebooks.info


http://code.google.com/p/flexviews/
http://www.it-ebooks.info/

In contrast to typical methods of maintaining summary and cache tables, Flexviews
can recalculate the contents of the materialized view incrementally by extracting delta
changes to the source tables. This means it can update the view without needing to
query the source data. For example, if you create a summary table that counts groups
of rows, and you add a row to the source table, Flexviews simply increments the cor-
responding group by one. The same technique works for other aggregate functions,
such as SUM() and AVG(). It takes advantage of the fact that row-based binary logging
includes images of the rows before and after they are updated, so Flexviews can see not
only the new value of each row, but the delta from the previous version, without even
looking at the source table. Computing with deltas is much more efficient than reading
the data from the source table.

We don’t have space for a full exploration of how to use Flexviews, but we can give an
overview. You start by writing a SELECT statement that expresses the data you want to
derive from your existing database. This can include joins and aggregations (GROUP
BY). There’s a helper tool in Flexviews that transforms your SQL query into Flexviews
API calls. Then Flexviews does all the dirty work of watching changes to the database
and transforming them into updates to the tables that store your materialized view over
the original tables. Now your application can simply query the materialized view in-
stead of the tables from which it was derived.

Flexviews has good coverage of SQL, including tricky expressions that you might not
expect a tool to handle outside the server. That makes it useful for building views over
complex SQL expressions, so you can replace complex queries with simple, fast queries
against the materialized view.

Counter Tables

An application that keeps counts in a table can run into concurrency problems when
updating the counters. Such tables are very common in web applications. You can use
them to cache the number of friends a user has, the number of downloads of a file, and
so on. It’s often a good idea to build a separate table for the counters, to keep it small
and fast. Using a separate table can help you avoid query cache invalidations and lets
you use some of the more advanced techniques we show in this section.

To keep things as simple as possible, suppose you have a counter table with a single
row that just counts hits on your website:

mysql> CREATE TABLE hit_counter (
-> cnt int unsigned not null
-> ) ENGINE=InnoDB;

Each hit on the website updates the counter:

mysql> UPDATE hit_counter SET cnt = cnt + 1;
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The problem is that this single row is effectively a global “mutex” for any transaction
that updates the counter. It will serialize those transactions. You can get higher con-
currency by keeping more than one row and updating a random row. This requires the
following change to the table:
mysql> CREATE TABLE hit_counter (
-> slot tinyint unsigned not null primary key,

-> cnt int unsigned not null
-> ) ENGINE=InnoDB;

Prepopulate the table by adding 100 rows to it. Now the query can just choose a random
slot and update it:

mysql> UPDATE hit_counter SET cnt = cnt + 1 WHERE slot = RAND() * 100;

To retrieve statistics, just use aggregate queries:
mysql> SELECT SUM(cnt) FROM hit_counter;

A common requirement is to start new counters every so often (for example, once a
day). If you need to do this, you can change the schema slightly:

mysql> CREATE TABLE daily hit_counter (
-> day date not null,
-> slot tinyint unsigned not null,
-> cnt int unsigned not null,
-> primary key(day, slot)
-> ) ENGINE=InnoDB;

You don’t want to pregenerate rows for this scenario. Instead, you can use ON DUPLICATE
KEY UPDATE:
mysql> INSERT INTO daily hit_counter(day, slot, cnt)

> VALUES(CURRENT DATE, RAND() * 100, 1)
->  ON DUPLICATE KEY UPDATE cnt = cnt + 1;

If you want to reduce the number of rows to keep the table smaller, you can write a
periodic job that merges all the results into slot 0 and deletes every other slot:

mysql> UPDATE daily hit_counter as c
-> INNER JOIN (

-> SELECT day, SUM(cnt) AS cnt, MIN(slot) AS mslot
-> FROM daily hit_counter
-> GROUP BY day

-> ) AS x USING(day)
-> SET c.cnt = IF(c.slot = x.mslot, x.cnt, 0),
-> c.slot = IF(c.slot = x.mslot, 0, c.slot);
mysql> DELETE FROM daily hit_counter WHERE slot <> 0 AND cnt = 0;
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Faster Reads, Slower Writes

You’ll often need extra indexes, redundant fields, or even cache and summary tables
to speed up read queries. These add work to write queries and maintenance jobs, but
this is still a technique you’ll see a lot when you design for high performance: you
amortize the cost of the slower writes by speeding up reads significantly.

However, this isn’t the only price you pay for faster read queries. You also increase
development complexity for both read and write operations.

Speeding Up ALTER TABLE

MySQL’s ALTER TABLE performance can become a problem with very large tables.
MySQL performs most alterations by making an empty table with the desired new
structure, inserting all the data from the old table into the new one, and deleting the
old table. This can take a very long time, especially if you’re short on memory and the
table is large and has lots of indexes. Many people have experience with ALTER TABLE
operations that have taken hours or days to complete.

MySQL 5.1 and newer include support for some types of “online” operations that won’t
lock the table for the whole operation. Recent versions of InnoDB7 also support build-
ing indexes by sorting, which makes building indexes much faster and results in a
compact index layout.

In general, most ALTER TABLE operations will cause interruption of service in MySQL.
We'll show some techniques to work around this in a bit, but those are for special cases.
For the general case, you need to use either operational tricks such as swapping servers
around and performing the ALTER on servers that are not in production service, or a
“shadow copy” approach. The technique for a shadow copy is to build a new table with
the desired structure beside the existing one, and then perform a rename and drop to
swap the two. Tools can help with this: for example, the “online schema change” tools
from Facebook’s database operations team (https://launchpad.net/mysqlatfacebook),
Shlomi Noach’s openark toolkit (http://code.openark.org/), and Percona Toolkit (http:
/lwww.percona.com/software/). If you are using Flexviews (discussed in “Materialized
Views” on page 138), you can perform nonblocking schema changes with its CDC
utility too.

Not all ALTER TABLE operations cause table rebuilds. For example, you can change or
drop a column’s default value in two ways (one fast, and one slow). Say you want to
change a film’s default rental duration from three to five days. Here’s the expensive way:

mysql> ALTER TABLE sakila.film
-> MODIFY COLUMN rental duration TINYINT(3) NOT NULL DEFAULT 5;

7. This applies to the so-called “InnoDB plugin,” which is the only version of InnoDB that exists anymore
in MySQL 5.5 and newer versions. See Chapter 1 for the details on InnoDB’s release history.
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SHOW STATUS shows that this statement does 1,000 handler reads and 1,000 inserts. In
other words, it copies the table to a new table, even though the column’s type, size,
and nullability haven’t changed.

In theory, MySQL could have skipped building a new table. The default value for the
column is actually stored in the table’s .frm file, so you should be able to change it
without touching the table itself. MySQL doesn’t yet use this optimization, however;
any MODIFY COLUMN will cause a table rebuild.

You can change a column’s default with ALTER COLUMN,8 though:

mysql> ALTER TABLE sakila.film
-> ALTER COLUMN rental duration SET DEFAULT 5;

This statement modifies the .frm file and leaves the table alone. As a result, it is very fast.

Modifying Only the .frm File

We've seen that modifying a table’s .frm file is fast and that MySQL sometimes rebuilds
a table when it doesn’t have to. If you’re willing to take some risks, you can convince
MySQL to do several other types of modifications without rebuilding the table.

The technique we’re about to demonstrate is unsupported, undocu-

%@ mented, and may not work. Use it at your own risk. We advise you to
back up your data first!

You can potentially do the following types of operations without a table rebuild:

* Remove (but not add) a column’s AUTO_INCREMENT attribute.
* Add, remove, or change ENUM and SET constants. If you remove a constant and
some rows contain that value, queries will return the value as the empty string.

The basic technique is to create a .frm file for the desired table structure and copy it
into the place of the existing table’s .frm file, as follows:

1. Create an empty table with exactly the same layout, except for the desired modifi-
cation (such as added ENUM constants).

2. Execute FLUSH TABLES WITH READ LOCK. This will close all tables in use and prevent
any tables from being opened.

3. Swap the .frm files.
4. Execute UNLOCK TABLES to release the read lock.

As an example, let’s add a constant to the rating column in sakila.film. The current
column looks like this:

8. ALTER TABLE lets you modify columns with ALTER COLUMN, MODIFY COLUMN, and CHANGE COLUMN. All three
do different things.
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mysql> SHOW COLUMNS FROM sakila.film LIKE 'rating';

Hmmmmm e e e Hmmm e m Hmmmm e Hmmmmmmmem Hmmmmm +
| Field | Type | Null | Key | Default | Extra |
Hmmmmm e e e e Hmmmmem Hmmmm e Hmmmmm e m Hmmmmm +
| rating | enum('G','PG','PG-13"','R",'NC-17") | YES | G | |
Hmmmmm e R R R EEE R Hmmm - Hmm - Hmmmmm e Hmmmmm o +

We’ll add a PG-14 rating for parents who are just a little bit more cautious about films:

mysql> CREATE TABLE sakila.film_new LIKE sakila.film;

mysql> ALTER TABLE sakila.film_new
-> MODIFY COLUMN rating ENUM('G','PG','PG-13','R','NC-17', 'PG-14')
-> DEFAULT 'G';

mysql> FLUSH TABLES WITH READ LOCK;

Notice that we’re adding the new value at the end of the list of constants. If we placed
it in the middle, after PG-13, we’d change the meaning of the existing data: existing R
values would become PG-14, NC-17 would become R, and so on.

Now we swap the .frm files from the operating system’s command prompt:

/var/lib/mysql/sakila# mv film.frm film_tmp.frm
/var/lib/mysql/sakila# mv film_new.frm film.frm
/var/lib/mysql/sakila# mv film_tmp.frm film_new.frm

Back in the MySQL prompt, we can now unlock the table and see that the changes took
effect:
mysql> UNLOCK TABLES;

mysql> SHOW COLUMNS FROM sakila.film LIKE 'rating'\G
kkkkk 1 . I.ow

Field: rating
Type: enum('G','PG','PG-13','R",'NC-17",'PG-14")

The only thing left to do is drop the table we created to help with the operation:
mysql> DROP TABLE sakila.film_new;

Building MyISAM Indexes Quickly

The usual trick for loading MyISAM tables efficiently is to disable keys, load the data,
and reenable the keys:

mysql> ALTER TABLE test.load_data DISABLE KEYS;
-- load the data
mysql> ALTER TABLE test.load_data ENABLE KEYS;

This works because it lets MyISAM delay building the keys until all the data is loaded,
at which point it can build the indexes by sorting. This is much faster and results in a
defragmented, compact index tree.”

Unfortunately, it doesn’t work for unique indexes, because DISABLE KEYS applies only
to nonunique indexes. MyISAM builds unique indexes in memory and checks the

9. MyISAM will also build indexes by sorting when you use LOAD DATA INFILE and the table is empty.
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uniqueness as it loads each row. Loading becomes extremely slow as soon as the
index’s size exceeds the available memory.

In modern versions of InnoDB, you can use an analogous technique that relies on
InnoDB’s fast online index creation capabilities. This calls for dropping all of the non-
unique indexes, adding the new column, and then adding back the indexes you drop-
ped. Percona Server supports doing this automatically.

As with the ALTER TABLE hacks in the previous section, you can speed up this process
if you’re willing to do a little more work and assume some risk. This can be useful for
loading data from backups, for example, when you already know all the data is valid
and there’s no need for uniqueness checks.

Again, this is an undocumented, unsupported technique. Use it at your

‘3@ own risk, and back up your data first.

Here are the steps you’ll need to take:

1. Create a table of the desired structure, but without any indexes.
2. Load the data into the table to build the .MYD file.

3. Create another empty table with the desired structure, this time including the in-
dexes. This will create the .frm and .MYT files you need.

4. Flush the tables with a read lock.

5. Rename the second table’s .frm and .MYI files, so MySQL uses them for the first
table.

6. Release the read lock.

7. Use REPAIR TABLE to build the table’s indexes. This will build all indexes by sorting,
including the unique indexes.

This procedure can be much faster for very large tables.
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Summary

Good schema design is pretty universal, but of course MySQL has special implemen-
tation details to consider. In a nutshell, it’s a good idea to keep things as small and
simple as you can. MySQL likes simplicity, and so will the people who have to work
with your database:

* Try to avoid extremes in your design, such as a schema that will force enormously
complex queries, or tables with oodles and oodles of columns. (An oodle is some-
where between a scad and a gazillion.)

* Use small, simple, appropriate data types, and avoid NULL unless it’s actually the
right way to model your data’s reality.

* Try to use the same data types to store similar or related values, especially if they’ll
be used in a join condition.

* Watch out for variable-length strings, which might cause pessimistic full-length
memory allocation for temporary tables and sorting.

* Try to use integers for identifiers if you can.

* Avoid the legacy MySQL-isms such as specifying precisions for floating-point
numbers or display widths for integers.

* Be careful with ENUM and SET. They’re handy, but they can be abused, and they’re
tricky sometimes. BIT is best avoided.

Normalization is good, but denormalization (duplication of data, in most cases) is
sometimes actually necessary and beneficial. We’ll see more examples of that in the
next chapter. And precomputing, caching, or generating summary tables can also be a
big win. Justin Swanhart’s Flexviews tool can help maintain summary tables.

Finally, ALTER TABLE can be painful because in most cases, it locks and rebuilds the
whole table. We showed a number of workarounds for specific cases; for the general
case, you’ll have to use other techniques, such as performing the ALTER on a replica and
then promoting it to master. There’s more about this later in the book.
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CHAPTER 5
Indexing for High Performance

Indexes (also called “keys” in MySQL) are data structures that storage engines use to
find rows quickly. They also have several other beneficial properties that we’ll explore
in this chapter.

Indexes are critical for good performance, and become more important as your data
grows larger. Small, lightly loaded databases often perform well even without proper
indexes, but as the dataset grows, performance can drop very quickly.! Unfortunately,
indexes are often forgotten or misunderstood, so poor indexing is a leading cause of
real-world performance problems. That’s why we put this material early in the book—
even earlier than our discussion of query optimization.

Index optimization is perhaps the most powerful way to improve query performance.
Indexes can improve performance by many orders of magnitude, and optimal indexes
can sometimes boost performance about two orders of magnitude more than indexes
that are merely “good.” Creating truly optimal indexes will often require you to rewrite
queries, so this chapter and the next one are closely related.

Indexing Basics

The easiest way to understand how an index works in MySQL is to think about the
index in a book. To find out where a particular topic is discussed in a book, you look
in the index, and it tells you the page number(s) where that term appears.

In MySQL, a storage engine uses indexes in a similar way. It searches the index’s data
structure for a value. When it finds a match, it can find the row that contains the match.
Suppose you run the following query:

mysql> SELECT first_name FROM sakila.actor WHERE actor_id = 5;

1. This chapter assumes you’re using conventional hard drives, unless otherwise stated. Solid-state drives
have different performance characteristics, which we cover throughout this book. The indexing principles
remain true, but the penalties we’re trying to avoid aren’t as large with solid-state drives as they are with
conventional drives.
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There’s an index on the actor_id column, so MySQL will use the index to find rows
whose actor_id is 5. In other words, it performs a lookup on the values in the index
and returns any rows containing the specified value.

An index contains values from one or more columns in a table. If you index more than
one column, the column order is very important, because MySQL can only search
efficiently on a leftmost prefix of the index. Creating an index on two columns is not
the same as creating two separate single-column indexes, as you’ll see.

If | Use an ORM, Do | Need to Care?

The short version: yes, you still need to learn about indexing, even if you rely on an
object-relational mapping (ORM) tool.

ORMs produce logically and syntactically correct queries (most of the time), but they
rarely produce index-friendly queries, unless you use them for only the most basic types
of queries, such as primary key lookups. You can’t expect your ORM, no matter how
sophisticated, to handle the subtleties and complexities of indexing. Read the rest of
this chapter if you disagree! It’s sometimes a hard job for an expert human to puzzle
through all of the possibilities, let alone an ORM.

Types of Indexes

There are many types of indexes, each designed to perform well for different purposes.
Indexes are implemented in the storage engine layer, not the server layer. Thus, they
are not standardized: indexing works slightly differently in each engine, and not all
engines support all types of indexes. Even when multiple engines support the same
index type, they might implement it differently under the hood.

That said, let’s look at the index types MySQL currently supports, their benefits, and
their drawbacks.

B-Tree indexes

When people talk about an index without mentioning a type, they’re probably referring
to a B-Tree index, which typically uses a B-Tree data structure to store its data.2 Most
of MySQL’s storage engines support this index type. The Archive engine is the excep-
tion: it didn’t support indexes at all until MySQL 5.1, when it started to allow a single
indexed AUTO_INCREMENT column.

We use the term “B-Tree” for these indexes because that’s what MySQL uses in CREATE
TABLE and other statements. However, storage engines might use different storage
structures internally. For example, the NDB Cluster storage engine uses a T-Tree data

2. Many storage engines actually use a B+Tree index, in which each leaf node contains a link to the next for
fast range traversals through nodes. Refer to computer science literature for a detailed explanation of
B-Tree indexes.
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structure for these indexes, even though they’re labeled BTREE, and InnoDB uses
B+Trees. The variations in the structures and algorithms are out of scope for this book,
though.

Storage engines use B-Tree indexes in various ways, which can affect performance. For
instance, MyISAM uses a prefix compression technique that makes indexes smaller,
but InnoDB leaves values uncompressed in its indexes. Also, MyISAM indexes refer to
the indexed rows by their physical storage locations, but InnoDB refers to them by their
primary key values. Each variation has benefits and drawbacks.

The general idea of a B-Tree is that all the values are stored in order, and each leaf page
is the same distance from the root. Figure 5-1 shows an abstract representation of a B-
Tree index, which corresponds roughly to how InnoDB’s indexes work. MyISAM uses
a different structure, but the principles are similar.

A B-Tree index speeds up data access because the storage engine doesn’t have to scan
the whole table to find the desired data. Instead, it starts at the root node (not shown
in this figure). The slots in the root node hold pointers to child nodes, and the storage
engine follows these pointers. It finds the right pointer by looking at the values in the
node pages, which define the upper and lower bounds of the values in the child nodes.
Eventually, the storage engine either determines that the desired value doesn’t exist or
successfully reaches a leaf page.

[ Valuein page Pointer from
. ) higher-level
[ Pointer to child page node page

I Pointer to next leaf

keyN

Leaf page:values < key1

Vall.1 | Vall.2 Vall.m

Link to
next leaf

key1 <=values < key2
Pointers to data (varies

by storage engine) Val2.1 | Val2.2 Val2.m

’VE. values == keyN
Valll.1 | ValN.2 % %\I’aIN.m .

|4— Logical page. Size ——»
depends on storage
engine, 16K for InnoDB.

Figure 5-1. An index built on a B-Tree (technically, a B+Tree) structure
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Leaf pages are special, because they have pointers to the indexed data instead of
pointers to other pages. (Different storage engines have different types of “pointers” to
the data.) Our illustration shows only one node page and its leaf pages, but there might
be many levels of node pages between the root and the leaves. The tree’s depth depends

on how big the table is.

Because B-Trees store the indexed columns in order, they’re useful for searching for
ranges of data. For instance, descending the tree for an index on a text field passes
through values in alphabetical order, so looking for “everyone whose name begins with

I through K” is efficient.

Suppose you have the following table:

CREATE TABLE People (

last_name varchar(50) not null,
first_name varchar(50) not null,
dob date not null,
gender enum('m’, 'f')not null,

key(last_name, first_name, dob)

)s

The index will contain the values from the last_name, first_name, and dob columns for
every row in the table. Figure 5-2 illustrates how the index arranges the data it stores.

Allen Astaire Barrymore
(uba Angelina Julia
1960-01-01 1980-03-04 2000-05-16
Akroyd Akroyd Akroyd
Christian Debbie Kirsten
1958-12-07 | 1990-03-18 1978-11-02
Allen Allen Allen
Cuba Kim Meryl
1960-01-01 | 1930-07-12 1980-12-12
Ma ™
Barrymore | Basinger Basinger
Julia Viven Vivien
2000-05-16 | 1976-12-08 1979-01-24

Figure 5-2. Sample entries from a B-Tree (technically, a B+Tree) index
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Notice that the index sorts the values according to the order of the columns given in
the index in the CREATE TABLE statement. Look at the last two entries: there are two
people with the same name but different birth dates, and they’re sorted by birth date.

Types of queries that can use a B-Tree index. B-Tree indexes work well for lookups by the full
key value, a key range, or a key prefix. They are useful only if the lookup uses a leftmost
prefix of the index.3 The index we showed in the previous section will be useful for the
following kinds of queries:

Match the full value
A match on the full key value specifies values for all columns in the index. For
example, this index can help you find a person named Cuba Allen who was born
on 1960-01-01.

Match a leftmost prefix
This index can help you find all people with the last name Allen. This uses only
the first column in the index.

Match a column prefix
You can match on the first part of a column’s value. This index can help you find
all people whose last names begin with J. This uses only the first column in the
index.

Match a range of values
This index can help you find people whose last names are between Allen and Bar-
rymore. This also uses only the first column.

Match one part exactly and match a range on another part
This index can help you find everyone whose last name is Allen and whose first
name starts with the letter K (Kim, Karl, etc.). This is an exact match on last_
name and a range query on first_name.

Index-only queries
B-Tree indexes can normally support index-only queries, which are queries that
access only the index, not the row storage. We discuss this optimization in “Cov-
ering Indexes” on page 177.

Because the tree’s nodes are sorted, they can be used for both lookups (finding values)
and ORDER BY queries (finding values in sorted order). In general, if a B-Tree can help
you find a row in a particular way, it can help you sort rows by the same criteria. So,
our index will be helpful for ORDER BY clauses that match all the types of lookups we
just listed.

Here are some limitations of B-Tree indexes:

3. This is MySQL-specific, and even version-specific. Some other databases can use nonleading index parts,
though it’s usually more efficient to use a complete prefix. MySQL might offer this option in the future;
we show workarounds later in the chapter.
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* Theyare not useful if the lookup does not start from the leftmost side of the indexed
columns. For example, this index won’t help you find all people named Bill or all
people born on a certain date, because those columns are not leftmost in the index.
Likewise, you can’t use the index to find people whose last name ends with a par-
ticular letter.

* You can’t skip columns in the index. That is, you won’t be able to find all people
whose last name is Smith and who were born on a particular date. If you don’t
specify a value for the first_name column, MySQL can use only the first column
of the index.

* The storage engine can’t optimize accesses with any columns to the right of the
first range condition. For example, if your query is WHERE last name="Smith" AND
first name LIKE 'J%' AND dob='1976-12-23", the index access will use only the
first two columns in the index, because the LIKE is a range condition (the server
can use the rest of the columns for other purposes, though). For a column that has
a limited number of values, you can often work around this by specifying equality
conditions instead of range conditions. We show detailed examples of this in the
indexing case study later in this chapter.

Now you know why we said the column order is extremely important: these limitations
are all related to column ordering. For optimal performance, you might need to create
indexes with the same columns in different orders to satisfy your queries.

Some of these limitations are not inherent to B-Tree indexes, but are a result of how
the MySQL query optimizer and storage engines use indexes. Some of them might be
removed in the future.

Hash indexes

A hash index is built on a hash table and is useful only for exact lookups that use every
column in the index.# For each row, the storage engine computes a hash code of the
indexed columns, which is a small value that will probably differ from the hash codes
computed for other rows with different key values. It stores the hash codes in the index
and stores a pointer to each row in a hash table.

In MySQL, only the Memory storage engine supports explicit hash indexes. They are
the default index type for Memory tables, though Memory tables can have B-Tree in-
dexes, too. The Memory engine supports nonunique hash indexes, which is unusual
in the database world. If multiple values have the same hash code, the index will store
their row pointers in the same hash table entry, using a linked list.

Here’s an example. Suppose we have the following table:

CREATE TABLE testhash (
fname VARCHAR(50) NOT NULL,
1name VARCHAR(50) NOT NULL,

4. See the computer science literature for more on hash tables.
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KEY USING HASH(fname)
) ENGINE=MEMORY;

containing this data:

mysql> SELECT * FROM testhash;
Hmmmmm e Hmmm e +
| fname | lname |
Hmmm e EREEEEEEE +
| Arjen | Lentz |
| Baron | Sc