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explanations, tips and techniques can show you the way to better understanding
server operation and solving even the most complex performance problems for
any Windows®-, Linux®-, Intel®-, or Optero-based server. In addition, this book
will enlighten you about some of the special and unique performance
optimizations that IBM engineers have introduced into IBM System x® server
products.

Finally, | would like to sincerely thank the team that wrote this latest version.
Thank you for keeping this vital work current, informative, and enjoyable to read. |
am certain that the universe of server administrators and IT workers who benefit
from the vast knowledge included in this volume also share my gratitude.
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Vice President, System x Energy Efficiency and Emerging Technologies
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Research Triangle Park, North Carolina
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Preface

This IBM Redbooks publication describes what you can do to improve and
maximize the performance of your business server applications running on IBM
System x hardware and Windows, Linux, or VMware® ESX operating systems. It
describes how to improve the performance of the System x hardware and
operating system using the available performance monitoring tools.

The keys to improving performance are to understand what configuration options
are available to you as well as the monitoring tools that you can use, and to
analyze the results that the tools provide so that you can implement suitable
changes that positively affect the server.

The book is divided into five parts. Part 1 introduces the concepts of performance
tuning and benchmarking, and provides an overview of the way server hardware
is used. Part 2 explains the technology implemented in the major subsystems in
System x servers and shows what settings can be selected or adjusted to obtain
the best performance. Each of the major subsystems covered in Part 2 are
closely examined so that you can find specific bottlenecks. Options are also
presented which explain what can be done to resolve these bottlenecks. A
discussion is provided to enable you to anticipate future bottlenecks, as well.

Part 3 describes the performance aspects of the operating systems Microsoft®
Windows Server® 2003, Windows Server 2008, Red Hat® Enterprise Linux,
SUSE® Linux Enterprise Server, and VMware ESX.

Part 4 introduces the performance monitoring tools that are available to users of
System x servers. We describe the tools specific to Windows, Linux, and
VMware ESX. Detailed instructions are provided showing you how to use these
tools.

Part 5 shows you how to analyze your system to find performance bottlenecks,
and illustrates what to do to eliminate them. We describe an approach you can
take to solve a performance bottleneck. We also provide details about what to
look for and how to resolve problems. Part 5 also includes a sample analysis of
real-life servers, showing how tools can be used to detect bottlenecks and
explaining the recommendations for particular systems.

This book is targeted to people who configure Intel and AMD™ processor-based
servers running Windows, Linux, or VMware ESX, and who seek to maximize
performance. Some knowledge of servers is required. Skills in performance
tuning are not assumed.
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Part 1

Introduction

In this part we describe how this book is organized. We introduce the different
types of server applications that clients use System x servers for, and also
introduce the concept of benchmarking server to measure performance. A brief
description of the major server benchmarks available is also provided.
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Introduction to this book

The server is the heart of the entire network operation. The performance of the
server is a critical factor in the efficiency of the overall network, and it affects all
users. Although simply replacing the entire server with a newer and faster one
might be an alternative, it is often more appropriate to replace or to add only to
those components that need it and to leave the other components alone.

Often, poor performance is due to bottlenecks in individual hardware
subsystems, an incorrectly configured operating system, or a poorly tuned
application. The proper tools can help you to diagnose these bottlenecks and
removing them can help improve performance.

For example, adding more memory or using the correct device driver can
improve performance significantly. Sometimes, however, the hardware or
software might not be the direct cause of the poor performance. Instead, the
cause might be the way in which the server is configured. In this case,
reconfiguring the server to suit the current needs might also lead to a
considerable performance improvement.

This chapter provides an overall introduction to this book and discusses the
following topics:

1.1, “Operating an efficient server - four phases” on page 4
1.2, “Performance tuning guidelines” on page 5

1.3, “The System x Performance Lab” on page 5

1.4, “IBM Center for Microsoft Technologies” on page 7
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1.5, “Linux Technology Center” on page 7
1.7, “Understanding the organization of this book” on page 10

1.1 Operating an efficient server - four phases

4

To operate an efficient server, follow these four phases:
1. Have an overall understanding of the environment.

There are many components within the network environment that can impact
server performance and that can present themselves as potential bottlenecks.
It is important to understand the role that the server has to play in this
environment and to understand where it is located in the network and in
relation to other servers in the environment.

2. Pick the correct server for the job.

After you have established a need for a new server, it is important to have
components that allow sufficient bandwidth through those critical subsystems.
For example, a file server needs a disk subsystem and a network subsystem
that provide sufficient bandwidth for client needs.

3. Configure the hardware appropriately and eliminate initial bottlenecks.

After you have selected the server hardware (and application software), you
need to configure the subsystems (for example, stripe size on the RAID array
and RAID levels) to maximize performance. To ensure that you are actually
improving performance, you need to take initial performance readings (called
baseline readings) and then compare those with readings taken after you
have implemented your changes.

4. Capture and analyze ongoing performance data to ensure that bottlenecks do
not occur.

When the server is in production, you need to continue to gather and process
performance figures to ensure that your server is still at a near-optimal
configuration. You might need to add specific hardware upgrades, such as
memory, to achieve this optimal configuration.

As well as looking at the current situation, it is also appropriate that you
perform trend analysis so that you can recognize future bottlenecks before
they occur. Trend analysis allows you to plan for hardware upgrades before
they are actually needed.

Performance monitoring and tuning is an ongoing task. It is not reasonable to
simply tune a server once and then assume that it will remain tuned forever.
Because the server workload mix changes, so do the location and appearance
(and disappearance) of bottlenecks.
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1.2 Performance tuning guidelines

Table 1-1 lists guidelines to assist you with server management and performance
tuning. Although not directly applicable to tuning, following these guidelines
should assist you in preventing bottlenecks and identifying bottlenecks.

Table 1-1 Performance tuning guidelines

Guideline Reasoning

Centralize servers where possible Assists with management and can isolate
components such as WAN.

Minimize the number of server types | Enables you to focus on specific subsystems
within specific server types.

Standardize configurations Enables you to focus on specific subsystems
within specific server types.

Use industry accepted protocols and | Prevents attempts to identify bottlenecks with
standards obscure third-party products and tools.

Use appropriate tools Fit-for-purpose tools assists with subsystem
monitoring and bottleneck analysis.

1.3 The System x Performance Lab

IBM puts significant effort into ensuring that its servers have the highest
performance level possible. Part of this effort involves the System x Performance
Lab, a group in Research Triangle Park, North Carolina, where work is done on
System x servers through the development phase and after the servers become
publicly available.

During the development phase, the lab creates performance models using
subsystem and system functional specifications, chip functional specifications,
input from the IBM development engineering departments, as well as
performance traces to accomplish the following:

Optimize the performance of the individual server subsystems and overall
system before the product is manufactured.

Make design decision trade-offs.

Select the optimum performance among various available chipsets that are
intended to be used as part of the subsystem or system.

Select optimum settings of the chipset parameters.
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This information is used to provide subsystem and system design guidance to
the development engineering departments.

As the system development phase nears completion, performance
measurements are made with prototype subsystems and systems, as well as
with ship-level systems, to do the following:

Perform stress testing.

Validate product functional specifications.

Validate the subsystem and system performance models.
Optimize the performance of the subsystem and system.

Improve performance of third-party vendors tools, adapters, and software
packages to perform well on System x servers.

Develop performance white papers for marketing demonstrating the
competitiveness of the System x systems.

Develop performance tuning guides for customers using specified
applications.

Marketing and sales departments and vendors use this information to sell the
System x systems, and customers can use this information to select the
appropriate system and to tune their systems for their applications.

To provide performance data, the System x Performance Lab uses the following
benchmarks:

TPC-C

TPC-E

TPC-H

SPECweb2005

SPECjbb2005

SPEC CPU2006

SPECpower_ssj2008

Linpack Benchmark

VMmark

vConsolidate

Oracle® Applications Standard Benchmark
SAP® Standard Application Benchmarks
LS-DYNA

Fluent™ Benchmark

A description of each of those Industry-standard benchmarks can be found in
3.2, “The main industry standard benchmarks” on page 33.
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1.4 IBM Center for Microsoft Technologies

The IBM Center for Microsoft Technologies is part of the IBM Systems and
Technology Group. The facility is located a few minutes from the Microsoft
campus in Redmond, Washington, and acts as the technical primary interface to
Microsoft. The center is staffed with highly trained IBM technical professionals
who are dedicated to working with Windows operating systems and Microsoft
Enterprise Server products to exploit the unique features in IBM System x,
BladeCenter, and Storage products.

The Center for Microsoft Technologies has four functional groups:

Development of device drivers, BIOS, Service Processor, Baseboard
Management Controller, and Windows code for System x servers, including
development of new technologies for the Windows platforms.

Testing of IBM systems in the IBM Microsoft-Certified Hardware Compatibility
Lab to meet Microsoft Logo requirements for all systems, devices and
clusters. IBM applications being developed for Windows operating systems
are also tested for Microsoft standards compliance here.

Providing defect support with IBM Level 3 Support in high-severity situations
when it is necessary to work directly with Microsoft Development personnel to
resolve problems. The CMT also serves as a technical backup for the IBM
Help Centers and as a worldwide center of IBM expertise in installation
planning.

Providing pre-sales support for enterprise large accounts and business
partners through the Executive Briefing Center. The Windows Solutions Lab
provides facilities for customers and independent software and hardware
venders to complete proofs of concept on their unique Windows workloads on
System x servers.

1.5 Linux Technology Center

The Linux Technology Center (LTC) is the IBM Linux open source development
team. The LTC serves as a center of technical competency for Linux both within
IBM and externally. It provides technical guidance to internal software and
hardware development teams and fulfills the role of an IBM extension to the open
source Linux development community.

The LTC is a worldwide development team within IBM. Its goal is to use
world-class programming resources and software technology from IBM to
actively accelerate the growth of Linux as an enterprise operating system, while
simultaneously helping IBM brands exploit Linux for market growth.
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The LTC has programmers involved in numerous Linux projects, including
scalability, serviceability, security, network security, networking, file systems,
volume management, performance, directory services, standards,
documentation, accessibility, test, security certification, systems management,
cluster management, virtualization, high availability, storage and 1/O, hardware
architecture support, power management, reliability, and others required to make
Linux an enterprise operating system ready for mission-critical workloads.

The LTC works closely with customers to deliver Linux solutions that meet their
needs. In collaboration with these customers the LTC designs, delivers, and
implements innovative solutions. Customers leverage the LTC's Linux operating
system expertise, our hardware enablement, and our development of new
technologies to satisfy complex IT requirements. The LTC's interactive
collaboration process between our customers and developers accelerates those
customers' return on investment.

The LTC works closely with brand teams across IBM to ensure IBM wins with
Linux. Virtually everything that the LTC works on is at the request of one or more
IBM brands whose customers need that technology.

The LTC works closely with industry teams (such as the The Linux Foundation
workgroups) to accelerate the expansion of Linux into usage scenarios such as
telecommunications, the data center, the desktop, the embedded space, and
anywhere else that the world's most modular and flexible operating system can

go.

Members of the LTC work directly in the open source community using standard
open source development methodology. They work as peers within the shared
vision of the Linux community leadership, and participate in setting Linux design
and development direction.

More information on the LTC can be find at the following URL:
http://www. ibm_com/linux/ltc/

1.6 IBM Client Benchmark Centers

8

IBM worldwide benchmark centers perform application benchmarks customized
to specific installations as well as generalized application benchmarks.

Those centers can configure IBM System x and BladeCenter technology with
storage solutions to your specification so that you can stress, tune and test your
application or database, measure performance and determine workload capacity.
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IBM Client Benchmark Centers can help clients to:

Resolve performance and scalability questions
Run their applications on requested configurations
Enable them to work with IBM experts who have world-class, certified skills

The centers provide access to equipment, facilities, consulting services, and
project-management skills. They can help you to make the right decisions about
the platforms.
Depending on the request, the centers can provide:

Business Intelligence Center of Competency (BICoC) benchmarks

The BICoC provides technical sales support to IBM sales channels to close
business for Business Intelligence (BI) opportunities. The primary service
offered by the BICoC is large-scale solution validation tests.

Commercial benchmarks

Commercial benchmarks are done in support of a business opportunity for
IBM for all sectors except high performance computing.

High-performance computing (HPC) benchmarks

HPC benchmarks refer to presales activities for the high performance

technical computing market. These include customer and ISV opportunities.
IBM benchmark centers located around the world can provide proofs of concept
and benchmarks.

In the Americas

Poughkeepsie, New York
Dallas, Texas
Kirkland, Washington

In EMEA
Montpellier, France

In Asia Pacific

— Beijing, China
— Tokyo, Japan

In addition to those benchmarks centers, IBM has centers dedicated to specific
software products such as the IBM SAP International Competence Center in
Walldorf and the Oracle-IBM Joint Solutions Center in Montpellier.

The IBM SAP International Competence Center (ISICC) has a variety of
offerings to assist your company, including Executive Customer Briefings that
are individually tailored demonstrations to help you profit from the knowledge
of IBM and SAP experts.
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The Oracle-IBM Joint Solutions Center (JSC) resulted from the decision by
Oracle and IBM to work closely together and offer their customers the optimal
solutions to their needs.

There are also specific centers dedicated to an industry, such as the Network
Transformation Center (NTC) for the telecommunication sector.

The NTC is a world-class Next Generation Network (NGN) enablement
laboratory specifically designed to offer the latest IBM NGN systems
hardware and middleware offerings to assist IBM telecommunication partners
and customers in enabling and testing telecommunications applications.

You can request a benchmark by completing the online form found at the
following address:

http://www. ibm.com/systems/services/benchmarkcenter/contact_bc_x.html

1.7 Understanding the organization of this book

10

This book is organized as follows:

1. Understanding hardware subsystems

2. Understanding operating system performance

3. Working with performance monitoring tools

4. Detecting and removing performance bottlenecks

After the introductory chapters, the chapters are divided into parts to make it
easier to find the information that you need:

Part 2, “Server subsystems” on page 43 covers each of the major subsystems
and their contributions to the overall performance of the server:

— Energy Efficiency

- CPU

— Virtualization hardware assists

— Chipsets

— PCI bus architecture

— Memory

— Disk subsystem

— Network adapter

— Operating system

Part 3, “Operating systems” on page 349 describes performance aspects of
the operating systems that are covered in this book:

— Windows Server 2003 and Windows Server 2008
— Red Hat Enterprise Linux and SUSE Linux Enterprise Server
— VMware ESX
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Part 4, “Monitoring tools” on page 531 covers the tools that are available to
users of System x servers that run these operating systems. With these tools,
you can identify and remove existing performance bottlenecks and avoid
future ones.

Part 5, “Working with bottlenecks” on page 661 describes how to use these
tools. This part covers:

— How to identify a performance problem and solve it quickly
— A detailed explanation of the analysis of performance bottlenecks
— Case studies that show real-life examples of performance analysis
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Understanding server types

To optimize server performance, it is important to first understand the intended
use of the system and the performance constraints that you might encounter.
When you have identified the critical subsystems, you can then focus your
attention on these components when resolving performance issues.

This chapter describes the common server types and the subsystems that are
most likely to be the source of a performance bottleneck. When defining the
bottlenecks for server types, we list them in order of impact.

This chapter discusses the following topics:

2.1, “Server scalability” on page 14

2.2, “Authentication services” on page 15
2.3, “File servers” on page 17

2.4, “Print servers” on page 18

2.5, “Database servers” on page 18

2.6, “E-mail servers” on page 20

2.7, “Web servers” on page 21

2.8, “Groupware servers” on page 22

2.9, “Multimedia server” on page 23

2.10, “Communication server” on page 24
2.11, “Terminal server” on page 25

2.12, “Infrastructure servers” on page 26
2.13, “Virtualization servers” on page 28
2.14, “High Performance Computing” on page 28
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2.1 Server scalability

14

Scalability is about increasing the capability of the server to allow the services
that are provided to meet increased demands. Server scalability is generally
achieved by adopting either scale-out or scale-up strategies, which are defined
as follows:

Scale-up is where server type subcomponents are increased in capacity to
meet the increase in demand.

For example, in a server where the memory subsystem is a potential
bottleneck, and the CPU is overloaded, the amount of memory in the server
can be increased to accommodate demand and more CPUs can also be
added. For enterprise customers with high performance demand on a single
server, the IBM System x3950 M2 is a prime example of a server that is
suited for scale-up.

Scale-out is where multiple separate servers function together to perform a
given task, often seen from the outside as a single system.

Scale-out is generally achieved through a form of load-balancing and task
distribution. For example, Microsoft Network Load Balancing offers scalability
by balancing incoming client requests across clusters of individual servers.
Tools such as NLB require you to install and configure additional components
on the operating system. Thus, analyzing bottlenecks will become more
complex. Other scale-out approaches can be Grid or Cloud computing, or
HPC task distribution engines.

For enterprise customers, the IBM BladeCenter family is a prime example of a
server complex that is suited for scale-out.

There are server types which support applications that are capable of
supporting their own scale-out options. Citrix and Weblogic are two examples.
There are also hardware solutions that work at the network layer called
network load balancers. These are different from Microsoft Network Load
Balancing because a hardware device in the network controls incoming traffic
and redirects network traffic to a number of individually grouped servers that
provide a single service. For example, Radware Web Server Director is, in
essence, a network device that will load balance incoming requests to a
number of Web servers.

Determining which approach to adopt influences how performance tuning is
done. For example, although it is important to be able to identify potential
bottlenecks, it is also important to understand how to resolve them. Attempting to
add additional capacity to subcomponents that are at their maximum threshold
will not resolve a bottleneck, so the answer may be to scale out. Likewise,
undertaking analysis of a server that is located inside a network load balanced
cluster will be more complex than troubleshooting an individual server.
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Table 2-1 lists server types and some of the scaling options that are available for
medium to large customers.

Table 2-1 Server types and typical scalability options

Server type Scale option Scale method

File server Scale-out Windows load balance
Print servers Scale-up Hardware

Terminal servers Scale-out Native

Web servers Scale-out Network load balance
E-mail servers Scale-up Hardware

Database servers Scale-up Hardware
Computation servers Scale-out Native

2.2 Authentication services

Domain controllers provide authentication services and are central to the
management of network resources including users, devices, and computers.
They maintain and apply rules to provide secure and reliable working
environments. Domain controllers communicate with each other continually to
ensure that all rules are maintained consistently throughout the environment. For
example, these servers communicate to ensure that user accounts, security
settings, access control lists, and policies are synchronized.

Domain controllers perform the following functions:

User authentication
Resource access validation
Security control

Common implementations are LDAP and Microsoft Active Directory®.

2.2.1 Windows Server 2008 Active Directory domain controllers

Active Directory stores domain-wide directory data such as user authentication
data, system security policies, and network objects (such as user, computer and
printer names) in its replica LDAP database. It also provides the required tools to
manage user and domain interactions, such as the logon process and validation,
resource allocation, and directory searches.
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Windows Server 2008 Active Directory domain controllers are the latest
generation of the Windows domain controllers, providing improved server
management, access management, security and performance. Some of the new
performance enhancing features are:

More efficient WAN replication, most notably through improvements in the
SMB 2.0 protocol.

Read-only domain controller (RODC) functionality, thus reducing the surface
area for attack on a domain controller, reducing risk for branch offices, and
minimizing replication requirements.

Active Directory now runs as a service that can be switched on and off more
easily rather than as an integrated part of the underlying operating system.

You can configure Windows Server 2008 servers as domain controllers by using
the Active Directory wizard. You need to have an existing Active Directory in
place to create additional domains.

The Knowledge Consistency Checker (KCC) constructs and maintains the
replication topology for Active Directory automatically, but administrators can also
configure which domain members are synchronized with other domain members.
Note that Windows 2008 RODCs can only replicate with Windows 2008 writable
domain controllers; they cannot replicate directly with Windows 2003 or other
Windows 2008 RODCs

Because all Active Directory objects use fully qualified domain names (FQDNSs),
DNS is an extremely important service. When Active Directory is installed on a

Windows Server 2008 domain controller, the installation wizard requires DNS to
be installed locally. This is most typically done using Active Directory integrated
DNS zones.

To allow Active Directory to service requests quickly with Windows Server 2008
domain controllers servers requires adequate and reliable network bandwidth to
perform replication, synchronization, logon validation, and other services.

On an Active Directory domain controller, there are two kind of activities:

Server-to-server activities

These activities include the replication of the Active Directory partitions to the
other Domain Controllers in your domain structure. There are five main
partitions and a various number of application partitions; these are split into
domain and forest-wide replication domains.

Client-to-server activities

These activities include logon validation processes, security access validation
and LDAP queries (for example, from clients directly, or via global catalog
lookups from, for example, an Exchange server).
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To adequately provide a highly responsive service without delays, the following
hardware subsystems are should be analyzed on domain controllers to check for
performance bottlenecks:

Memory
Processor
Network

As a general rule, the larger the number of objects in the Active Directory
database and the more complex the distribution of domain controllers in an
enterprise, the harder the domain controller will need to work to service
server-to-server and client-to-server requests. Accordingly, domain controllers
should be appropriately specified to hardware and matched to the task.

Of particular note are domain controllers functioning as global catalogs in an
enterprise - especially those using Microsoft Exchange. Domain controllers can
be significantly impacted by busy Exchange servers; in some instances, domain
controllers are isolated into separate Active Directory sites with Exchange
servers to provide dedicated throughout and service for global catalog queries.

2.3 File servers

The role of the file server is to store, retrieve, and update data that is dependent
on client requests. Therefore, the critical areas that impact performance are the
speed of the data transfer and the networking subsystems. The amount of
memory that is available to resources such as network buffers and disk 1/0
caching also influence performance greatly. Processor speed or quantity typically
has little impact on file server performance.

In larger environments, also consider where the file servers are located within the
networking environment. It is advisable to locate them on a high-speed backbone
as close to the core switches as possible.

The subsystems that have the most impact on file server performance are:

Network
Memory
Disk

Tip: A common misconception is that CPU capacity is important. CPU is
rarely a source of performance bottlenecks for file servers.

The network subsystem, particularly the network interface card or the bandwidth
of the LAN itself, might create a bottleneck due to heavy workload or latency.
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Insufficient memory can limit the ability to cache files and thus cause more disk
activity, which results in performance degradation.

When a client requests a file, the server must initially locate, then read and
forward the requested data back to the client. The reverse of this applies when
the client is updating a file. Therefore, the disk subsystem is potentially a
bottleneck.

2.4 Print servers

Print servers remove the requirement to install printers on individual clients, and
they are capable of supporting a large number of printer types and print queues.
They manage client print requests by spooling the print job to disk. The printer
device itself can influence performance, because having to support slower
printers with limited memory capacity takes longer to produce output while using
resources on the print server. Therefore, the critical areas that impact
performance are the speed of the data transfer and memory configuration. By
default, the spool directory is located on the same disk as the operating system
files. However, it is better to redirect the directory to a physical drive other than
the operating system disk, so that the pooling I/O operations will not influence the
rest of the system performance.

The subsystems that have the most impact on print server performance are:

Memory
Disk
Processor

Implementing printer pools and virtual printer configurations might help to reduce
printing workload.

2.5 Database servers

18

The database server’s primary function is to store, search, retrieve, and update
data from disk. Examples of Database engines include IBM DB2®, Microsoft
SQL Server®, and Oracle. Due to the high number of random 1/O requests that
database servers are required to do and the computation-intensive activities that
occur, the potential areas that have the most impact on performance are:

Memory
Disk
Processor
Network
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The subsystems that have the most impact on database server performance are:
Memory subsystem

Buffer caches are among the most important components in the server, and
both memory quantity and memory configuration are critical factors. If the
server does not have sufficient memory then paging occurs, which results in
excessive disk I/O, which in turn generates latencies. Memory is required for
both the operating system and the database engine. You need to consider this
when sizing database servers.

Refer to the following sections to determine how to better use the memory in
your systems:

— Windows: 21.3, “Analyzing memory bottlenecks” on page 697
— Linux: 22.3, “Memory subsystem bottlenecks” on page 728

Disk subsystem

Even with sufficient memory, most database servers will perform large
amounts of disk I/O to bring data records into memory and flush modified data
to disk. The disk substorage system needs to be well designed to ensure that
it is not a potential bottleneck.

Therefore, it is important to configure a sufficient number of disk drives to
match the CPU processing power that is used. With most database
applications, more drives equals greater performance.

It is also important to keep your log files on disks that are different from your
database.

Even when using SAN devices for storage, you must pay particular attention
to Fibre channel network and SAN configuration to ensure that the storage
environment does not place constraints on the server.

CPU subsystem

Processing power is another important factor for database servers because
database queries and update operations require intensive CPU time. The
database replication process also requires a considerable number of CPU
cycles.

Database servers are multi-threaded applications. Therefore, SMP-capable
systems provide improved performance scaling to 16-way and beyond. L2
cache size is also important due to the high hit ratio, which is the proportion of
memory requests that fill from the much faster cache instead of from memory.
For example, the SQL server’s L2 cache hit ratio approaches 90%.

Network subsystem

The networking subsystem tends to be the least important component on an
application or database server because the amount of data returned to the
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client is a small subset of the total database. The network can be important,
however, if the application and the database are on separate servers.

A balanced system is especially important. For example, if you are adding
additional CPUs, then consider upgrading other subsystems (such as increasing
memory and ensuring that disk resources are adequate).

In database servers, the design of an application is critical (for example,
database design and index design).

2.6 E-mail servers

20

E-mail servers act as repositories and routers of electronic mail, and they handle
the transfer of e-mail to its destination. Because e-mail servers must
communicate regularly to perform directory replication, mail synchronization, and
interface to third-party servers, they generate network traffic. Because they also
have to store and manage mail, the disk subsystem is becoming increasingly
more important.

The important subsystems for e-mail servers are:

Memory
CPU
Disk
Network

E-mail servers use memory to support database buffers and e-mail server
services. Ensuring that memory is sized appropriately and that the disk
subsystems are effective is very important because these will impact server
performance. For example, if memory size is sufficient, the server is capable of
caching more data, which results in improved performance.

E-mail servers use log files to transfer modified data to an information store.
These log files are written sequentially, which means that new transactions are
appended to the end of the transaction files. Log files and database files have
different usage patterns: log files perform better with separate physical disks, and
database files perform better with striped disk arrays due to the random
workload. Using several drives instead of a single drive can significantly increase
e-mail throughput. Read-ahead disk-caching disk subsystems can also offer
performance benefits.

User mailboxes can be stored on the server or on each user’s local hard drive, or
on both. In each case, you need high network performance because clients still
retrieve their mail over the network. The larger the size of the e-mails, then the
more bandwidth that is required. Also, server-to-server replication traffic can be a
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significant load in the network and using multiple LAN adapters can help to
improve network performance.

When an e-mail server receives a message, it determines where the appropriate
server is to handle the e-mail. If the address is local, it is stored in the database
of the e-mail server. If the address is not local, the e-mail is forwarded to the most
appropriate server for processing. If the address is a distribution list, the server
checks the addresses in the list and routes the message accordingly. These
processes require CPU cycles, and sufficient memory must be allocated to
ensure that these processes run efficiently.

If your server supports directory replication and connectors between sites, your
server will experience high distribution list usage, and the CPU will be a more
important factor in e-mail server performance.

Adequate network bandwidth between e-mail servers and their clients is
essential. However, contrary to popular belief, this is not the most impacted
subsystem. If IPsec is to be used to encrypt network traffic, using a specialized
network card to offload the encryption process will reduce CPU utilization.

2.7 Web servers

Today, Web servers are responsible for hosting Web pages and running
server-intensive Web applications. If Web site content is static, the following
subsystems might be sources of bottlenecks:

Network
Memory
CPU

If the Web server is computation-intensive (as with dynamically created pages),
then the following subsystems might be sources of bottlenecks:

Memory
Network
CPU
Disk

The performance of Web servers depends on the site content. There are sites
which use dynamic content that connect to databases for transactions and
queries, and this requires additional CPU cycles. It is important that in this type of
server there is adequate RAM for caching and for managing the processing of
dynamic pages for a Web server. Also, additional RAM is required for the Web
server service. The operating system automatically adjusts the size of cache,
depending on requirements.
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Because of a high hit ratio and the transfer of large amounts of dynamic data, the
network can be another potential bottleneck.

2.7.1 Web 2.0 servers

The use of “Web 2.0” applications has exploded over recent years, and these
applications are typically Web-based applications focused on a more interactive
user experience and written using asynchronous technologies such as AJAX.
Many of these applications are designed for millions of simultaneous users.

These applications are run on servers in large data centers with massively
distributed networks. The hardware is often thousands or tens of thousands of
compute nodes that are located near low-cost power sources. Redundancy is
handled at the software level rather than at the hardware level, meaning that the
compute nodes are often low-cost and easily-replaceable systems.

Compared to traditional Web servers, these Web 2.0 servers are built on a
shared and pooled environment, supported by parallel programming
developments in which an individual server’s performance is less important than
the overall service or application availability. This is changing the paradigm of
traditional Web computing, because the focus is now more on distributed
applications, with low-cost hardware to take care of the service that the
applications provide.

The following are key elements in Web 2.0 servers that are relevant when
defining a Web 2.0 application or service:

Price/performance per watt

Fast, large scale-out deployment
Compute density

Customization

Targeted workloads

Therefore, the performance of Web 2.0 servers should instead be evaluated for
all the servers running an application, instead of as individual servers. The
elements that are important to examine are:

Network
Memory

2.8 Groupware servers

Groupware servers (such as Lotus® Notes® and Microsoft Exchange, among
others) are designed to allow user communities to share information. This
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enhances the teamwork concept for company users, and is usually implemented
in a client/server model.

Important subsystems include:

Memory
CPU
Disk 1/0

Groupware servers generally support public folder access, scheduling,
calendering, collaboration applications, and workflow applications. These
systems require significant CPU power similar to e-mail servers. Routing and
real-time collaboration require additional CPU cycles.

Memory is used for caching just as it is for e-mail servers, and groupware servers
use a special memory cache design to increase the data access rate. Therefore,
the server should be configured with enough memory to eliminate or reduce
paging to disk.

Groupware servers are transactional-based client/server database applications.
Similarly as with database servers, the disk subsystem is an important factor in
performance.

When designing groupware systems, pay particular attention to the amount of
server-to-server traffic anticipated. Slow LAN/WAN links must also be
considered.

2.9 Multimedia server

Multimedia servers provide the tools and support to prepare and publish
streaming multimedia presentations utilizing your intranet or the Internet. They
require high-bandwidth networking and high-speed disk 1/O because of the large
data transfers.

If you are streaming audio, the most probable sources of bottlenecks are:

Network
Memory
Disk

If you are streaming video, most important subsystems are:

Network
Disk I/0
Memory
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Disk is more important than memory for a video server due to the volume of data
being transmitting and the large amount of data being read.

If the data is stored on the disk, disk speed is also an important factor in
performance. If compressing/decompressing the streaming data is required, then
CPU speed and amount of memory are important factors as well.

2.10 Communication server

24

Communication servers provide remote connection to your LAN, and the most
popular communication server is the Windows 2003 remote access services
(RAS) server.

A communication server’s bottlenecks are usually related to the speed of the
communication lines and cards themselves. Typically, these applications do not
put a stress on the processor, disk, or memory subsystems, and the speed of the
communication line will dictate the performance of the communication server. A
high-speed T1 line, for example, causes less performance degradation than a
56 Kbps line.

The subsystems that are the most probable sources of bottlenecks are:
Communication lines

These are the physical connections between the client and server. As
previously mentioned, the most critical performance factor is the speed of
these communication lines. Select faster communication lines to achieve
better performance.

Digital communications

Select digital lines if possible because they are more efficient at transferring
data, and they transmit with fewer errors. Digital communications also benefit
because fault detection and correction software and hardware might not have
to be implemented.

Port configuration

Port is the input/output source for the communication devices. For example, if
you have modem devices, configure your port speed, flow control, and
buffering to increase data flow performance.

Other features, such as multilink and pure digital communications, will help to
improve performance. Correctly configuring the operating system’s port status
and using the correct device driver are other important tasks in maintaining high
performance.
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2.11 Terminal server

Windows Server Terminal Services enables a variety of desktops to access
Windows applications through terminal emulation. In essence, the application is
hosted and executed on the terminal server and only screen updates are
forwarded to the client. It is important to first understand the factors in terminal
server performance:

Your application

Application memory requirements
Shareable application memory
Application screen refresh rate
Applications typing requirements

Your users

— Typing speed

Leave the applications open

Logon time

Logged on all day long or not

Whether or not most logins occur at a specific time of day

Your network

Users’ typing speed

Whether or not applications are graphic-intensive
Client workstations’ display resolutions
Application network bandwidth requirements

The following subsystems are the most probable sources of bottlenecks:

Memory
CPU
Network

As the terminal servers execute applications and send the results to the client
workstation, all the processing load is on the server. Terminal servers require
powerful CPUs and sufficient memory. Because these servers can support
multiple concurrent clients, the network is another important subsystem.

Terminal servers do not benefit from large L2 cache sizes primarily because they
have a very large working set. The working set is the number of instructions and
data that are frequently accessed by the CPU. This working set is too large, and
addresses generated by terminal server applications are more random across
this large address space than most server applications. As a result, most
terminal server configurations will obtain minimal benefits from large L2
processor caches.
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Generally, double the number of users requires double the performance of the
CPU and double the amount of memory. CPU and memory requirements
increase linearly, so you should use SMP-capable servers.
The following factors also affect performance:
Hard-disk throughput (for higher performance, use RAID devices)
High-bandwidth network adapters

Intelligent dial-up communications adapter (to reduce interrupt overhead and
increase throughput)

2.12 Infrastructure servers

Infrastructure servers is the name given to DNS, DHCP, WINS, and other
services that provide connectivity.

2.12.1 DNS server

26

Domain Name System (DNS) is a protocol for naming computers and network
services. It is used to locate computers and services through user-friendly
names. When a client uses a DNS name, DNS services can resolve the name to
other information associated with that name, such as an IP address.

The number of requests that the DNS server is required to respond to will be
determined by the size of the environment that it is supporting and the number of
DNS servers that will be located within that environment. Consider these factors
when sizing the server type.

Important subsystems include:

Network
Memory

The network subsystem, particularly the network interface card or the bandwidth
of the LAN itself, can create a bottleneck due to heavy workload or latency.
Insufficient memory might limit the ability to cache files and thus cause more disk
and CPU activity, which results in performance degradation.

Because of the nature of DNS serving, the processor subsystem is the least
likely to cause a bottleneck.
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2.12.2 DHCP server

Dynamic Host Configuration Protocol (DHCP) is a protocol for using a server to
manage and administer IP addresses and other related configuration items in the
network. When a device starts, it might issue a request to obtain a IP address.
The DHCP server responds and provides that device with a valid IP address that
is valid for a predefined period of time. This protocol removes the requirement to
assign individual IP addresses for each device.

The number of requests that the DHCP server is required to respond to and the
size of IP address scope will be critical in determining the server size. Having
multiple DHCP and splitting the scope might reduce overheads on individual
servers.

Important subsystems include:

Network
Disk
Memory

The network subsystem, particularly the network interface card or the bandwidth
of the LAN itself, can create a bottleneck due to heavy workload or latency. High
disk I/0O requests require an appropriately designed disk subsystem. Insufficient
memory might limit the ability to cache files and thus cause more disk and CPU
activity, which results in performance degradation.

Because of the nature of DHCP serving, the processor subsystem is the least
likely to cause a bottleneck.

2.12.3 WINS server

Windows Internet Name Service (WINS) is a system that resolves NetBIOS
names to IP addresses. For example, when a client uses a NetBIOS reference,
the WINS server can resolve the NetBIOS name to other information associated
with that name, such as an IP address.

The number of requests that the WINS server is required to respond to will be
determined by the size of the environment that it is supporting and the number of
WINS servers that are located within that environment. Consider these factors
when sizing the server type.

Important subsystems include:

Network
Disk
Memory
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The network subsystem, particularly the network interface card or the bandwidth
of the LAN itself, might create a bottleneck due to heavy workload or latency.
High disk I/O requests require an appropriately designed disk subsystem.
Insufficient memory might limit the ability to cache files and thus cause more disk
and CPU activity, which results in performance degradation.

Because of the nature of WINS serving, the processor subsystem is the least
likely to cause a bottleneck.

2.13 Virtualization servers

Virtualization servers provide the ability to run multiple simultaneous servers (or
virtual machines) on a single hardware platform. This is achieved by installing a
product such as VMware ESX Server, which provides the capability to divide the
hardware subsystems into smaller partitions that then appear as multiple
individual servers.

These partitions can then be configured with an operating system and function
as a traditional server type. For example, a server with two CPUs and 2 GB of
RAM with 300 GB of disk can be partitioned into four servers, each with %2 CPU
and 500 MB of RAM with 75 GB of disk. These servers could then be configured
as different server types. For example, they can be configured as a Active
Directory server, WINS server, DNS server, and DHCP server.

The benefit is that servers that have spare capacity can be reconfigured as
multiple different servers, thereby reducing the number of physical servers that
need to be supported in the environment.

The individual virtual server type will still have the same potential bottlenecks and
performance issues as the physical server type, and there is still the added
overhead of having to support the virtualization layer.

Potential bottlenecks on the virtual operating system are:

Memory
CPU
Network

2.14 High Performance Computing

Computation servers provide floating-point and memory resources to
compute-intensive applications such as those found in high-performance
computing (HPC). These servers are often clustered together using extremely
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high-speed interconnects, such as Myrinet or InfiniBand®, to provide significantly
greater computational performance than would otherwise be available to a single
server alone. Typical applications are characterized by their dependence on
32-bit or 64-bit floating-point operations.

A computation server’s bottlenecks are generally related to the speed with which
floating-point computations can be performed. Numerous factors can affect that,
including the native vector or scalar performance of the processor and the size of
processor cache. Vector operations are arithmetic operations that repeatedly
perform the same operation on streams of related data. Scalar operations work
on each element separately.

The speed at which data can be retrieved from memory is often one of the most
important performance bottlenecks. Many HPC applications stride through large
arrays in a uniform manner that brings data into the processor, uses it for a few
operations, then writes a result back to memory. This characteristic is unfriendly
to caches and pushes the performance bottleneck out to main memory.

Computation servers need high network latency or throughput performance. To
accomplish this, they are connected through high speed interconnects such as
Myrinet, InfiniBand, or Quad. Depending on the specific HPC workload types,
every technology has its own advantages.

Potential bottlenecks on the virtual operating system are:

Memory
Network
CPU
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Performance benchmarks
for servers

A benchmark is a standardized problem or test used to measure system
performance. The purpose is typically to make some sort of comparison between
two offerings, whether they are software, hardware, or both.

Many types of benchmarks are undertaken, and they vary dramatically in
purpose, size, and scope. A very simple benchmark may consist of a single
program executed on a workstation that tests a specific component such as the
CPU. On a larger scale, a system-wide benchmark may simulate a complete
computing environment, designed to test the complex interaction of multiple
servers, applications, and users. In each case the ultimate goal is to quantify
system performance to take measurements.

This chapter introduces performance benchmarks for servers and discusses the
following topics:

3.1, “IBM and benchmarks” on page 32
3.2, “The main industry standard benchmarks” on page 33
3.3, “Understanding IBM System x benchmarks” on page 41
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3.1 IBM and benchmarks

IBM worldwide benchmark centers perform application benchmarks that are
customized to specific installations, as well as generalized application
benchmarks. In this chapter we illustrate the different kinds of benchmarks, and
you will learn why IBM run benchmarks on System x servers.

3.1.1 The different kinds of benchmarks

32

There are three overall types of benchmarks:

Industry standard benchmarks

Industry standard benchmarks consist of well-known benchmarks that have
been developed, maintained, and regulated by independent organizations.

These benchmarks are designed to represent client workloads (for example,
e-commerce or OLTP). They allow readers to make comparisons between
systems when the workload matches their intended use. The configurations
are based on “off-the-shelf” hardware and applications. We introduce industry
benchmarks in 3.2, “The main industry standard benchmarks” on page 33.

Client workload benchmarks

These benchmarks involve benchmarking with a client’s actual workload. This
type yields the most relevant information, but is difficult to perform. Some IBM
centers are dedicated to this kind of benchmark.

IBM Client Benchmark Centers provide customer-demanded benchmark
capability for IBM server and storage technology, including proof of concept,
scaling and performance services, as well as assistance in executing ISV
application benchmarks.

We introduce those centers in 1.6, “IBM Client Benchmark Centers” on
page 8.

Unregulated benchmarks

Also very common are unregulated benchmarks that are application- or
component-specific. You can sometimes purchase or download these
benchmark suites to test how specific components perform.

However, exercise caution when using the results of these tools. By far the
majority of testing suites available test workstation performance and are not
relevant for testing server performance. Many benchmarking tools are
designed to test workstations and to stress system components by executing
a single task or a series of tasks. Servers and workstations are designed for
very different purposes. A workstation performs a single task as quickly as
possible. In contrast, servers are generally optimized to service multiple users
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performing many tasks simultaneously. A server often performs poorly in such
tests because this is not what they are optimized to do.

3.1.2 Why IBM runs benchmarks on System x servers

Benchmarking is one of the few ways in the computer industry to objectively
compare offerings between different computer vendors. Leading technology from
IBM is compared against other server vendors in a standardized way of
producing and publishing results.

Benchmarks are published records, and IBM invests much time, effort, and
money to achieve the best possible results. All of the #1 results that System x
solutions win are proof points that IBM technology made a huge difference in
pushing the industry forward.

IBM takes benchmarking very seriously. This is primarily because our clients also
take it seriously and consider the results an important differentiator. Additionally,
IBM undertakes benchmarks as an integral part of the development process of
System x servers. The System x performance lab is actively involved in the
process of bringing a new server to market to ensure that each system is
properly tuned for its intended clients’ use.

In the same way, client workload benchmarks allow the customer to compare
server performance between different computer vendors on its own applications.
IBM has dedicated centers which can help its customers to tune their
applications on IBM System x servers. The purpose of those benchmarks is to
obtain the best performance for a customer application in its production
environment.

3.2 The main industry standard benchmarks

IBM uses a wide range of industry standard benchmarks to evaluate server
performance.

Many models of the IBM System x family have maintained a leadership position
for benchmark results for several years. These benchmarks help clients to
position System x servers in the marketplace, but they also offer other benefits to
clients including driving the industry forward as a whole by improving the
performance of applications, drivers, operating systems, and firmware.

There is a common misconception that industry benchmark results are irrelevant
because they do not reflect the reality of client configurations and the
performance and transaction throughput that is actually possible in the “real
world.” However, such benchmarks are useful and relevant to clients because the
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results help them understand how one solution offering performs relative to
another.

3.2.1 Types of information that benchmarks can provide

34

The IBM System x performance lab has produced many industry-leading
benchmark results on System x hardware (for more information about this lab,
refer to 1.3, “The System x Performance Lab” on page 5). These results
demonstrate the capabilities of the server and validate the system designs. They
are also a valuable source of information to use in decision-making processes.

It is important to understand, however, that the actual performance figures
produced from these benchmarks are unlikely to be obtained in a real production
environment.

The reasons for this disparity include the following:

System utilization often runs at levels that are not reasonable in a production
environment. In most commercial environments, a system operating at a
utilization level of very close to 100% cannot handle peaks in demand or allow
for future growth.

The hardware configurations may not be representative of a real production
server. For the TPC-C benchmark, hundreds of disks feed as much data as
possible to memory and the CPUs.

In addition to a large number of drives, each drive is configured with a “stroke”
(a portion of the disk’s surface actually containing data) of less than 15%. The
objective is to minimize latency by reducing the disk drive head movement as
much as possible. This means that only a small portion of each disk is used.
This is unrealistic in a production environment.

Many benchmarks do not require RAID arrays to protect data. For these
benchmarks, data is striped across the disks in an unprotected manner (that
is, RAID-0) to maximize performance and minimize cost.

Servers respond differently to different workloads. A server that is
industry-leading in one benchmark may perform poorly in another. When
using published benchmarks as a guide to selecting a server, the results of
benchmarks that most closely resemble the intended workload should be
examined.

A vendor benchmark team typically has more time and greater access to
highly skilled engineers (including the hardware and software designers) than
a typical client benchmark team.
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Tip: Use benchmark results as a guide to the potential or theoretical
performance and throughput of a server under a specific workload type, and
not as an indicator of actual performance.

3.2.2 System benchmarks

This section introduces the major industry system benchmarks.

TPC-C

The TPC Benchmark C (TPC-C), approved in July 1992, is an online transaction
processing (OLTP) benchmark. TPC-C simulates a complete computing
environment in which a population of users executes transactions against a
database.

The benchmark is centered around the principal activities (transactions) of an
order-entry environment. These transactions include entering and delivering
orders, recording payments, checking the status of orders, and monitoring the
level of stock at the warehouses. Although the benchmark portrays the activity of
a wholesale supplier, TPC-C is not limited to the activity of any particular
business segment. Instead, it represents any industry that must manage, sell, or
distribute a product or service. However, it should be stressed that it is not the
intent of TPC-C to specify how to best implement an order-entry system.

The performance metric reported by TPC-C measures the number of orders that
can be fully processed per minute. It is expressed in transactions per minute
(tpmC). Two other metrics are associated: $/tpmC and the date of availability for
the priced system. For more information about this benchmark, consult the
following site:

http://www.tpc.org/tpcc/

TPC-E

Since 1992, system performance increased significantly, and some modern
applications are not based on the old transaction model. A new model that
handles the current situation was introduced by the TCP committee, namely TPC
Benchmark E (TPC-E).

TPC-E is not a new version of the TPC-C. Instead, because TPC-E uses current
architecture and reduces the total benchmark cost (because less hardware is
needed), it will replace the TPC-C Benchmark.

TPC-E is an OLTP workload. The TPC-E Benchmark simulates the OLTP
workload of a brokerage firm. The focus of the benchmark is the central
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database that executes transactions related to the firm’s customer accounts.
Although the underlying business model of TPC-E is a brokerage firm, the
database schema, data population, transactions, and implementation rules have
been designed to be broadly representative of modern OLTP systems.

The TPC-E metrics are tpsE (transactions per second E) and $/tpskE. The tpsE
metric is the number of trade-result transactions that the server can sustain over
a period of time. The price/performance metric, $/tpsE, is the total system cost
for hardware, software, and maintenance, divided by the performance. For more
information about this benchmark, consult the following site:

http://www.tpc.org/tpce/

TPC-H

TPC Benchmark H (TPC-H) models a decision support system. Decision support
systems are used to analyze OLTP information for use in business decisions.
This benchmark illustrates decision support systems that examine large volumes
of data, execute queries with a high degree of complexity, and give answers to
critical business questions.

The performance metric reported by TPC-H is called the TPC-H Composite
Query-per-Hour Performance Metric (QphH @ Size). This metric reflects multiple
aspects of the capability of the system to process queries. These aspects include
the query processing power when queries are submitted by a single user, and
the query throughput when queries are submitted by multiple concurrent users.
Because of its impact on performance, the size of the database against which the
queries are executed is also included in the TPC-H metric. For more information
about this benchmark, consult the following site:

http://www.tpc.org/tpch

SPECweb2005

SPECweb2005 emulates users sending browser requests over broadband
Internet connections to a Web server. It provides three new workloads: a banking
site (HTTPS), an e-commerce site (HTTP/HTTPS mix), and a support site
(HTTP). Dynamic content is implemented in PHP and JSP™. For more
information about this benchmark, consult the following site:

http://www.spec.org/web2005/

SPECjbb2005

SPECjbb2005 (Java™ Server Benchmark) is the SPEC benchmark for
evaluating the performance of server-side Java. Like its predecessor,
SPECjbb2000, SPECjbb2005 evaluates the performance of server-side Java by
emulating a three-tier client/server system (with emphasis on the middle tier).
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The benchmark exercises the implementations of the Java Virtual Machine
(JVM™), the Just-In-Time (JIT) compiler, garbage collection, threads and some
aspects of the operating system. It also measures the performance of CPUs,
caches, memory hierarchy and the scalability of shared memory processors
(SMPs). SPECjbb2005 provides a new enhanced workload, implemented in a
more object-oriented manner, to reflect how real world applications are designed.
It introduces new features such as XML processing and BigDecimal
computations to make the benchmark a more realistic reflection of today's
applications. For more information about this benchmark, consult the following
site:

http://www.spec.org/jbb2005/

SPECjAppServer2004

SPECjAppServer2004, the Java Application Server, is a multi-tier benchmark for
measuring the performance of Java 2 Enterprise Edition (J2EE™)
technology-based application servers. SPECjAppServer2004 is an end-to-end
application which exercises all major J2EE technologies implemented by
compliant application servers as follows:

The Web container, including servlets and JSPs
The EJB™ container

EJB2.0 Container Managed Persistence

JMS and Message Driven Beans

Transaction management

Database connectivity

Moreover, SPECjAppServer2004 also heavily exercises all parts of the
underlying infrastructure that make up the application environment, including
hardware, JVM software, database software, JDBC™ drivers, and the system
network. For more information about this benchmark, consult the following site:

http://www.spec.org/jAppServer2004/

SPEC CPU2006

CPU2006 is the SPEC next-generation, industry-standardized, CPU-intensive
benchmark suite which is designed to stress a system's processor, memory
subsystem and compiler. SPEC designed CPU2006 to provide a comparative
measure of compute-intensive performance across the widest practical range of
hardware using workloads developed from real user applications. SPEC
CPU2006 contains two benchmark suites: CINT2006 for measuring and
comparing compute-intensive integer performance, and CFP2006 for measuring
and comparing compute-intensive floating point performance. For more
information about this benchmark, consult the following site:

http://www.spec.org/cpu2006/
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SPECpower_ssj2008

SPECpower_ssj2008 is the first industry-standard SPEC benchmark that
evaluates the power and performance characteristics of volume server class
computers. With SPECpower_ssj2008, SPEC defines server power
measurement standards in the same way as with performance. You can find
more details at 5.3, “Rack-level solutions” on page 76.

For more information about this benchmark, consult the following site:
http://www.spec.org/power_ssj2008/

Linpack Benchmark

The Linpack Benchmark is a measure of a computer’s floating-point rate of
execution. It is determined by running a computer program that solves a dense
system of linear equations. Over time, the characteristics of the benchmark have
changed somewhat. In fact, there are three benchmarks included in the Linpack
Benchmark report.

The Linpack Benchmark is derived from the Linpack software project. It was
originally intended to help users of the package approximate how long it would
take to solve certain matrix problems.

The Linpack Benchmark was chosen by the TOP500 committee because it is
widely used and performance numbers are available for almost all relevant
systems. For more information about this benchmark, consult the following site:

http://www.top500.0rg/project/linpack

VMmark

VMmark is a tool that hardware vendors, virtualization software vendors, and
other organizations use to measure the performance and scalability of
applications running in virtualized environments. This virtualization benchmark
software features a novel, tile-based scheme for measuring application
performance. It provides a consistent methodology that captures both the overall
scalability and individual application performance.

VMware developed VMmark as a standard methodology for comparing
virtualized systems. The benchmark system in VMmark is comprised of a series
of “sub-tests” that are derived from commonly used load-generation tools, as well
as from benchmarks developed by the Standard Performance Evaluation
Corporation (SPEC). For more information about this benchmark, consult the
following site:

http://www.vmware .com/products/vmmark/
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vConsolidate

vConsolidate, launched in April 2007 at the Intel Developer Forum (IDF), is
designed to simulate real world server performance in a typical environment, and
to enable clients to compare the performance of multi-processor platforms in a
virtualized environment. For more information about this benchmark, consult the
following site:

http://www. intel .com/pressroom/archive/releases/20070417glocl.htm

3.2.3 Product-specific benchmarks

This section introduces some of the product-specific benchmarks currently
available.

Oracle Applications Standard Benchmark

The Oracle Applications Standard Benchmark is focused on ERP applications. It
represents a mixed workload intended to model the most common transactions
operating on the most widely used enterprise application modules. Definitions of
transactions that compose the benchmark load were obtained through
collaboration with functional consultants, and are representative of typical
customer workloads, with batch transactions representing 25% of the total
workload. For more information about this benchmark, consult the following site:

http://ww.oracle.com/apps_benchmark

BaanERP

Baan Enterprise Resource Planning (ERP) is a suite of client/server business
solutions that integrates a company's business transactions into a single
software solution. Baan ERP software provides applications which customers
use to manage financial, accounting, sales and distribution, materials
management, production planning, quality management, plant maintenance and
human resource functions.

The Baan Benchmark Methodology is used to measure the performance of
different computer system configurations running the standard BaanERP
benchmark suite in two-tier client/server mode, which determines the exact
number of Baan Reference Users (BRUs) that can be supported on a specific
vendor's computer system.

SAP Standard Application Benchmarks

SAP Standard Application Benchmarks test and prove the scalability of
mySAP™.com® solutions. The benchmark results provide basic sizing
recommendations for customers by testing new hardware, system software
components, and Relational Database Management Systems (RDBMS). They
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also allow for comparison of different system configurations. The original SAP
Standard Application Benchmarks have been available since R/3 Release 1.1H
(April 1993), and are now available for many SAP components.

The benchmarking procedure is standardized and well defined. It is monitored by
the SAP Benchmark Council, which is comprised of representatives of SAP and
technology partners involved in benchmarking. Originally introduced to
strengthen quality assurance, the SAP Standard Application Benchmarks can
also be used to test and verify scalability, concurrency and multi-user behavior of
system software components, RDBMS, and business applications. All
performance data relevant to system, user, and business applications are
monitored during a benchmark run, and can be used to compare platforms and
as basic input for sizing recommendations. For more information about this
benchmark, consult the following site:

http://www.sap.com/solutions/benchmark

LS-DYNA

LS-DYNA, developed by the Livermore Software Technology Corporation, is a
general purpose transient dynamic finite element program capable of simulating
complex real world problems. It is optimized for shared and distributed memory
Unix, Linux, and Microsoft Windows platforms. LS-DYNA is being used by
automobile, aerospace, manufacturing and bioengineering companies. For more
information about this benchmark, consult the following site:

http://www.topcrunch.org/benchmark_results_search.sfe

Fluent Benchmark

The Fluent Benchmarks can be used to compare performance of different
hardware platforms running the FLUENT flow solver. The broad physical
modeling capabilities of FLUENT have been applied to industrial applications
ranging from air flow over an aircraft wing to combustion in a furnace, from
bubble columns to glass production, from blood flow to semiconductor
manufacturing, from clean room design to wastewater treatment plants. The
ability of the software to model in-cylinder engines, aero-acoustics,
turbo-machinery, and multiphase systems has served to broaden its reach. For
more information about this benchmark, consult the following site:

http://www. fluent.com/software/fluent/fl5bench

3.2.4 Industry standard benchmark results on IBM System x

The latest industry standard benchmark results on the System x platform with
Intel and AMD processors can be found at the following site:

http://www. ibm.com/systems/x/resources/benchmarks/
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The latest industry-standard benchmarks results on the BladeCenter platform
with Intel and AMD processors can be find at the following site:

http://www. ibm.com/systems/bladecenter/resources/benchmarks/

3.3 Understanding IBM System x benchmarks

Many models of the IBM System x family have maintained a leadership position
for benchmark results for several years. These benchmarks help clients to
position System x servers in the marketplace and understand how one solution
offering performs relative to another.

For a deeper understanding of IBM System x benchmarks, refer to the IBM
Redpaper publication, Understanding IBM eServer xSeries Benchmarks,
REDP-3957, which is available at the following site:

http://www.redbooks. ibm.com/abstracts/redp3957.html

This paper is intended for clients, IBM Business Partners, and IBM employees.
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Part 2

Server
subsystems

In this part, we explain the technology that is implemented in the major
subsystems in System x servers and show what settings you can make or adjust
to obtain the best performance. We provide rules of thumb to guide you regarding
what to expect from any changes that you consider. We examine closely each of
the major subsystems so that you can find specific bottlenecks, and we present
options explaining what you can do to resolve these bottlenecks. We also discuss
how to anticipate future bottlenecks.
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Introduction to hardware
technology

Servers are made up of a number of subsystems, and each subsystem plays an
important role in how the server performs. Depending on the use of the server,
some of these subsystems are more important and more critical to performance
than others.

This chapter defines the server subsystems.
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4.1 Server subsystems
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The subsystems in a server are:

Processor and cache

The processor is the heart of the server, and it is involved in most of the
transactions that occur in the server. Although the CPU is an important
subsystem, many people mistakenly believe that the CPU is often the source
of a performance bottleneck so buying a server with the fastest CPU is best.

In reality, however, in most server installations the CPU is actually
overpowered, and the other subsystems are underpowered. Only specific
applications are truly CPU-intensive, taking advantage of the full power of
today’s multi-core and 64-bit processors.

The classic example of a server that does not need much CPU power is the
file server (which is, coincidentally, the most common use of a server). Most
file request traffic uses direct memory access (DMA) techniques to bypass
the CPU and rely in the network, memory, and disk subsystems for
throughput capacity.

There are a number of processors available from Intel and AMD that are used
in System x servers today. It is important to understand their differences and
their strengths.

Cache, while strictly part of the memory subsystem, is physically packaged
with the processor these days. The CPU and cache are coupled together
tightly and run at full or half the speed of the processor. In this book, we have
grouped the cache and processor together.

PCI bus

The PCI bus is the “pipe” along which all data traverses into and out of the
server. All System x servers use the PCI bus (PCI-X and PCI Express) for
their critical adapter resources, SCSI and disk for example. High-end servers
now have multiple PCI buses and many more PCI slots than they used to.

Advances in the PCI bus include the PCI Express (PCI-E) 1X to 16X
technologies, which provide greater throughput and connectivity options.

Connecting to the CPU and cache is the PCI chipset. This set of components
governs the connections between the PCI bus and the processor and
memory subsystems. The PCI chipset is carefully matched and tuned to the
processors and memory to ensure the maximum performance of the system.

Memory

Memory is critical to a server’s performance. Without enough memory
installed, the system will perform poorly because the operating system will
swap data to disk when it needs to make room for other data in memory.
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A feature in the Enterprise X-Architecture® System x servers is memory
mirroring for increased fault tolerance. The feature, part of IBM Active
Memory™ is roughly equivalent to RAID-1 in disk arrays, in that memory is
divided in two ports and one port is mirrored to the other. All mirroring
activities are handled by the hardware without any additional support by the
operating system.

New memory technologies include the DDR3 and MetaSDRAM, providing
higher capacity, bandwidth, and improved flexibility.

Disk

Perhaps the most configurable subsystem from an administrator’s
perspective, the disk subsystem is often critical to a server’'s performance. In
the pyramid of online storage devices (cache, memory, and disk), disk drives
are by far the slowest and also the biggest, mainly because they are
mechanical components. For many server applications, most of the data that
is accessed will be stored on disk, so a fast disk subsystem is very important.

To maximize capacity, RAID is commonly employed in server configurations.
However, the configuration of the RAID arrays can make a significant
difference in the performance characteristics.

First, the choice of RAID level for the defined logical drives will affect
performance as well as capacity and fault tolerance, which you would
normally expect. There are many RAID levels available using IBM ServeRAID
and IBM Fibre Channel adapters, and each has its place in specific server
configurations. Equally important for performance reasons is the number of
hard disks you configure in each array: the more disks, the better the
throughput. An understanding of how RAID handles I/O requests is critical to
maximizing performance.

Serial technologies are on all System x servers to improve price-performance
and scalability. These include Serial ATA (SATA) and Serial-attached SCSI
(SAS). Near-Line SAS HDD are now available to take advantage of both SAS
and SATA technology.

Solid State Drive (SSD) technology is beginning to emerge in System x
servers as a new category of hard disk drive. SSD consumes less power, and
can offer faster data access and higher reliability due to its inherent
memory-based characteristics.

Network

The network adapter card is the server’s interface to the rest of the world. If
the amount of data through this portal is significant, then an underpowered
network subsystem will have a serious impact on server performance.
Beyond the server, the design of your network is equally important. The use
of switches to segment the network or the use of such technologies as ATM
should be considered.
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1 Gbps network adapters are now standard in servers, and 10 Gbps network
are readily available to provide the necessary bandwidth for high-throughput
applications. Moreover, new technologies such as IOAT and TCP Chimney
Offload are introduced to help improve performance.

Video

The video subsystem in a server is relatively insignificant. The only use of it is
when an administrator is working on the server’s console. Production users
will never make use of the video, so emphasis is rarely placed on this
subsystem. We do not cover video in this book for this reason.

Operating system

We consider the operating system to be a subsystem that can be the source
of bottlenecks similar to other hardware subsystems. Windows, Linux, and
ESX Server have settings that you can change to improve performance of the
server.

This part of the book describes each of the major subsystems in detail. It
explains how they are important and what you can do to tune them to your
requirements. The subsystems that are critical to performance depend on what
you are using the server for. The bottlenecks that occur can be resolved by
gathering and analyzing performance data; however, this task is not a one-time
job. Bottlenecks can vary depending on the workload coming into the server, and
can change from day to day and from week to week.
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Energy efficiency

Energy efficiency (defined here as using less energy to provide the same level of
service) in data centers is a critical priority for IT managers. As energy and power
costs become a significant portion of IT cost, understanding and investing in
energy management has never been more important.

For example, looking at today’s power and cooling costs, the cost for power and
cooling a server for three years is 1.5 times the cost of purchasing the server
hardware. Projections for the year 2012 raise the factor from three times to 22
times, depending on the assumptions used’.

Some companies have outgrown their current data centers because of exceeding
available power, cooling resources, or space and have been forced to relocate or
to build a new data center. If the new data center is properly planned, however,
this expense may actually result in a financial return.

Thinking globally, estimated data center power demands are growing at
unsustainable rates:

1.2% of global electrical output is used by servers and cooIing.2
USD$7.2 billion was spent on data centers worldwide in 2005.2

1 Brill, Kenneth G., Data Center Energy Efficiency and Productivity, The Uptime Institute, Inc., 2007,
http://www._uptimeinstitute.org/whitepapers

2 Koomey, Jonathan, Estimating Total Power Consumption by Servers in the U.S and the World,
2007, http://enterprise.amd.com/Downloads/svrpwrusecompletefinal . pdf
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Only about half the power entering the data center is used by the IT
equipment.®

IBM recognizes the importance of going green in the data center for both
environmental and financial reasons, and has initiated Project Big Green. This is
the broadest initiative ever at IBM with the intention to reallocate $1 billion a year
to achieve the following goals:

Guarantee the research and development funding for IT energy efficiency
technology

Create a worldwide IBM “Green Team” of energy efficiency specialists

Plan, build, or prepare its facilities to be green data centers based on IBM
best practices and innovative technologies in power and cooling

Use virtualization as the technology accelerator for our green data centers to
drive up utilization and drive down annual power cost per square foot

IBM also intends to make its technologies, practices, and experience available to
assist clients in making their data centers more efficient.

There are several metrics for energy efficiency of servers. One of the most
commonly used measures is “performance per watt.” It usually refers to the
maximum performance that the system can achieve for every watt consumed.

However, there are other metrics that incorporate space (SWaP metric from
Sun), average performance per watt (like the score from SPECpower), and so
on.

This chapter discusses the following topics:

5.1, “Importance of finding an energy efficiency balance” on page 51
5.2, “Server-level solutions” on page 53

5.3, “Rack-level solutions” on page 76

5.4, “Data center-level solutions” on page 84

5.5, “Power and performance benchmarks” on page 88

3 U.S. Environmental Protection Agency, Report to Congress on Server and Data Center Energy
Efficiency http://www.energystar.gov/index.cfm?c=prod_development.server_efficiency#epa
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5.1 Importance of finding an energy efficiency balance

Being energy efficient in a data center is a complex challenge. On the one hand,
organizations continue to deploy more servers and storage devices to keep pace
with their exploding computing needs. Every day the demand grows for more
speed and greater capacity. To address this demand, IBM has developed a wide
range of products providing the latest powerful technologies. Generation after
generation, those products continue to offer improved computation and response
time, and to increase the number of concurrent users on a given platform.

On the other hand, faster processors, larger memory configurations, more disk
drives, and more I/O adapters add up to more power needed and therefore
increased electrical cost. There is also the additional cost to remove all the heat
produced by the hardware. Heat translates into a shorter lifespan for hardware.
The more excess heat is present, the more damage can be incurred by
hardware. Thus you either pay to keep the hardware cool, or you pay to replace
heat-damaged components. And rising utility rates make the solutions ever more
costly.

At this point, the cost of electricity to run and cool computer systems exceeds the
cost of the initial purchase. The goal of IT managers is also to reduce the
demand for electricity and keep servers and the data center cool. Doing so
reduces costs and increases hardware reliability.

This analysis illustrates that a balance must be found between performance and
power consumption in a data center. To understand how to optimize energy
efficiency, you also need to understand where and how energy is used, and learn
how to optimize it.

Figure 5-1 on page 52 shows how energy is used in several components of a
typical non-optimized data center. Each component is divided into two portions:

IT equipment (servers, storage, and network) uses about 45% of the energy.

The infrastructure that supports this equipment—such as chillers, humidifiers,
computer room air conditioners (CRAC), power distribution units (PDU),
uninterruptible power supplies (UPS), lights, and power distribution—uses the
other 55% of the energy.

Companies must consider the energy consumption of the components at the IT
equipment level. For example, in a typical server, the processor uses only 30% of
the energy and the remainder of the system uses 70%. Therefore, efficient
hardware design is very important, as well.
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Data center Server hardware Server loads

Resource
IT Load Processor usage rate

Power and Power supply,
Cooling memory, fans, Idle
planar, drives . ..

Figure 5-1 How energy is used in a typical data center

Finally, companies should consider the use of IT resources in data centers.
Commonly, servers are underutilized, yet they consume the same amount of
energy as if they were running at 100%. A typical server utilization rate is 20%.
Underutilized systems can be a major issue because a significant amount of
energy is expended on non-business purposes, thus wasting a major investment.
Virtualization and consolidation help utilize the entire capacity of your IT
equipment.

In this book, we discuss energy savings on IT resources. To learn more about
optimizing non-IT equipment, read the IBM Redpaper publicationThe Green Data
Center: Steps for the Journey, REDP-4413, which is available at the following
site:

http://www.redbooks. ibm.com/abstracts/redp4413_html
Energy optimizations on IT resources can be undertaken at three different levels,
as addressed in the following sections:

5.2, “Server-level solutions” on page 53
5.3, “Rack-level solutions” on page 76
5.4, “Data center-level solutions” on page 84
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5.2 Server-level solutions

Optimizing energy efficiency can be done at the server level. You have to find the
power/performance balance appropriate to your needs.

Figure 5-2 illustrates the power budgeted for a typical server. Notice that nearly a
third of the total power, 31%, is allocated the CPUs. Next, 26% is allocated for the
memory and 21% for the redundant fans. The 6 hard disk drives represent only
7% of the total power allocated behind the 4 PCI slots of 9%. Finally, the
motherboard is allocated approximately 6%.

Typical Server Power Budget

2% Intel X5460
Processors
(120W TDP)
1%

12 Mermory DIMMs
26%

4 PCl cards
9%
12 redundant Fans

6 3.5" HDD 21%

1%

Figure 5-2 Power budgeted for a typical server

To better understand how energy efficiency is important, Table 5-1 on page 54
illustrates how a small power savings at the low level in a server, namely 1 extra
watt saved on a CPU, cascades to a large power savings at the higher data
center level.

In Table 5-1 on page 54,you can see that 1 extra watt consumed on a CPU:
=1.25W at the input of an 80% efficient VRM
=1.47W at the input to an 80% efficient power supply
=1.52W at the input of an 97% power distribution infrastructure
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=1.58W at the input to a 96% efficient 480VAC-t0-208VAC transformer
=1.75W at the input to a 92% efficient UPS
=1.79W at the input to a 98% efficient feeder transformer

Table 5-1 Data Center Power Distribution Systems and Efficiency

Data Center Power Distribution Systems and Efficiency

Requires this

much power One extra
at the facility Power Conversion and Distribution Losses I watt of
level chip power
Feeder UPS System | Raised Floor | Distribution Server VRM Load
Transformer Transformer |(all combined) Bulk PS

I 2 | Q

Std raised 11.2KV(AC 480VAC to 480VAC to 208VAC to 12vDC to 1VDC to

floor to 480VAC 400VDC to 208VAC 400VDC to 1vDC heat
480VAC 12vDC

Std 98% 92% 96.2% 96.7% 85% 80%

efficiencies

Input watts 1.75 1.72 1.58 1.52 1.47 1.25 1

for each 1 W

load

Not shown: Electrical power needed for extra cooling capacity required to cool 1 watt = 3.41 BTUs

Small power improvements at the component level have a large cascading effect
at the data center level. Therefore, optimizing within the server is very important.
The following sections describe some of the major components.

5.2.1 Processors

Processors are the main focus of an energy efficiency effort at the server level
because they have a major influence on performance. Processors are also the
component allocated the highest portion of the power budget.

Intel and AMD provide features on their latest CPUs to reduce their power
consumption. In this chapter, we describe those technologies and how to use
them.

Current technologies

CPU power management has advanced every year, starting with mobile
optimized CPUs.
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Today, both Intel and AMD offer low-voltage versions of some of their processors.
They run at the same clock rates as their higher-voltage cousins, but consume
less power.

Figure 5-3 shows the power allocation by component of a server with 3.16 GHz,
quad core processors, and the same system with 2.5 GHz quad core processors.
This figure illustrates how the choice of CPU can affect the overall power
allocation of a server. This CPU change reduces by 58% the power allocated by
the processors. It results in an 18% global power savings for the system.

Typical Server Power Allocation
100% ~
0% -
0, -
?gﬂ:: | O Processors
5 60% 4 | Fans
E 50% OHDD
o OPCl cards
= 40% A
20% - W Planar
20% g Memory
10% A
0%
Intel X5460 Intel L5420
(120W TDP) (50W TDP)
Processor

Figure 5-3 Power budgeted for a typical server with different CPU frequencies

Figure 5-3 also illustrates that the challenge of energy efficiency cannot be
solved only by the choice of processor, but the system as a whole.

The processors have maintained the same thermal design power (TDP) while
increasing the number of processor cores per socket. TDP represents the
maximum amount of power the cooling system in a computer is required to
dissipate. This increases energy efficiency by increasing performance while
keeping power essentially the same.

Dual-core processors improve performance at the same power consumption as a
single-core version of the same processor. IBM servers that use low-voltage
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dual-core processors include many blade servers and System x servers. All of
the following servers offer models that consume fewer than 75W per processor:

Some System x and blade models employ 35W (17.5W per core) or 40W
(20W per core) dual-core Xeon processors. They use 63% and 58% less
power, respectively, than standard 95W Xeon processors.

Some System x and blade models use 68W dual-core AMD Opteron™
processors (34W per core), instead of the 95W variety (a 28% reduction).

System x systems are also using power-efficient quad-core processors.
Quad-core processors improve the performance of dual-core processors, at a
lower per-core power usage. Many IBM System x and blade servers currently
offer quad-core processors.

The 80W quad-core Xeon processors offered in many System x and blade
servers consume only 20W of power per core. Not only does one 80W
quad-core processor potentially offer up to 90% more performance than a
95W dual-core Xeon processor (at the same clock rate), but it also uses 16%
less power in doing so.

Some System x and blade servers use 50W quad-core Xeon processors.
These consume only 12.5W per core, for an even better
performance-per-watt ratio.

Here is an example of two Intel Xeon® processors (5400-series) that have the
same front-side bus speed, but have a different TDP (lower is better):

Intel E5420 2.50 GHz with a front-side bus at 1333 MHz with TDP=80 W
Intel L5420 2.50 GHz with a front-side bus at 1333 MHz with TDP=50 W

Increasing the number of cores per CPU socket is beneficial because it helps to
amortize the support logic in the CPU socket among the CPU cores. CPU
support logic can include things such as cache, memory controllers, PLLs, bus
interfaces, and miscellaneous control logic. Dividing the power for the support
logic among a larger number of CPU cores boosts the efficiency per core. It also
allows the CPU socket to achieve a higher performance level while running each
core at a slower speed compared to a CPU socket that contains fewer cores.

There is also a relationship between CPU frequency and power consumption, but
not a direct correlation. Intel and AMD sometimes offer processors with the same
frequency but different TDPs. In this case, the performance remains the same
(as long as other features like cache size have not changed) but power
consumption is different.

Manage power consumption on CPUs

Managing power consumption on CPUs implies that you need to find a balance
between power and performance on your system. Based on Advanced
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Configuration and Power Interface (ACPI) specifications, there are three states
that can be used to reduce power consumption on CPUs*:

T-states - throttling states

T-states will further throttle down a CPU, but not the actual clock rate, by
inserting STPCLK (stop clock) signals and thus omitting duty cycles.

The T-state mechanism works by “gating-off” clock ticks to the processor
core. The processor clock always ticks at a fixed rate, but one or more tick in
every group of 8 ticks may be masked from the processor. If a clock tick is
masked, the internal gates in the processor do not transition on that tick.
Because it is gate transitions that consume the most power, this has the effect
of making the processor consume less power.

However, performance is reduced at the same time however. If 1 out of every
8 clock ticks is gated-off, then performance is reduced by roughly 1/8 or
12.5%. If 7 out of 8 ticks are gated-off (the maximum possible throttling),
performance is reduced by roughly 7/8 or 87.5%. When the processor is not
being throttled, no clock ticks are gated off and the processor runs at full
speed. Roughly speaking, both the decrease in power and the decrease in
performance are linearly proportional to the amount of throttling.

P-states - performance states

P-states allow clock rate reduction. The P-state mechanism involves actually
slowing the clock down so that it ticks less frequently (rather than just masking
off ticks). When the processor is run at a slower speed, the voltage to the
processor can be reduced as well.

The reduction in power is linearly proportional to the reduction in clock speed,
but more than linearly proportional to the reduction in voltage; power is
actually proportional to the square of the voltage. So throttling using P-states
gives a more than linear reduction in power, while causing only a linear
reduction in performance. The power/performance trade-off is therefore better
with P-states than with T-states.

On the other hand, it takes longer for a processor to change P-states than
T-states, so you have to be careful about how often you change the P-state to
avoid degrading performance (while the P-state is changing, the processor
essentially stops). The switch between P-states is controlled by the operating
system.

Intel Xeon processors incorporate this feature and call it Demand Based
Switching (DBS) with Enhanced Intel Speedstep Technology. DBS, which is
operating system-dependent, is included in all dual, quad, and 6-core Xeon
processor-based System x and BladeCenter servers.

4 For more information, you could download ACPI Specs at http://www.acpi . info/spec.htm
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There are often situations where a processor is not fully utilized. This provides
the opportunity, if the workload allows it, to run the processor at reduced
speed and consequently consume less power. Originally developed by Intel
for Xeon processors, and then further optimized by IBM, the DBS feature
utilizes the operating system to monitor processor utilization based on the
applications running on the server. The system can automatically change to a
lower power state (frequency and voltage) when less processing power is
needed. For example, an e-mail server may run at capacity during business
hours, yet be idle during the evenings and on weekends. Or a server might
have surplus capacity that has not yet been tapped. DBS provides the ability
to dynamically change from peak performance to cost-saving mode
automatically.

To use this feature on System x with Intel processors, you need to be sure
that the operating system will support it and then you have to activate it in the
BIOS. As an example for the System x3850 M2, enter Setup at boot time, and
go to Advanced Setup > CPU Options and set the Processor Performance
States option to Enable.

AMD provides a similar capability (called PowerNow! technology with
Optimized Power Management) in its Opteron processors. PowerNow!
technology can reduce CPU power at idle by as much as 75% when the
server is running an operating system that supports this feature.

To use this feature on System x with AMD processors, you need to be sure
that the operating system will support it and then you have to activate it in the
BIOS. As an example for the System x3755, enter Setup and go to Advanced
Setup > CPU Options and set the Processor power management option to
Enable.

C-states - Sleep states
C-states allow the clock to be halted.

The C-states mechanism works via different levels of sleep states. When the
CPU is active, it always runs at CO, meaning that the CPU is 100% turned on.

Conversely, the higher the C number, the deeper the CPU sleep mode will be.
That is, more parts of the CPU are turned off and it will take longer for the
CPU to return to CO mode to be active again. The operating system tries to
maintain a balance between the amount of power it can save, and the
overhead of entering and exiting to and from that sleep state.

Enhanced C1 state (C1E) is an option present in System x BIOS with Intel
processors. C1E is an automatic voltage/frequency reduction that occurs
when an operating system places the processor in a C1 state. This option can
be activated in the BIOS. As an example for the System x3850 M2, go to
Advanced Setup > CPU Options and set the C1E option to Enable.
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IBM Systems Director Active Energy Manager™ uses the T-state mechanism for
power capping. The duty cycle of the CPU is lowered, based on what power
capping is needed. The P-state mechanism is available to the operating system
to be used for dynamic power savings.

There is a distinction between power capping and power saving, as explained
here:

Power capping This refers to setting a specific power limit in terms of a
fixed number of watts that the system should not exceed.
Active Energy Manager will throttle the system to keep
power from going higher than this limit. The goal is to set
the cap high enough that it will rarely, if ever, be reached
in practice. Knowing the maximum power that can be
consumed by the system allows you to size the
infrastructure (cooling) correctly.

We generally say that the goal of power capping is reduce
allocated power, where allocated power means the
amount of power and cooling capacity that has to be
allocated in the data center to run a given system.

Power savings This refers to trying to reduce actual power, as opposed
to allocated power. The idea is that if processors are not
performing useful work, they can be throttled to use less
power without hurting performance. If the workload
increases and more performance is needed, the
processor throttling can be removed, thereby increasing
performance though the use of more power.

Understand that the goal is not to have a specific power
cap that is never exceeded; instead, it is to use as little
power as possible without impacting performance.

There can be a trade-off between CPU power savings and achievable
performance. However, most servers rarely operate at their peak utilization level
and moving to a lower power, slower CPU will often not affect the overall
performance of the customer's workload. For more information about this topic,
refer to 5.2.6, “Operating systems” on page 68.

Next generation technologies from Intel

The new Nehalem platform from Intel includes a Power Control Unit (PCU)
dedicated to optimize the efficiency of the chip. Nehalem’s PCU breaks from the
past and uses an on-chip micro-controller (one million transistors) with dynamic
power sensors to actively manage entire multi-core chip power and performance.

Chapter 5. Energy efficiency 59



In conjunction with PCU, Nehalem has new Integrated Power Gates that enable
idle cores to be completely shut off from the power supply, thus reducing the
leakage to near zero for sleeping cores. These Power Gates remove the
multi-core penalty of leakage when running single or few threaded workloads.

With its new Turbo Mode capability, the PCU can dynamically alter the voltage
and frequency of CPU cores to provide a significant performance boost when
most cores are idle or running lower power workloads. This active power
management by an on-chip micro-controller offers considerable benefit and sets
the direction for power management going forward.

5.2.2 Memory

60

Although CPU is the most important factor affecting energy efficiency, memory is
still an important component for power efficiency.

Main memory technologies
Today, there is two main memory technologies used in System x servers:

DDR2 (refer to “DDR2” on page 189 for more information)

Fully Buffered DIMM (refer to 10.2.6, “Fully-buffered DIMMs” on page 191, for
more information)

Note: FB-DIMM is not the next generation of DRAM. Instead, it is a new way
of accessing the same DDR2 DRAMs from a new memory controller.

FB-DIMM can provide very good performance with greater throughput, but have
some latency to memory accesses due to its serial architecture. For more
information about this topic, refer “FB-DIMM performance” on page 195.

In terms of power consumption, FB-DIMM is very stable. Its power consumption
starts fairly high at idle, and remains more or less constant regardless of the load
on the memory subsystem. On the other hand, the DDR2 DIMM does not
consume much power when idle, and power consumption increases
proportionally as the load on the DIMM increases.

Fully Buffered DIMM is based on DDR2 for its implementation. The extra power
consumption of FB-DIMMs is due to the advanced memory buffer (AMB), which
consumes almost 5W. The AMB usage causes the DIMMs to get hotter, and a
heat spreader on the DIMMs helps the internal fan to keep them cool. Some
improvements have been made to the latest FB-DIMMs as described in “Green
FB-DIMMs” on page 61.
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eX4 systems also use Buffer on Board technology, which together can save up to
37% over systems that use FB-DIMMs. The cost savings can be substantial,
considering that memory consumes 25 to 40% of data center power.

Recently, a vConsolidate performance benchmark was run by the independent
test company Principled Technologies. This test was run on:

A competitor server with four 2.93 GHz Intel Xeon x7350 processors and 32
2 GB DIMMs using FB-DIMMs

A System x3850 M2 with four 2.93 GHz Intel Xeon x7350 processors and 32
2 GB DIMMs using DDR2 DIMMs

A System x3950 M2 with eight 2.93 GHz Intel Xeon x7350 processors and 64
2 GB DIMMs using DDR2 DIMMs

Not only did the two IBM servers deliver higher performance compared to the
competitor server, but power consumption was also measured and revealed that
the x3850 M2 and x3950 M2 equipped with DDR2 DIMMs consumed less power
than the competitor server equipped with FB-DIMMSs: 13.6% less for the

System x3850 M2 than the competitor server, and 19.6% for the x3950 M2 than
the competitor server.

Logically, the x3850 M2 and x3950 M2 have higher performance per watt
compared to the competitor server.

For more information about this benchmark, refer to the following URL:
http://ww.principledtechnologies.com/Clients/Reports/I1BM/1BMvCon1p0808. pdf

Green FB-DIMMs

To improve FB-DIMM power consumption versus DDR2 memory, certain
mechanisms have been used on the latest FB-DIMMs. These new, low power
FB-DIMMs for System x optimize the AMB and the DRAM. The AMB suppliers
have released new, reduced power AMBs that can be used with low voltage
DDR2 memory.

As an example, instead of having, on a standard FB-DIMM, the DRAM I/O
running at 1.8V and the AMB core running at 1.5V—on the low power DIMM, the
DRAM I/O runs at 1.5 V and the AMB core runs at 1.5V, as shown in Figure 5-4.

On the DRAM side, the AMB drives and receives all DRAM signals with VDDQ
(Voltage Supplied in memory) = 1.5V rather than at VDDQ = 1.8V. In some cases
the voltage used on those new DIMMs can be different than 1.5V, but lower than
the standard ones.
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Figure 5-4 Standard FB-DIMM and low power FB-DIMM voltage comparison

The performance, timing, and other operating requirements for the low power
FB-DIMMs are identical to the standard FB-DIMMs. The high-speed buses
between the memory controller and the FBDIMM modules populated in the
channel are exactly the same, so you do not have to replace your server.

The use of green FB-DIMM s is transparent to the system board, and you can mix
them with normal FB-DIMMs. In such cases, however, you will not achieve the
most energy-efficient solution but will realize some energy efficiency gains on the
slots with low power DIMMs.

These improvements help to lower the power costs of the servers by reducing the
power draw of the memory and, thus, the overall server power draws. Because
these low-power FB-DIMMs use less power, they generate less heat, which
means that the cooling system consumes less electrical power.

Memory layout
Memory layout influences power efficiency. The following parameters can affect
power consumption on memory:

Number of DIMMS presents in the server
Size of the DIMMS

Tuning IBM System x Servers for Performance



Number of bits per chip on each memory
Memory clock
Rank numbers

Table 5-2 shows a system with DDR2 memory. The measurement was
performed on an LS22 blade. In this test, we varied the memory configuration;
that is, the number of DIMMs, DIMM size (GB), memory speed (MHz), and ranks.
For each configuration, we measured the performance of the system and
monitored the blade power with Active Energy Manager (for more information
about this topic, refer to “Active Energy Manager” on page 78).

Here are the results:

The lowest power was obtained with four DIMMs (4 x 1GB at 667 MHz with
1 rank).

The best performance was obtained with eight DIMMs (8 x 4 GB at 800 MHz
with 2 ranks)

The best performance/watt (983) was obtained with eight DIMMs (8 x 1 GB at
667 MHz with 1 rank). This solution is relevant with a configuration that does
not need a significant amount of memory.

This best performance/watt did not achieve the highest performance or the
lowest power, but instead it balanced both.

Table 5-2 Memory test on LS22 blade

For FB-DIMMSs, the Advanced Memory Buffer (AMB) consumes 5W of power.
Therefore, using 2x 4GB DIMMs will consume less power than 4x 2GB DIMMs.
However, the trade-off is that only half of the memory channels will be used
(assuming that all FB-DIMM systems have 4 FB-DIMM channels), so perform an
analysis to determine the most appropriate configuration for your needs.
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Note: Lowest power does not necessarily equate to the best
performance/watt, and in most cases best performance/watt would probably
occur with 1 DIMM per channel, or 4 DIMMs minimum on an FB-DIMM
system.

Memory bus speed

Some of the latest System x servers support the ability to change their memory
bus speed. This tuning can be done in the BIOS. Depending on the target
applications you are running on your system, slowing down the memory bus will
reduce power consumption.

Note: Changing the memory bus speed could reduce performance for most
applications. Performance analysis needs to be done to be sure that there is
no impact on your server applications.

5.2.3 Drives

5.2.4 Fans

Solid® state drives (SSDs) are available on System x and BladeCenter, and they
offer power savings over conventional hard disk drives. An added benefit is that
SSDs are three times more reliable because they have no moving parts.

Having local disks on every server consumes a tremendous amount of power.
Conventional 2.5-inch SAS/SATA drives use as much as a 16W per drive.
Because solid state drives do not have moving mechanical parts, the latest solid
State Drives are more power efficient. The power saving of SSDs over other
drives that IBM has measured was approximately 6 W.

Other ways to save power on traditional HDDs (SAS/SATA drives) are to use
slower spinning drives and to spin down the HDD to save power when it is not in
use. For the spin down method to work properly, the operating system has to be
configured to spin the drive down after a certain time of inactivity.

Because it represents an important part of the total power allocated in a server,
IBM has developed algorithms on IBM System x Server and BladeCenter that
optimize the systems for low power consumption.

IBM System x servers use fans and blowers that are variable in their rotational
speeds. There are sensors distributed within the chassis that determine the need
of the components to be kept within specified operating temperatures for reliable
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operation. Some servers use zonal cooling in cases where the fans responsible
for the zone alone respond to a cooling need.

Sensors available within our chassis detect the inlet air temperature and altitude
of operation in addition to component temperatures to provide adequate system
cooling.

Fan speed control algorithms detect the ambient conditions and the component
thermal limits and provide just the optimized airflow to cool the servers as
needed. With the ability to know component thermal profiles and ambient
conditions, the servers do not waste fan power providing more cooling than is
necessary.

5.2.5 Power supplies

Power supplies are a significant source of efficiency (and inefficiency) when it
comes to power consumption. Power supply efficiency can vary considerably
with input voltage and load (see Figure 5-5 on page 66), but power supplies are
generally more efficient the higher the load. Efficiency is 2% to 3% better on
average with input voltage in the 200V range when compared to the 100V range.

Compounding the situation is the requirement for redundant power supplies to
ensure that a server is operational even after a power supply fails. The trade-off
to this uptime benefit is energy efficiency. Redundant supplies will run at or
below 50% and will not be at the top of their efficiency curve. Two power supplies
running at around 50% capacity will always draw more than one that is running at
90% capacity as you can see in Figure 5-5 on page 66.
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Figure 5-5 Typical power supply efficiency curve on a server

Some systems are designed with non-redundant power, some are designed with
redundant power, and some are designed to work either way. In the
non-redundant case, if the system allows a choice in power supply output, the
choice should be made such that the system power using your feature set is in
the “sweet spot” of the efficiency curve.

There are two redundant cases; N+N and N+1. It is important to understand how
redundancy impacts efficiency:

For N+N redundant systems, power supplies are typically loaded to 15% to
35% of maximum load, which is usually not the best part of their efficiency
curve (see Figure 5-5).

For N+ 1 redundant systems, the load on each power supply is also
dependent on what N is. If N is 1, then the configuration is considered to be
N+N. The larger N is, the higher the percentage of load on the power supply,
which is desirable from an efficiency perspective.

It is also important for power supplies to have relatively flat efficiency curves so
that they run efficiently when they are full load, light load, or in redundant mode.
Several new industry standards enforce high efficiency at 20%, 50%, and 100%
load levels.

Wherever it can, IBM designs power supplies to maximize efficiency for a given
configuration. For example, if the system is to be non-redundant, the power
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supply is designed for maximum efficiency at the higher end of the load range.
Conversely, if a system is to be redundant, then the power supply is designed for
maximum efficiency at the lower end of the load range.

Most of our servers have AC-to-DC power supplies. Some have DC-to-DC power
supplies, like the BladeCenter T and some 1U and 2U server offerings.

Tip: Use the power supply that supports the load for the configuration you
have, rather than one that supports the maximum configuration.

There are two kinds of power presents in the data center:

AC Distributed from the wall in most data centers
DC Used directly by each component in servers

A typical power supply used in the server industry is approximately 65% to 75%°
efficient at converting AC voltage to DC power used inside the server. This
means that for every 1000W consumed by the server, perhaps only 700W are
used productively and 300W does nothing more than generate waste heat, as
shown in Figure 5-6. 300W equals 1023 BTUs of hot air that needs to be cooled
for no benefit.

Typical
Power
Supply

Example: 1000W AC in at 70%
efficiency = 700DC output

Figure 5-6 Standard power supply

By contrast, the power supplies that IBM uses in System x servers and
BladeCenter chassis are significantly better with a peak of 91% efficiency in the
case of BladeCenter®, as shown in Figure 5-7 on page 68. This means that for
every 1000W of power consumed by the server, you would use 910W for

5 See chapter 2 “Existing power Supply Efficiency”, in report from High Performance Buildings
http://hightech. Ibl.gov/documents/PS/Final_PS_Report.pdf

6 See IBM press release at the following URL:
http://www-03. ibm.com/press/us/en/pressrelease/20633.wss
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processing and waste only 90W generating heat. This will save money both on
power consumption up front and on cooling at the back end.

BladeCenter
Power

Supply

Example: 1000W AC in at 91%
efficiency = 910DC output

Figure 5-7 BladeCenter power supply

There are other energy-related aspects of power supply design that are included
in power supplies, depending on the model:

A near unity power factor at light, medium and heavy loads.

An optimal fan speed algorithm if the power supply includes a cooling fan.
A power supply can support high input voltages.

The location of the power supply in the server.

The monitoring of the input and output power on the power supply.

5.2.6 Operating systems
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We have seen that energy efficiency can be done at the hardware level, but some
parameters can be optimized under the operating system. This section
addresses this topic for Microsoft Windows Server 2008 and the Linux operating
systems.

Microsoft Windows Server 2008

Microsoft designed its new system Windows Server 2008 with the idea of being
more power efficient. The latest ACPI processor power management (PPM)
features have been included, such as support for processor performance states
(P-states) and processor idle sleep states on multiprocessor systems.

Microsoft has conducted power consumption tests’ comparing Windows Server
2003 and Windows Server 2008:

One test was performed without any tuning (“out of the box” test); it was
simply a standard installation with the same platform. The result of this test

Tuning IBM System x Servers for Performance



showed that at comparable levels of charge, Windows Server 2008 can reach
a power saving of up to 10% over Windows 2003.

Another test was conducted on Internet Information Services 7 (IS 7) on
those two Microsoft Operating Systems (Windows Server 2003 and 2008 with
“out-of-the-box” settings). Power consumption measurements on IIS 7 were
performed in idle mode (no users), and also with 20 active users. In both
cases, Windows Server 2008 delivered better results than Windows Server
2003. In idle mode, 2008 achieved power savings of up to 2.3%. With 20
users, 2008 achieved power savings of up to 6.8%.

Those improvements in energy efficiency can be attributed in part to the default
activation of the processor power management (PPM) features under Windows
Server 2008.

By default, in Windows Server 2003, the CPU always runs at PO (the
highest-performance processor state). In the case of Windows Server 2008, it
takes advantage of the processor performance state adapting the CPUs on the
workload. For more information about P-states and C-states, or to learn how to
activate those features on System x servers, refer to “Manage power
consumption on CPUs” on page 56.

Note: You will need to confirm the impact these changes have on the
performance of your applications running on the server. It is always a question
of balance between performance and power consumption.

Microsoft provides a document that can help you to optimize the balance of your
Windows 2008 Servers between performance and power savings. This
document is available at the following URL:

http://ww.microsoft.com/whdc/system/pnppwr/powermgmt/ProcPowerMgmt.mspx

Linux

With kernel 2.6.18 or later, the process scheduler for multi-core systems provides
the ability to be tuned. When the number of running tasks is less important than
the logical CPUs available, the system will minimize the number of CPU cores
carrying the process load. The system attempts to keep the remaining idle cores
idle longer and then save power®.

7 See the Out-of-the-Box Power Savings chapter in the following document:
http://download.microsoft.com/download/4/5/9/459033al-6ee2-45bh3-ae76-a2dd1da3e81b/Windo
ws_Server_2008_Power_Savingr.docx

8 Refer to the Intel Web Site: http://software. intel .con/sites/oss/pdf/mclinux.pdf
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This tuning can be activated in the
/sys/devices/system/cpu/sched_mc_power_savings file.

By default, the system is set for optimal performance with a value set to zero (0).
To activate this tuning, change this value to 1 as follows:

echo 1 > /sys/devices/system/cpu/sched_mc_power_savings

Activating the C1E option in the BIOS enables a maximum power saving on the
processor when idle. Refer to “Manage power consumption on CPUs” on
page 56 for more details about how to activate this feature in the BIOS.

Figure 5-8 and Figure 5-9 on page 71 show the CPU utilization on the same
System x3850 M2 with four quad-core CPUs at 2.93 GHz under RHEL 5.2. From
an operating system perspective, the system has 16 processors.

Figure 5-8 shows the utilization of this server with the sched_mc_power_savings
set to 0. In this figure, all the cores present in the system are used. One CPU has
a utilization around 53%, another has 24%, and all the others have between 5%
and 15%.

Figure 5-8 CPU utilization - x3850 M2 with sched_mc_power_save deactivated
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Figure 5-9 shows the utilization of this server with the parameter
sched_mc_power_savings set to 1, meaning that the scheduler multi-core power
saving option is active. In this figure, only some cores are used. Some of those
cores are not really used to compare to the same core on Figure 5-8 on page 70.
This means that before distributing the process load to cores in other processor
packages, the scheduler distributes the process load such that all the cores in a
processor package are busy.

Figure 5-9 confirms this point. It shows one CPU used at 53%, four CPUs used
at 25%, and three CPUs used at 10% (refer to number 1 in Figure 5-9). Compare
to Figure 5-8 on page 70, which shows fewer CPUs working, but at a higher level
of utilization.

As shown in Figure 5-9, the eight other CPUs are not really used and stay in idle
mode longer as part of other processor packages (refer to number 2 in
Figure 5-9).

R,

/2

Figure 5-9 CPUs utilization x3850 M2 with sched_mc_power_save activated

This tuning (setting the parameter value to 1) can save a significant amount of
power in cases where there is significant idle time in your system.
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Note: You will need to confirm the impact this change has on the performance
of your applications running on the server. Again, it is always a question of
balance between performance and power consumption.

If there is some impact, you may be able to create a power-saving policy (using
scripts) to use this setting during non-working hours.

The cpufreq infrastructure, included in the latest Linux kernel version, allows
users to change the frequency policy using some “governor policies”. Those
profiles are based on different criteria such as CPU usage.

You can choose between different governors:

Ondemand governor

The CPUfreq governor “ondemand” sets the CPU, depending on the current
usage. To do this, the CPU must have the capability to switch the frequency
very quickly. There are a number of sysfs file-accessible parameters
available, such as sampling_rate, show_sampling_rate_(minlmax),
up_threshold, sampling_down_factor and ignore_nice_load.

Conservative governor

The CPUfreq governor “conservative”, much like the ondemand governor,
sets the CPU depending on the current usage. It differs in behavior in that it
gracefully increases and decreases the CPU speed rather than jumping to
maximum speed the moment there is any load on the CPU. This behavior
more suitable in a battery-powered environment.

Userspace governor

The CPUfreq governor “userspace” allows the user, or any userspace
program running with UID root, to set the CPU to a specific frequency by
making a sysfs file “scaling_setspeed” available in the CPU-device directory.

Performance governor

The CPUfreq governor “performance” sets the CPU statically to the highest
frequency within the borders of scaling_min_freq and scaling_max_freq.

Powersave governor

The CPUfreq governor “powersave” sets the CPU statically to the lowest
frequency within the borders of scaling_min_freq and scaling_max_freq.

5.2.7 Virtualization

Virtualization is an alluring solution for rationalizing the current management
practice of dedicating a single workload to a server. To improve upon that low
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level of utilization of resources, many IT departments are looking at virtualization
as a way to rationalize the RAS benefits of isolated workloads with potentially
higher server utilization.

Typical software is unable to keep a processor busy most of the time?. In fact, the
average utilization of x86 processors (Intel and AMD) is on the order of only 10%
to 40%. This means that much of the energy used by the processor is wasted
while the processor is idling.

Figure 5-10 from an IBM Consolidation study confirms that the “typical’ x86
server utilization is around 10% of CPU in a given standard enterprise data
center.

Figure 5-10 “Typical” x86 server utilization - Source: IBM Consolidation Study

IBM supports tools such as VMware ESX, Microsoft Hyper-V™ and Xen, which
allow you to partition processors and other server resources (local and remote)
so that multiple operating systems and multiple application sets can be running
concurrently and independently on the same server.

° EPA Energy Star, Final Server Energy Measurement Protocol, November 3, 2006
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If four different software stacks, for example, are each assigned 20% of the
processor resources, you can achieve up to 80% utilization of the processor
cycles (instead of 15% to 40%), with headroom to spare. If one or more of those
stacks later requires additional resources, or if you need to add another stack,
you have the available cycles. Using quad-core processors gives you even more
flexibility in this regard. This is an excellent way to make efficient use of your
processing power, even with single-threaded applications.

IBM eX4 technology provides the x3850 M2 and x3950 M2 servers with
advanced capabilities designed to offer higher throughput, exceptional reliability,
and the ideal platform for virtualization. For more information about the eX4, refer
to 9.3.3, “IBM XA-64e fourth-generation chipset” on page 175.

On a Quad sockets IBM System x server, a test was conducted internally at the
IBM System Performance Lab (refer to 1.3, “The System x Performance Lab” on
page 5 for more information). Figure 5-11 on page 75 shows the result of this
test. Efficiency has been measured based on the number of virtual machines
(VMs) running on the system and on the power consumption's server. It is the
power consumption's server divided by the number of VMs. The power
consumption was measured on the server.
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Figure 5-11 Virtualization and Energy efficiency test performed on Quad sockets IBM System x server

In idle mode, without a virtual machine, the server consumed 525W. When

5 VMs were added, it consumed 608W. With 10 VMs, it consumed 697W. When
another 5 VMs were added, the server consumed 735Ws. Finally, with 20 VMs, it
needed 744W. Between 10 and 20 VMs, when the number of VMs was doubled,
the server only consumed an additional 7% of power.

These results are very interesting. They show that you can really increase the
efficiency (power consumed per virtual machine) of your server by adding VMs to
your server (the lower is the better). With 5 VMs, the efficiency is at 122; with 10
VMs, the efficiency is at 70; with 15 VMs, the efficiency is at 49; and finally with
20 VMs, the efficiency is at 37. Using this kind of configuration, you can replace
20 servers and use only 37W per virtual machine.

Introducing virtualization and potentially garnering the power savings that may
result in the consolidation of existing server and storage hardware can be a first
step in helping to reduce power consumption.
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Another, or complementary, way to further cut consumption is to use and
optimize your efficiency at the rack level, as explained in the following section.

5.3 Rack-level solutions

In addition to addressing power and thermal efficiency at the server level,
focusing on the issue from a rack perspective leads you to additional solutions for
handling heat and power problems.

5.3.1 IBM products to manage energy efficiency
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IBM has developed tools, such as Power Configurator and Active Energy
Manager, that can be used to manage energy efficiency on System x and
BladeCenter products. This section describes those tools.

To read actual power, be aware that there is a difference between using the label
rating power versus using the Power Configurator power, and versus using Active
Energy Manager. The least accurate is the label rating. The most accurate guide
for cooling infrastructure planning is Active Energy Manager's actual power
reading.

IBM System x Power Configurator

IBM System x Power Configurator is a Windows tool that can be used to obtain
power estimates for a given configuration on IBM System x or BladeCenter
servers.

This tool can be downloaded from the IBM Web Site at the following URL:
http://www. ibm.com/systems/bladecenter/resources/powerconfig/

After the software is installed, you simply choose the configuration you want to
estimate. In the following order select your country, and then AC or DC power.
Next, select the rack, server, CPUs, memory, and so on. After you enter all of
those parameters, the application will estimate the power consumption. If
necessary, the configuration can be exported to a spreadsheet.

Figure 5-12 on page 77 shows a screenshot of this application. It displays the
power consumption of an x3850 M2 with Max Configuration.
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Figure 5-12 IBM System x power configuration used for a System x3850 M2 server

This tool estimates:
Idle power

This refers to the power drawn with the machines logged into the operating
system, and with no other applications running. Memory, HDDs, optical
drives, and tape drives are not being utilized.

Max measured power

This refers to the power drawn by the machine with the CPUs 100% utilized
and with memory utilized 10% more than base utilization. The exerciser used
is Prime95 (torture test), which can be downloaded from this site:

http://www.mersenne.org
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Note: Max measured power differs from the SPECpower_ssj2008
benchmark, which gives an average performance per watt measurement.

System rating
This refers to the maximum power able to be drawn by the machine according
to the system label rating.

Figure 5-13 shows the power estimations on the same system x3850 M2 with
Max Configuration that is displayed in Figure 5-12 on page 77.
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Figure 5-13 Power estimations for x3850 M2 with Max Configuration option

The Max measured power differs from the Rated system power. The max
measured power is the point that can be reached in a data center environment.

Note: The Power configurator tool provides guidance about server
consumption, but does not replace real measurements.

Active Energy Manager

IBM Systems Director Active Energy Manager (AEM) measures, monitors, and
manages the energy components built into IBM systems, thus enabling a
cross-platform management solution. AEM extends the scope of energy
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management to include facility providers to enable a more complete view of
energy consumption within the data center.

Starting with V4.1, Active Energy Manager is integrated into the Web-based
interface of IBM Systems Director. AEM supports the following endpoints: IBM
BladeCenter, System x, POWER®, and System z® servers. IBM storage
systems and non-IBM platforms can be monitored through PDU+ support. In
addition, Active Energy Manager can collect information from select facility
providers including Eaton, Emerson Liebert, Raritan and SynapSense.

Figure 5-14 shows you the interface of the latest version of AEM.

Figure 5-14 Example of power consumption and temperature trends for an IPDU on AEM

Chapter 5. Energy efficiency 79



80

The Active Energy Manager server can run on the following platforms: Windows
on System x, Linux on System x, Linux on System p®, and Linux on System z.
Active Energy Manager uses agent-less technology and therefore no agents are
required on the endpoints.

Active Energy Manager can provide a single view of the actual power usage
across multiple platforms, as opposed to the benchmarked or rated power
consumption. It can effectively monitor and control power in the data center at the
system, chassis, or rack level. By enabling these power management
technologies, data center managers can more effectively power manage their
systems while lowering the cost of computing.

The following power management functions are available with Active Energy
Manager:

Power trending

With power trending, you can monitor the consumption of power by a
supported power-managed object in real time. You can use this data not only
to track the actual power consumption of monitored devices, but also to
determine the maximum value over time. The data can be presented either
graphically or in tabular form.

Thermal trending

With thermal trending, you can monitor the heat output and ambient
temperature of a supported power managed object in real time. You can use
this data to help avoid situations where overheating may cause damage to
computing assets, and to study how the thermal signature of various
monitored devices varies with power consumption. The data can be
presented either graphically or in tabular form.

CPU trending

With CPU trending, you can determine the actual CPU speed of processors
for which either the power saver or power cap function is active. The data can
be presented either graphically or in tabular form.

Power saver

With power saver, you can save energy by throttling back the processor
voltage and clocking rate. You can use the power saver function to match
computing power to workload, while at the same time reducing your energy
costs. Power saver can be scheduled using the IBM Systems Director
scheduler. You can also write a script to turn power saver on or off based on
the CPU utilization.
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Power cap

With power cap, you can allocate less energy for a system by setting a cap on
the number of watts that the power managed system can consume. If the
power consumption of the server approaches the cap, Active Energy Manager
throttles back the processor voltage and clocking rate in the same way as for
the power saver function. In this way you can guarantee that the power cap
value is not exceeded.

The advantage of power cap is that you can limit the energy consumption of
supported systems to a known value and thereby allow data center managers
to better match power requirements to power availability. Power cap can be
scheduled using the IBM Systems Director scheduler.

The latest version of Active Energy Manager allows the user to define some
power policies. A power policy is either a power cap or power savings setting that
can be defined and applied to any number of individual systems or groups of
systems. A group power capping policy specifies an overall power cap that the
systems in the group collectively may not exceed, and it can be applied to any
number of groups. These policies are continually enforced by Active Energy
Manager on the systems or groups to which the policies are applied.

Active Energy Manager also provides a source of energy management data that
can be exploited by IBM Tivoli® enterprise solutions such as IBM Tivoli
Monitoring and IBM Tivoli Usage and Accounting Manager.

Active Energy Manager offers a solution that helps to determine the proper
power allocation for each server in the data center. It can assist customers in
determining how to allocate power more efficiently to existing servers so that
additional servers can be accommodated without the need for additional power
and cooling. When power is constrained, chargeable optional features of Active
Energy Manager allow power to be rationed on a server-by-server basis,
enabling available processing power to match current workload more closely.

To conclude, Active Energy Manager enables you to optimize the usage of your
computing resources by measuring, monitoring, and controlling energy
consumption, thereby helping you to reduce IT costs and provide more efficient
planning for your data center. Active Energy Manager's open design and support
for industry standards enable heterogeneous physical management with support
for multiple platforms and operating systems, helping to protect your IT
investment.

5.3.2 IBM intelligent power distribution units

For systems that do not have embedded or manageable instruments on board,
intelligent Power Distribution Units (iPDUs) are available. The IBM DPI® C13

Chapter 5. Energy efficiency 81



PDU+ and IBM DPI C19 PDU+ iPDUs contain versatile sensors that provide
power consumption information of the attached devices, and environmental
information such as temperature and humidity.

The iPDU’s serial and LAN interfaces allow for remote monitoring and
management through a Web browser, any SNMP based Network Management
System, Telnet, or a console over a serial line. Events can be notified by SNMP
traps or e-mail, and it is possible to send out daily history reports, also by e-mail.

Active Energy Manager is also capable of managing the iPDUs.

5.3.3 Hardware consolidation

82

Typical racks contain many power-consuming devices in addition to servers and
storage. There may be KVM switches, Ethernet switches, Fibre Channel
switches, Myrinet and other high-speed communication switches, plus hundreds
of power, KVM and communications cables to link everything together. In
addition, each rack-optimized server contains components that consume power,
including floppy and CD-ROM drives, systems management adapters, power
supplies, fans, and so on as explained in a previous chapter. Some hardware
solutions can help to consolidate those elements. Those solutions are more
energy efficient, and are described in this chapter.

BladeCenter technology

By consolidating up to four communications switch modules, four power supply
modules, two blower modules, two management modules, a CD-ROM drive and
a floppy drive into one BladeCenter chassis (containing 14 blade servers for
BladeCenter E and H), IBM is able to remove more than a hundred components
from the individual servers and racks and replace them with a few centralized
components per BladeCenter chassis. This offers a number of advantages: lower
overall power usage, lower heat output, fewer potential points of failure, simplified
server management, and extensive redundancy and “hot-swappability”.

According to IBM internal testing, the BladeCenter design can reduce power
utilization by as much as 20% to 40% compared to an equivalent number of 1U
servers, and greatly improve air flow behind the rack. Consolidation of hardware
along with using smaller, lighter hardware such as 2.5-inch drives also addresses
the nontrivial issue of how much weight a data center’s floor can support.

iDataPlex Technology

IBM System x iDataPlex™, an Internet-scale solution, helps clients face
constraints in power, cooling, or physical space. The innovative design of the
iDataPlex solution integrates Intel processor-based processing into the node,
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rack, and data center for power and cooling efficiencies, and required compute
density.

The iDataPlex solution help to pack more processors into the same power and
cooling envelope, better utilizing floor space, and creating the right-size data
center design.

Figure 5-15 shows the difference between a typical enterprise rack and the new
iDataPlex optimized rack.
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Full fan air
depth
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Typical Enterprise Rack iDataPlex depth

Figure 5-15 iDataPlex: Rack innovated power and space saving

In this iDataPlex rack, server density has been doubled. The direct impact is
increased air flow efficiency. This rack reduces the amount of air needed to cool
the servers by half. It cuts cooling costs 20% as compared to equivalent compute
power in an enterprise rack. An optional Rear Door Heat eXchanger for the
iDataPlex rack is available. Instead of blowing hot air from rack, which gets
diluted with cooler air before reaching the CRAC units, the rear door directly
removes heat from air where it is the warmest (most efficient heat transfer)
without the air mover cost.

Energy efficiency attributes (some of which are addressed in 5.2, “Server-level
solutions” on page 53) are present in the iDataPlex chassis:

Optimized CPU heat sinks using heat pipes wrapped that allow reducing
airflow per node.

Multiple low powered Intel processors are available (45W-60W).

DIMM cooling has been improved; they have been placed at the front of the
iDataPlex nodes to get fresh air.
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“Green DIMMs” are available for the iDataPlex racks solutions; refer to “Green
FB-DIMMs” on page 61.

BIOS parameters can be configured to optimize power saving by reducing
server component power consumption.

The shared power supply is very efficient, with up to 90% efficiency.

Shared fans maximize airflow utilization. A speed control algorithm has been
developed and server fans adapt to workload demand to allow for less airflow
during periods of lower server utilization.

The fans are also very efficient and their power even at maximum airflow is
low.

A low impedance node flow can minimize air moving device pumping power.

A node can be removed without having flow bypass around active nodes.

5.4 Data center-level solutions
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After you have minimized power and heat issues at the server and the rack
levels, the next step is to remove the excess heat from the data center as
efficiently as possible.

The basic rule in the data center is that “power in equals heat out.” As servers
require more power, they also require more cooling. So the rule is essentially
stating the obvious, without accounting for any efficiency in the power and
cooling systems themselves.

British thermal unit (BTU) is a unit of energy used in the power, steam
generation, and heating and air conditioning industries. In the IT industry, it is
used to measure the heat output from the servers or racks: BTU/hour. The
BTU/hour is equal to the AC wattage x 3.41 where 3.41 is a constant value.

For example, the x3850 M2 in Figure 5-12 on page 77 has an AC Power
Measured Max at 1054 Watts. The BTU/HR = 1054 x 3.41= 3594.14.

When discussing power in the data center, values for Power Usage Effectiveness
(PUE) and Data Center Infrastructure Efficiency (DCIE) are often used to indicate
how efficient the data center is. One part of the equation is the IT equipment
power. These values are calculated as shown in Figure 5-16 on page 85. A data
center with high power efficiency is one with a DCIE of more than 60%.
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Figure 5-16 Power Usage Effectiveness and Data Center Infrastructure Efficiency

Important: IT equipment that uses less power requires less energy for
cooling. This frees up energy for further IT equipment and can also free up
floor space used by cooling equipment.

Typically, rack servers pull in cool air through the front of the rack and blow hot air
out the back. Heated air rises and is captured by the computer room air
conditioning (CRAC) units and cooled before being returned to the room to begin
the process again. Unfortunately, this system is rarely as effective as you would
like it to be. Inevitably, some of the hot air circulates toward the front of the rack
where it is sucked back into the upper servers in the rack. As a result, the cooling
effect is diminished, as illustrated in Figure 5-17 on page 86.
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Figure 5-17 Typical data center rack

To address the difficulty of managing airflow characteristics and the thermal load
issues in many data centers, IBM developed the IBM Rear Door Heat eXchanger.
It attaches to the back of a 42U IBM enterprise rack cabinet to provide
high-efficiency water cooling right at the rack. This helps to reduce the strain on
existing computer room air conditioning (CRAC).

The Rear Door Heat eXchanger is ideal for “hot spot” management and
super-high density applications where the data center cooling solution may be
inadequate. It can remove up to 50,000 BTUs of heat per rack.

The IBM Rear Door Heat eXchanger allows you to have a high-density data
center environment that will not increase cooling demands and may actually
lower them. It eliminates the heat coming off the rack even if the rack is fully
populated.

With this exchanger in place, when hot air exits the rear of the servers, the heat is
absorbed by the chilled water circulating within the door. The door requires no
electricity and can be opened easily to allow servicing of the devices in the rack.
The water carries the heat out of the data center through the plumbing in the
floor, using existing AC chilled water lines. Then the water is chilled again and
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returns to the Rear Door Heat eXchanger to continue the cycle, as illustrated in
Figure 5-18.

Rear Door Heat Xchanger

<
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«—— Water lines

Perf tile Cable opening Tile floor

-
!_ Underfloor chilled air

Subfloor

Figure 5-18 Data center rack using an IBM Rear Door Heat eXchanger

With further adjustments, this exchanger can be used to actually cool the room,
thus helping to reduce or even eliminate the need for air conditioning in the data
center.

As an example, in most cases with the IBM Rear Door Heat eXchanger installed
in an iDataPlex rack, outlet temperatures from the back of this iDataPlex rack are
up to 10 degrees lower than inlet air (room) temperatures, and it eliminates heat
generated by servers using up to 33 KW of power in this rack. Figure 5-19 on
page 88 shows the rear door of the iDataPlex and some of its features, including
its patented hex airflow design and industry standard hose fittings.
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Figure 5-19 iDataPlex Rear Door Heat eXchanger for System x iDataPlex Rack

You can view a brief video that shows a customer using the IBM Rear Door at the
following URL:

http://www-07. ibm.com/systems/includes/content/x/about/media/GA_Tech_vi
deo.mov

5.5 Power and performance benchmarks

To assess the relative energy efficiency of servers, a benchmark defined by
SPEC is used as an industry standard. In this section, we describe this
benchmark and explain the methodology used for an IBM System x server.

5.5.1 The benchmark description

SPECpower_ssj2008 is the first industry-standard SPEC benchmark that
evaluates the power and performance characteristics of volume server class
computers. With SPECpower_ssj2008, SPEC defines server power
measurement standards in the same way as done for performance.
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The drive to create a power and performance benchmark is based on the
recognition that the IT industry, computer manufacturers, and governments are
increasingly concerned with the energy use of servers. Currently, many vendors
report some energy efficiency figures, but these are often not directly comparable
due to differences in workload, configuration, test environment, and so on. The
development of this benchmark provides a means to measure power (at the AC
input) in conjunction with a performance metric. This should help IT managers to
consider power characteristics along with other selection criteria to increase the
efficiency of data centers.

The initial benchmark addresses only one subset of server workloads: the
performance of server side Java. It exercises the CPUs, caches, memory
hierarchy and the scalability of shared memory processors (SMPs), as well as
the implementations of the Java Virtual Machine) (JVM), Just-in-Time (JIT)
compiler, garbage collection, threads and some aspects of the operating system.
Additional workloads are planned.

The benchmark runs on a wide variety of operating systems and hardware
architectures. It should not require extensive client or storage infrastructure; see:

http://www.spec.org/power_ssj2008/

5.5.2 The benchmark methodology

When IBM runs that benchmark, it uses the methodology, the workload, and the
rules defined by the Standard Performance Evaluation Corp. (SPEC) Power
performance committee. This benchmark is CPU- and memory-intensive. It does
not exercise disk or network 1/0.

After the runs complete, IBM calculates the score by taking the sum of the
performance from 100% - 10% and dividing it by the sum of the power
consumption from 100% - 10%, as well as idle.

Figure 5-20 on page 90 shows a SPECpower_ssj2008 benchmark results
summary on a IBM x3200 M2.

After all runs have been completed, you have to calculate the score (shown in the
Performance to Power Ratio column in Figure 5-20 on page 90) for each target
load.

This computation must be performed for 100%, 90% and so on, to active Idle.
You divide the performance result (shown in the ssj_ops column in Figure 5-20
on page 90) by the average power (shown in the Average Power (W) column in
Figure 5-20 on page 90). As an example, for a target load at 100%, the
performance-to-power ratio is 185, 456/115=1,610
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The final score for this benchmark is the sum of all the ssj_ops results divided by
the sum of all the Average power results.

Figure 5-20 SPECpower_ssj2008 benchmark result on the IBM x3200 M2

Detailed data is reported in a tabular format as well as a graphical
representation.

The complete benchmark result for this server is available at the following URL:

http://www.spec.org/power_ssj2008/results/res2008qg2/power_ssj2008-20080
506-00050. html
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5.6 Resources

Refer to the following Web resources for guidance regarding energy efficiency:
IBM Green:
http://ibm.com/systems/optimizeit/cost_efficiency/energy efficiency/
Energy Efficiency Self-Assessment:

http://ibm.com/systems/optimizeit/cost_efficiency/energy efficiency/
services.html

PDU and UPS offerings:
http://www.powerware.com/ibm/US/Products/UPS_systemx.asp
Rack and Power Solutions:

http://www-304.ibm.com/jct03004c/servers/eserver/xseries/storage/rac
k.html

Raised floor blog (datacenter efficiency):
http://theraisedfloor.typepad.com/blog/

Cool Blue™ Technology Videos:
http://www.backhomeproductions.net/ibm/ftp/coolblue/flash/
Power Configurator:

http://www. ibm_com/systems/bladecenter/powerconfig/

Active Energy Manager:

http://ibm.com/systems/management/director/extensions/powerexec.html
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Processors and cache
subsystem

The central processing unit (CPU or processor) is the key component of any
computer system. In this chapter, we cover several different CPU architectures
from Intel (IA32, Intel 64 Technology, and IA64) and AMD' (AMD64), and outline
their main performance characteristics.

This chapter discusses the following topics:

6.1, “Processor technology” on page 94

6.2, “Intel Xeon processors” on page 94

6.3, “AMD Opteron processors” on page 109
6.4, “64-bit computing” on page 116

6.5, “Processor performance” on page 122

Note: In this book, we collectively refer to the processors from Intel (IA32, Intel
64 Technology) and AMD (AMDG64) as Intel-compatible processors.

Intel 64 Technology is the new name for Extended Memory 64 Technology
(EM64T).

T Content in this chapter is reprinted by permission of Advanced Micro Devices™, Inc.
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6.1 Processor technology

The central processing unit (CPU) has outperformed all other computer
subsystems in its evolution. Thus, most of the time, other subsystems such as
disk or memory will impose a bottleneck upon your application (unless pure
number crunching or complex application processing is the desired task).
Understanding the functioning of a processor in itself is already quite a difficult
task, but today IT professionals are faced with multiple and often very different
CPU architectures.

Comparing different processors is no longer a matter of looking at the CPU clock
rate, but is instead a matter of understanding which CPU architecture is best
suited for handling which kind of workload. Also, 64-bit computing has finally
moved from high-end UNIX® and mainframe systems to the Intel-compatible
arena, and has become yet another new technology to be understood.

The Intel-compatible microprocessor has evolved from the first 8004 4-bit CPU,
produced in 1971, to the current line of Xeon and Core processors. AMD offers
the world’s first IA32 compatible 64-bit processor. Our overview of processors
begins with the current line of Intel Xeon CPUs, followed by the AMD Opteron
and the Intel Core™ Architecture. For the sake of simplicity, we do not explore
earlier processors.

6.2 Intel Xeon processors

94

Moore’s Law states that the number of transistors on a chip doubles about every
two years. Similarly, as transistors have become smaller, the frequency of the
processors have increased, which is generally equated with performance.

However, around 2003, physics started to limit advances in obtainable clock
frequency. Transistor sizes have become so small that electron leakage through
transistors has begun to occur. Those electron leaks result in large power
consumption and substantial extra heat, and could even result in data loss. In
addition, cooling processors at higher frequencies by using traditional air cooling
methods has become too expensive.

This is why the material that comprises the dielectric in the transistors has
become a major limiting factor in the frequencies that are obtainable.
Manufacturing advances have continued to enable a higher per-die transistor
count, but have only been able to obtain about a 10% frequency improvement
per year. For that reason, processor vendors are now placing more processors
on the die to offset the inability to increase frequency. Multi-core processors
provide the ability to increase performance with lower power consumption.
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6.2.1 Dual-core processors

Intel released its first dual core Xeon processors in October 2005. Dual core
processors are two separate physical processors combined onto a single
processor socket. Dual core processors consist of twice as many cores, but each
core is run at lower clock speeds as an equivalent single core chip to lower the
waste heat usage. Waste heat is the heat that is produced from electron leaks in
the transistors.

Recent dual-core Xeon processor models that are available in IBM System x
servers:

Xeon 7100 Series MP processor (Tulsa)

Tulsa follows the Xeon MP line and is the follow-on to the Paxville MP
processor. Tulsa is similar in architecture to Paxville with the main exception
that it includes a shared L3 cache and is built on a 65 nm technology.
Previous dual core Intel processors did not include an L3 cache.

The key benefits of the Tulsa processor include:

— Frequencies of 2.5 - 3.4 GHz, which provides a greater selection of
processor frequencies than the Paxville MP processor.

— 1 MB L2 cache in each core and a shared L3 cache ranging in size from
4 MB to 16 MB. The L3 cache is shared, instead of having a separate one
in each core.

— Front-side buses of 677 or 800 MHz.
Figure 6-1 on page 96 illustrates the overall structure of the Tulsa processor.

The Tulsa processor includes two Dempsey cores, each with a 1 MB

L2 cache. L3 cache is much faster then the previous Potomac processor’s L3
cache. The Potomac processor’s L3 cache experienced high latencies in
determination of a cache miss, which is improved greatly in the Tulsa L3
cache.

One major issue that occurs with early Intel dual core processors is that the
cores within the same processor socket are unable to communicate directly to
each other internally. Instead, cores within the same processor use the
external front-side bus to transmit data between their individual caches.

Tulsa processors incorporate a shared L3 cache between cores. Because
both cores share the same L3 cache, core-to-core data communication can
occur internally within the processor instead of externally on the front-side
bus. Traffic that occurred previously on the front-side bus is now moved
internally into the processor, which frees up front-side bus traffic.
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Figure 6-1 Tulsa processor architecture

Xeon 5100 Series DP processor (Woodcrest)

The Woodcrest processor is the first Xeon DP processor that uses the Intel
Core microarchitecture instead of the Netburst microarchitecture. See 6.2.4,
“Intel Core microarchitecture” on page 103 for details.

Frequencies of 1.6 to 3.0 GHz are supported with an L2 cache of 4 MB. The
front-side bus runs at a frequency of either 1066 or 1333 MHz, as shown in
Table 6-1. None of these processors support Hyper-Threading.

Woodcrest uses a low power model incorporated in the Core
microarchitecture. This is an improvement of the 95W to 130W power
consumption of its predecessor, Dempsey. In addition to the substantial
performance-per-watt increases, the Core microarchitecture of the Woodcrest
processor provides substantial improvements in random memory throughput

applications.
Table 6-1 Woodcrest processor models
Processor model | Speed L2 cache | Front-side bus | Power (TDP)
Xeon 5110 1.6 GHz 4 MB 1066 MHz 65 W
Xeon 5120 1.86 GHz | 4 MB 1066 MHz 65 W
Xeon 5130 2.00GHz | 4 MB 1333 MHz 65 W
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Processor model | Speed L2 cache | Front-side bus | Power (TDP)
Xeon 5140 233GHz | 4 MB 1333 MHz 65 W
Xeon 5148 LV 233GHz | 4 MB 1333 MHz 40W
Xeon 5150 2.66 GHz | 4 MB 1333 MHz 65 W
Xeon 5160 3.0 GHz 4 MB 1333 MHz 80 W

Xeon 5200 Series DP processor (Wolfdale)

The Wolfdale dual-core processor is based on the new 45 nm manufacturing
process. It features SSE4, which provides expanded computing capabilities
over its predecessor. With the Intel Core microarchitecture and Intel EM64T,
the Wolfdale delivers superior performance and energy efficiency to a broad
range of 32-bit and 64-bit applications.

For specific models, see Table 6-2.

Table 6-2 Wolfdale processor models

Processor Speed L2 cache Front-side Power (TDP)
model bus

E5205 1.86 GHz 6 MB 1066 MHz 65 W

L5238 2.66 GHz 6 MB 1333 MHz 35 W

X5260 3.33 GHz 6 MB 1333 MHz 80 W

X5272 3.40 GHz 6 MB 1600 MHz 80W

X5270 3.50 GHz 6 MB 1333 MHz 80 W

Xeon 7200 Series MP processor (Tigerton)

Tigerton comes with 7200 series 2-core and 7300 series 4-core options. For
detailed information about this topic, refer to Xeon 7300 Tigerton in 6.2.2,
“Quad-core processors” on page 98.

Xeon 5500 (Gainestown)

The Intel 5500 series, with Intel Nehalem Microarchitecture, brings together a
number of advanced technologies for energy efficiency, virtualization, and
intelligent performance. Interaged with Intel QuickPath Technology, Intelligent
Power Technology and Intel Virtualization Technology, the Gainestown is
available with a range of features for different computing demands. Most of
the models for Gainestown are quad-core. Refer to Table 6-6 on page 101 for
specific models.
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6.2.2 Quad-core processors

Quad-core processors differ from single-core and dual-core processors by
providing four independent execution cores. Although some execution resources
are shared, each logical processor has its own architecture state with its own set
of general purpose registers and control registers to provide increased system
responsiveness. Each core runs at the same clock speed.

Intel quad-core and six-core processors include the following:
Xeon 5300 Series DP processor (Clovertown)

The Clovertown processor is a quad-core design that is actually made up of
two Woodcrest dies in a single package. Each Woodcrest die has 4 MB of L2
cache, so the total L2 cache in Clovertown is 8 MB.

The Clovertown processors are also based on the Intel Core
microarchitecture as described in 6.2.4, “Intel Core microarchitecture” on
page 103.

Processor models available include the E5310, E5320, E5335, E5345, and
E5355. The processor front-side bus operates at either 1066 MHz (processor
models ending in 0) or 1333 MHz (processor models ending in 5). For
specifics, see Table 6-3. None of these processors support Hyper-Threading.

In addition to the features of the Intel Core microarchitecture, the features of
the Clovertown processor include:

— Intel Virtualization Technology - processor hardware enhancements that
support software-based virtualization.

— Intel 64 Architecture (EM64T) - support for both 64-bit and 32-bit
applications.

— Demand-Based Switching (DBS) - technology that enables hardware and
software power management features to lower average power
consumption of the processor while maintaining application performance.

— Intel I/O Acceleration Technology (I/OAT) - reduces processor bottlenecks
by offloading network-related work from the processor.

Table 6-3 Clovertown processor models

Processor Speed L2 cache Front-side | Power Demand-

model bus (TDP) based
switching

E5310 1.60 GHz | 8 MB 1066 MHz 80 W No

E5320 1.86 GHz | 8 MB 1066 MHz 80 W Yes

E5335 2.00GHz | 8 MB 1333 MHz 80 W No

Tuning IBM System x Servers for Performance




Processor Speed L2 cache Front-side | Power Demand-
model bus (TDP) based
switching
E5345 2.33GHz | 8 MB 1333 MHz 80 W Yes
E5355 266 GHz | 8 MB 1333 MHz 120 W Yes

Xeon 7300 Series MP processor (Tigerton)

The Xeon 7300 Tigerton processor is the first quad-core processor that Intel
offers for the multi-processor server (7xxx series) platform. It is based on the
Intel Core microarchitecture described in 6.2.4, “Intel Core microarchitecture”
on page 103.

The Tigerton comes with 2-core and 4-core options. Xeon 7200 Tigerton
dual-core processors are a concept similar to a two-way SMP system except
that the two processors, or cores, are integrated into one silicon die. This
brings the benefits of two-way SMP with lower software licensing costs for
application software that licenses per CPU socket. It also brings the additional
benefit of less processor power consumption and faster data throughput
between the two cores. To keep power consumption down, the resulting core
frequency is lower, but the additional processing capacity means an overall
gain in performance.

Each Tigerton core has separate L1 instruction and data caches, as well as
separate execution units (integer, floating point, and so on), registers, issue
ports, and pipelines for each core. A multi-core processor achieves more
parallelism than Hyper-Threading technology because these resources are
not shared between the two cores.

The Tigerton processor series is available in a range of features to match
different computing demands. Up to 8 MB L2 Cache and 1066 MHz front-side
bus frequency are supported, as listed in Table 6-4. All processors integrate
the APIC Task Programmable Register, which is a new Intel VT extension that
improves interrupt handling and further optimizes virtualization software
efficiency.

For specific processor SKUs, see Table 6-4.

Table 6-4 Tigerton processor models

Processor Speed L2 Cache Front-side Power (TDP)
model bus

E7310 1.60 GHz 4 MB 1066 MHz 80W

L7345 1.86 GHz 8 MB 1066 MHz 80W

E7320 2.13 GHz 4 MB 1066 MHz 80w
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Processor Speed L2 Cache Front-side Power (TDP)
model bus

E7330 2.40 GHz 6 MB 1066 MHz 80W

X7350 2.93 GHz 8 MB 1066 MHz 130 W

Xeon 5400 Series DP processor (Harpertown)

The Harpertown is based on the new 45 nm manufacturing process and
features up to a 1600 MHz front-side bus clock rate and 12 MB L2 cache.
Harpertown includes new Intel Streaming SIMD Extensions 4 (SSE4)
instructions, thus providing building blocks for delivering expanded
capabilities for many applications. The new 45nm enhanced Intel Core
microarchitecture delivers more performance per watt in the same platforms.

For specific processor SKUs, see Table 6-5.

Table 6-5 Harpertown processor models

Processor Speed L2 Cache Front-side Power (TDP)
model bus

E5405 2.00 GHz 12 MB 1333 MHz 80W

E5420 2.50 GHz 12 MB 1333 MHz 80 W

L5430 2.66 GHz 12 MB 1333 MHz 50 W

E5440 2.83 GHz 12 MB 1333 MHz 80W

X5450 3.00 GHz 12 MB 1333 MHz 120 W
X5460 3.16 GHz 12 MB 1333 MHz 120 W
X5482 3.20 GHz 12 MB 1600 MHz 150 W

Xeon 7400 Series MP processor (Dunnington)

Dunnington comes with 4-core and 6-core options. For more detailed
information about this topic, refer to 6.2.3, “Six-core processors” on page 101.

Xeon 5500 Series DP processor (Gainestown)

The Intel 5500 series is based on the Nehalem microarchitecture. As the
follow-on to the 5200/5400 (Wolfdale/ Harpertown), the Gainestown offers the
models listed in Table 6-6 on page 101.
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Table 6-6 Gainestown processor models

Processor Speed L3 cache QPI link Power (TDP)
model speed (giga

transfer/s)
W5580 3.20 GHz 8 MB 6.4 GT/s 130 W
X5570 2.93 GHz 8 MB 6.4 GT/s 95 W
X5560 2.80 GHz 8 MB 6.4 GT/s 95 W
X5550 2.66 GHz 8 MB 6.4 GT/s 95 W
E5540 2.53 GHz 8 MB 5.86 GT/s 80 W
E5530 2.40 GHz 8 MB 5.86 GT/s 80 W
L5520 2.26 GHz 8 MB 5.86 GT/s 60 W
E5520 2.26 GHz 8 MB 5.86 GT/s 80 W
L5506 2.13 GHz 4 MB 4.8 GT/s 60 W
E5506 2.13 GHz 4 MB 4.8 GT/s 80 W
E5504 2.00 GHz 4 MB 4.8 GT/s 80 W
E5502 1.86 GHz 4 MB 4.8 GT/s 80 W

6.2.3 Six-core processors

Six-core processors extend the quad-core paradigm by providing six
independent execution cores.

Xeon 7400 Series MP processor (Dunnington)

With enhanced 45 nm process technology, the Xeon 7400 series Dunnington
processor features a single-die 6-core design with 16 MB of L3 cache. Both
4-core and 6-core models of Dunnington have shared L2 cache between
each pair of cores. They also have a shared L3 cache across all cores of the
processor. A larger L3 cache increases efficiency of cache-to-core data
transfers and maximizes main memory-to-processor bandwidth. Specifically
built for virtualization, this processor comes with enhanced Intel VT, which
greatly optimizes virtualization software efficiency.

As Figure 6-2 on page 102 illustrates, Dunnington processors have three
levels of cache on the processor die:

— L1 cache

The L1 execution, 32 KB instruction and 32 KB data for data trace cache in
each core is used to store micro-operations (decoded executable machine
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instructions). It serves those to the processor at rated speed. This
additional level of cache saves decode time on cache hits.

— L2 cache

Each pair of cores in the processor has 3 MB of shared L2 cache, for a
total of 6 MB, or 9 MB of L2 cache. The L2 cache implements the
Advanced Transfer Cache technology.

— L3 cache

The Dunnington processors have 12 MB (4-core), or 16 MB (6-core)
shared L3 cache.

6-core Xeon E7400
(Code name: Dunnington)

O (@) O (@) O O

2 g 9 g 2 2

D @ (0] @ (0] (0]

L2 cache L2 cache L2 cache
L3 cache

Figure 6-2 Block diagram of Dunnington 6-core processor package

Dunnington comes with 4-core and 6-core options; for specific models see

Table 6-7.
Table 6-7 Dunnington processor models (quad-core and 6-core)

Processor | Cores per | Speed L3 Cache | Front-side bus | Power (TDP)
model processor

L7445 4 213 GHz | 12MB 1066 MHz 50 W

E7420 4 2.13GHz | 8 MB 1066 MHz 90 W

E7430 4 2.13GHz | 12 MB 1066 MHz 90 W

E7440 4 240 GHz | 16 MB 1066 MHz 90 W

L7455 6 2.13GHz | 12 MB 1066 MHz 65 W
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Processor | Cores per | Speed L3 Cache | Front-side bus | Power (TDP)
model processor

E7450 6 2.40GHz | 12 MB 1066 MHz 90 W

X7460 6 2.66 GHz | 16 MB 1066 MHz 130 W

6.2.4 Intel Core microarchitecture

The Intel Core microarchitecture is based on a combination of the
energy-efficient Pentium® M microarchitecture found in mobile computers, and
the current Netburst microarchitecture that is the basis for the majority of the
Xeon server processors. The Woodcrest processor is the first processor to
implement the Core microarchitecture.

The key features of the Core microarchitecture include:
Intel Wide Dynamic Execution

The Core microarchitecture is able to fetch, decode, queue, execute, and
retire up to four instructions simultaneously in the pipeline. The previous
Netburst Microarchitecture was only able to run three instructions
simultaneously in the pipeline. The throughput is improved effectively by
processing more instructions in the same amount of time.

In addition, certain individual instructions are able to be combined into a
single instruction in a technique known as macrofusion. By being combined,
more instructions can fit within the pipeline. To use the greater pipeline
throughput, the processors have more accurate branch prediction
technologies and larger buffers, thus providing less possibility of pipeline
stalls and more efficient use of the processor.

Intel Intelligent Power Capability

The advantage of the Pentium M™ microarchitecture is the ability to use less
power and enable longer battery life in mobile computers. Similar technology
has been improved and modified and added into the Core microarchitecture
for high-end computer servers.

The Intelligent Power Capability provides fine-grained power control that
enables sections of the processor that are not in use to be powered down.
Additional logic is included in components such as the ALU unit, FP unit,
cache logic, and bus logic that improves power consumption on almost an
instruction-by-instruction basis. Processor components can then be powered
on the instant they are needed to process an instruction, with minimal lag time
so that performance is not jeopardized. Most importantly, the actual power
utilization is substantially lower with the Core microarchitecture due to this
additional power control capability.
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Intel Advanced Smart Cache

The L2 cache in the Core microarchitecture is shared between cores instead
of each core using a separate L2. Figure 6-3 illustrates the difference in the
cache between the traditional Xeon with Netburst microarchitecture and the
Intel Core microarchitecture.

Netburst dual core Intel Core Architecture
(not Tulsa)

CPUO CPU1 CPUO CPU 1

2 MB 2MB
L2 cache L2 cache 4 MB shared cach
I I I Cache-to-cache
data sharing

i . i performed through
Bus interface Bus interface | the shared L2 cache
(faster)

Cache-to-cache data
sharing performed
through the bus
interface (slower)

Figure 6-3 Intel Xeon versus Intel Core Architecture

The front-side bus utilization would be lower, similar to the Tulsa L3 shared
cache as discussed in “Xeon 7100 Series MP processor (Tulsa)” on page 95.
With a dual-core processor, the Core microarchitecture allows for one, single
core to use the entire shared L2 cache if the second core is powered down for
power-saving purposes. As the second core begins to ramp up and use
memory, it will allocate the L2 memory away from the first CPU until it
reaches a balanced state where there is equal use between cores.

Single core performance benchmarks, such as SPEC Int and SPEC FP,
benefit from this architecture because single core applications are able to
allocate and use the entire L2 cache. SPEC Rate benchmarks balance the
traffic between the cores and more effectively balance the L2 caches.

Intel Smart Memory Access

Intel Smart Memory Access allows for additional technology in the processor
to prefetch more often, which can assist performance. Previously, with the
NetBurst architecture, when a write operation appeared in the pipeline, all
subsequent read operations would stall until the write operation completed. In
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that case, prefetching would halt, waiting for the write operation to complete,
and the pipeline would fill with nop or stall commands instead of productive
commands. Instead of making forward progress, the processor would make
no progress until the write operation completed.

Using Intel’'s memory disambiguation technologies, additional
load-to-memory operations are executed prior to a store operation
completing. If the load instruction turns out to be incorrect, the processor is
able to back out the load instruction and all dependent instructions that might
have executed based on that load. However, if the load instruction turns out to
be valid, the processor has spent less time waiting and more time executing,
which improves the overall instruction level parallelism.

Intel Advanced Digital Media Boost

Advanced Digital Media Boost increased the execution of SSE instructions
from 64 bits to 128 bits. SSE instructions are Streaming Single Instruction
Multiple Data Instructions that characterize large blocks of graphics or high
bandwidth data applications. Previously, these Instructions would need to be
broken into two 64-bit chunks in the execution stage of the processor, but now
support has been included to have those 128-bit instructions executed at one
per clock cycle.

For more information about the Core microarchitecture, go to:
http://www. intel.com/technology/architecture/coremicro

6.2.5 Intel Nehalem microarchitecture

The new Nehalem is built on the Core microarchitecture and incorporates
significant system architecture and memory hierarchy changes. Being scalable
from 2 to 8 cores, the Nehalem includes the following features:

QuickPath Interconnect (QPI)

QPI, previously named Common System Interface or CSI, acts as a
high-speed interconnection between the processor and the rest of the system
components, including system memory, various I/O devices, and other
processors. A significant benefit of the QPI is that it is point-to-point. As a
result, no longer is there a single bus that all processors must connect to and
compete for in order to reach memory and I/O. This improves scalability and
eliminates the competition between processors for bus bandwidth.

Each QPI link is a point-to-point, bi-directional interconnection that supports
up to 6.4 GTps (giga transfers per second). Each link is 20 bits wide using
differential signaling, thus providing bandwidth of 16 GBps. The QPI link
carries QPI packages that are 80 bits wide, with 64 bits for data and the
remainder used for communication overhead. This gives a 64/80 rate for valid
data transfer; thus, each QPI link essentially provides bandwidth of
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12.8 GBps, and equates to a total of 25.6 GBps for bi-directional
interconnection.

Integrated Memory Controller

The Nehalem replaces front-side bus memory access with an integrated
memory controller and QPI. Unlike the older front-side bus memory access
scheme, this is the Intel approach to implementing the scalable shared
memory architecture known as non-uniform memory architecture (NUMA)
that we introduced with the IBM eX4 “Hurricane 4” memory controller on the
System x3950 M2.

As a part of Nehalem’s scalable shared memory architecture, Intel integrated
the memory controller into each processor’s silicon die. With that, the system
can provide independent high bandwidth, low latency local memory access,
as well as scalable memory bandwidth as the number of processors is
increased. In addition, by using Intel QPI, the memory controllers can also
enjoy fast efficient access to remote memory controllers.

Three-level cache hierarchy

Comparing to its predecessor, Nehalem’s cache hierarchy extends to three
levels; see Figure 6-4. The first two levels are dedicated to individual cores
and stay relatively small. The third level cache is much larger and is shared
among all cores.

CPUO CPU 1

256 KB 256 KB
L2 cache | L2 cache

Nehalem Intel Core Architecture
CPU 2 CPU3
CPUO|CPU1 CPU 2| CPU3
256 KB 256 KB
L2 cache | L2 cache 4 MB L2 4 MB L2
shared cache shared cache

8 MB Last Level Cache

Cache-to-cache

data sharing

\ performed through
Bus interface the shared L2 cache

Cache-to-cache data

Memory
Controller

sharing performed
QPI through the last level
cache

Figure 6-4 Intel Nehalem versus Intel Core
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Note the following points:
— Individual 256 KB L2 memory caches for each core

Each core of Nehalem has a dedicated 256 KB L2 cache with 8-way
associativity, providing very low latency access to data and instructions.

Nehalem uses individual L2 caches for each core. It adds the third level
cache (Last Level) to be shared and to manage communications between
cores.

— New large 8 MB fully-shared Last Level Cache

Nehalem’s 8 MB, 16-way associative Last Level Cache is shared between
all cores and is inclusive of all L1 and L2 cache data, as shown in

Figure 6-4 on page 106. The benefit offered by an inclusive cache is that
almost all coherency traffic can be handled at the Last Level Cache, and it
acts like a snoop filter for all cache hits. Although this has the
disadvantage of wasting cache space with the duplication, much more
bandwidth is left for actual data in the caches.

Second translation look-aside buffer (TLB) and branch target buffer (BTB)

The TLB is a CPU cache that is used to improve the speed of virtual address
translation. Nehalem adds a new low-latency unified second level TLB that
can store up to 512 entries, thereby increasing the performance of
applications that use large sets of data.

The branch predictor is responsible for predicting the next instructions of a
program to be fetched and loaded to CPU. This process, to some extent,
avoids wasting time having the CPU load instructions from memory. BTB is a
part of the branch predictor that stores the results of the branches as
execution progresses. Nehalem improves this process over its predecessor
by using two levels of BTB, improving predict accuracy for applications with
large code size (such as a database application). Through more accurate
prediction, higher performance and lower power consumption are achieved.

Simultaneous Multi-Threading (SMT)

For the most part, SMT functions the same as Intel Hyper-Threading
Technology which was introduced in the Intel NetBurst® microarchitecture.
Both are a means of executing two separate code stream (threads)
concurrently. Nevertheless, SMT is more efficient as implemented in Nehalem
due to a shorter pipeline, larger and lower latency caches, and wider
execution engine to enhance parallelism.

There are also more resources available to aid SMT than with its
predecessor. For example, to accommodate SMT in Nehalem, the reservation
station that dispatches operations to execution units has increased from 32 to
36 entries. The load buffer and the store buffer have increased to 48 and 32
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entries, respectively. All of these combine to make SMT in Nehalem more
efficient and higher performing than Hyper-Threading.

Macrofusion and Loop Stream Detector
— Macrofusion

As introduced in 6.2.4, “Intel Core microarchitecture” on page 103,
Macrofusion is a feature that improves performance and lowers CPU
power consumption by combining certain individual instructions into just
one instruction. Nehalem improves this ability in two ways to make higher
performance and greater power efficiency possible. First, it expands by
providing additional support for several branching instructions that could
not be combined on its predecessor. And second, it can now be applied in
both 32-bit and 64-bit mode.

— Loop Stream Detector (LSD)

Loops are very common in most software when the same instruction is
executed a given number of times. In a CPU pipeline, each instruction
would normally go through routine processes like predicting, fetching,
decoding, and so forth. In a loop, as many of the same instructions feed
the pipeline, correspondingly the same predicting, fetching and decoding
processes occur again and again.

However, those processes do not need to be executed over and over again
to generate the same result repeatedly in such loop scenario. LSD
identifies the loop and idles these processes during the loop, thereby
saving power and boosting performance. Previous implementations of
LSD in Core architecture disable fetching and predicting during a loop so
that many of the same instructions in the loop only have fetching and
predicting performed once. In Nehalem, LSD disables another unneeded
process, which is decoding during the loop. This provides more power
savings and performance gain.

Naming convention
Intel processors use this naming convention to group the processor types:

EN: entry-level products

EP: energy efficient, high performance server products (similar to the
previous DP family of processors)

EX: high-end expandable server products (similar to the previous MP family)
MC: mission-critical server products based on the ltanium® architecture
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6.3 AMD Opteron processors

The first Opteron processor was introduced in 2003 after a major effort by AMD
to deliver the first 64-bit processor capable of running in 64-bit mode and running
existing 32-bit software as fast as or faster than current 32-bit Intel processors.
Opteron was designed from the start to be an Intel-compatible processor, but
AMD also wanted to introduce advanced technology that would set Opteron
apart from processors developed by Intel.

The Opteron processor has a physical address limit of 40-bit addressing
(meaning that up to 1 TB of memory can be addressed) and the ability to be
configured in 2-socket and 4-socket multi-processor configurations.

Apart from improved scalability, there was another significant feature introduced
with the Opteron CPU, namely the 64-bit addressing capability of the processor.
With the Itanium processor family, Intel introduced a completely new 64-bit
architecture that was incompatible with existing software. AMD decided there
was significant market opportunity for running existing software and upgraded
the existing x86 architecture to 64-bit.

As with the transitions that the x86 architecture underwent in the years before
both the move to 16-bit with the 8086 and the move to 32-bit with the Pentium
architecture, the new AMDG64 architecture simply expanded the IA32 architecture
by adding support for new 64-bit addressing, registers, and instructions.

The advantage of this approach is the ability to move to 64-bit without having to
perform a major rewrite of all operating system and application software. The
Opteron CPU has three distinct operation modes that enable the CPU to run in
either a 32-bit mode or a 64-bit mode, or a mixture of both. This feature gives
users the ability to transition smoothly to 64-bit computing. The AMD64
architecture is discussed in more detail in “64-bit extensions: AMD64 and Intel 64
Technology” on page 117.

6.3.1 AMD Revision F (1207 socket) Opteron

The current AMD processors, Revision F, have the following features:
All Revision F processors are multi-core.

Support for DDR2 memory is added. The following number of memory DIMM
slots are incorporated into the system:

— Eight DIMMs at DDR2 speeds of 400 or 533 MHz instead of 266/333 MHz
DDR1.

— Four DIMMs at 667 MHz DDR2 instead of 400 MHz DDR1.
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— Two DIMMs eventually will be supported at 800 MHz DDR2 instead of 400
MHz DDRH1.

The current 1 GHz HyperTransport™ technology is incorporated as the
interface to initial Rev F processors.

PCI Express support is added.
AMD-V™ virtualization technology and power management technologies are
incorporated.

Figure 6-5 shows the architecture of the Opteron Revision F processor.

Core 0 Core 1
1 MB 1 MB
L2 cache L2 cache

System Request Interface

Crossbar Switch

l

Memory
controller

IR

HT 1 HT 2 HT 3

Figure 6-5 Architecture of dual core Rev F processor

Internally, each core of the processor is connected directly to a 1 MB L2 cache.
Memory transfers between the two caches on the processors occur directly
through a crossbar switch, which is on the chip. By direct communication
between the L2 caches on different cores, the HyperTransport is not used for
processor core-to-core communication. The bandwidth of the HyperTransport
can then be used to communicate with other devices or processors.

The chipset that interfaces with the AMD Opteron processors as well as the
HyperTransport links are discussed in more detail in 9.4, “PCl bridge-based
chipsets” on page 177.
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6.3.2 AMD quad-core Barcelona

Barcelona is the third-generation AMD Opteron processor, and it extends the
design of the Revision F processor. It features a native multi-core design where
all four cores are on one piece of silicon, as opposed to packaging two dual-core
die together into one single processor. With several significant enhancements
over previous generations, Barcelona provides increased performance and
energy efficiency.

Features of the Barcelona processor include:

AMD Memory Optimizer Technology increases memory throughput greatly
compared to previous generations of AMD Opteron processors.

AMD Wide Floating Point Accelerator provides 128-bit SSE floating point
capabilities, which enables each core to simultaneously execute up to four
floating point operations per clock for significantly performance improvement.

AMD Balanced Smart Cache represents significant cache enhancements
with 512 KB L2 cache per core and 2 MB shared L3 cache across all four
cores.

AMD CoolCore technology can reduce energy consumption by turning off
unused parts of the processor.

Independent Dynamic Core Technology enables variable clock frequency for
each core, depending on the specific performance requirement of the
applications it is supporting, thereby helping to reduce power consumption.

Dual Dynamic Power Management (DDPM) technology provides an
independent power supply to the cores and to the memory controller, allowing
the cores and memory controller to operate on different voltages, depending
on usage.

The AMD Opteron processors are identified by a four-digit model number in the
form ZYXX, with the following meaning:
Z indicates the maximum scalability of the processor.

1000 Series = 1-way servers and workstations
2000 Series = Up to 2-way servers and workstations
8000 Series = Up to 8-way servers and workstations

Y indicates socket generation. This digit is always 3 for third-generation AMD
Opteron processors for Socket F (1207) and Socket AM2.

1000 Series in Socket AM2 = Models 13XX
2000 Series in Socket F (1207) = Model 23XX
8000 Series in Socket F (1207) = Model 83XX
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XX indicates relative performance within the series.

XX values above 40 indicate a third-generation quad-core AMD Opteron
processor.

6.3.3 AMD quad-core Shanghai

Shanghai is next generation AMD processor that will be produced on 45nm
process. Shanghai will have a third iteration of HyperTransport and likely to have
three times more cache than Barcelona, with improved performance and power
characteristics.
Key features of Shanghai will include:

Four-cores per CPU, 512K L2/core cache, 6 MB shared L3 cache

HyperTransport Technology 3.0, at up to 16.0 GBps (4 GT/s)

128-bit floating-point unit per core, 4 FLOPS/clk peak per core

Two memory channels using registered DDR2-800

Offered in the following thermal bands: 55 W for HE, 75 W for standard,
105 W for SE

6.3.4 Opteron split-plane

112

Split-plane, also referred to as Dual Dynamic Power Management (DDPM)
technology, was introduced in the Barcelona processor as described in 6.3.2,
“AMD quad-core Barcelona” on page 111. Figure 6-6 on page 113 illustrates that
in a split plane implementation, power delivery is separated between the cores
and the integrated memory controller, as opposed to a unified power plane
design. The new and flexible split-plane design allows power to be dynamically
allocated as needed, thus making more efficient use of power and boosting
performance.

For instance, when the core is executing a CPU-intensive computation, the
memory controller can adjust the power requirement to lower the power
consumption for more efficiency. Conversely, when needed to boost memory
performance, the memory controller can request increased power supply to
obtain higher frequency and achieve lower memory latency.

Because the power is coming from the system board, refreshing the system
board design is required to support a split-plane power scheme implementation.
For the best level of compatibility, however, a split-plane CPU will work well with
the feature disabled while installed in a system board that does not support the
split-plane implementation.
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Figure 6-6 Split-plane versus unified plane

6.3.5 IBM CPU passthru card

AMD Opteron-based systems such as the System x3755 support up to four

processors and their associated memory. In a four-way configuration, the x3755

has the configuration that is illustrated in Figure 6-7 on page 114.
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Figure 6-7 Block diagram of the x3755 with four processors installed

Note that each adjacent processor is connected through HyperTransport links,
forming a square. The third HT link on each processor card connects to an 1/0

device, or is unused.

The x3755 also supports a 3-way configuration (by removing the processor card

in slot 4 in the upper-left quadrant) as shown in Figure 6-7. This configuration
results in processor connections as shown in the top half of Figure 6-8.

Without a passthru
card, cards 1 & 3
are two hops away

With a passthru
card, cards 1 & 3
are connected

Card3[ [Card2| |Card 1
Pass-
thru

Card3|— Card 2 |—{Card 1

Figure 6-8 The benefit of the passthru card for three-way configurations
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However, with the addition of the IBM CPU Passthru card, part number 40K7547,
the processors on cards 1 and 3 are directly connected together, as shown in the
bottom half of Figure 6-8 on page 114.

The passthru card basically connects two of the HyperTransport connectors
together and provides a seamless connection between the processors on either
side. The resulting block diagram of the x3755 is shown in Figure 6-9.

Card 4 Card 1
DIMMs
Passthru DIMMs
card
OpplERaln PCI Express x16
processor PCI-E _| p |
B
ridge —| PCI Express x8 |
T 1 |
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[ | | PCI-E —| Cl Express x8 |
Brid
1o —| PCI Express x4 |
DIMMs DIMMs
5 Gigabit Ethernet |
DIMMs 0 DIMMs ——
% | Gigabit Ethernet |
'_
T
Opteron Opteron —| e |
processor processor
South |
Bridge
Card 3 Card 2
T

Figure 6-9 Block diagram of a three-way x3755 with a passthru card installed

There are performance benefits which can be realized by adding the passthru
card in a three-way configuration. Without the passthru card, the configuration
requires that snoop requests and responses originating from one of the two end
processors (see Figure 6-8 on page 114), and certain non-local references,
travel over two hops. With the passthru card, this now becomes only one hop.

The benefit in decreased latency and increased memory throughput is shown in
Figure 6-10 on page 116.
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Figure 6-10 Memory throughput benefit of the passthru card

For more information see the white paper Performance of the IBM System x
3755 by Douglas M Pase and Matthew A Eckl, which is available from:

http://www. ibm.com/servers/eserver/xseries/benchmarks/related.html

6.4 64-bit computing
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As discussed in 6.1, “Processor technology” on page 94, there are three 64-bit
implementations in the Intel-compatible processor marketplace:

Intel 1A64, as implemented on the Itanium 2 processor

Intel 64 Technology, as implemented on the 64-bit Xeon DP and Xeon MP
processors

AMD AMDG64, as implemented on the Opteron processor

There exists some uncertainty as to the definition of a 64-bit processor and, even
more importantly, the benefit of 64-bit computing.
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Definition of 64-bit: A 64-bit processor is a processor that is able to address
64 bits of virtual address space. A 64-bit processor can store data in 64-bit
format and perform arithmetic operations on 64-bit operands. In addition, a
64-bit processor has general purpose registers (GPRs) and arithmetic logical
units (ALUs) that are 64 bits wide.

The Itanium 2 has both 64-bit addressability and GPRs and 64-bit ALUs. So, it is
by definition a 64-bit processor.

Intel 64 Technology extends the IA32 instruction set to support 64-bit instructions
and addressing, but are Intel 64 Technology and AMD64 processors real 64-bit
chips? The answer is yes. Where these processors operate in 64-bit mode, the
addresses are 64-bit, the GPRs are 64 bits wide, and the ALUs are able to
process data in 64-bit chunks. Therefore, these processors are full-fledged,
64-bit processors in this mode.

Note that while 1A64, Intel 64 Technology, and AMD64 are all 64-bit, they are not
compatible for the following reasons:

Intel 64 Technology and AMDG64 are, with exception of a few instructions such
as 3DNOW, binary compatible with each other. Applications written and
compiled for one will usually run at full speed on the other.

IA64 uses a completely different instruction set to the other two. 64-bit
applications written for the Itanium 2 will not run on the Intel 64 Technology or
AMDG64 processors, and vice versa.

64-bit extensions: AMD64 and Intel 64 Technology

Both the AMD AMDG64 and Intel 64 Technology (formerly known as EM64T)
architectures extend the well-established IA32 instruction set with:

A set of new 64-bit general purpose registers (GPR)

64-bit instruction pointers

The ability to process data in 64-bit chunks

Up to 1 TB of address space that physical memory is able to access
64-bit integer support and 64-bit flat virtual address space

Even though the names of these extensions suggest that the improvements are
simply in memory addressability, both the AMD64 and the Intel 64 Technology
are fully functional 64-bit processors.
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There are three distinct operation modes available in AMD64 and Intel 64
Technology:

32-bit legacy mode

The first and, in the near future, probably most widely used mode is the 32-bit
legacy mode. In this mode, both AMD64 and Intel 64 Technology processors
will act just like any other IA32 compatible processor. You can install your
32-bit operating system on such a system and run 32-bit applications, but you
will not be able to make use of the new features such as the flat memory
addressing above 4 GB or the additional General Purpose Registers (GPRs).
32-bit applications will run just as fast as they would on any current 32-bit
processor.

Most of the time, IA32 applications will run even faster because there are
numerous other improvements that boost performance regardless of the
maximum address size. For applications that share large amounts of data,
there might be performance impacts related to the NUMA-like architecture of
multi-processor Opteron configurations because remote memory access
might slow down your application.

Compatibility mode

The second mode supported by the AMD64 and Intel 64 Technology is
compatibility mode, which is an intermediate mode of the full 64-bit mode
described next. To run in compatibility mode, you will need to install a 64-bit
operating system and 64-bit drivers. If a 64-bit operating system and drivers
are installed, then both Opteron and Xeon processors will be enabled to
support a 64-bit operating system with both 32-bit applications or 64-bit
applications.

Compatibility mode gives you the ability to run a 64-bit operating system while
still being able to run unmodified 32-bit applications. Each 32-bit application
will still be limited to a maximum of 4 GB of physical memory. However, the

4 GB limit is now imposed on a per-process level, not at a system-wide level.
This means that every 32-bit process on this system gets its very own 4 GB of
physical memory space (assuming sufficient physical memory is installed).
This is already a huge improvement compared to IA32, where the operating
system kernel and the application had to share 4 GB of physical memory.

Additionally, compatibility mode does not support virtual 8086 mode, so
real-mode legacy applications are not supported. 16-bit protected mode
applications are, however, supported.

Full 64-bit mode (long mode)

The final mode is the full 64-bit mode. AMD refers to this as long mode. Intel
refers to it as 1A-32e mode. This mode is when a 64-bit operating system and
64-bit application are use. In the full 64-bit operating mode, an application can
have a virtual address space of up to 40-bits (which equates to 1 TB of
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addressable memory). The amount of physical memory will be determined by
how many DIMM slots the server has and the maximum DIMM capacity
supported and available at the time.

Applications that run in full 64-bit mode will get access to the full physical
memory range (depending on the operating system) and will also get access
to the new GPRs, as well as to the expanded GPRs. However, it is important
to understand that this mode of operation requires not only a 64-bit operating
system (and, of course, 64-bit drivers), but also requires a 64-bit application
that has been recompiled to take full advantage of the various enhancements
of the 64-bit addressing architecture.

For more information about the AMDG64 architecture, see:
http://www.x86-64_org/

For more information about Intel 64 Technology, see:
http://www. intel .com/technology/64bitextensions/

Benefits of 64-bit (AMT64, Intel 64 Technology) computing

In the same way that 16-bit processors and 16-bit applications are no longer
used in this space, it is likely that at some point in the future, 64-bit processors
and applications will fully replace their 32-bit counterparts.

Processors using the Intel 64 Technology and AMDG64 architectures are making
this transition very smooth by offering 32-bit and 64-bit modes. This means that
the hardware support for 64-bit will be in place before you upgrade or replace
your software applications with 64-bit versions. IBM System x already has many
models available with the Intel 64 Technology-based Xeon and AMD64 Opteron
processors.

The question you should be asking is whether the benefit of 64-bit processing is
worth the effort of upgrading or replacing your 32-bit software applications. The

answer is that it depends on the application. Here are examples of applications

that will benefit from 64-bit computing:

Encryption applications

Most encryption algorithms are based on very large integers and would
benefit greatly from the use of 64-bit GPRs and ALUs. Although modern
high-level languages allow you to specify integers above the 232 limit, in a
32-bit system, this is achieved by using two 32-bit operands, thereby causing
significant overhead when moving those operands through the CPU pipelines.
A 64-bit processor will allow you to perform 64-bit integer operation with one
instruction.
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Scientific applications

Scientific applications are another example of workloads that need 64-bit data
operations. Floating-point operations do not benefit from the larger integer
size because floating-point registers are already 80 or 128 bits wide even in
32-bit processors.

Software applications requiring more than 4 GB of memory

The biggest advantage of 64-bit computing for commercial applications is the
flat, potentially massive, address space.

32-bit enterprise applications such as databases are currently implementing
Page Addressing Extensions (PAE) and Addressing Windows Extensions
(AWE) addressing schemes to access memory above the 4 GB limit imposed
by 32-bit address limited processors. With Intel 64 Technology and AMD64,
these 32-bit addressing extension schemes support access to memory up to
128 GB in size.

One constraint with PAE and AWE, however, is that memory above 4 GB can
only be used to store data. It cannot be used to store or execute code. So,
these addressing schemes only make sense for applications such as
databases, where large data caches are needed.

In contrast, a 64-bit virtual address space provides for direct access to up to
2 Exabytes (EB), and even though we call these processors 64-bit, none of
the current 64-bit processors actually supports full 64 bits of physical memory
addressing, simply because this is such an enormous amount of memory.

In addition, 32-bit applications might also get a performance boost from a 64-bit
Intel 64 Technology or AMD64 system running a 64-bit operating system. When
the processor runs in Compatibility mode, every process has its own 4 GB
memory space, not the 2 GB or 3 GB memory space each gets on a 32-bit
platform. This is already a huge improvement compared to I1A32, where the
operating system and the application had to share those 4 GB of memory.

When the application is designed to take advantage of more memory, the
availability of the additional 1 or 2 GB of physical memory can create a significant
performance improvement. Not all applications take advantage of the global
memory available. APIs in code need to be used to recognize the availability of
more than 2 GB of memory.

Furthermore, some applications will not benefit at all from 64-bit computing and
might even experience degraded performance. If an application does not require
greater memory capacity or does not perform high-precision integer or
floating-point operations, then 64-bit will not provide any improvement.

In fact, because 64-bit computing generally requires instructions and some data
to be stored as 64-bit objects, these objects consume more physical memory
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than the same object in a 32-bit operating environment. The memory capacity
inflation of 64-bit can only be offset by an application taking advantage of the
capabilities of 64-bit (greater addressing or increased calculation performance
for high-precision operations), but when an application does not make use of the
64-bit operating environment features, it often experiences the overhead without
the benefit.

In this case, the overhead is increased memory consumption, leaving less
physical memory for operating system buffers and caches. The resulting
reduction in effective memory can decrease performance.

Software driver support in general is lacking for 64-bit operating systems
compared to the 32-bit counterparts. General software drivers such as disk
controllers or network adapters or application tools might not have 64-bit code in
place for x64 operating systems. Prior to moving to an x64 environment it might
be wise to ensure that all third-party vendors and software tools support drivers
for the specific 64-bit operating system that you are planning to use.

64-bit memory addressing

The width of a memory address dictates how much memory the processor can
address. A 32-bit processor can address up to 282 bytes or 4 GB. A 64-bit
processor can theoretically address up to 264 bytes or 16 Exabytes (or 16777216
Terabytes), although current implementations address a smaller limit, as shown
in Table 6-8.

Note: These values are the limits imposed by the processors. Memory
addressing can be limited further by the chipset implemented in the server.
For example, the XA-64e chipset used in the x3950 M2 Xeon-based server
addresses up to 1 TB of memory.

Table 6-8 Memory supported by processors

Woodcrest, and Tulsa

Processor Flat addressing | Addressing with PAE?

Intel 32-bit Xeon MP (32-bit) processors including 4 GB (32-bit) 128 GB

Foster MP and Gallatin

Intel 64-bit Xeon DP Nocona (64-bit) 64 GB (36-bit) 128 GB in compatibility mode
Intel 64-bit Xeon MP Cranford (64-bit) 64 GB (36-bit) 128 GB in compatibility mode
Intel 64-bit Xeon MP Potomac (64-bit) 1 TB (40-bit) 128 GB in compatibility mode
Intel 64-bit dual core MP including Paxville, 1 TB (40-bit) 128 GB in compatibility mode
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Processor Flat addressing | Addressing with PAE?

Intel 64-bit quad core MP including Clovertown, 1 TB (40-bit) 128 GB in compatibility mode
Tigerton, and Harpertown

Intel 64-bit (64-bit) six core MP Dunnington 1 TB (40-bit) 128 GB in compatibility mode
AMD Opteron Barcelona 256 TB (48-bit) 128 GB in compatibility mode

a. These values may be further limited by the operating system. See “Windows PAE and Address
Windowing Extensions” on page 209 for more information about this topic.

The 64-bit extensions in the processor architectures Intel 64 Technology and
AMDG64 provide better performance for both 32-bit and 64-bit applications on the
same system. These architectures are based on 64-bit extensions to the
industry-standard x86 instruction set, and provide support for existing 32-bit
applications.

6.5 Processor performance

Processor performance is a complex topic because the effective CPU
performance is affected by system architecture, operating system, application,
and workload. This is even more so with the choice of three different CPU
architectures, IA32, Itanium 2, and AMDG64/Intel 64.

An improvement in system performance gained by a CPU upgrade can be
achieved only when all other components in the server are capable of working
harder. Compared to all other server components, the Intel processor has
experienced the largest performance improvement over time and in general, the
CPU is much faster than every other component. This makes the CPU the least
likely server component to cause a bottleneck. Often, upgrading the CPU with
the same number of cores simply means the system runs with lower CPU
utilization, while other bottlenecked components become even more of a
bottleneck.

In general, server CPUs execute workloads that have very random address
characteristics. This is expected because most servers perform many unrelated
functions for many different users. So, core clock speed and L1 cache attributes
have a lesser effect on processor performance compared to desktop
environments. This is because with many concurrently executing threads that
cannot fit into the L1 and L2 caches, the processor core is constantly waiting for
L3 cache or memory for data and instructions to execute.
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6.5.1 Comparing CPU architectures

Every CPU we have discussed so far had similar attributes. Every CPU has two
or more pipelines, an internal clock speed, L1 cache, L2 cache (some also L3
cache). The various caches are organized in different ways; some of them are
2-way associative, whereas others go up to 16-way associativity. Some have an
800 MHz FSB; others have no FSB at all (Opteron).

Which is fastest? Is the Xeon DP the fastest CPU of them all because it is
clocked at up to 3.8 GHz? Or is the Itanium Montvale the fastest because it
features up to 18 MB of L3 cache? Or is it perhaps the third generation Opteron
because its L3 cache features a 32-way associativity?

As is so often the case, there is never one simple answer. When comparing
processors, clock frequency is only comparable when comparing processors of
the same architectural family. You should never compare isolated processor
subsystems across different CPU architectures and think you can make a simple
performance statement. Comparing different CPU architectures is therefore a
very difficult task and has to take into account available application and operating
system support.

As a result, we do not compare different CPU architectures in this section, but we
do compare the features of the different models of one CPU architecture.

6.5.2 Cache associativity

Cache associativity is necessary to reduce the lookup time to find any memory
address stored in the cache. The purpose of the cache is to provide fast lookup
for the CPU, because if the cache controller had to search the entire memory for
each address, the lookup would be slow and performance would suffer.

To provide fast lookup, some compromises must be made with respect to how
data can be stored in the cache. Obviously, the entire amount of memory would
be unable to fit into the cache because the cache size is only a small fraction of
the overall memory size (see 6.5.3, “Cache size” on page 127). The methodology
of how the physical memory is mapped to the smaller cache is known as set
associativity (or just associativity).

First, we must define some terminology. Referring to Figure 6-11 on page 124,
main memory is divided into pages. Cache is also divided into pages, and a
memory page is the same size as a cache page. Pages are divided up into lines
or cache lines. Generally, cache lines are 64 bytes wide.

For each page in memory or in cache, the first line is labeled cache line 1, the
second line is labeled cache line 2, and so on. When data in memory is to be
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copied to cache, the line that this data is in is copied to the equivalent slot in
cache.

Looking at Figure 6-11, when copying cache line 1 from memory page 0 to
cache, it is stored in cache line 1 in the cache. This is the only slot where it can
be stored in cache. This is a one-way associative cache, because for any given
cache line in memory, there is only one position in cache where it can be stored.
This is also known as direct mapped, because the data can only go into one
place in the cache.

Main Memory
cache line 1 |Pag¢€ 0
cache line 2
L J
One-way associative <
(Direct Mapped) L2 cache
way-a cacheline 1 [page 1
cache line 1 / cache line 2
cache line 2 -
L g
L J L 2
L J
L J
-
-
-
cache line 1 |P@g€n
cache line 2
L J
L 2
-

Figure 6-11 One-way associative (direct mapped) cache

With a one-way associative cache, if cache line 1 in another memory page needs
to be copied to cache, it too can only be stored in cache line 1 in cache. You can
see from this that you would get a greater cache hit rate if you use greater
associativity.

Figure 6-12 on page 125 shows the 2-way set associative cache implementation.

Here there are two locations in which to store the first cache line for any memory
page. As the figure illustrates, main memory on the right side will be able to store
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up to two cache line 1 entries concurrently. Cache line 1 for page 0 of main
memory could be located in way-a of the cache; cache line 1 for page n of main
memory could be located in way-b of the cache simultaneously.

Two-way associative L2 cache

Main Memory

cache line 1

cache line 2

way-a way-b
cache line 1 cache line 1 k\
cache line 2 cache line 2
L J L g
L g L g
L g L J

cache line 1

cache line 2

cache line 1

cache line 2

page O

page 1

page n

Figure 6-12 A 2-way set associative cache
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Expanding on a one-way and two-way set associative cache, a 3-way set
associative cache, as shown in Figure 6-13, provides three locations. A 4-way set
associative cache provides four locations. An 8-way set associative cache
provides eight possible locations in which to store the first cache line from up to
eight different memory pages.

Main Memory

| cacheline1 |Pageo

cache line 2

L J
L J
Three-way associative L2 cache -

. —— | cacheline1 |pagel

/—cache line 2
2t

cache line 2 cache line 2 cache -
-
_ \ - -

L J s ®

L g

way-a b

cache Iinef cache line

cache line 1 |Pagen

IS .
cache line 2

Figure 6-13 3-way set associative cache

Set associativity greatly minimizes the cache address decode logic necessary to
locate a memory address in the cache. The cache controller simply uses the
requested address to generate a pointer into the correct cache page. A hit occurs
when the requested address matches the address stored in one of the fixed
number of cache locations associated with that address. If the particular address
is not there, a cache miss occurs.

Notice that as the associativity increases, the lookup time to find an address

within the cache could also increases because more pages of cache must be
searched. To avoid longer cache lookup times as associativity increases, the
lookups are performed in parallel. However, as the associativity increases, so
does the complexity and cost of the cache controller.
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For high performance X3 Architecture systems such as the System x3950, lab
measurements determined that the most optimal configuration for cache was
9-way set associativity, taking into account performance, complexity, and cost.

A fully associative cache in which any memory cache line could be stored in any
cache location could be implemented, but this is almost never done because of
the expense (in both cost and die areas) in parallel lookup circuits required.

Large servers generally have random memory access patterns, as opposed to
sequential memory access patters. Higher associativity favors random memory
workloads due to its ability to cache more distributed locations of memory.

6.5.3 Cache size

Faster, larger caches usually result in improved processor performance for server
workloads. Performance gains obtained from larger caches increase as the
number of processors within the server increase. When a single CPU is installed
in a four-socket SMP server, there is little competition for memory access.
Consequently, when a CPU has a cache miss, memory can respond, and with
the deep pipeline architecture of modern processors, the memory subsystem
usually responds before the CPU stalls. This allows one processor to run fast
almost independently of the cache hit rate.

On the other hand, if there are four processors installed in the same server, each
queuing multiple requests for memory access, the time to access memory is
greatly increased, thus increasing the potential for one or more CPUs to stall. In
this case, a fast L2 hit saves a significant amount of time and greatly improves
processor performance.

As a rule, the greater the number of processors in a server, the more gain from a
large L2 cache. In general:

With two CPUs, expect 4% to 6% improvement when you double the cache
size

With four CPUs, expect 8% to 10% improvement when you double the cache
size

With eight or more CPUs, you might expect as much as 10% to 15%
performance gain when you double processor cache size

Of course, there are diminishing returns as the size of the cache improves; these
are simply rules of thumb for the maximum expected performance gain.
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6.5.4 Shared cache

Shared cache is introduced in 6.2.4, “Intel Core microarchitecture” on page 103
as shared L2 cache to improve resource utilization and boost performance. In
Nehalem, sharing cache moves to the third level cache for overall system
performance considerations. In both cases, the last level of cache is shared
among different cores and provides significant benefits in multi-core
environments as oppose to dedicated cache implementation.

Benefits of shared cache include:

Improved resource utilization, which makes efficient usage of the cache.
When one core idles, the other core can take all the shared cache.

Shared cache, which offers faster data transfer between cores than system
memory, thus improving system performance and reducing traffic to memory.

Reduced cache coherency complexity, because a coherency protocol does
not need to be set for the shared level cache because data is shared to be
consistent rather than distributed.

More flexible design of the code relating to communication of threads and
cores because programmers can leverage this hardware characteristic.

Reduced data storage redundancy, because the same data in the shared
cache needs to be stored only once.

As the trend moves to the multi-core processor for a computing performance
leap, the last-level shared cache mechanism and relevant software design
techniques become more and more important and prevalent. AMD also
implements shared L3 cache on the Barcelona architecture.

6.5.5 CPU clock speed
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Processor clock speed affects CPU performance because it is the speed at
which the CPU executes instructions. Measured system performance
improvements because of an increase in clock speed are usually not directly
proportional to the clock speed increase. For example, when comparing a

3.0 GHz CPU to an older 1.6 GHz CPU, you should not expect to see 87%
improvement. In most cases, performance improvement from a clock speed
increase will be about 30% to 50% of the percentage increase in clock speed. So
for this example, you could expect about 26% to 44% system performance
improvement when upgrading a 1.6 GHz CPU to a 3.0 GHz CPU.
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6.5.6 Scaling versus the number of processor cores

In general, the performance gains shown in Figure 6-14 can be obtained by
adding CPUs when the server application is capable of efficiently utilizing
additional processors—and there are no other bottlenecks occurring in the
system.

Relative Database Performance Scaling
Random Transaction Processing Workload

Relative Performance Improvement

1CPU4GB 2CPUBGB 4 CPU 16 GB 8CPU32GB 16 CPU 64 GB

Figure 6-14 Typical performance gains when adding processors

These scaling factors can be used to approximate the achievable performance
gains that can be obtained when adding CPUs and memory to a scalable Intel
IA-32 server.

For example, begin with a 1-way 3.0 GHz Xeon MP processor and add another
Xeon MP processor. Server throughput performance will improve up to about 1.7
times. If you increase the number of Xeon processors to four, server performance
can improve to almost three times greater throughput than the single processor
configuration.

At eight processors, the system has slightly more than four times greater
throughput than the single processor configuration. At 16 processors, the
performance increases to over six-fold greater throughput than the single CPU
configuration.

High performing chipsets such as the XA-64e generally are designed to provide
higher scalability than the average chipset. Figure 6-15 on page 130 shows the
performance gain of a high performing chipset such as the X4 Hurricane chipset
in the x3850 M2 as processors are added, assuming no other bottlenecks occur
in the system.
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x3850 M2 Performance Scaling

Random Transaction Processing Workload

Relative Performance Improvement

1CPU 64 GB 2 CPU 128 GB 4 CPU 256 GB

Figure 6-15 System x3850M2 performance scaling when adding processors

Database applications such as IBM DB2, Oracle, and Microsoft SQL Server
usually provide the greatest performance improvement with increasing numbers
of CPUs. These applications have been painstakingly optimized to take
advantage of multiple CPUs. This effort has been driven by the database
vendors’ desire to post #1 transaction processing benchmark scores. High-profile
industry-standard benchmarks do not exist for many applications, so the
motivation to obtain optimal scalability has not been as great. As a result, most
non-database applications have significantly lower scalability. In fact, many do
not scale beyond two to four CPUs.

6.5.7 Processor features in BIOS
BIOS levels permit various settings for performance in certain IBM System x
servers.
Processor Adjacent Sector Prefetch

When this setting is enabled (and enabled is the default for most systems),
the processor retrieves both sectors of a cache line when it requires data that
is not currently in its cache.

When this setting is disabled, the processor will only fetch the sector of the
cache line that includes the data requested. For instance, only one 64-byte
line from the 128-byte sector will be prefetched with this setting disabled.
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This setting can affect performance, depending on the application running on
the server and memory bandwidth utilization. Typically, it affects certain
benchmarks by a few percent, although in most real applications it will be
negligible. This control is provided for benchmark users who want to fine-tune
configurations and settings.

Processor Hardware Prefetcher

When this setting is enabled (disabled is the default for most systems), the
processor is able to prefetch extra cache lines for every memory request.
Recent tests in the performance lab have shown that you will get the best
performance for most commercial application types if you disable this feature.
The performance gain can be as much as 20%, depending on the application.

For high-performance computing (HPC) applications, we recommend that you
turn HW Prefetch enabled. For database workloads, we recommend that you
leave the HW Prefetch disabled.

IP Prefetcher

Each core has one IP prefetcher. When this setting is enabled, the prefetcher
scrutinizes historical reading in the L1 cache, in order to have an overall
diagram and to try to load foreseeable data.

DCU Prefetcher

Each core has one DCU prefetcher. When this setting is enabled, the
prefetcher detects multiple reading from a single cache line for a determined
period of time and decides to load the following line in the L1 cache.

Basically, hardware prefetch and adjacent sector prefetch are L2 prefetchers.
The IP prefetcher and DCU prefetcher are L1 prefetchers.

All prefetch settings decrease the miss rate for the L1/L2/L3 cache when they are
enabled. However, they consume bandwidth on the front-side bus, which can
reach capacity under heavy load. By disabling all prefetch settings, multi-core
setups achieve generally higher performance and scalability. Most benchmarks
turned in so far show that they obtain the best results when all prefetchers are
disabled.

Table 6-9 on page 132 lists the recommended settings based on benchmark
experience in IBM labs. Customers should always use these settings as
recommendations and evaluate their performance based on actual workloads.
When in doubt, always vary to determine which combination delivers maximum
performance.
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Table 6-9 Recommended prefetching settings

Turning options

Default settings

Recommended for most
environments

Adjacent Sector Off Off
Hardware Off Off
IP Off On
DCU Off Off
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Virtualization hardware
assists

Initially all virtualization on x86 architecture was implemented in software.
However, Intel and AMD have developed hardware virtualization technology that
is designed to:

Allow guest operating systems, VMMSs, and applications to run at their
standard privilege levels

Eliminate the need for binary translation and paravirtualization

Provide more reliability and security

The first phase of this iterative development endeavor was implemented in the
processors. Intel named its hardware virtualization technology Intel VT. AMD
named its hardware virtualization technology AMD-V. With each new generation
of CPU technology, both vendors are adding additional phases of hardware
virtualization technology for I/0O and memory.

This chapter discusses the following topics:

7.1, “Introduction to virtualization technology” on page 134
7.2, “Virtualization hardware assists” on page 138

7.3, “Support for virtualization hardware assists” on page 143
7.4, “Resources” on page 144
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7.1 Introduction to virtualization technology

Note: This chapter provides an introduction to virtualization hardware assists.
It touches on some virtualization concepts, but is not intended to provide a
lengthy review of virtualization concepts. For more information regarding
virtualization, see the IBM Redbooks publication, An Overview of Virtualization
on IBM System x Servers, REDP-4480.

Conventionally, a server is loaded with a single operating system that controls
access to the server’s hardware resources such as the processors, memory, and
I/O-related technology. Virtualization enables multiple operating systems, called
guest operating systems, to run on a single server and to share access to the
server’s hardware resources. To share resources between multiple guest
operating systems, a software virtualization layer is required to manage the
utilization of the resources by each guest operating system.

Figure 7-1 illustrates a guest operating system that is running on a server with a
software virtualization layer between the key hardware resources and the guest
operating systems.

(Standard) guest OS
| Standard x86 hardware calls |

y A

|Fu|| x86 hardware virtualized interface|

Hypervisor

x86 hardware

Figure 7-1 Full virtualization architecture

7.1.1 Privilege levels
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There are challenges with the virtualization model shown in Figure 7-1 on an x86
architecture. On an x86 architecture without virtualization, the operating system
is designed to run at privilege level 0, which is the most powerful privilege level.
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Privilege level 0 gives the operating system access to the hardware resources of
a server, so that it can execute instructions to obtain the state of the hardware
resources and control those resources. Applications tend to run at privilege
level 3 and do not have direct access to the hardware.

When the software virtualization layer is introduced, the guest operating system
is bumped to privilege level 1, and the virtualization layer runs at privilege level 0.
This shift from a more powerful privilege to a less powerful privilege level is called
ring deprivileging. Ring deprivileging can introduce faults, because many Intel
architecture instructions which control CPU functionality were designed to be
executed from privilege level 0, not privilege level 1. Therefore, the software
virtualization layer must trap certain instructions and hardware accesses and
then emulate those instructions back to the guest operating system. These
additional steps introduce more complexity and, therefore, the chance of more
faults.

If a guest operating system needs to access memory, the virtualization layer
must intercept, interpret, execute, and then return the result back to the guest
operating system. In addition, the virtualization layer must handle all interrupts to
and from the guest operating system. A guest operating system can decide
whether to block or to permit interrupts, depending on the operation in progress.
The virtualization layer must be able to track what the guest operating system
decides to do with an interrupt, which adds overhead to system resources. The
overhead produces a performance penalty.

7.1.2 Binary translation and paravirtualization

Binary translation is a software method used to address the challenges of ring
deprivileging. Both VMware and Microsoft virtualization products use binary
translation. The hypervisor traps certain privileged guest operating system
instructions, and then translates them into instructions that the virtualized
environment can execute.

When a privileged instruction is received by the hypervisor, it takes control of the
required hardware resource, resolves any conflicts, and returns control to the
guest operating system. If the hypervisor functions correctly, the guest operating
system does not know that the hypervisor is emulating the hardware resource.
However, binary translation requires specific builds of operating systems. A new
release of the operating system requires testing and perhaps changes to the
hypervisor code.
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Paravirtualization is another software solution to the challenges of ring
deprivileging. It is used by Xen, an open source virtualization project. In this
case, the operating system source code is altered so that it can call the
hypervisor directly to perform low-level functions. Figure 7-2 illustrates the
paravirtualization architecture.

(Paravirtualized) guest OS

Specific virtual-aware hypervisor calls
| Standard x86 hardware calls |

y A 4 y

|Fu|l x86 hardware virtualized interface|

Hypervisor

x86 hardware

Figure 7-2 Paravirtualization architecture

Paravirtualization reduces the complexity of the virtualization software layer, and
it can improve performance. In this case, the modified guest operating system is
virtual-aware and shares the virtualization load with the hypervisor. This reduces
the complexity of the hypervisor, which can be implemented more efficiently.

However, off-the-shelf operating systems cannot be used with paravirtualization.

Tip: See 15.11, “Xen virtualization” on page 496, for more information about
Xen virtualization.

7.1.3 Memory-intensive workload
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All virtualization workloads are dependent on memory subsystems and are really
memory intensive. The AMD Opteron has an integrated memory controller, and
the Direct Connect™ Architecture was designed for dedicated memory access
and better scalability with an increasing number of CPU cores.

Intel has changed from a front-side bus architecture to an integrated memory
controller with its new generation of server processors starting with the Intel
Xeon Processor 5500 series. This allows significantly reduced latency of
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transition from one virtual machine task to another virtual machine when physical
hardware resources should be moved to serve different guest operating systems.

7.1.4 Nested paging

Nested paging (also known as Hardware Assisted Paging) is a technology that
allows significantly improved handling of multiple guest operating systems.

Processors supporting the x86 architectures translate linear addresses,
generated by operating system and applications, into physical addresses, which
are used to access memory. The translation process is called paging.
Processors apply paging to all memory accesses that use linear addresses.

When a processor is in paged mode, paging is involved in every data and
instruction access. x86 processors utilize various hardware facilities to reduce
overheads associated with paging. However, under virtualization, where the
guest’s view of physical memory is different from system’s view of physical
memory, a second level of address translation is required to convert guest
physical addresses to machine addresses.

To enable this additional level of translation, the hypervisor must virtualize
processor paging. Current software-based paging virtualization techniques such
as shadow-paging incur significant overheads, which result in reduced virtualized
performance, increased CPU utilization, and increased memory consumption.

CPU vendors have developed technologies to move this translation to the CPU
level controlled by VMM. Enhancements in paging circuitry and buffers to support
dual layer translations is called nested paging. Nested paging provides a 5% to
30% performance improvement, depending on the type of workload for
applications running in virtual machines. Intel nested paging technology is known
as Extended Page Tables (EPT). AMD nested paging technology is known as
Rapid Virtualization Indexing (RVI).

When translation is performed, it is stored for future use in a Translation
Look-aside Buffer (TLB). In support of nested paging, CPU hardware assist
technologies also had to address TLB improvements. Intel has added VPID.
AMD has a similar technology known as Tagged TLBs.

These specific technologies are described in 7.2.2, “Intel VT” on page 139 and
7.2.3, “AMD-V” on page 141.
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7.2 Virtualization hardware assists

Virtualization hardware assists have been developed and will continue to be
developed to overcome the challenges and complexities of software virtualized
solutions discussed in the preceding sections of this chapter.

The following sections discuss hardware technologies that help to reduce
software complexity and overhead when working with virtual machines.

7.2.1 CPU command interface enhancements
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Intel’s virtualization hardware assist is called Intel Virtualization Technology
(Intel VT). Intel VT-x provides hardware support for IA32 and 64-bit Xeon
processor virtualization.

Note: VT-i provides hardware support for ltanium processor virtualization;
however, a discussion of VT-i is beyond the scope of this book.

VT-x introduces two new CPU operations:

VMX root operation - VMM functions
VMX non-root operation - guest operating system functions

Both new operations support all four privilege levels. This support allows a guest
operating system to run at privilege level 0 where an operating system is
designed to run on an x86 platform.

VT-x also introduces two transitions:

VM entry is defined as a transition from VMX root operation to VMX non-root
operation, or VMM to guest operating system.

VM exit is defined as a transition from VMX non-root operation to VMX root
operation, or from guest operating system to VMM.

VT-x also introduces a new data structure called the virtual machine control
structure (VMCS). The VMCS tracks VM entries and VM exits, as well as the
processor state of the guest operating system and VMM in VMX non-root
operations.

AMD’s virtualization hardware, AMD-V, introduces a hew processor mode called
Guest Mode. Guest Mode is similar to the VMX non-root mode in Intel VT. A new
data structure called the virtual machine control block (VMCB) tracks the CPU
state for a guest operating system.
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If a VMM wants to transfer processor control to a guest operating system, it
executes a VMRUN command. A VMRUN entry is analogous to the Intel VT VM
entry transition. A VMRUN exit is analogous to the Intel VT VM exit transition.

Studies and measurements indicate that the first pass of virtualization hardware
assists that were implemented in the processor as described in this section did
not significantly improve performance. It appears as though the software
implementations of binary translation and paravirtualization are still the best
performing methods to implement privileging.

This is not a complete surprise, because processor utilization does not tend to be
the largest area of concern with respect to virtualization performance. In the
future, look for hardware-based page tables implemented in processors that will
replace shadow page tables currently implemented in software, which should
decrease hypervisor overhead. In addition, look for I/O hardware assists, which
tend to be one of the largest areas of concern with respect to virtualization
performance. These two areas will be addressed in the next passes of
virtualization hardware assists.

7.2.2 Intel VT

As mentioned, Intel introduced a nested paging feature with the Xeon 5500
processor series (Nehalem) in 2009. There are other improvements for Intel VT,
including VPID, EPT, and a significant virtual machine transition latency
reduction.

The features of Intel VT include the following:
VPID, or Virtual Processor Identifier

This feature allows a virtual machine manager to assign a different non-zero
VPID to each virtual processor (the zero VPID is reserved for the VMM). The
CPU can use VPIDs to tag translations in the Translation Look-aside Buffers
(TLB). This feature eliminates the need for TLB flushes on every VM entry
and VM exit, and eliminates the adverse impact of those flushes on
performance.

EPT, or Extended Page Table

EPT is the Intel implementation of nested paging for virtualization. When this
feature is active, the ordinary 1A-32 page tables (referenced by control
register CR3) translate from linear addresses to guest-physical addresses. A
separate set of page tables (the EPT tables) translate from guest physical
addresses to the host physical addresses that are used to access memory.
As a result, guest software can be allowed to modify its own 1A-32 page
tables and directly handle page faults. This allows a VMM to avoid the VM
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exits associated with page-table virtualization, which are a major source of
virtualization overhead without EPT.

Improved virtualization latency

There are significant improvements with each Intel CPU generation for virtual
machine transition latency reduction. Figure 7-3 shows how the latency was
reduced on different CPU implementations. It is interesting to note that the
VPID feature on Nehalem removed TLB flush delay.

The CPU implementation codenames are listed here:

— PSC - Pentium 4™ (Prescott)
— CDM - Cedar Mill

— YNH - Yonah

— MRM - Merom

— PNR - Penryn

— NHM - Nehalem

To estimate the impact on virtualization overhead reduction, you can use this
rule of thumb: every 100-cycle reduction in event cost reduces virtualization
overhead by ~0.5%-1.0%.

Intel® VT-x Transition Latencies by CPU

7000

6000 +— O TLB After-effects —
5000 | OVMRESUME
B VMREADs
4000 +— —
O VM Exit

3000 -

1000 .

0 T T T T T

PSC CDM YNH MRM PNR NHM

Operation Latency (in cycles)

Figure 7-3 Intel VT-x latency reductions by CPU implementation

Chipset features

There are other developments in the Intel Virtualization Technology for
Directed I/O (Intel VT for Directed I/O); specifically, it focuses on the
components supporting I/O virtualization as it applies to platforms that use
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Intel processors and core logic chipsets complying with Intel platform
specifications.

For more information, see the Intel document, Intel Virtualization Technology
for Directed I/O - Architecture Specification, which is available from:

http://download. intel.com/technology/computing/vptech/Intel(r) VT fo
r Direct 10.pdf

The document covers the following topics:

— An overview of I/0 subsystem hardware functions for virtualization support

— A brief overview of expected usages of the generalized hardware functions
— The theory of operation of hardware, including the programming interface

Figure 7-4 shows Intel developments for I/O virtualization improvement which
include Intel I/O Acceleration Technology (IOAT), Virtual Machine Device Queues
(VMDq), and Single Root I/O Virtualization (SR-IOV) Implementation.

Intel” Virtualization Technology for Connectivity
(Intel VT for Connectivity)

Faster and more efficient
1/0 performance

Improved CPU utilization
Increased throughput

Lower latency

Improves all three key factors J

Intel® /O Virtual Single Root

Acceleration Machine 1/O Virtualization
Technology Device Queues Implementation

Figure 7-4 Intel VT for Connectivity

7.2.3 AMD-V

AMD has provided multiple additional processor extensions with 64-bit AMD
Opteron Rev-F processors to increase virtualization performance. The
processors already support a second level of memory address translation
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(nested paging) as implemented by the components of AMD-V such as Rapid
Virtualization Indexing (RVI) and Tagged TLBs.

The following list describes the latest technologies from AMD to improve
virtualization performance:

RVI, or Rapid Virtualization Indexing

RVI allows virtual machines to more directly manage memory, thus helping to
improve performance on many virtualized applications. Utilizing on-die silicon
resources rather than software, RVI can minimize the number of hypervisor
cycles needed, as well as the associated performance penalty that is
commonly associated with virtualization.

Rapid Virtualization Indexing is also designed to minimize the “world-switch
time”, which is the time spent switching from one virtual machine to another,
for faster application responsiveness.

RVI is supported currently by:

— Citrix XenServer 4.1

— Novell SUSE Linux 10 SP1

— Red Hat Enterprise Linux 5.2
— VMware ESX 3.5u1

— Xen 3.1

VMware refers to this technology as Nested Page Tables (NPT) or hardware
virtual memory management unit (hardware virtual MMU). VMware added
support beginning with ESX 3.5 Update 1.

Integrated memory controller for memory-intensive workload

AMD has designed CPUs where the memory controller is an integrated part
of CPU. This provides fast access to memory with high bandwidth throughput,
low latency, and scalable access. Because utilization of resources including
memory is much higher on virtualized machines where multiple guest
operating systems access memory simultaneously, an integrated memory
controller provides a clear benefit for performance.

Tagged Translation Look-aside Buffer (TLB)

The Tagged Translation Look-aside Buffer (TLB), which is unique to AMD
Opteron processors, allows for faster switching times between virtual
machines by maintaining a mapping to the individual memory spaces used by
the VMs. Distinguishing between the memory spaces used by each VM helps
reduce memory management overhead and enhances responsiveness when
switching between virtual machines.

Live migration

For high availability and maintenance, it is common to use live migration in
virtualized environments. Such function allows virtual machines, that is, guest
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operating systems, to be moved live to another host. To satisfy compatibility
requirements for guest operating systems to match the CPU id, VM should
believe it is running on the same CPU. AMD-V Extended Migration (the AMD
implementation of live migration) is designed to enable virtualization software
solutions to achieve live migration of virtual machines across the entire
current range of AMD Opteron processors. It is supported by multiple VMMs
and allows VM to be moved from one type of hardware to another (newer or
older) hardware without even stopping.

7.3 Support for virtualization hardware assists

To use virtualization hardware assists, you must have all of the following:

System BIOS enablement

Hardware technology (for example, technology within the processors for
first-generation hardware assists)

Hypervisor support

Privileged level hardware assist of processor virtualization is included in the
following processors:

Intel Xeon 5000 (Dempsey), 5100 (Woodcrest), 5300 (Clovertown) 5200
(Wolfdale), and 5400 (Harpertown) series processors.

Intel Xeon 7000 (Paxville), 7100 (Tulsa), 7200, 7300 (Tigerton), and 7400
(Dunnington) series processors.

New Intel VT features as VPID and EPT are included with Intel Xeon
processor 5500 series.

Processor virtualization hardware assists and new features as RVI and
Tagged TLB are included in Opteron Rev F processors from AMD.

Keep in mind that the end result of these virtualization hardware assists is to
reduce the complexity of the hypervisor, which can reduce overhead and
improve performance significantly. There are new developments by CPU
vendors to move the hardware assist for virtualization deeper. The focus is on
I/O virtualization.
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7.4 Resources
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For more information on Intel technology, see the following pages:

Intel Virtualization Technology: Hardware support for efficient processor
virtualization

http://www. intel .com/technology/itj/2006/v10i3/1-hardware/8-virtuali
zation-future.htm

Intel technology brief, Intel Virtualization Technology for Connectivity

http://softwarecommunity.intel .com/isn/downloads/virtualization/pdfs
/20137_lad_vtc_tech_brief r04.pdf

For more information on AMD technology, see the following pages:

AMD Virtualization™ resource Web page:
http://www.amd.com/us-en/0, ,3715_15781,00.html
AMD white paper, Virtualizing Server Workloads

http://www.amd.com/us-en/assets/content_type/DownloadableAssets/AMD
WP_Virtualizing_Server_Workloads-PID.pdf

Tuning IBM System x Servers for Performance


http://www.intel.com/technology/itj/2006/v10i3/1-hardware/8-virtualization-future.htm
http://www.intel.com/technology/itj/2006/v10i3/1-hardware/8-virtualization-future.htm
http://softwarecommunity.intel.com/isn/downloads/virtualization/pdfs/20137_lad_vtc_tech_brief_r04.pdf
http://softwarecommunity.intel.com/isn/downloads/virtualization/pdfs/20137_lad_vtc_tech_brief_r04.pdf
http://www.amd.com/us-en/0,,3715_15781,00.html
http://www.amd.com/us-en/assets/content_type/DownloadableAssets/AMD_WP_Virtualizing_Server_Workloads-PID.pdf
http://www.amd.com/us-en/assets/content_type/DownloadableAssets/AMD_WP_Virtualizing_Server_Workloads-PID.pdf

PCI bus subsystem

The Peripheral Component Interconnect (PCI) bus is the predominant bus
technology that is used in most Intel architecture servers. The PCI bus is
designed to allow peripheral devices, such as LAN adapters and disk array
controllers, independent access to main memory. PCl adapters that have the
ability to gain direct access to system memory are called bus master devices.
Bus master devices are also called direct memory access (DMA) devices.

To simplify the chapter, we have combined the discussion of PCl and PCI-X into
one section and have outlined any differences between the two standards.
This chapter discusses the following topics:

8.1, “PCl and PCI-X” on page 146
8.2, “PCl Express” on page 149
8.3, “Bridges and buses” on page 153
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8.1 PCl and PCI-X
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The PCI bus is designed as a synchronous bus, meaning that every event must
occur at a particular clock tick or edge. The standard PCI bus uses a 33 MHz or
66 MHz clock that operates at either 32-bit or 64-bit. With the introduction of
PCI-X, the speeds have been increased to include 66 MHz, 133 MHz, 133 MHz
DDR, and 133 MHz QDR. This increase has raised the maximum transfer rate in
burst mode from 276 MBps to 4.2 GBps.

PCI uses a multi-drop parallel bus that is a multiplexed address and data bus,
meaning that the address and data lines are physically the same wires. Thus,
fewer signal wires are required, resulting in a simpler, smaller connector. The
downside to this design is that PCI transactions must include a turnaround
phase to allow the address lines to be switched from address mode to data
mode. The PCI bus also has a data-pacing mechanism that enables fast devices
to communicate with slower devices that are unable to respond to a data transfer
request on each clock edge. The generic name for any PCI device is the agent.

A basic data transfer operation on the PCI bus is called a PCI transaction, which
usually involves request, arbitration, grant, address, turnaround, and data
transfer phases. PCl agents that initiate a bus transfer are called initiators, while
the responding agents are called targets. All PCI operations are referenced from
memory. For example, a PCI read operation is a PCl agent reading from system
memory. A PCI write operation is a PCI agent writing to system memory. PCI
transactions do not use any CPU cycles to perform the transfer.

The language of PCI defines the initiator as the PCI bus master adapter that
initiates the data transfer (for example, a LAN adapter or SCSI adapter) and the
target as the PCI device that is being accessed. The target is usually the PCI
bridge device or memory controller.

PCI-X 1.0 and later PCI-X 2.0 are built upon the same architecture, protocols,
signals, and connectors as traditional PCI. This architecture has resulted in
maintaining hardware and software compatibility with the previous generations of
PCI. This design means that devices and adapters that are compliant with
PCI-X 1.0 are fully supported in PCI-X 2.0.

When supporting previous PCI devices, it is important to note that the clock must
scale to a frequency that is acceptable to the lowest speed device on the bus.
This results in all devices on that bus being restricted to operating at that slower
speed.

PCI-X was developed to satisfy the increased requirements of I/O adapters such
as Gigabit Ethernet, Fibre Channel, and Ultra320 SCSI. PCI-X is fully compatible
with standard PCI devices. It is an enhancement to the conventional PCI
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specification V2.2 and enables a data throughput of over 4 GBps at 533
MHz/64-bits in burst mode.

Adapters with high 1/O traffic, such as Fibre Channel and storage adapters,
benefit significantly from PCI-X. These adapters provide a huge amount of data
to the PCI bus and, therefore, need PCI-X to move the data to main memory.

Peak throughput has increased from PCI to PCI-X and this results in increased
throughput. Other changes made in PCI-X that provide higher efficiency and,
therefore, a performance benefit when compared to standard PCI include:

Attribute phase

The attribute phase takes one clock cycle and provides further information
about the transaction. PCI-X sends new information with each transaction
performed within the attribute phase, which enables more efficient buffer
management.

Split transactions

Delayed transactions in conventional PCI are replaced by split transactions in
PCI-X. All transactions except memory-write transactions are allowed to be
executed as split transactions. If a target on the PCI bus cannot complete a
transaction within the target initial latency limit, the target must complete the
transaction as a split transaction. Thus, the target sends a split response
message to the initiator telling it that the data will be delivered later on. This
the frees the bus for other communications.

Allowable disconnect boundary

When a burst transaction is initiated to prevent a single process from
monopolizing the bus with a single large transfer (bursts can be up to 4096
bytes), PCI-X gives initiators and targets the chance to place interruptions.
The interruptions are not placed randomly (which might compromise the
efficiency of the buffers and cache operations), but are fixed on 128-byte
boundaries, which is a figure that is big enough to facilitate complete cache
line transmissions.

The benefit of adopting the PCI-X standard is the increase in supported
throughputs, which is evident with the 533 MHz implementation. When running at
higher frequencies (133 MHz and higher), only one device can be on a PCI-X
bus, making PCI-X a high-bandwidth point-to-point I/O channel. At lower speeds
(less than 133 MHz), multiple devices can be connected on a single bus.
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Table 8-1 PCI and PCI-X modes

Note that the 66 MHz implementation of PCI-X doubles the number of slots
supported on a current PCIl 2.2 66 MHz bus. Table 8-1 shows the possible

combinations of PCI modes and speeds.

Mode PCI Voltage (V) | 64-bit 32-bit 16-bit

Max slots | MBps Max slots | MBps MBps
PCI 33 50r3.3 4 266 4 133 | Not applicable
PCIl 66 3.3 2 533 2 266 | Not applicable
PCI-X 66 3.3 4 533 4 266 | Not applicable
PCI-X 1332 3.3 2 800 2 400 | Not applicable
PCI-X 133 3.3 1 1066 1 533 | Not applicable
PCI-X 266 33o0r1.5 1 2133 1 1066 | 533 MBps
PCI-X 533 33o0r1.5 1 4266 1 2133 | 1066 MBps

a. Operating at 100 MHz
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PCI-X devices use 3.3V /O signalling when operating in PCI-X mode. They also
support the 5V I/O signalling levels when operating in 33 MHz conventional
mode, which results in cards either designed specifically for 3.3V PCI-X or
universally keyed. Figure 8-1 illustrates adapter keying.

3.3V slot

5v slot

64-bit slot and connector

Figure 8-1 Adapter keying

PCI-X cards are designed to run at either 66 MHz or 133 MHz. PCI-X cards are
not designed usually to run at 100 MHz. However, the number of the loads on the
bus can force a 133 MHz adapter to operate at 100 MHz.
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All but a few servers in the System x line now use PCI Express instead of PCI-X.
We discuss PCI Express in the next section.

8.2 PCI Express

PCI Express is the latest development in PCI to support adapters and devices.
The technology is aimed at multiple market segments, meaning that it can be
used to provide for connectivity for chip-to-chips, board-to-boards, and adapters.

PCI Express uses a serial interface and allows for point-to-point interconnections
between devices using directly wired interfaces between these connection
points. This design differs from previous PCI bus architectures which used a
shared, parallel bus architecture.

A single PCI Express serial link is a dual-simplex connection that uses two pairs
of wires (one pair for transmit and one pair for receive), and that transmits only
one bit per cycle. Although this design sounds limiting, it can transmit at the
extremely high speed of 2.5 Gbps, which equates to a burst mode of 320 MBps
on a single connection. This connection of two pairs of wires is called a lane.

A PCI Express link is comprised of one or more lanes. In such configurations, the
connection is labeled as x1, x2, x4, x12, x16, or x32, where the number is
effectively the number of lanes. So, where PCI Express x1 would require four
wires to connect, an x16 implementation would require 16 times that amount
(64 wires). This implementation results in physically different-sized slots.

Tip: When referring to lane nomenclature, the word by is used, as in by 8 for
x8.

Figure 8-2 on page 150 shows the slots for a 32-bit PCI 2.0, PCI Express x1, and
a PCI Express x16. From this figure, it is clear that the PCI Express x16 adapter
will not fit physically in the PCI x1 slot.
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Slots:
PCI-X 2.0 32-bit

PCI-X 2.0 32-bit

PCI Express x1

PCI Express x16

Figure 8-2 PCI 2.0 and PCI Express edge connectors

You can install PCI Express adapters in larger slots but not in smaller ones. For
example, you can install a PCI Express x8 adapter into an x16 slot (although it
will still operate at the x8 speed), but you cannot insert an x8 adapter into an x4
slot. Table 8-2 shows this compatibility.

Table 8-2 PCI Express slot compatibility

x1 slot x4 slot x8 slot x16 slot
x1 card Supported Supported Supported Supported
x4 card No Supported Supported Supported
x8 card No No Supported Supported
x16 card No No No Supported

Typically, the size of a slot matches the number of lanes it has. For example, a x4
slot typically is a x4 link (that is, it has 4 lanes). However, this is not always the
case. The PCI Express specification allows for the situation where the physical
connector is larger than the number of lanes of data connectivity. The only
requirement on manufacturers is that the connector must still provide the full
complement of power and ground connections as required for the connector size.
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For example, in the System x3650, there are two pairs of slots:

Two slots labelled “PCI Express x8 (x8 lanes)”
Two slots labelled “PCI Express x8 (x4 lanes)”

The first pair are PCI Express with x8 physical connectors (in other words, they
will physically accept x8 cards, as well as x4, x2 and x1 cards), and they have the
bandwidth of a x8 link (8x 2.5 Gbps or 20 Gbps). The second pair are also PCI
Express with x8 physical connectors, but only have the bandwidth of a x4 link
(4x 2.5 Gbps or 10 Gbps).

If you have a need for x8 bandwidth (such as for an InfiniBand or Myrinet
adapter), then ensure you select one of the correct slots (the ones with x8 lanes).
It is important to understand this naming convention because it will have a direct
impact on performance if you select a slot that is slower than the maximum
supported by the adapter.

Tip: The physical size of a PCI Express slot is not the sole indicator of the
possible bandwidth of the slot. You must determine from slot descriptions on
the system board or the service label of the server what the bandwidth
capacity is of each slot.

While the underlying hardware technology is different between PCI-X and PCI
Express, they remain compatible at the software layer. PCI Express supports
existing operating systems, drivers, and BIOS without changes. Because they
are compatible at the level of the device driver model and software stacks, PCI
Express devices look just like PCI devices to software.

A benefit of PCI Express is that it is not limited for use as a connector for
adapters. Due to its high speed and scalable bus widths, you can also use it as a
high speed interface to connect many different devices. You can use PCl Express
to connect multiple onboard devices and to provide a fabric that is capable of
supporting USB 2, InfiniBand, Gigabit Ethernet, and others.

8.2.1 PCI Express 2.0

PCI Express 2.0 specification was made available in 2007 and has been
implemented in some of today’s server chipsets, including the Intel 5400, as a
high speed serial I/O connection. A number of improvements have been made to
the protocol, software layers and the signal of the PCI Express architecture in the
PCI Express 2.0 specification. Key features include:

Doubling the interconnect bit rate of lane from 2.5 GT/s to 5 GT/s to offer
twice the bandwidth of PC Express 1.1
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Redefining power limits to enable slot power limit values to accommodate
devices that consume higher power, meaning more power can be supplied to
PCI adapters

Maintaining compatibility with previous standards, with support of
PCI-Express 1.x

8.2.2 PCI Express performance

PCI Express 1.x runs at 2.5 Gbps or 200 MBps per lane in each direction,
providing a total bandwidth of 80 Gbps in a 32-lane configuration and up to

160 Gbps in a full duplex x32 configuration. PCI Express 2.0 doubles the bit rate
of lanes and achieves up to 320 Gbps in a full duplex x32 configuration.

Future frequency increases will scale up total bandwidth to the limits of copper
(which is 12.5 Gbps per wire) and significantly beyond that through other media
without impacting any layers above the physical layer in the protocol stack.
Table 8-3 shows the throughput of PCI Express at different lane widths.

Table 8-3 PCI Express maximum transfer rates

PCI-E 1 PCI-E 2.0 Throughput Throughput Initial expected uses
(duplex, bits) | (duplex, bytes)

x1 None 5 Gbps 400 MBps Slots, Gigabit Ethernet

x2 x1 10 Gbps 800 MBps None

x4 x2 20 Gbps 1.6 GBps Slots, 10 Gigabit Ethernet,
SCSI, SAS

x8 x4 40 Gbps 3.2 GBps Slots, InfiniBand adapters,
Myrinet adapters

x16 x8 80 Gbps 6.4 GBps Graphics adapters

None x16 160 Gbps 12.8 GBps Graphics adapters

PCI Express uses an embedded clocking technique that uses 8b/10b encoding.
The clock information is encoded directly into the data stream, rather than having
the clock as a separate signal. The 8b/10b encoding essentially requires 10 bits
per character or about 20% channel overhead. This encoding explains
differences in the published specification speeds of 250 MBps (with the
embedded clock overhead) and 200 MBps (data only, without the overhead). For
ease of comparison, Table 8-3 shows throughput in both bps and Bps.

When compared to the current version of a PCI-X 2.0 adapter running at
133 MHz QDR (quad data rate, effectively 533 MHz), the potential sustained
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throughput of PCI Express 2.0 x8 is more than double the throughput, as shown
in Figure 8-3.

x16

160 Gbps
80 Gbps

PCIl Express 2.0

80 Gbps
40 Ghps
X2 - 10 Gbps PCI Express 1.X
x1 l 5 Gbps
QDR 32 Gbps )
PCI-X 2.0 (64-bit 266/533 MHz)
DDR i 16 Gbps
. 8 Gbps PCI-X 1.0 (64-bit 133 MHz)
I 4 Gbps PCI 2.3 (64-bit 66 MHz)
| 1 Gbps PCI 1.0 (32-bit 33 MHz)

Figure 8-3 PCI Express and PCI-X comparison (in Gbps)

8.3 Bridges and buses

When PCI first appeared on the market, systems were limited to two or three PCI
slots. This limitation was due to the signal limitations of the PCI bus. To overcome
this limitation, the concept of the PCI-to-PCI (PtP) bridge was developed. Early
implementations of the PtP bridge involved a primary bus and a secondary bus.
Access to devices on the secondary bus was typically slower as the I/O requests
negotiated the bridge.

Because PCI Express is point-to-point, as opposed to multiplexed parallel, the
requirement to interface with multiple edge connectors through a bridge does not
exist. In essence, the PCI Express slot interfaces directly with its controllers,
which are integrated in the memory controller or I/0 hub through a series of
channels. This type of interface means that bandwidth to the edge connectors
does not need to be managed in the same way.
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With PCI-X, the aggregate speed of the edge connectors cannot exceed the
allocated bandwidth between the memory controller and the PCI bridge. This
places a limitation on the number and combinations of speeds of PCI slots that
can be supported on a single bridge. Removing the requirement to connect PCI
cards through a bridge also reduces latency because the data has one less hop

to travel.

Note: It is important to remember that the primary function is to transfer data
from the adapter into memory (through DMA) as quickly as possible so that it
can be processed by the CPU. PCI Express transfers data faster by reducing
the number of hops to memory and increasing throughput.

Figure 8-4 illustrates how the PCI Express slots connect directly to the memory
controller while the PCI-X edge connectors connect to the memory controller
through a PCI bridge. The x3650 implements these slots on replaceable riser

cards.

PCI Express

CPU CPU

==

South
bridge

Memory

e

4-way interleaved
Fully buffered DIMMs

controller

T

ServeRAID

SAS

-

— HDD backplane
— External port

PCI Express x8 |

15

PCI Express x8 |

PCI Express x4
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Figure 8-4 System x3650 block diagram with PCI Express or PCI-X riser cards
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The IBM System x3850 M2 and x3950 M2 use a PCI Express design that
employs two I/O bridges (Calioc2) to provide direct PCI Express connections, as

shown in Figure 8-5.

CPU1l| |CPU2| |CPU3| [CPU4
[ Each FSB:
1066 MHz
IBM X4
‘ ’ 8.53 GBps D Architecture
core chipset
I Memory Scalability ports
controller 10.24 GBps each
J (Hurricane 4) |
JMT,%\CIM [ HSS-IB 6 GBps
R: 4.26 GBps
W:2.13 GBps " |#ssiBeGBps
2 GBps Calioc2 — Calioc2
South bridge
1 2 3 4 5 6 7
PCI +
uss 1078
- SAS
RSA2 +
IDE DVD Video - Seven PCI Express x8 slots
B = bytes (slots 6 & 7 are hot-swap)
b = bits 6x USB 2.0
PCI-E x4
External SAS port
Gb Ethernet — P
BCM5709C — HDD backplane

Figure 8-5 x3850 M2 block diagram
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Chipset architecture

The chipset architecture implements the control and data flow between the
processor, memory, PCI devices, and system buses. Chipsets are varied in
functionality and performance bottlenecks. Other functions such as video,
keyboard, interrupt, diskette, and clock are provided by support chips.

This chapter discusses the following topics:

9.1, “Overview of chipsets” on page 158

9.2, “System architecture design and performance” on page 159
9.3, “Memory controller-based chipset” on page 171

9.4, “PCI bridge-based chipsets” on page 177
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9.1 Overview of chipsets

Although processor performance has been increasing rapidly, improvements to
memory have not been as dramatic. Increases in the working set sizes for
software have caused larger memory footprints, which in turn have necessitated
larger caches and main memory. A by-product of the increased cache size is a
higher latency to access main memory. The chipset controls the flow of data
between the processors, external caches, and memory, which makes the chipset
an integral part in controlling system-wide latency.

System and chip designers generally use a key metric known as Cycles Per
Instruction (CPI) to measure the number of processor clocks that a system uses
to execute an instruction. Although the number of instructions to execute an
operation is held constant, a decrease in the number of cycles combined with a
higher clock rate provides a measurable increase in performance. Many
workloads, particularly the random nature of workloads that are prevalent in
servers, have frequent cache misses. As a result, a greater component of the
CPI for server class workloads are dependent on the chipset and memory
subsystem rather than on the core processor. Thus, the chipset is a major
contributor to the overall performance to a system.

Table 9-1 lists the chipsets that current IBM System x and BladeCenter servers
use. We discuss the chipsets that are listed in bold font in detail in this chapter.

Table 9-1 Chipsets that System x and BladeCenter servers use

Server Chipset

System x servers

x3400 Intel 5000P chipset (page 171)

x3450 Intel 5400 chipset (page 173

x3455 Broadcom HT2100 PCI-E bridge chip
x3500 Intel 5000P chipset (page 171)

x3550 Intel 5000X chipset (page 171)

x3650 Intel 5000P chipset (page 171)

x3655 ServerWorks HT2100 PCI-E bridge chip
x3650T Intel E7520

x3755 ServerWorks HT2100 PCI-E bridge chip
x3800 IBM XA-64e third-generation chipset
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Server Chipset

x3850 IBM XA-64e third-generation chipset
x3850 M2 IBM XA-64e fourth-generation chipset (page 175)
x3950 IBM XA-64e third-generation chipset
x3950 M2 IBM XA-64e fourth-generation chipset (page 175)

BladeCenter servers

HS12 Intel 5100 chipset
HS21 Intel 5000P chipset (page 171)
JS21 BCM5780 PCI-E, HyperTransport Tunnel

LS21 /LS41 ServerWorks HT-2000 HT

LS22 /LS42 ServerWorks HT-2100 HT

Tip: The System x Reference (XREF) is a set of one-page specification sheets
for each of the System x server models. It includes details of the chipsets
used. xREF is available from:

http://www.redbooks. ibm.com/xref

9.2 System architecture design and performance

Today's server workloads tend to grow larger and larger and require more and
more CPU and memory resources. Depending on the application, you have two
options to meet these increasing demands:

Scaling out (many smaller servers)
Scaling up (one larger server)

Several applications allow you to scale out. A typical example is Web site
hosting. Large Web sites are not hosted on a single large SMP server. Instead,
they are hosted by a number of one-socket or two-socket servers using a
distributed workload model. In general, this method is efficient because much of
the data is read-only and not shared across many concurrent sessions. This fact
enables scale-out computing to experience improved performance as nodes are
added because each server can provide read-only data to unique concurrent
users, independent of any other machine state.

There are also a number of applications, such as virtualization and database
environments, that scale up. Scale-up refers to the idea of increasing processing
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capacity by adding additional processors, memory, and I/0 bandwidth to a single
server, thus making it more powerful. A typical scale-up server for such an
application is a multi-processor system such as the System x3950.

However, hardware scalability is only one aspect of building scalable
multiprocessor solutions. It is paramount that the operating system, driver, and
application scale just as well as the hardware. In this section, we first explore the
main concepts of multi-processing and then examine software scalability.

9.2.1 Hardware scalability

9.2.2 SMP

When considering CPUs, cache, and memory in an SMP configuration, memory
is the most frequently used and also has the greatest latency of the shared
hardware resources. Hardware scalability is usually defined by how efficiently
CPUs share memory, because the fast CPUs must frequently access the slower
memory subsystem.

High-speed caches are used to accelerate access to memory objects that the
CPU uses most frequently, but performance gains that are obtained by
high-speed caches introduce problems that can often limit multi-processor
hardware scalability.

There are two architectures available in System x servers with multiple
processors: SMP and NUMA.

Most Intel-compatible systems are designed using an SMP, or symmetric
multiprocessing, architecture. Designing a system to use multiple
concurrently-executing CPUs is a complex task. The most popular method is to
design the system so that all CPUs have symmetric access to all hardware
resources such as memory, I/O bus, and interrupts, thus the name symmetric
multiprocessing.

SMP is most popular because it simplifies the development of the operating
system and applications. Using SMP, each CPU “sees” the same hardware
resources, so no special software techniques are needed to access any
resource. Therefore, SMP hardware scalability is directly related to how
efficiently the many CPUs use the shared hardware resources.

One disadvantage of SMP is the limited scalability of this architecture. As
processors are added to the system, the shared resources are frequently
accessed by an increasingly greater number of processors. More processors
using the same resources creates queuing delays similar to many people trying
to pay in a market that has only one cashier. Although the single cashier is
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symmetric, meaning that everyone has to pay in the same location thus making it
easy to locate, the disadvantage is that everyone must wait in the same queue.

9.2.3 NUMA

The non-uniform memory access (NUMA) architecture is a way of building very
large multi-processor systems without jeopardizing hardware scalability. The
name NUMA is not completely correct because not only memory can be
accessed in a non-uniform manner, but also 1/O resources.

NUMA effectively means that every processor or group of processors has a
certain amount of memory local to it. Multiple processors or multiple groups of
processors are then connected together using special bus systems (for example,
the HyperTransport links in the AMD-based System x3755 or the scalability ports
of the Xeon-based System x3950 M2) to provide processor data coherency. The
essence of the NUMA architecture is the existence of multiple memory
subsystems, as opposed to a single one on an SMP system.

So-called local or near memory has the same characteristics as the memory
subsystem in an SMP system. However, by limiting the number of processors
that access that memory directly, performance is improved because of the much
shorter queue of requests. Because each group of processors has its local
memory, memory on another group of processors is considered remote to the
local processor. This remote memory can be accessed but at a longer latency
than local memory. All requests between local and remote memory flow over the
inter-processor connection (HyperTransport or scalability ports).

Consider a two-node System x3950 M2 configuration with a total of eight
processors and 128 GB of memory. Each x3950 M2 has four CPUs and 64 GB of
RAM, as shown in Figure 9-1 on page 162. These two systems are connected
together using two 10 GBps scalability connections.
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Figure 9-1 A two-node x3950M2 configuration

An application that is running on CPUs in one server node can access memory
that is located physically in the other node (a remote access). This access incurs
longer latency because the travel time to access remote memory on another
expansion module is greater.

Many people think access latency is a problem with NUMA. However, this focus
on latency misses the actual issue that NUMA is attempting to solve.

Another way to think about it is to imagine the following scenario. You are paying
for your groceries in your favorite grocery store. Directly in front of you is a
cashier with 20 customers standing in line, but 50 feet to your left is another
cashier with only two customers standing in line. Which cashier would you
choose? The cashier closest to your position has the lowest latency because you
do not have far to travel. However, the cashier 50 feet away has much greater
latency because you have to walk 50 feet.

Generally, most people would walk the 50 feet and suffer the latency to arrive at a
cashier with only two customers instead of 20. We think this way because our
experience tells us that the time waiting to check out with 20 people ahead is far
longer than the time needed to walk to the “remote” cashier and wait for only two
people ahead.
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This analogy communicates the performance effects of queuing time versus
latency. In a computer server, with many concurrent outstanding memory
requests, we would gladly incur some additional latency (walking) to spread
memory transactions (paying for our groceries) across multiple memory
controllers (cashiers) because this improves performance greatly by reducing the
queuing time.

We do not want to walk 50 feet to a cashier that has 20 customers paying when
one is directly in front of us with only two customers. So, to reduce unnecessary
remote access, NUMA systems such as the System x3950 M2 maintain a table
of data in the firmware call the Static Resource Allocation Table (SRAT). The data
in this table is accessible by operating systems such as Windows Server 2003
and 2008 (Windows 2000 Server does not support it) and current Linux kernels.

These modern operating systems attempt to allocate resources that are local to
the processors that are used by each process. So, when a process and its
threads start on node 0, all execution and memory access are local to node 0. As
more processes are added to the system, the operating system balances them
across the nodes. In this case, most memory accesses are evenly distributed
across the multiple memory controllers, thus reducing remote access, greatly
reducing queuing delays, and improving performance.

The AMD Opteron implementation is called Sufficiently Uniform Memory
Organization (SUMO), and it is a NUMA architecture. In the case of the Opteron,
each processor has its own local memory with low latency. Every CPU can also
access the memory of any other CPU in the system, but with some latency.

NUMA optimization for Windows Server

The Enterprise and Datacenter editions of Windows Server 2003 and 2008 are
optimized for NUMA, as listed in Table 9-2 on page 164. Windows Server obtains
the NUMA information from the Static Resource Affinity Table (SRAT) in the
system BIOS while booting. That is, NUMA architecture servers must have the
SRAT to use this function. Windows Server cannot recognize system topology
without the SRAT.

Chapter 9. Chipset architecture 163



Table 9-2 Versions of Windows Server optimized for NUMA

x86 (32-bit) x64 (64-bit) 1A64 (64-bit)

Windows 2003 Web Edition No Not applicable Not applicable
Windows Server 2003 Standard Edition No No Not applicable
Windows Server 2003 Enterprise Edition Yes Yes Yes

Windows Server 2003 Datacenter Edition Yes Yes Yes

Windows Server 2008 Standard Edition No No Not applicable
Windows Server 2008 Enterprise Edition Yes Yes Not applicable
Windows Server 2008 Datacenter Edition Yes Yes Not applicable
Windows Server 2008 Web Edition No No Not applicable

164

NUMA optimization in Linux

The 2.6 kernel features NUMA awareness in the scheduler (the part of the
operating system that assigns system resources to processes) so that the vast
majority of processes execute in local memory. This information is passed to the
operating system through the ACPI interface and the SRAT, similar to the
Windows Operating System.

Static Resource Affinity Table

The Static Resource Affinity Table (SRAT) includes topology information for all
the processors and memory in a system. The topology information includes the
number of nodes in the system and which memory is local to each processor. By
using this function, the NUMA topology recognized by the operating system. The
SRAT also includes hot-add memory information. Hot-add memory is the
memory that can be hot-added while the system is running, without requiring a
reboot.

The Advanced Configuration and Power Interface (ACPI) 2.0 specification
introduces the concept of proximity domains in a system. Resources, including
processors, memory, and PCIl adapters in a system, are tightly coupled, and the
operating system can use this information to determine the best resource
allocation and the scheduling of threads throughout the system. The SRAT is
based on this ACPI specification.

You can learn more about the SRAT table at:
http://www.microsoft.com/whdc/system/CEC/SRAT . mspx

The SRAT is automatically configured in systems such as the x3950M2 in
firmware. For other systems, you should enable the SRAT information in the
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system BIOS (if this is configurable) and run a NUMA-aware operating system.
Keep in mind that many applications require at least two to four processors to
reach maximum performance.

In this case, even with NUMA-aware operating systems, there can be a high
percentage of remote memory accesses in an Opteron system because each
processor is the only processor on a node. The frequency of NUMA access
depends upon the application type and how users apply that application; it
cannot be estimated without extensive analysis.

Tip: In the IBM eServer™ 326 system BIOS, enable the ACPI SRAT, disable
Node Interleave, and set the DRAM Interleave to Auto to achieve the best
performance in conjunction with a NUMA-aware operating system.

9.2.4 The MESI protocol

A complicating factor for the design of any SMP system is the need to keep all
CPU and cache data coherent. Because each CPU has access to the same data
that is stored in memory, two or more CPUs should not modify the same data at
the same time. This concurrent modification of the same data can cause
unpredictable results. Furthermore, problems can also occur when one CPU is
modifying data that another CPU is reading.

A protocol called MESI is employed on all Intel multi-processor configurations to
ensure that each CPU is guaranteed to get the most recent copy of data even
when other CPUs are currently using that data. MESI stands for modified,
exclusive, shared, and invalid—the four possible data states that data can have
when stored in a processor cache. One of these four states is assigned to every
data element stored in each CPU cache.

To support the MESI protocol, regular communication must occur between every
CPU whenever data is loaded into a cache. On each processor data load into
cache, the processor must broadcast to all other processors in the system to
check their caches to see if they have the requested data. These broadcasts are
called snoop cycles, and they must occur during every memory read or write
operation.

During the snoop cycle phase, each CPU in the SMP server checks its cache to
see if it has the data that is being addressed by the requesting CPU. If the data is
present in another CPU cache and the data has been modified, then that CPU
must provide the data to the other requesting CPU. If the data is in some other
CPU cache but it has not been modified, then that CPU must mark its data as
shared or invalid, depending upon the type of operation that is requested on the
front-side bus.
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If the operation is a write request, the CPU that possesses the unmodified data
must mark its data as invalid, indicating that the data can no longer be used. If
the front-side bus request is a read operation, the data is marked as shared,
indicating that its copy is read-only and cannot be modified without notifying the
other CPUs. In this case, the CPU that generated the front-side bus read request
will also mark its copy of the data in its cache as shared. If either CPU should
then execute an instruction to modify the data (a write instruction), another
front-side bus cycle occurs to inform the other CPUs to invalidate the data in any
of their caches. At the completion of the snoop cycle for the write operation, the
CPU updating the data marks the data as modified.

The exclusive state is used to indicate that data is stored in only one cache. Data
that is marked exclusive can be updated in the cache without a snoop broadcast
to the other CPUs. This is possible because at the time the data was read from
memory, no other CPUs indicated that they had ownership of the same data in
their caches. Therefore, the MESI state of the data was set to exclusive. Unless
another CPU generated a front-side bus request for the data (in which case the
data would be marked as shared), it would stay exclusive. If the data were
modified, the write operation that performed the update would cause the state of
the data to be set to modified. Any subsequent requests for the modified data
would be satisfied by the cache providing the modified data to the requesting
CPU.

The complete MESI protocol is quite complex and you do not need to understand
all of its details to appreciate its impact on SMP scalability. We simply introduce
the protocol here so that you can be aware of the overhead that is required each
time CPUs are added to an SMP server.

The MOESI protocol

The AMD Opteron uses a slightly different version of the MESI protocol: MOESI.
The MOESI protocol expands the MESI protocol with yet another cache line
status flag, namely the owner status (thus the O in MOESI).

After the update of a cache line, the line is not written back to system memory but
instead is flagged as an owner. When another CPU issues a read, it gets its data
from the owner’s cache rather than from slower memory, thus improving memory
performance in a multiprocessor system.

For more information about MOESI, see the Chip Architect article about the
AMDG64 processor at:

http://chip-architect.com/news/2003_09 21 Detailed Architecture_of AMDs
_64bit_Core.html#3.18
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Large SMP configurations

In general, snoop overhead increases as the number of CPUs increases. Snoop
overhead can also increase as cache size increases. The larger the L2 cache,
the greater the probability that snoop requests will hit data in another processor
cache. These cycles delay the execution rate of the CPUs, because they must
wait for the processor with ownership of the data to provide the data to the
requesting CPU.

Dramatic increases in front-side bus speed plus Hyper-Threading and multiple
processor cores sharing the same front-side bus have caused issues that are
related to snoop latency. When the number of CPU cores increases to eight or
more, unless special optimization such as in the XA-64e chipset are made, CPU
performance can slow down. Many of the early Pentium Pro eight-socket SMP
systems performed more slowly with eight CPUs than with four processors. This
was due primarily to the long snoop latencies that resulted from each CPU
juggling shared and modified data.

The snoop latency issue is exacerbated for many Intel SMP eight-socket
configurations because these systems actually consist of 2 four-socket systems
connected by a specially designed dual-ported memory controller. This
architecture is necessary because the Intel front-side bus protocol is limited to
four processor sockets.

To increase the number of CPUs beyond four, two or more independent
front-side buses must somehow be connected together. The front-side
bus-to-front-side bus connection had the potential to introduce overhead, which
often meant the time to snoop the CPU caches on a remote front-side bus was
much longer than the time to snoop the CPU caches on the local front-side bus.
In general, this explains why there is a discontinuity in performance improvement
from the fifth CPU compared to the gains that are obtained from the first to the
fourth CPU.

The increases in the number of processor threads which include the additional
cores plus the Hyper-Threading has changed the traditional methodology for
designing processors. New architectures are starting to incorporate multiple
front-side buses per memory controller. The penalty to snoop a processor on a
second front-side bus heavily increases the front-side bus utilization.

This penalty is the reason why many architectures are beginning to incorporate a
snoop filter similar to the XA-64e chipset in their designs. High front-side bus
utilization explains why performance is optimal when splitting CPUs across two
front-side busses, instead of fully populating a single front-side bus. Solutions to
the performance problem are the use of the cache coherency filter or directory
and “higher” levels of cache.
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Cache coherency filter

One significant hardware optimization to enhance the performance of high-end
systems is the cache coherency filter. Typically, one filter is used for each group
of four processors. To think of this another way, each filter is used to track all the
operations that occur on the front-side bus. The filter provides information about
the addresses of all data that is stored in the caches of the CPUs on the
respective front-side bus.

These filters are used to store bits that indicate the presence of each cache line
that is stored in all the caches of the processors. Whenever an address is
snooped by a CPU, the memory controller looks up the address in the filter for
the remote front-side bus (without an actual cycle to the remote front-side bus). If
the remote filter responds with a hit, only then is the snoop cycle propagated to
the remote front-side bus. If an address that is snooped is not present in the filter,
then a snoop miss occurs, and the snoop completes quickly because it does not
propagate to the remote bus.

Remember, the CPU that requests the data that caused the snoop cycle might
be waiting for the snoop cycle to complete. Furthermore, the front-side bus
cannot be used by other CPUs during the snoop cycle, so snoop cycles must
execute quickly to obtain CPU scalability.

9.2.5 Software scalability

168

Adding processors improves server performance because software instruction
execution can be shared among the additional processors. However, the addition
of processors requires software to detect the additional CPUs and generates
additional work in the form of threads or processes that execute on the additional
processors. The operating system provides a platform that enables the capability
of multiprocessing, but it is up to the application to generate the additional
threads and processes to execute on all processors. This ability is referred to as
application scalability.

Faster server hardware means more parallelism (more processors, larger
memory, larger disk arrays, additional PCI buses, and so on). The obvious case
of software that does not scale is DOS. If you run DOS on a server with 8 CPUs
and 64 GB of memory that is equipped with 250 15 K RPM disk arrays, you get
about the same performance as though you have one CPU, one disk, and

640 KB of memory. Obviously, the server is not slow. The problem is that the
software (in this case, DOS) does not scale. This example is extreme, but it
makes it easier to understand how software must actually evolve to take
advantage of more powerful server hardware.

Software scalability is a complex subject, and one that most people do not
consider until it is too late. Often people purchase new high-performance servers
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expecting huge performance gains with old applications, only to learn that the
bottleneck is in the server application. In this case, there is little that they can do
to efficiently use the new server until the application is modified.

A scalable application makes use of greater amounts of memory, generates
scalable 1/0 requests as the number of disks in a disk array increases, and will
use multiple LAN adapters when a single LAN adapter limits bandwidth. In
addition, a scalable application has to detect the number of installed processors
and spawn additional threads as the number of processors increases to keep all
processors busy.

Hyper-Threading increases the number of logical processors, and demands that
the software spawn additional threads to run at maximum efficiency. However,
some applications do not yet do this. This is why, in general, Hyper-Threading
performs quite well with two-socket and four-socket, single core SMP systems,
because many applications already generate sufficient threads to keep four
physical/logical CPUs busy.

However, at four-socket dual core, eight-socket, and 16-socket, the applications
have to spawn even more threads to efficiently utilize Hyper-Threading or the
additional cores. All of these things must be engineered into the server
application and operating system. In general, the only applications that scale
past four-socket are middle-tier applications, database applications, and
virtualization applications.

Multi-processing and server types

Multi-processing has a direct relationship with the type of application server that
is used. If the server is used as a file server, adding a processor does not
improve performance significantly. For a server used as an application server,
however, adding a processor can result in a very significant performance gain.

Multi-processing will not provide a linear improvement in processing power as
additional processors are added. You might achieve a 70% to 80% performance
increase from the second processor, but each additional processor will provide
less and less performance increase as other system bottlenecks come into play,
as illustrated in Figure 9-2 on page 170.
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Figure 9-2 Relative performance scaling from adding 3.0 GHz processors

Using this chart, another point should be made: adding memory is critical to
getting the most out of any processor upgrade. In this case, adding the third and
fourth processors improves relative performance by 2.44, but if you also add
memory, then the relative improvement is 2.8.

The scalability of multi-processor systems also varies greatly depending on
whether an SMP or a NUMA design is used. Classic SMP designs scale very
poorly beyond four-socket. However, NUMA systems show good scalability up to
32-socket (and even further on some very special NUMA systems).

9.2.6 Unified Extensible Firmware Interface

170

The Unified Extensible Firmware Interface (UEFI) is a replacement for the Basic
Input Output System (BIOS) that has served the IBM x86 server products for
nearly twenty years, and prior to that, the IBM Personal Computer. UEFI defines
a standard interface between operating system, platform firmware, and external
devices. It offers capabilities far exceeding that of legacy BIOS, as well as
improved effectiveness of product development.

UEFI has evolved from EFI, which was primarily intended for the next generation
of Intel Itanium-based™ computers. In its current form, UEFI 2.1, it is becoming
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widely accepted throughout the industry. Many systems are making the transition
to UEFI-compliant firmware, including the IBM x3450 server.

The IBM System x firmware contains many features that go well beyond the
basic requirements of a UEFI-compliant system. Key features include Active
Energy Manager, Memory Predictive Failure Alerts, enhanced Light Path
Diagnostics, simplified POST Codes and out-of-band/lights-out configuration and
deployment capabilities.

Compeatibility is a cornerstone of IBM server design. As such, IBM-UEFI is
designed to support the best of both worlds: UEFI capabilities and features, with
legacy BIOS compatibility. This means that UEFI-based System x Servers are
capable of booting UEFI operating systems as well as traditional, BIOS-booted
operating systems, and they can make use of and boot from legacy adapters as
well as from UEFI-complaint adapters.

9.3 Memory controller-based chipset

Before Nehalem, Intel-based chipsets use an architecture where all processors
reside connected to a front-side bus. This front-side bus allows for direct
processor-to-processor communication, as well as processor-to-memory
communication. The memory controller handles communications that occur
between the CPU, RAM, PCI Express controller, and the south bridge (/O
controller hub). The memory controller is the main aspect of a chipset that
determines the number, speed, and type of CPU, as well as the number, speed,
and type of main memory (RAM). This section describes some of the differences
between different chipsets that are incorporated in servers in current server
architectures.

9.3.1 Intel 5000 chipset family
The Intel 5000 chipset family exists as the follow-on to the E7520 chipset family.
It includes the following features:

New generation of dual-core Intel Xeon 5000 series processors, including
Woodcrest and Dempsey (for a detailed discussion, see 6.2, “Intel Xeon
processors” on page 94).

Intel Virtualization Technology (for a detailed discussion, see 7.2,
“Virtualization hardware assists” on page 138).

I/O Acceleration Technology (for a detailed discussion, see 12.3.2, “I/O
Accelerator Technology” on page 324).

Support for Fully Buffered DIMMs (for a detailed discussion, see 10.2.6,
“Fully-buffered DIMMs” on page 191).
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Hyper-Threading and Enhanced Intel SpeedStep® Technology.

Intel 64 Technology (EM64T) (for a detailed discussion, see “64-bit
computing” on page 116).

The Intel 5000P Blackford is implemented in the IBM System x3400, x3500, and
x3650. The Intel 5000X chipset Greencreek is implemented in the IBM System
x3550 model. The Intel 5000X Greencreek chipset differs from the Blackford
chipset by its inclusion of a first-generation snoop filter.

The 5000 class chipset supports two processor sockets on dual, independent
front-side buses that each operate at 266 MHz. The front-side buses are 64-bit,
quad pumped, which allows for a total peak bandwidth of 17 GBps total or

8.5 GBps per front-side bus. Front-side bus speeds range from 1066 MHz to
1333 MHz.

Figure 9-3 on page 173 shows the block diagram for the System x3650, which
includes the Intel 5000P Blackford chipset. Two processors and up to 12 Fully
Buffered DIMMs are supported with this chipset. The PCI-Express adapters are
connected directly to the Blackford memory controller.
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Figure 9-3 System x3650 block diagram

For more information, see:

http://www. intel.com/products/chipsets/5000P/
http://www. intel.com/products/chipsets/5000X/
http://www. intel.com/products/chipsets/5000V/

9.3.2 Intel 5400 chipset family

The Intel 5400 Stoakley chipset exists as a follow-on enhancement to the
Intel 5000 family. It provides support for faster processor, bus, and I/O speed to
boost system performance. Some key features include:

Supports up to 1600 MT/s dual independent front-side bus

Up to 800MHz 16 FB-DIMM memory slot interface support

PCI Express 2.0(Gen2), offering higher bandwidth and lower latency
connection between the MCH chipset and PCI Express adapter
Enhanced Intel VT technology
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The Intel 5400 chipset is implemented in the IBM System x3450, as shown in
Figure 9-4.
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Figure 9-4 System x3450 block diagram

For more information, see:

http://www. intel .com/products/server/chipsets/5400/5400-overview.htm
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9.3.3 IBM XA-64e fourth-generation chipset

IBM eX4 is the fourth-generation of the IBM XA-64e or eX4 chipset. The chipset
is designed for the Xeon MP processor family from Intel. The IBM system
x3850 M2 and x3950 M2 are based on this chipset.

Compared to its predecessor X3, the eX4 provides these significant
improvements:
Quad FSB delivers an increase in system bandwidth

Eight channels to memory provide optimal memory read and write bandwidth
and more DIMM slots per node

Enhancements to scalability port protocol, placement, and design have led to
a higher scalable bandwidth over X3
Figure 9-5 on page 176 shows a block diagram of the x3850 M2 and x3950 M2.
As the diagram illustrates, eX4 architecture consists of the following components:
One to four Xeon dual-core or quad-core processors
Hurricane 4 Memory and 1/O Controller (MIOC)
Eight high-speed memory buffers
Two PCI Express bridges
One Enterprise South bridge Interface
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Figure 9-5 The eX4 Architecture system diagram

Each memory port out of the memory controller has a peak read throughput of
4.26 GBps and a peak write throughput of 2.13 GBps. DIMMs are installed in
matched pairs, two-way interleaving, to ensure the memory port is fully utilized.
Peak throughput for each PC2-5300 DDR2 DIMM is 4.26 GBps.

There are eight memory ports, and spreading installed DIMMs across all ports
can improve performance. The eight independent memory ports provide
simultaneous access to memory. With four memory cards installed and eight
DIMMs in each card, peak read memory bandwidth is 34.1 GBps and peak write
bandwidth is 17.1 GBps. The memory controller routes all traffic from the eight
memory ports, four microprocessor ports, and the three PCI-E bridge ports.

The memory controller also has embedded DRAM which, in the x3850 M2 and
x3950 M2, holds a snoop filter lookup table. This filter ensures that snoop
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requests for cache lines go to the appropriate microprocessor bus and not to all
four of them, thereby improving performance.

The three scalability ports are each connected to the memory controller via
individual scalability links with a maximum theoretical bidirectional data rate of
10.24 GBps per port.

IBM eX4 has two PCI-E bridges. Each bridge is connected to a HSS-IB port of
the memory controller with a maximum theoretical bidirectional data rate of 6
GBps. As shown in Figure 9-5 on page 176, PCI-E bridge 1 supplies four of the
seven PCI Express x8 slots on four independent PCI Express buses. PCI-E
bridge 2 supplies the other three PCI Express x8 slots plus the onboard SAS
devices, including the optional ServeRAID-MR10k and a 4x external onboard
SAS port.

A separate South bridge is connected to the Enterprise South bridge Interface
(ESI) port of the memory controller via a PCI-E x4 link with a maximum
theoretical bidirectional data rate of 2 GBps. The South bridge supplies all the
other onboard PCI devices, such as the USB ports, onboard Ethernet, and the
standard RSA 1.

9.4 PCI bridge-based chipsets

The following sections detail PCI bridge-based chipsets.

9.4.1 AMD HyperTransport

AMD Opteron processors do not use the typical shared front-side bus that is
connected to a memory controller used in most of Intel-based servers. Each
Opteron processor has its own integrated memory controller and pins on the
processor chip to directly connect to a memory bus. So, in Opteron, processor
and memory controller logic are integrated into the same piece of silicon, thereby
eliminating the need for a separate memory controller part. Hardware vendors
simply add a memory bus and memory DIMMs and they have the core CPU and
memory interface.

To keep data coherent between multiple Opteron processors, AMD introduced a
new system bus architecture called HyperTransport. Three HyperTransport links
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are available on each Opteron processor; two are used for CPU-CPU
connectivity and one is used for I/O.

The two HyperTransport links used for CPUs enable the direct connection of two
processors and the indirect connection of four or more processors. IBM System x
and BladeCenter servers that have this type of architecture include the following:

System x3455

System x3755

BladeCenter JS20/JS21
BladeCenter LS20/LS21/LS22

With a four-processor configuration, the processors are placed at the corners of
a square, with each line that makes up the square representing a
HyperTransport connection between the processors, as shown in Figure 9-6.

With this design, whenever two processors that are on the same side of the
square share data, the information passes directly over the HyperTransport
interconnect to the other processor. When this remote access occurs, it is called
single-hop remote memory access, and it is slower than a local memory access.

CPU & CPU &
memory memory

Two-hop remote
memory access Single-hop remote
memory access

CPU & CPU &
memory memory

Figure 9-6 Remote memory access

However, when two processors on diagonal corners of the square share data or
instructions, the information must travel through an additional processor
connection before arriving at the diagonal processor. This extra hop adds some
additional overhead and is referred to as two-hop remote access.
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In systems such as the System x3755, when the server is configured with just
three processors, a passthru card can be installed in place of the fourth
processor to reduce the two-hop access to just a single hop, as shown in
Figure 9-7. For more information, see 6.3.5, “IBM CPU passthru card” on
page 113.

Without a passthru
card,cardsland 3~ |Card3[ |Card2[ (Card1[
are two hops away

Pass-
thru

With a passthru
card, cards 1 and
3 are connected

Card3|—{Card2}—{Card 1

Figure 9-7 The benefit of the passthru card for three-way configurations

The third port of the HyperTransport link is not used to interconnect the diagonal
processors because it must be used for connection to a PCI I/O bridge, which
connects such devices as PCI slots, network, disk storage, mouse, keyboard,
video, and so forth. Officially, Opteron processors support up to eight CPUs
within a single system. However, the latency to include all eight sockets and the
additional hops in a single architecture would add little or no performance gains
over a four-socket system.

The remote memory access latency of a processor accessing another
processor's memory space makes the Opteron configuration a NUMA design
(refer to 9.2.3, “NUMA” on page 161). NUMA means that every processor has
both memory that is closer and thus more rapidly accessible, and also memory
that is remote and slower, which must be accessed through another Opteron
processor.

AMD refers to its Opteron architecture as Sufficiently Uniform memory
Organization (SUMO) rather than NUMA. From an architectural standpoint, it still
is a NUMA architecture but the HyperTransport link is fast enough to run
software written for SMP systems without very significant performance penalties.
Current operating systems such as the latest versions of Linux and Windows
Server 2008 support NUMA and make attempts to minimize remote memory
transactions. However, in practice, the percentage of remote memory accesses
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is largely determined by application behavior and by how data is manipulated by
users of the application.

Figure 9-8 shows the Opteron architecture with the integrated memory controller
and the HyperTransport connectors.

Connections to other
processors or 1/O devices

gegng:

HyperTransport

L1 Data
cache
Processor L2
core cache
L1 Instruction
cache

Integrated DDR memory
controller

I

Memory

Figure 9-8 CPU architecture of the Opteron CPU with an integrated memory controller

HyperTransport

The HyperTransport architecture was initially developed by AMD but is now
managed by an open consortium of several large IT companies such as AMD,
Apple, Cisco, Broadcom, ATI™, IBM, and many others. HyperTransport is an
open standard for a high-speed, point-to-point link system that can be used for
connecting a variety of chips.

HyperTransport technology is used in devices such as network devices and
graphics cards or, as in the case of the AMD Opteron, as a high-speed
interconnect for processors. The HyperTransport technology used for
interconnecting Opteron processors is currently implemented at a speed of
1000 MHz with a bidirectional bandwidth of 4.0 GBps each way, which leads to a
peak full-duplex capacity of 8.0 GB per second per link. Current Opteron
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processors incorporate three HyperTransport links, which enables a peak
bandwidth of 24 GBps per processor.

You can find more information about the HyperTransport and the HyperTransport
Consortium at:

http://www.hypertransport.org/

9.4.2 Intel QuickPath Architecture

As introduced in 6.2.5, “Intel Nehalem microarchitecture” on page 105, starting
with Nehalem, the memory controller is integrated into each processor’s silicon
die, replacing the front-side bus and separate memory controller. This design
forms the basis of the Intel approach to implementing a scalable shared-memory
architecture. The new Intel system architecture is called Intel QuickPath
Interconnect (QPI) Architecture.

As shown in Figure 9-9, in QPI each processor has its own memory controller
and dedicated memory to access directly. QPI provides high-speed connections
between processors and remote memory, and between processors and the 1/0

hubs.
CPU & CPU &
memory memory
1/0 Hub 1/0 Hub
CPU & CPU &
memory memory
—— QuickPath Interconnect (QPI)

Figure 9-9 QuickPath Architecture

QP is similar to HyperTransport in AMD Opteron processors. Both QPI and
HyperTransport act as system interconnections, providing a high-speed, reliable
data communication channel between system components. For a comparison of
these two technologies, see Table 9-3 on page 182.
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Table 9-3 Comparing QP! and HyperTransport

Link transfer rate | Bandwidth | Link width | Reliability features
QPI 6.4 GT/s 25.6 GBps | 20-bit CRC, hot plug, self-healing,
clock failover
HyperTransport V1.0 | 2.0 GT/s 8 GBps 17-bit CRC

You can find more information about the QPI and the QuickPath Architecture at:

http://www. intel.com/technology/quickpath
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Memory subsystem

Insufficient memory is often the reason behind poor server performance. As the
amount of memory that running programs and their data uses approaches the
total available physical memory that is installed on the machine, a server’s virtual
memory handler increases the amount of data that is paged in and out of
memory, to and from the paging area on disk, with a disastrous effect on
performance. Fortunately, the memory subsystem is usually one of the easiest
areas of the entire system to upgrade.

This chapter discusses the following topics:

10.1, “Introduction to the memory subsystem” on page 184
10.2, “Memory technology” on page 185

10.3, “Specifying memory performance” on page 199
10.4, “SMP and NUMA architectures” on page 203

10.5, “The 32-bit 4 GB memory limit’ on page 207

10.6, “64-bit memory addressing” on page 210

10.7, “Advanced ECC memory (Chipkill)” on page 212
10.8, “Memory mirroring” on page 213

10.9, “Intel Xeon 5500 Series Processors” on page 215
10.10, “eX4 architecture servers” on page 231

10.11, “IBM Xcelerated Memory Technology” on page 234
10.12, “Memory rules of thumb” on page 234
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10.1 Introduction to the memory subsystem
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Over the years, memory capacity demands have increased because server
operating systems and server application code have grown. Additionally, user
content has evolved from simple character-based data to more expansive rich
media such as audio and video. Applications and data that have previously
existed on large high-end computers have migrated to x86 class servers, placing
additional demands on memory capacity and capability on these rapidly evolving
servers. The trend for increasing server memory demand is expected to continue
well into the future.

Multiple levels of memory exist in any server architecture, with the sole purpose
of providing necessary data to the processor cores. The fastest, most expensive,
and thus smallest memories are the L1, L2, and L3 caches within a processor,
while the slowest, cheapest, and largest memory is the physical disk storage.

In the middle of these, in terms of cost, speed, and capacity, is the server's main
memory. Main memory bridges the performance gap between the fast processor
caches and relatively slow disk subsystem. The processor caches bridge the
performance gap between the processors and main memory. Together, the
multiple levels of memory work to get the necessary pieces of data to the
processor cores in the most efficient means possible, providing the performance
levels expected from users.

Each of these levels of memory is used to hold both program data and the
executable code required by each user. Network-attached users often access
unique data objects on the server. Each of these data objects requires memory
for storage. Furthermore, each task that a network user requests the server to
perform requires many thousands of instructions to be executed. Network users
do not usually require the same tasks to be performed by the server at the same
time. Thus, as the number of users of a system grows, the memory requirement
for program data and executable code required by each user also grows.

A server that does not have sufficient memory to meet the requirements of all
active users will attempt to expand its memory to the next larger memory space,
the disk drive. This activity, known as memory paging, tends to cripple server
performance, because disk accesses are significantly slower than memory
accesses.

The remainder of this chapter focuses on the primary memory types used in
current servers.
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10.2 Memory technology

This section introduces key terminology and technology that are related to
memory; the topics discussed are:

10.2.1, “DIMMs and DRAMs” on page 185

10.2.2, “Ranks” on page 187

10.2.3, “SDRAM” on page 188

10.2.4, “Registered and unbuffered DIMMs” on page 188
10.2.5, “Double Data Rate memory” on page 189

10.2.6, “Fully-buffered DIMMs” on page 191

10.2.7, “MetaSDRAM” on page 195

10.2.8, “DIMM nomenclature” on page 196

10.2.9, “DIMMs layout” on page 198

10.2.10, “Memory interleaving” on page 199

10.2.1 DIMMs and DRAMs

Memory in servers is implemented in the form of Dual Inline Memory Modules
(DIMMs). DIMMs contain a number of chips, known as Synchronous Dynamic
RAM (SDRAM, or simply DRAM) chips. The number of chips implemented on the
DIMM depends on the total capacity of the DIMM and whether the DIMM has
error checking and correcting (ECC) functions. Without ECC, a DIMM typically
has 8 or 16 SDRAM chips. With ECC, there are typically 9 or 18 chips. The
largest DIMMs often have up to 36 chips.

Figure 10-1 is a photo of an ECC DIMM, with 9 SDRAM chips on each side.

A DRAM chip on a DIMM. The last chip on the
right is the ECC chip. There are 8 DRAM + 1 ECC
chip on this side of the DIMM.

Figure 10-1 DRAM chips on a DIMM

The capacity of each DRAM is a number of “words” where each word can be
4 bits (“x4”), 8 bits (“x8”) and, though rarely used in the servers, 16 bits in length

Chapter 10. Memory subsystem 185



186

(“x16”). The number of words in the DRAM is sometimes written on the label of
the DIMM, such as 128M, meaning that each DRAM has 128 million (actually
128 x 10243) words. Figure 10-2 shows an example.

Note: The word length (x4 or x8) is normally not printed on the label. However,
the DIMM manufacturer’s Web site might list such specifications. It can also be
calculated:

(DIMM capacity in MB) / (Number of non-ECC DRAMs) * 8 / (M value)

So for the 1 GB DIMM in Figure 10-2, 1024 MB / 8 * 8 / 128 = 8-bit word
length.

Capacity of each
DRAM in words

Data width of DIMM:
64 bits = non-ECC
72 bits = ECC

Figure 10-2 DRAM capacity as printed on a PC3200 (400 MHz) DDR DIMM

The sum of the capacities of the DRAM chips (minus any used for ECC functions
if any), equals the capacity of the DIMM. Using the previous example, the
DRAMs in Figure 10-2 are 8 bits wide, so:

8 x 128M = 1024 Mbits = 128 MB per DRAM
128 MB x 8 DRAM chips = 1024 MB or 1 GB of memory
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10.2.2 Ranks

A rank is a set of DRAM chips on a DIMM that provides eight bytes (64 bits) of
data. DIMMSs are typically configured as either single-rank (1R) or double-rank
(2R) devices but quad-rank devices (4R) are becoming more prevalent.

Using x4 DRAM devices, and not including DRAMS for ECC, a rank of memory is
composed of 64 / 4 = 16 DRAMs. Similarly, using x8 DRAM devices, a rank is
composed of only 64 / 8 = 8 DRAMSs.

It is common, but less accurate, to refer to memory ranking in terms of “sides”.
For example, single-rank DIMMSs can often be referred to as single-sided DIMMs,
and double-ranked DIMMs can often referred to as double-sided DIMMs.
However, single ranked DIMMs, especially those using x4 DRAMs often have
DRAMs mounted on both sides of the DIMMSs, and quad-rank DIMMs will also
have DRAMs mounted on two sides. For these reasons, it is best to standardize
on the true DIMM ranking when describing the DIMMSs.

Note: Some servers do not allow the mixing of DIMMs with different numbers
of ranks. Other systems do support mixing, but require DIMMs be placed in a
certain order. Yet other systems allow combinations of DIMMs with different
ranks. Regardless, most systems will perform best when DIMMs of the same
size and ranking are populated evenly across all the memory channels in the
server.

DIMMs may have many possible DRAM layouts, depending on word size,
number of ranks, and manufacturer design. Common layouts for single and
dual-rank DIMMs are identified here:

x8SR = x8 single-ranked modules

These have five DRAMSs on the front and four DRAMSs on the back with empty
spots in between the DRAMSs, or they can have all 9 DRAMs on one side of
the DIMM only.

x8DR = x8 double-ranked modules
These have nine DRAMSs on each side for a total of 18 (no empty slots).
x4SR = x4 single-ranked modules

These have nine DRAMs on each side for a total of 18, and they look similar
to x8 double-ranked modules.

x4DR = x4 double-ranked modules
These have 18 DRAMs on each side, for a total of 36.
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The rank of a DIMM also impacts how many failures a DIMM can tolerate using
redundant bit steering. See “Memory ProteXion: redundant bit steering” on
page 233 for details.

10.2.3 SDRAM

Synchronous Dynamic Random Access Memory (SDRAM) is used commonly in
servers today, and this memory type continues to evolve to keep pace with
modern processors. SDRAM enables fast, continuous bursting of sequential
memory addresses. After the first address is supplied, the SDRAM itself
increments an address pointer and readies the next memory location that is
accessed. The SDRAM continues bursting until the predetermined length of data
has been accessed. The SDRAM supplies and uses a synchronous clock to
clock out data from the SDRAM chips. The address generator logic of the
SDRAM module also uses the system-supplied clock to increment the address
counter to point to the next address.

10.2.4 Registered and unbuffered DIMMs
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There are two types of SDRAMSs currently on the market: registered and
unbuffered. Only registered SDRAM are now used in System x servers,
however. Registered and unbuffered cannot be mixed together in a server.

With unbuffered DIMMs, the memory controller communicates directly with the
DRAMSs, giving them a slight performance advantage over registered DIMMs.
The disadvantage of unbuffered DIMMs is that they have a limited drive
capability, which means that the number of DIMMs that can be connected
together on the same bus remains small, due to electrical loading.

In contrast, registered DIMMs use registers to isolate the memory controller from
the DRAMSs, which leads to a lighter electrical load. Therefore, more DIMMs can
be interconnected and larger memory capacity is possible. The register does,
however, typically impose a clock or more of delay, meaning that registered
DIMMs often have slightly longer access times than their unbuffered
counterparts.

These differences mean that fewer unbuffered DIMMs are typically supported in
a system than for a design using registered DIMMs. While this might not be a
problem for desktop systems and very low-end servers, mainstream servers
need to support larger amounts of memory and therefore use registered DIMMs.
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10.2.5 Double Data Rate memory

Data transfers made to and from an SDRAM DIMM use a synchronous clock
signal to establish timing. For example, SDRAM memory transfers data
whenever the clock signal makes a transition from a logic low level to a logic high
level. Faster clock speeds mean faster data transfer from the DIMM into the
memory controller (and finally to the processor) or PCI adapters. However,
electromagnetic effects induce noise, which limits how fast signals can be cycled
across the memory bus, and have prevented memory speeds from increasing as
fast as processor speeds.

All Double Data Rate (DDR) memories, including DDR, DDR2, and DDR3,
increase their effective data rate by transferring data on both the rising edge and
the falling edge of the clock signal. DDR DIMMs use a 2-bit prefetch scheme
such that two sets of data are effectively referenced simultaneously. Logic on the
DIMM multiplexes the two 64-bit results (plus ECC bits) to appear on subsequent
data transfers. Thus, two data transfers can be performed during one memory
bus clock cycle, enabling double the data transfer rate over non-DDR
technologies.

DDR2

DDR2 is the technology follow-on to DDR, with the primary benefits being the
potential for faster throughput and lower power. In DDR2, the memory bus is
clocked at two times the frequency of the memory core. Stated alternatively, for a
given memory bus speed, DDR2 allows the memory core to operate at half the
frequency, thereby enabling a potential power savings.

Although DDR memory topped out at a memory bus clock speed of 200 MHz,
DDR2 memory increases the memory bus speed to as much as 400 MHz. Note
that even higher DDR2 speeds are available, but these are primarily used in
desktop PCs. Figure 10-3 shows standard and small form factor DDR2 DIMMs.

Figure 10-3 A standard DDR2 DIMM (top) and small form-factor DDR2 DIMM (bottom)
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DDR2 also enables additional power savings through use of a lower operating
voltage. DDR uses a range of 2.5 V to 2.8 V. DDR2 only requires 1.8 V.

Because only the highest speed DDR2 parts have similar memory core speeds
as compared to DDR due to being clocked at half the bus rate, DDR2 employs a
number of mechanisms to reduce the potential for performance loss. DDR2
increases the number of bits prefetched into 1/0O buffers from the memory core to
4 per clock, thus enabling the sequential memory throughput for DDR and DDR2
memory to be equal when the memory bus speeds are equal.

However, because DDR2 still has a slower memory core clock when the memory
bus speeds are equal, the memory latencies of DDR2 are typically higher.
Fortunately, the latest generation and most common DDR2 memory speeds
typically also operate at significantly higher memory frequency.

The combination of prefetch buffer increases, frequency increases, and process
updates allow DDR2 throughput to be as much as two times the highest
standards of DDR, as memory latencies have improved to be about the same or
somewhat better than the DDR technology it replaced.

DDR2 Memory is commonly found in recent AMD Opteron systems, as well as in
the HS12 server blade and the x3850M2 and x3950M2 platforms.

Table 10-2 on page 197 lists the common DDR2 memory implementations.

DDR3

DDRa3 is the next evolution of DDR memory technology. Like DDR2, it promises
to deliver ever-increasing memory bandwidth and power savings. DDR3 DIMMs
are used on all 2-socket-capable servers using the Intel 5500-series processors
and newer.

DDRS3 achieves its power efficiency and throughput advantages over DDR2
using many of the same fundamental mechanisms employed by DDR2.

DDR3 improvements include:

Lower supply voltages, down to 1.5 V in DDR3 from 1.8 V in DDR2
Memory bus clock speed increases to four times the core clock
Prefetch depth increases from 4-bit in DDR2 to 8-bit in DDR3
Continued silicon process improvements

Note: Although DDR3 may appear to be simply a faster version of DDR2, this
is not the case. DDR3 DIMMs are not pin- or backwards-compatible with
DDR2 DIMMS, and cannot be inserted into DDR2 DIMM sockets.
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DDRS3 also implements a number of unique features that set this technology
distinctly apart from previous DDR DIMMs. Most of these are electrical
signalling-related and beyond the scope of this book. However, one feature in
particular, on-DIMM thermal sensors, is of particular interest in modern systems.
This finer-grained and more accurate thermal monitoring mechanism enables
better control of DIMM temperature, partially enabling DDR3-based servers to
support greater numbers of DIMMs while staying within a server’s thermal
limitations.

While bus clocking and prefetch buffer optimizations have enabled DDR3 DIMMs
to increase their effective bandwidth, DDR3 still suffers from the same primary
limitations of shared memory bus architectures. Due to electrical loading and bus
noise on these shared buses, only a limited number of DDR3 DIMMs can be
placed on each memory controller while maintaining the top rated speeds. Due to
the very high clock rates of DDRS3, it is possible to see a drop in speed for each
DIMM added to a memory channel. Because multi-ranked DIMMs appear on the
memory bus as multiple electrical loads, this can also factor into the effective
speed of the memory subsystem.

For these reasons, maximum memory performance on DDR3-based systems will
be achieved with just one or two DIMMs per channel. Systems based on the Intel
5500 series processors use three memory channels per processor, or six total
memory channels in a dual-socket system configuration, with each channel
supporting up to three DIMMs. Because DDR2-based systems typically only
have two memory channels, this new configuration represents a significant boost
in aggregate memory bandwidth, even if the channels clock down 1 or 2 speed
levels to accommodate large DIMM configurations.

Tip: Maximum performance on a DDR3-based system is typically achieved
when the fewest possible DIMMs are used per memory channel, while still
providing sufficient memory for the server application workload.

Table 10-3 on page 197 lists the common DDR3 memory implementations.

10.2.6 Fully-buffered DIMMs

As CPU speeds increase, memory access must keep up so as to reduce the
potential for bottlenecks in the memory subsystem. As the replacement for the
parallel memory bus design of DDR2, FB-DIMMs enabled additional bandwidth
capability by utilizing a larger number of serial channels to the memory DIMMs.
This increase in memory channels, from two in DDR2 to four with FB-DIMMSs,
allowed a significant increase in memory bandwidth without a significant increase
in circuit board complexity or the numbers of wires on the board.
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Although fully-buffered DIMM (FB-DIMM) technology replaced DDR2 memory in
most systems, it too has been replaced by DDR3 memory in the latest 2-socket
systems utilizing the Intel 5500-series processors. Non-IBM systems using the
Intel 7400-series processors or earlier also still utilize FB-DIMMs, though the
x3850 M2 and x3950 M2 systems utilize IBM eX4 chipset technology to allow
memory bandwidth improvements while maintaining usage of standard DDR2
DIMMs.

FB-DIMMs use a serial connection to each DIMM on the channel. As shown in
Figure 10-4, the first DIMM in the channel is connected to the memory controller.
Subsequent DIMMs on the channel connect to the one before it. The interface at
each DIMM is a buffer known as the Advanced Memory Buffer (AMB).

DDR2 memory DIMMs

DDR2: DIMM DIMM DIMM DIMM
Stub-bus

topology

DDR
memory
controller

Fully buffered memory DIMMs

DIMM DIMM DIMM DIMM
FB-DIMM:

Serial point-to-point
links topology Buffer Buffer Buffer Buffer

FB-DIMM
memory
controller

Figure 10-4 Comparing the DDR stub-bus topology with FB-DIMM serial topology

This serial interface results in fewer connections to the DIMMs (approximately 69
per channel) and less complex wiring. These links are relatively similar to other
high speed serial technologies, including PCI Express, SATA, or SAS. The
interface between the buffer and DRAM chips is the same as with DDR2 DIMMs.
The DRAM chips are also the same as DDR2 DIMMs.

With this serial point-to-point connectivity, there is a built-in latency associated
with any memory request that varies with the number of DIMMSs used. The
protocol of FB-DIMM mandates that even if a memory request is fulfilled by the
first DIMM nearest to the memory controller, the address request must still travel
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to the last DIMM in the serial chain before propagating back through each DIMM
to the memory controller. As a consequence, the more DIMMs per channel that

are used, the longer the latency.

Figure 10-5 illustrates the architecture of an FB-DIMM implementation, showing

connections and the placement of the buffer and DRAM chips.
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interface

between buffer \
and DRAMs

North
10 bits
FB-DIMM —
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DRAM
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DRAM
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Figure 10-5 Fully buffered DIMMs architecture

Note: FB-DIMMs are not the next generation of DRAM. They represent a new

way of accessing the same DDR2 DRAMs from a new memory controller,

thereby enabling greater bandwidths without a significant increase in memory

controller or board complexity.

Standard FB-DIMM memory controllers support up to 4 channels and up to
8 DIMMs per channel, allowing up to 32 DIMMs in large system designs.

Advanced Memory Buffer

An FB-DIMM uses a buffer known as the Advanced Memory Buffer (AMB), as
circled in Figure 10-6 on page 194. The AMB is a memory interface that

connects an array of DRAM chips to the serial memory channel. The AMB is
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responsible for handling FB-DIMM channel and memory requests to and from
the local FB-DIMM, and for forwarding requests to other AMBs in other
FB-DIMMs on the channel.

Figure 10-6 Advanced Memory Buffer on an FB-DIMM

The functions that the AMB performs include the following:

Channel initialization to align the clocks and to verify channel connectivity. It is
a synchronization of all DIMMs on a channel so that they are all
communicating at the same time.

Support the forwarding of southbound frames (writing to memory) and
northbound frames (reading from memory), servicing requests directed to a
specific FB-DIMMs AMB and merging the return data into the northbound
frames.

Detect errors on the channel and report them to the memory controller.

Act as a DRAM memory buffer for all read, write, and configuration accesses
addressed to a specific FB-DIMMs AMB.

Provide a read and write buffer FIFO.

Support an SMBus protocol interface for access to the AMB configuration
registers.

Provide a register interface for the thermal sensor and status indicator.

Function as a repeater to extend the maximum length of FB-DIMM Links.

Low Power FB-DIMMs

While FB-DIMMs commonly consume up to twice the power of standard DDR2
DIMMs due to the usage of the AMB, significant developments have been made
to improve this in the latest generation of FB-DIMMs. While the performance
aspects of these DIMMs are fundamentally unchanged, the power consumption
of the DIMMSs can be cut by up to 50%.
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The following are some of the mechanisms used to reduce FB-DIMM power:

AMB and DRAM process improvements
Lower DRAM and AMB voltages
Potential elimination of a level of voltage regulation, which saps efficiency

FB-DIMM performance

By using serial memory bus technology requiring fewer board traces per channel,
FB-DIMMs enabled memory controller designers to increase the number of
memory channels, and thus aggregate bandwidth, without a significant increase
in memory controller complexity. This daisy-chained, serial architecture adds
latency to memory accesses, however, and when multiplied over many DIMMs
can add up to a significant performance impact.

While all applications will have slightly different behavior, Figure 10-7 illustrates
the performance loss for a moderately memory-intensive database application as
FB-DIMMs are added to the memory channels of a server. Note that for this
application, the performance loss was measured at ~2% overall per additional
DIMM added across the memory channels.

FB-DIMM Relative Performance
as DIMMs/Channels are increased
(in-memory database application)

o 105
e
E 100 -
§ 95
o 90
[a
102’ 85 -
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S 80
o

75

1 DIMM/ Channel 2 DIMM/ Channel 4 DIMM/ Channel 8 DIMM/ Channel

Figure 10-7 FB-DIMM relative performance

10.2.7 MetaSDRAM

Many DDR2- and DDR3-based servers are now supporting a new type of
memory DIMM, known as MetaSDRAM, often shortened to the founding
company’s name, MetaRAM. This technology’s primary benefit is to allow high
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capacity DIMM sizes without the exponentially higher prices always commanded
by the largest DIMM sizes.

MetaSDRAM accomplishes this by using a custom-designed chipset on each
DIMM module which makes multiple, inexpensive SDRAMSs appear as a single,
large capacity SDRAM. Because this chipset acts as an onboard buffer and
appears as a single electrical load on the memory bus, higher frequencies can
often be achieved using MetaSDRAM-based DIMMs than would be possible
using standard DIMMs, which often have to switch to slower speeds as multiple
DIMMs are added per channel.

MetaSDRAM DIMMs offset the additional power gain imposed by the additional
SDRAMs by implementing intelligent power management techniques, allowing
two to four times the memory capacity to fit within a typical server’s power and
cooling capability.

Due to the inclusion of the additional MetaSDRAM chipset between the memory
bus and the DDR2 or DDR3 SDRAMs, there is some latency added to the
memory transactions. The impact of this latency, however, has been measured
across a number of commercial application environments to impact overall
application performance by just 1% to 2%. Because the technology has the
potential to double a server's memory size, this small impact is well under the
potential gains achievable from the added memory capacity. However, if
MetaSDRAM is being used only to reduce cost in a server’s memory subsystem,
it is important to realize that performance can be slightly lower than standard
DIMMs, depending on configuration.

See 10.12, “Memory rules of thumb” on page 234 for more discussion on gains
from increased memory sizes.

10.2.8 DIMM nomenclature
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The speed of a memory DIMM is most commonly indicated by numeric PC and
DDR values on all current DIMM types. The PC value correlates to the theoretical
peak transfer rate of the module, whereas the DDR value represents the bus
transfer rate in Millions of transfers per second. The tables in this section list the
nomenclature and the bus speed, transfer rate, and peak throughput.

With DDR, DDR2, and DDR3, because the SDRAM transfers data on both the
falling and the rising edges of the clock signal, transfers speeds are double the
memory bus clock speed. The peak throughput per channel can be calculated by
multiplying the DDR transfer rate times the transfer size of 64bits (8 Bytes) per
transfer.
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Table 10-1 on page 197 summarizes the common nomenclatures for DDR
memory.

Table 10-1 DDR memory implementations

DDR Module name Bus speed transfers/sec Peak throughput
PC1600 (DDR-200) 100 MHz 200 M 1600 MBps
PC2100 (DDR-266) 133 MHz 266 M 2100 MBps
PC2700 (DDR-333) 167 MHz 333 M 2700 MBps
PC3200 (DDR-400) 200 MHz 400 M 3200 MBps

Table 10-2 lists the common DDR2 memory implementations.

Table 10-2 DDR2 memory implementations

DDR2 Module name Bus speed transfers/sec Peak throughput
PC2-3200 (DDR2-400) | 200 MHz 400 M 3200 MBps
PC2-4300 (DDR2-533) | 266 MHz 533 M 4300 MBps
PC2-5300 (DDR2-667) | 333 MHz 667 M 5300 MBps
PC2-6400 (DDR2-800) | 400 MHz 800 M 6400 MBps

Note: Because FB-DIMMs use DDR2 SDRAM, they are typically referenced
using the PC2 speed designation plus an FB-DIMM qualifier, for example:

PC2-5300 FB-DIMM

Table 10-3 lists current DDR3 memory implementations.

Table 10-3 DDR3 memory implementations

DDR3 Module name Bus speed transfers/sec Peak throughput
PC3-6400 (DDR3-800) 400 MHz 800 M 6400 MBps
PC3-8500 (DDR3-1066) 533 MHz 1066 M 8533 MBps
PC3-10600 (DDR3-1333) | 667 MHz 1333 M 10667 MBps
PC3-12800 (DDR3-1600) | 800 MHz 1600 M 12800 MBps

You can find more detailed SDRAM specification information at:
http://developer.intel.com/technology/memory/
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10.2.9 DIMMs layout
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The DIMM location within the system’s DIMM sockets is often mandated by a
system’s installation guide to ensure that DIMMs are in a supported ordering, can
be seen by the memory controller, and are spread across the available memory
channels to optimize bandwidth. However, there are also other performance
implications for the DIMM layout.

For DDR and DDR2 DIMMs, optimal performance is typically obtained when fully
populating the available DIMM slots with equivalent memory size and type of
DIMMs. When this is not feasible in a solution, populating in multiples of 4 or

8 DIMMs, all of the same size and type, can often have a similar outcome.

These methods allow the memory controller to maintain the maximum number of
open memory pages, and allow the memory controller to optimize throughput
and latency by allowing address bit permuting (sometimes called symmetric
mode or enhanced memory mapping). This reorders memory addresses to
optimize memory prefetch efficiency and reduces average memory read/write
latencies significantly.

Although FB-DIMM and DDR3 DIMMs can also benefit from these optimization
mechanisms, they both have caveats that must be balanced to achieve
optimized performance. As highlighted in “FB-DIMM performance” on page 195,
FB-DIMMs increase in latency as additional DIMMs are added to each memory
channel. In this case, using the fewest possible, high capacity DIMMs per
channel while maintaining the required memory size will typically yield the best
performance.

Similarly, the high speeds of DDR3 memories limit the number of DIMMs, or
even total memory ranks, that can be populated per channel at each frequency.
While it can vary from one implementation to another and should be verified with
the systems configuration guide, it is possible that each DIMM added per
channel will drop the memory speed to the next slowest speed.

For either of these DIMM technologies, care must be taken when specifying the
number of DIMMSs to ensure that the right balance of cost, performance, and
memory size is obtained for the solution.

Tip: Pay careful attention to the memory layout, specifically to the number of
DIMMs per channel, when comparing FB-DIMM-based or DDR3-based
systems, because this can have an impact on overall system performance.

The significance of this discussion is that memory performance is highly
dependent on not just whether the data is in cache or main memory, but also on
how the access patterns appear to the memory controller. The access pattern
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will strongly affect how the memory controller reorders or combines memory
requests, whether successive requests hit the same page, and so forth. Memory
performance is affected by a number of complex factors. Those factors can
include the choice of architecture, processor frequency, memory frequency, the
number of DIMMs in the system, and whether the system is set up as a NUMA or
an SMP system.

10.2.10 Memory interleaving

Interleaving is a technique that is often used to organize DIMMs on the
motherboard of a server to improve memory transfer performance. The
technique can be implemented within a single cache line access or across
multiple cache lines to improve total memory bandwidth. When two DIMMs are
grouped together and accessed concurrently to respond to a single cache line
request, the interleave is defined as two-way. When four DIMMs are grouped
together and accessed concurrently for a single cache line, the interleave is
four-way.

Interleaving improves memory performance because each DIMM in the
interleave is given its memory address at the same time. Each DIMM begins the
access while the memory controller waits for the first access latency time to
expire. Then, after the first access latency has expired, all DIMMs in the
interleave are ready to transfer multiple 64-bit objects in parallel, without delay.

Although interleaving was often a tunable parameter in older server
architectures, it is typically optimized at system boot time by the BIOS on modern
systems, and therefore does not need to be explicitly tuned.

10.3 Specifying memory performance

Performance with memory can be simplified into two main areas: bandwidth and
latency.

10.3.1 Bandwidth

Basically, the more memory bandwidth you have, the better system performance
will be, because data can be provided to the processors and I/O adapters faster.
Bandwidth can be compared to a highway: the more lanes you have, the more
traffic you can handle.

The memory DIMMs are connected to the memory controller through memory
channels, and the memory bandwidth for a system is calculated by multiplying
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the number of data width of a channel by the number of channels, and then
multiplied by the frequency of the memory.

For example, if a processor is able to support up to 400 MHz (DDR-400)
registered ECC memory and has two 8-byte channels from the memory
controller to access the memory, then the memory bandwidth of the system will
be 8 bytes*2 channels*400 MHz, or 6.4 GBps.

Tip: The theoretical memory bandwidth does not depend on the memory
technology (DDR2 or DDR3), but on the memory bus frequency, bus width,
and number of channels.

10.3.2 Latency
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The performance of memory access is usually described by listing the number of
memory bus clock cycles that are necessary for each of the 64-bit transfers
needed to fill a cache line. Cache lines are multiplexed to increase performance,
and the addresses are divided into row addresses and column addresses.

A row address is the upper half of the address (that is, the upper 32 bits of a
64-bit address). A column address is the lower half of the address. The row
address must be set first, then the column address must be set. When the
memory controller is ready to issue a read or write request, the address lines are
set, and the command is issued to the DIMMs.

When two requests have different column addresses but use the same row
address, they are said to “occur in the same page.” When multiple requests to the
same page occur together, the memory controller can set the column address
once, and then change the row address as needed for each reference. The page
can be left open until it is no longer needed, or it can be closed after the first
request is issued. These policies are referred to as a page open policy and a
page closed policy, respectively.

The act of changing a column address is referred to as Column Address Select
(CAS).
There are three common access times:

CAS: Column Address Select
RAS to CAS: delay between row access and column access
RAS: Row Address Strobe

Sometimes these numbers are expressed as X-y-y by manufacturers.

Tuning IBM System x Servers for Performance



These numbers are expressed in clocks, and might be interpreted as wait times
or latency. Therefore, the lower these numbers are the better, because access
times imply data access latency.

CAS Latency (CL) measures the number of memory clocks that elapse between
the time a memory controller sets the column address to request a line of data
and when the DIMM is able to respond with that data. Even if other latencies are
specified by memory manufacturers, CL is the most commonly used when talking
about latency. If you look at the sticker on a DIMM (Figure 10-8), it might list the
CL value for that particular device.

CAS Latency
value - CL3

Figure 10-8 CAS Latency value as printed on a PC3200 (400 MHz) DDR DIMM

CL values of 2.5 or 3.0 are typical of 400 MHz technology. With 533 MHz and
667 MHz memory, typical values for the CL are respectively 4 and 5. Numbers
with fractions are possible because data can be clocked at a different rate than
commands. With DDR memory, data is clocked at double the speed of
commands. For example, 400 MHz DDR memory has a data clock of 400 MHz
and a native clock (command and address) of 200 MHz. Thus, CL2.5 memory
has a CL of 2.5 command clocks, which is equivalent to five data clocks.

It is important to note that system level transaction latency is comprised of many
factors, only one of which is the latency of the memory DIMMs themselves.
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10.3.3 Loaded versus unloaded latency

When talking about latency, manufacturers generally refer to CL, which is a
theoretical latency and corresponds to an unloaded latency condition. A single
access to memory from a single thread, executed by a single processor while no
other memory accesses are occurring is referred to as unloaded latency.

As soon as multiple processors or threads concurrently accesses memory, the
latencies increase. This condition is termed loaded latency. While the conditions
for unloaded latency are easily defined when memory accesses only happen one
at a time, loaded latency is much more difficult to specify. Since latency will
always increase as load is added, and is also dependent on the characteristics of
the load itself (for example, the percentage of the time the data is found within an
open page), loaded latency cannot be characterized by any single, or even small
group, of data points. For this reason alone, memory latencies are typically
compared only in the unloaded state.

Since real systems and applications are almost never unloaded, there is typically
very little value in utilizing unloaded latency as a comparison point between
systems of different architectures.

10.3.4 STREAM benchmark
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Many benchmarks exist to test memory performance. Each benchmark acts
differently and gives different results because each simulates different workloads.
However, one of the most popular and simple benchmarks is STREAM.

STREAM is a synthetic benchmark program that measures sequential access
memory bandwidth in MBps and the computational rate for simple vector kernels.
The benchmark is designed to work with larger data sets than the available
cache on most systems, so the results are indicative of very large vector-style
applications. It provides real-world sustained memory bandwidth and not the
theoretical peak bandwidth that is provided by vendors.

It is critical to note, however, that very few server applications access large
sections of memory sequentially as the STREAM benchmark does. More
commonly, real application workloads access memory randomly, and random
memory performance can be many times slower than sequential memory
bandwidth due to system-level memory access latencies. Such latencies include
overheads from the processor cache, bus protocols, memory controller, and the
memory latency itself. In addition, tuning the memory subsystem for maximum
bandwidth is often done to the detriment of random memory performance, so a
system that is better with STREAM could actually perform worse in many real
world workloads.
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Note: Results obtained from the STREAM benchmark, and other benchmarks
that operate similarly, can be misleading, because very few application
environments perform sustained sequential memory operations as STREAM
does.

You can find more information about the STREAM benchmark at:
http://ww.cs.virginia.edu/stream

Although STREAM provides the maximum sustainable memory bandwidth of a
given system, detailed focus on other aspects of server performance should be
made as well.

10.4 SMP and NUMA architectures

There are two fundamental system architectures used in the x86 server market:
SMP and NUMA. Each architecture can have its strengths and limitations,
depending on the target workload, so it is important to understand these details
when comparing systems.

10.4.1 SMP architecture

Prior to the introduction of Intel 5500-series processors, most systems based on
Intel processors typically use the Symmetric Multiprocessing (SMP) Architecture.
The exception to this is the IBM x3950 M2, which uses a combination of SMP in
each node and NUMA architecture between nodes.

SMP systems are fundamentally defined by having one or more Front-Side
Buses (FSB) that connect the processors to a single memory controller, also
known as a north bridge. Although older system architectures commonly
deployed a single shared FSB, newer systems often have one FSB per
processor socket.

In an SMP architecture, the CPU accesses memory DIMMs through the separate
memory controller or north bridge. The north bridge handles traffic between the
processor and memory, and controls traffic between the processor and 1/0
devices, as well as data traffic between 1/O devices and memory. Figure 10-9 on
page 204 shows the central position of the north bridge and the shared front-side
bus. These components play the dominant role in determining memory
performance.
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Whether the memory controller and processors implement shared, or separate
front side buses, there is still a single point of contention in the SMP design. As
shown in Figure 10-9, if a single CPU is consuming the capabilities of the FSB,
memory controller, or memory buses, there will be limited gain from using a
second processor. For applications that have high front-side bus and memory
controller utilizations (which is most common in scientific and technical
computing environments), this architecture can limit the potential for performance
increases. This becomes more of an issue as the number of processor cores are
increased, because the requirement for additional memory bandwidth increases
for these workloads, as well.

CPU CPU

I

Front-side bus

Memory

L
controller _I- I
(north bridge) I

Figure 10-9 An Intel dual-processor memory block

The speed of the north bridge is tied to the speed of the front-side bus, so even
as processor clock speeds increase, the latency to memory remains virtually the
same. The speed of the front-side bus places an upper bound on the rate at
which a processor can send data to or receive data from memory. For this
reason, aggregate memory bandwidth of the memory channels attached to the
memory controller is always tuned to be equal to or greater than the aggregate
bandwidth of the front-side bus interfaces attached to the memory controller.

10.4.2 NUMA architecture
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To overcome the limitations of a shared memory controller design, the latest Intel
processors, as well as Opteron processors, utilize a Non-Uniform Memory
Architecture (NUMA), rather than an SMP design. In NUMA configurations, the
memory controller is integrated into the processor, which can be a benefit for two
reasons:

The memory controller is able to be clocked at higher frequencies, because
the communications between the processor cores and memory controller do
not have to go out to the system board. In this design, as the processor speed
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is increased, the memory controller speed can often also be increased, thus
reducing the latency through the memory controller while increasing the
sustainable bandwidth through the memory controller.

As additional processors are added to a system, additional memory
controllers are also added. Because the demand for memory increases as
processing capability increases, the additional memory controllers provide
linear increases in memory bandwidth to accommodate the load increase of
additional processors, thus enabling the potential for very efficient processor
scaling and high potential memory bandwidths.

In x86 server architectures, all system memory must be available to all server
processors. This requirement means that with a NUMA architecture, we have a
new potential performance concern, remote memory. From a processor point of
view, local memory refers to the memory connected to the processor’s integrated
memory controller. Remote memory, in comparison, is that memory that is
connected to another processor’s integrated memory controller.

Note: The IBM eX4-based servers employ a similar technique when used in
multi-node configurations. For example, with a two-node x3950 M2 server,
processors and memory are spread over two nodes. Each node contains its
own CPUs, memory controller, and memory. When the nodes are merged
together to form a single logical system, these resources all communicate as
one large system, although they operate on the same principles of local and
remote memory.

Figure 10-10 on page 206 shows the architecture of an AMD Opteron processor.
As in Figure 10-9 on page 204, there is a processor core and cache. However, in
place of a bus interface unit and an external memory controller, there is an
integrated memory controller (MCT), an interface to the processor core (SRQ),
three HyperTransport (HT) units and a crossbar switch to handle routing data,
commands, and addresses between processors and I/O devices.
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AMD Opteron processor

Core O Core 1
Integrated {%DIMMS
1 MB 1 MB Memory
L2 cache L2 cache controller DIMMs

System Request System Request

Crossbar Switch

HT 1 HT 2 HT 3
=II
Opteron Opteron
processor processor _I
T

I AL I

Figure 10-10 An AMD dual-processor memory block

Two of the HyperTransport (HT or cHT) units are typically used for connecting to
and communicating with the other processors. The third HT unit is to connect to
I/0O devices. More detail on AMD and Intel processors can be found in Chapter 6,
“Processors and cache subsystem” on page 93.

When a program thread is executing on a processor core, the memory it needs to
reference could exist in the memory attached to that processor’s integrated
memory controller, in the memory attached to a different memory controller, or in
both. Because access to remote memory must traverse an additional crossbar
switch and HT link twice to retrieve remote data, remote memory accesses can
be significantly slower than local memory accesses.

Although modern operating systems work to limit the number of remote memory
accesses as much as possible to keep performance as high as possible, not all
memory accesses can be guaranteed to get handled from the local memory

Tuning IBM System x Servers for Performance



controller. Thus, care must be taken when using a NUMA system to ensure
maximum performance is achieved.

Note: In a NUMA architecture, optimal performance is achieved only when the
application and OS work together to minimize remote memory requests.

10.5 The 32-bit 4 GB memory limit

A memory address is a unique identifier for a memory location at which a
processor or other device can store a piece of data for later retrieval. Each
address identifies a single byte of storage. All applications use virtual addresses,
not physical. The operating system maps any (virtual) memory requests from
applications into physical locations in RAM. When the combined total amount of
virtual memory used by all applications exceeds the amount of physical RAM
installed in the server, the difference is stored in the page file, which is also
managed by the operating system.

32-bit CPUs, such as older Intel Xeon processors, have an architectural limit of
only being able to directly address 4 GB of memory. With many enterprise server
applications now requiring significantly greater memory capacities, CPU and
operating system vendors have developed methods to give applications access
to more memory.

The first method was implemented by Microsoft with its Windows NT® 4.0
Enterprise Edition operating system. Prior to Enterprise Edition, the 4 GB
memory space in Windows was divided into 2 GB for the operating system kernel
and 2 GB for applications. Enterprise Edition offered the option to allocate 3 GB
to applications and 1 GB to the operating system.

The 32-bit Linux kernels, by default, split the 4 GB virtual address space of a
process in two parts: 3 GB for the user-space virtual addresses and the upper
1 GB for the kernel virtual addresses. The kernel virtual area maps to the first
1 GB of physical RAM and the rest is mapped to the available physical RAM.

The potential issue here is that the kernel maps directly all available kernel virtual
space addresses to the available physical memory, which means a maximum of
1 GB of physical memory for the kernel. For more information, see the article
High Memory in the Linux Kernel, which is available at:

http://kerneltrap.org/node/2450

For many modern applications, however, 3 GB of memory is simply not enough.
To address more than 4 GB of physical memory on 32-bit operating systems, two
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mechanisms are typically used: Physical Address Extension (PAE) and for
Windows, Address Windowing Extensions (AWE).

10.5.1 Physical Address Extension

32-bit operating systems written for the 32-bit Intel processor use a segmented
memory addressing scheme. The maximum directly addressable memory is

4 GB (2%2). However, an addressing scheme was created to access memory
beyond this limit: the Physical Address Extension (PAE).

This addressing scheme is part of the Intel Extended Server Memory
Architecture and takes advantage of the fact that the 32-bit memory controller
actually has 36 bits that are available for use for memory and L2 addressing. The
extra four address bits are normally not used but can be employed along with the
PAE scheme to generate addresses above the standard 4 GB address limit.

PAE uses a four-stage address generation sequence and accesses memory
using 4 KB pages, as shown in Figure 10-11.

32-Bit Linear Address
2] o [ o | 22 |
L s
4 Additional
Address Lines
> PTE
4 KB Page
— PDE >
Page Table
512 Entries
L PDPE -
- Page Directory
Page Directory 512 Entries
Pointer Table

Figure 10-11 PAE-36 address translation

Four reserved bits of control register CR3 pad the existing 32-bit address bus
with an additional 4 bits, enabling 36-bit software and hardware addressing to
access 64 GB of memory.

208 Tuning IBM System x Servers for Performance




PAE maintains the existing Intel 4 KB memory page definition and requires four
levels of redirection to generate each physical memory address. However, as
memory capacity increases, using a fixed size 4 KB page results in increased
memory management overhead, because the number of memory pages grows
as the size of maximum addressable memory increases. Using a larger memory
page would reduce the total number of pages and the overhead required to point
to any one page, because fewer pages would need to be addressed.

Windows PAE and Address Windowing Extensions

Although recent Service Packs for Enterprise and Datacenter editions of
Windows Server 2003 and 2008 now have PAE enabled by default, older
versions of these operating systems may not. For these older operating systems,
the user must add the /PAE switch to the corresponding entry in the BOOT. INI file
to access memory above the 4GB boundary.

PAE is supported only on 32-bit versions of the Windows operating systems.
64-bit versions of Windows do not support, nor need, PAE, as sufficient address
space is already accommodated.

Note: If you are using a processor with the Data Execution Prevention (DEP)
feature (Intel processors refer to this as Execute Disable Bit or XD feature and
AMD processors call this the no-execute page-protection processor or NX
feature) and have it enabled, then Windows Server 2003 32-bit will
automatically enable PAE.

To support DEP, Windows will automatically load the PAE kernel no matter
how much memory is installed, and you do not have to use the /PAE boot
switch in the boot. ini file.

The following 32-bit Windows versions support PAE, with the given amount of
physical RAM indicated:

Windows 2000 Advanced Server (8 GB maximum)

Windows 2000 Datacenter Server (32 GB maximum)

Windows XP (all versions) (4 GB maximum)

Windows Server 2003, Standard Edition (4 GB maximum)

Windows Server 2003, Enterprise Edition (32 GB maximum)

Windows Server 2003, Enterprise Edition R2 or SP1 (64 GB maximum)
Windows Server 2003, Datacenter Edition (64 GB maximum)

Windows Server 2003, Datacenter Edition R2 or SP1 (128 GB maximum)
Windows Server 2008, Standard and Web Editions (4 GB maximum)
Windows Server 2008, Enterprise Edition (64 GB maximum)

Windows Server 2008, Datacenter Edition (64 GB maximum)
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Although PAE enables the operating system to map to memory regions above
the 4 GB limit, other mechanisms must be employed for application code to
exceed the 2-3 GB application limit of a 32-bit architecture. Address Windowing
Extensions (AWE) accomplish this by using a set of Windows APIs that remap
portions of extended memory space into the application’s addressable memory
space. This remapping process does incur a performance overhead, however,
and most applications that originally implemented AWE now recommend usage
of 64-bit operating system and application versions.

Important: The two BOOT.INI switches /PAE and /3GB interact with each other
and in some circumstances should not be used together. See 13.14.1,
“Interaction of the /3GB and /PAE switches” on page 393 for details.

10.6 64-bit memory addressing

To break through the 4 GB limitations of 32-bit addressing, CPU and operating
system vendors extended the x86 specification to 64-bits. Known by many
names, this technology is most generally referred to as x86-64 or x64, though
Intel refers to it as EM64T, and AMD uses the name AMD64. Fundamentally, this
technology enables significantly increased memory addressibility for both
operating systems and applications.

Table 10-4 illustrates the differences between the 32-bit and 64-bit operating
systems.

Table 10-4 Virtual memory limits

Description 32-bit 64-bit (x64)
Total virtual address space 4GB 16 TB
Virtual address space per 32-bit application 2 GB® 2 GBP
Virtual address space per 64-bit process Not applicable 8TB

Virtual address space for the operating system 2 GB? 8TB

kernel

Paged pool 470 MB 128 GB
Non-paged pool 256 MB 128 GB
System cache 1 GB 1TB

a. 3 GB for the application and 1 GB for the kernel if system booted with a /3GB
switch.
b. 4 GB if the 32-bit application has the LARGEADDRESSAWARE flag set (LAA).
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The width of a memory address dictates how much memory the processor can
address. As shown in Table 10-5, a 32-bit processor can address up to 2%2 bytes
or 4 GB. A 64-bit processor can theoretically address up to 2% bytes or

16 Exabytes (or 16777216 Terabytes).

Table 10-5 Relation between address space and number of address bits

Bits (Notation) Address space
8 (28 256 bytes

16 (216) 65 KB

32 (2%?) 4GB

64 (254 18 Exabytes (EB)

Current implementation limits are related to memory technology and economics.
As a result, physical addressing limits for processors are typically implemented
using less than the full 64 potential address bits, as shown in Table 10-6.

Table 10-6 Memory supported by processors

Processor Flat addressing
Intel Xeon MP Gallatin (32-bit) 4 GB (32-bit)
Intel Xeon Nocona and Cranford processors (64-bit) 64 GB (36-bit)
Intel 64 Technology (All other x64 processors) 1 TB (40-bit)
AMD Opteron (64-bit) 256 TB (48-bit)

These values are the limits imposed by the processors themselves. They
represent the maximum theoretical memory space of a system using these
processors.

Tip: Both Intel 64 and AMDG64 server architectures can utilize either the 32-bit
(x86) or 64-bit (x64) versions of their respective operating systems. However,
the 64-bit architecture extensions will be ignored if 32-bit operating system
versions are employed. For systems using x64 operating systems, it is
important to note that the drivers must also be 64-bit capable.
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10.7 Advanced ECC memory (Chipkill)

All current System x servers implement standard error checking and correcting
(ECC) memory. ECC memory detects and corrects any single-bit error. It can
also detect double-bit errors, but is unable to correct them. Triple-bit and larger
errors might not be detected.

With the increase in the amount of memory that is used in servers, there is a
need for better memory failure protection. As the area of DRAM silicon increases
and the density of those DRAM components also increases, there is a
corresponding increase in multi-bit failures. This situation means that for larger
amounts of memory, there is an increasing propensity for failures that occur to
affect more than one data bit at a time and, therefore, overwhelm the traditional
single-error correct (SEC) ECC memory module.

IBM has developed and uses a technology known as Chipkill Protect ECC DIMM,
which allows an entire DRAM chip on a DIMM to fail while the system continues
to function. These new DIMMs have been designed so that there is no
performance degradation over SEC or standard ECC DIMMs.

Figure 10-12 shows the results of a failure rate simulation for 32 MB of parity
memory, 1 GB of standard SEC ECC, and 1 GB of IBM Advanced ECC memory.
The simulation was for three years of continuous operation and showed the
significant reduction in failures when using advanced ECC (approximately two
orders of magnitude).
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Figure 10-12 Memory failure rate comparison
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The capability that the data shows for the memory subsystem is fundamentally
the same as RAID technology used for the disk subsystem today. In fact, from a
marketing perspective, it could be called RAID-M for Redundant Array of
Inexpensive DRAMSs for main Memory. This name captures the essence of its
function: on-the-fly, automatic data recovery for an entire DRAM failure.

IBM is now offering this advanced ECC technology integrated as an option for
several members of the System x family. For more information, read the white
paper IBM Chipkill Memory, which is available from:

http://www. ibm.com/systems/support/supportsite.wss/docdisplay?brandind=
5000008&Indocid=MCGN-46AMQP

10.8 Memory mirroring

Memory mirroring is similar in function to a disk subsystem using RAID-1
mirroring. The aim of mirroring the memory is to enhance the server’s availability.
If a memory DIMM fails, then the mirrored DIMM can handle the data. It is a
redundant feature that provides failover capabilities.

Mirroring forces memory to be divided into two equal parts. Because the memory
pool is divided in two, the total amount of available memory is half the amount of
installed memory. Thus, if a server is installed with 64 GB of total RAM and
memory mirroring is enabled (in the server’s BIOS), the total available memory
seen by the operating system will be 32 GB. It is important to verify correct
DIMMs placement in the system to ensure availability of this feature.

Although the specific configuration menus are slightly different from one system
to the next, Figure 10-13 on page 214 shows that this typically found in the
server’s BIOS Setup menu if you select Advanced Settings o Memory
Settings. A window like this should appear, allowing you to change the Memory
Configuration option from the default value to Mirrored which is also known in
some servers as Full Array Memory Mirroring).
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Figure 10-13 Enabling memory mirroring

Performance of Memory mirroring

Memory mirroring functions by writing each block of data to each of the mirrored
portions of memory. Since two physical memory writes occur for each application
write request, memory write bandwidth is effectively cut in half. However, since
the memory controller can interleave the read requests among both memory
mirrors, memory read bandwidth is not reduced. Because real applications
balance both memory read and writes, the actual performance impact will be
dependent on the application characteristics and sensitivity to memory
bandwidth.

Figure 10-14 on page 215 shows the performance impact of enabling memory
mirroring in a transactional database environment.
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Database Performance with Memory Mirroring
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Figure 10-14 Memory Mirroring performance

Tip: Unlike RAID-1 disk configurations, memory mirroring will not improve
memory bandwidth and could have a negative effect on performance.

10.9 Intel Xeon 5500 Series Processors

The Intel Xeon 5500 Processor Series is the family of next-generation quad-core
processors targeted at the two-socket server space. It is the common building
block across a number of IBM platforms, including the IBM BladeCenter HS22
blade server, the 1U x3550 M2 and 2U x3650 M2 rack servers, and the IBM
iDataPlex dx360 M2 server.

With the Xeon 5500 series processors, Intel has diverged from its traditional
Symmetric Multiprocessing (SMP) architecture to a Non-Uniform Memory
Access (NUMA) architecture. In a two-processor scenario, the Xeon 5500 series
processors are connected through a serial coherency link called QuickPath
Interconnect (QPI). The QPI is capable of 6.4, 5.6 or 4.8 GT/s (gigatransfers per
second), depending on the processor model.

The Xeon 5500 series integrates the memory controller within the processor,
resulting in two memory controllers in a two-socket system. Each memory
controller has three memory channels and supports DDR-3 memory. Depending
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on processor model, the type of memory, and the population of memory, memory
may be clocked at 1333MHz, 1066MHz, or 800MHz.

Each memory channel supports up to 3 DIMMs per channel (DPC), for a
theoretical maximum of 9 DIMMs per processor or 18 per 2-socket server; refer
to Figure 10-15. However, the actual maximum number of DIMMs per system is
dependent upon the system design.

Xeon 5500 Xeon 5500
Processor 0 Processor 1
QPI
Memory Controller Memory Controller
Ccho chi ch2 Ccho chi ch2

Figure 10-15 Xeon 5500 architecture showing maximum memory capabilities

10.9.1 HS22 Blade

216

HS22 is designed with 12 DIMM slots as shown in Figure 10-16 on page 217 and
Figure 10-17 on page 217. The 12-DIMM layout provides 6 DIMMs per socket
and 2 DIMMs per channel (DPC).

Figure 10-16 on page 217 illustrates the HS22 DIMM slots architectural layout.
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Xeon 5500 Xeon 5500
Processor 0 Processor 1
Memory Controller QP Memory Controller
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Figure 10-16 HS22 DIMM slots architectural layout

Figure 10-17 illustrates the HS22 DIMM slots physical layout.

Processor 1

| 7 | | 6 |

| 8 | | 5 |
FRONT | 9 | | 4 |
of Blade BACK
Server | 10 | | 3 |

| 1 | | 2 |

| 12 | | L |

Processor O

Figure 10-17 HS22 DIMM slots physical layout

10.9.2 System x3550 M2, x3650 M2, and iDataPlex dx360 M2

As shown in Figure 10-18 on page 218 and Figure 10-19 on page 219, the other
IBM servers containing Xeon 5500 series processors, that is, the System x3550
M2, the x3650 M2, and the iDataPlex dx360 M2, each provide 16 DIMM slots.
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Like the HS22, each processor has an equal number of DIMM slots. However,
unlike the HS22 all memory channels do not have equal DPC (DIMMs per
channel).

Figure 10-18 illustrates the slots architectural layout.

Xeon 5500 Xeon 5500
Processor 0 Processor 1
Memory Controller QP Memory Controller
cho Chi Ch2 Ccho Chi Ch2
1 4 7 9 12 15
L2 ] [s ][e] L0 | [1a] [16]
]

Figure 10-18 x3550 M2/x3650 M2/dx360 M2 DIMM slots architectural layout

Figure 10-19 on page 219 illustrates the slots physical layout.
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Figure 10-19 x3550 M2/x3650 M2/dx360 M2 DIMM slots physical layout

10.9.3 Memory performance

With the varied number of configurations possible in the Xeon 5500 series
processor-based systems, a number of variables emerge that influence
processor/memory performance. The main variables are memory speed,
memory interleaving, memory ranks and memory population across various
memory channels and processors. Depending on the processor model and
number of DIMMs, the performance of the Xeon 5500 platform will see large
memory performance variances. We will look at each of these factors more
closely in the next sections.

As mentioned earlier, the memory speed is determined by the combination of
three aspects:
Processor model

The initial Xeon 5500 series processor-based offerings will be categorized
into three bins called Performance, Volume and Value. The bins have the
ability to clock memory at different maximum speeds, as listed in Table 10-7
on page 220.
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Table 10-7 Maximum memory speeds

Xeon 5500 model Maximum memory speed
X55xx processor models 1333 MHz

E552x or L552x and up 1066 MHz

E550x 800 MHz

The processor model will limit the maximum frequency of the memory.

Note: Because of the integrated memory controllers, the former front-side
bus (FSB) no longer exists.

DDR3 DIMM speed

DDR-3 memory will be available in various sizes at speeds of 1333MHz and
1066MHz. 1333MHz represents the maximum capability at which memory
can be clocked. However, the memory will not be clocked faster than the
capability of the processor model and will be clocked appropriately by the
BIOS.

DIMMs per Channel (DPC)

The number and type of DIMMs and the channels in which they reside will
also determine the speed at which memory will be clocked. Table 10-8
describes the behavior of the platform. The table assumes a
1333MHz-capable processor model (X55xx). If a slower processor model is
used, then the memory speed will be the lower of the memory speed and the
processor model memory speed capability. If the DPC is not uniform across
all the channels, then the system will clock to the frequency of the slowest
channel.

Table 10-8 Memory speed clocking (Full-speed configurations highlighted)

DPC DIMM speed Ranks per DIMM | Memory speed
1 1333 MHz 1,2 1333 MHz

2 1333 MHz 1,2 1066 MHz

3 1333 MHz 1,2 800 MHz

1 1333 MHz 4 1066 MHz

2 1333 MHz 4 800 MHz

1 1066 MHz 1,2 1066 MHz
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DPC DIMM speed Ranks per DIMM | Memory speed
2 1066 MHz 1,2 1066 MHz

3 1066 MHz 1,2 800 MHz

1 1066 MHz 4 1066 MHz

2 1066 MHz 4 800 MHz

Low-level performance specifics

It is important to understand the impact of the performance of the Xeon 5500
series platform, depending on the memory speed. We will use both low-level
memory tools and application benchmarks to quantify the impact of memory
speed.

Two of the key low-level metrics that are used to measure memory performance
are memory latency and memory throughput. We use a base Xeon 5500
2.93GHz, 1333MHz-capable 2-socket system for this analysis.

The memory configurations for the three memory speeds in the following
benchmarks are as follows:

1333 MHz — 6 x 4GB dual-rank 1333 MHz DIMMs
1066 MHz — 12 x 2GB dual-rank DIMMs for 1066 MHz
800 MHz — 12 x 2GB dual-rank DIMMs clocked down to 800 MHz in BIOS

Memory ranks are explained in detail in 10.9.5, “Memory ranks” on page 227.

As shown in Figure 10-20 on page 222, we show the unloaded latency to local
memory. The unloaded latency is measured at the application level and is
designed to defeat processor prefetch mechanisms. As shown in the figure, the
difference between the fastest and slowest speeds is about 10%. This represents
the high watermark for latency-sensitive workloads. Another important thing to
note is that this is almost a 50% decrease in memory latency when compared to
the previous generation Xeon 5400 series processor on 5000P chipset platforms.
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Figure 10-20 Xeon 5500 series memory latency as a function of memory speed

A better indicator of application performance is memory throughput. We use the
triad component of the STREAMS benchmark to compare the performance at
different memory speeds. The memory throughput assumes all local memory
allocation and all 8 cores utilizing main memory.

As shown in Figure 10-20, the performance gain from running memory at
1066MHz versus 800MHz is 28%, and the performance gain from running at
1333MHz versus 1066MHz is 9%. As a result, the performance penalty of
clocking memory down to 800MHz is far greater than clocking it down to
1066MHz.

However, greater memory capacity comes with lower memory speed.
Alternatively, it is possible to achieve the same memory capacity at lower cost but
at a lower memory speed. So, there is a distinct trade-off of memory capacity,
performance, and cost.

Regardless of memory speed, the Xeon 5500 platform represents a significant
improvement in memory bandwidth over the previous Xeon 5400 platform. At
1333MHz, the improvement is almost 500% over the previous generation. This
huge improvement is mainly due to dual integrated memory controllers and faster
DDR-3 1333MHz memory. This improvement translates into improved application
performance and scalability.
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Figure 10-21 Memory throughput using STREAMS Triad

3.1.5 Application performance

In this section, we discuss the impact of memory speed on the performance of
three commonly used benchmarks: SPECint 2006_rate, SPECfp 2006_rate, and
SPECjbb 2005.

SPECint2006_rate is typically used as an indicator of performance for
commercial applications. It tends to be more sensitive to processor frequency
and less to memory bandwidth.

There are very few components in SPECint2006_rate that are memory
bandwidth-intensive and so the performance gain with memory speed
improvements is the least for this workload. In fact, most of the difference
observed is due to one of the sub-benchmarks that shows a high sensitivity to
memory frequency. There is an 8% improvement going from 800MHz to
1333MHz. The improvement in memory bandwidth is almost 40%.

SPECfp_rate is used as an indicator for high-performance computing (HPC)
workloads. It tends to be memory bandwidth-intensive and should reveal
significant improvements for this workload as memory frequency increases.

As expected, a number of sub-benchmarks demonstrate improvements as
high as the difference in memory bandwidth. As shown in Figure 10-22 on
page 224, there is a 13% gain going from 800MHz to 1066MHz and another
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6% improvement with 1333MHz. SPECfp_rate captures almost 50% of the
memory bandwidth improvement.

SPECjbb2005 is a workload that does not stress memory but keeps the data
bus moderately utilized. This workload provides a middle ground and the
performance gains reflect that trend. As shown in Figure 8, there is an 8%
gain from 800MHz to 1066MHz and another 2% upside with 1333MHz.

In each case, the benchmark scores are relative to the score at 800MHz,as
shown in Figure 10-22.
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Figure 10-22 Application performance as a function of memory speed

10.9.4 Memory Interleaving

Memory interleaving refers to how physical memory is interleaved across the
physical DIMMs. A balanced system provides the best interleaving. A Xeon 5500
series processor-based system is balanced when all memory channels on a
socket have the same amount of memory. The simplest way to enforce optimal
interleaving is by populating six identical DIMMs at 1333MHz, 12 identical
DIMMs at 1066MHz and 18 identical DIMMs (where supported by platform) at
800MHz.
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HS22 Blade Server

For HS22, which has a balanced DIMM layout, it is easy to balance the system
for all three memory frequencies. The recommended DIMM population is shown
in Table 10-9, assuming DIMMs with identical capacities.

Table 10-9 Memory configurations to produce balanced performance in HS22

Desired memory | DIMMs per | DIMM slots to populate

speed channel

1333 MHz 1 2,4,6,8,10,and 12

1066 MHz 2 All slots

800 MHz 2 All slots; clock memory speed to 800MHz in BIOS

x3650 M2/x3550 M2/dx360 M2 rack systems

For systems with 16 DIMM slots, care needs to be taken when populating the
slots, especially when configuring for large DIMM counts at 800MHz.

When configuring for 800 MHz, with large DIMM counts, it would be a common
error to populate all 16 DIMM slots with identical DIMMs. However, such a
configuration leads to an unbalanced system where two memory channels have
less memory capacity than the other four. (In other words, two channels with, for
example, 3 x 4GB DIMMs and one channel with 2 x 4GB DIMMs.) This leads to
lessened performance.

Figure 10-23 on page 226 shows the impact of reduced interleaving. The first
configuration is a balanced baseline configuration where the memory is
down-clocked to 800MHz in BIOS.

The second configuration populates four channels with 50% more memory than
two other channels causing an unbalanced configuration.

The third configuration balances the memory on all channels by populating the
channels with fewer DIMM slots with a DIMM that is double the capacity of
others. (For example, two channels with 3 x 4GB DIMMs and one channel with 1
x 4GB and 1 x 8GB DIMMs.) This ensures that all channels have the same
capacity.
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Figure 10-23 Impact of unbalanced memory configuration

As Figure 10-23 shows, the first and third balanced configurations significantly
outperform the unbalanced configuration. Depending on the memory footprint of
the application and memory access pattern, the impact could be higher or lower
than the two applications cited in the figure.

The recommended DIMM population is shown in Table 10-10.

Table 10-10 Memory configs to produce balanced performance in System x servers

Desired memory | DIMMs per | DIMM slots to populate

speed channel

1333 MHz 1 3,6,8,11,14,16

1066 MHz 2 2,3,5,6,7,8,10,11, 13,14, 15, 16

800 MHz 2 2,3,5,6,7,8,10, 11, 13, 14, 15, 16 and clock
memory down to 800MHz in BIOS

800MHz >2 1,2,3,4,5,6,7,9,10, 11,12, 13, 14, 15 with
DIMMs of size ‘X’ 8 and 16 with DIMMs of size ‘2x’
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10.9.5 Memory ranks

A memory rank is simply a segment of memory that is addressed by a specific
address bit. DIMMs typically have 1, 2, or 4 memory ranks, as indicated by their
size designation.

A typical memory 