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Preface g1. 2002
By Lin Chao, Publisher Intel Technology Journa

This February 2002 issue of the Intel Technology Journal (ITJ) isfull of new things. Fird, there
isanew look and design. Thisisthefirst big redesign since the inception of the ITJ on the Web
in 1997. The new design, together with inclusion of the ISSN (International Standard Seria
Number), makes it easier to index articles into technical indexes and search engines. There are
new “subscribe,” search ITJ, and “e-mail to a colleague’ features in the left navigation tool bar.
Readers are encouraged to subscribe to the ITJ. The benefit is subscribers are notified by e-mail

when a new issueis published.

The focus of thisissue is Hyper-Threading Technology, a new microprocessor architecture
technology. It makes a single processor look like two processors to the operating system. Intel's
Hyper-Threading Technology deliverstwo logical processors that can execute different tasks
simultaneously using shared hardware resources. Hyper-Threading Technology effectively looks
like two processors on achip. A chip with this technology will not equa the computing power of
two processors, however, it will seem like two, as the performance boost is substantial. Chips
enabled with Hyper-Threading Technology will also be chegper than dual-processor computers:

one hesat sink, one fan, one cooling solution, and one chip are what are necessary.

The six papersin thisissue of the Intel Technology Journal discuss this new technology. The
papers cover a broad view of Hyper-Threading Technology including the architecture,
microarchitecture, pre-silicon vaidation and performance impact on media and compute-
intensive applications. Also included is an intriguing paper on speculative precomputation, a
technique that improves the latency of single-threaded applications by utilizing idle

multithreading hardware resources to perform long-range data prefetches.
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Intel® Hyper-Threading Technology
By Robert L. Cross

Multithreading Technol ogies Manager

Performance-affordable performance, relevant performance, and pervasively available performance—
continues to be akey concern for end users. Enterprise and technical computing users have a never-ending
need for increased performance and capacity. Moreover, industry analysts continue to observe that
complex games and rich entertainment for consumers, plus a wide range of new business uses, software,

and components, will necessitate growth in computing power.

Processor resources, however, are often underutilized and the growing gap between core processor
frequency and memory speed causes memory latency to become an increasing performance challenge.
Intel’s Hyper-Threading Technology brings Simultaneous Multi-Threading to the Intel Architecture and
makes a single physical processor appear as two logical processors with duplicated architecture state, but
with shared physical execution resources. This allows two tasks (two threads from asingle application or
two separate applications) to execute in parallel, increasing processor utilization and reducing the
performance impact of memory latency by overlapping the memory latency of one task with the execution
of another. Hyper-Threading Technology-capable processors offer significant performance improvements
for multi-threaded and multi-tasking workloads without sacrificing compatibility with existing software or
single-threaded performance. Remarkably, Hyper-Threading Technology implements these improvements

at avery low cost in power and processor die size.

The papers in this issue of the Intel Technology Journal discuss the design, challenges, and performance
opportunities of Intel’s first implementation of Hyper-Threading Technology in the Intel® X eon® processor
family. Hyper-Threading Technology is a key feature of Intel's enterprise product line and will be
integrated into a wide variety of products. It marks the beginning of a new era: the transition from
instruction-level parallelism to thread-level parallelism, and it lays the foundation for a new level of

computing industry innovation and end-user benefits.

OIntel is a registered trademark of Intel Corporation or its subsidiaries in the United States and other

countries.

© X eonisatrademark of Intel Corporation or its subsidiaries in the United States and other countries.
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ABSTRACT

Intel’s Hyper-Threading Technology brings the concept
of simultaneous multi-threading to the Intel
Architecture. Hyper-Threading Technology makes a
single physical processor appear as two logical
processors; the physical execution resources are shared
and the architecture state is duplicated for the two
logical processors. From a software or architecture
perspective, this means operating systems and user
programs can schedule processes or threads to logical
processors as they would on multiple physical
processors. From a microarchitecture perspective, this
means that instructions from both logical processors
will persist and execute simultaneously on shared
execution resources.

This paper describes the Hyper-Threading Technology
architecture, and discusses the microarchitecture details
of Intel's first implementation on the Intel® Xeon
processor family. Hyper-Threading Technology is an
important addition to Intel’s enterprise product line and
will be integrated into a wide variety of products.

®Intel is a registered trademark of Intel Corporation or
its subsidiaries in the United States and other countries.

"Xeon is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

INTRODUCTION

The amazing growth of the Internet and
telecommunications is powered by ever-faster systems
demanding increasingly higher levels of processor
performance. To keep up with this demand we cannot
rely entirely on traditional approaches to processor
design. Microarchitecture techniques used to achieve
past processor performance improvement—super-
pipelining, branch prediction, super-scalar execution,
out-of-order execution, caches—have made
microprocessors increasingly more complex, have more
transistors, and consume more power. In fact, transistor
counts and power are increasing at rates greater than
processor performance. Processor architects are
therefore looking for ways to improve performance at a
greater rate than transistor counts and power
dissipation. Intel’s Hyper-Threading Technology is one
solution.

Processor Microarchitecture

Traditional approaches to processor design have
focused on higher clock speeds, instruction-level
parallelism (ILP), and caches. Techniques to achieve
higher clock speeds involve pipelining the
microarchitecture to finer granularities, also called
super-pipelining. Higher clock frequencies can greatly
improve performance by increasing the number of
instructions that can be executed each second. Because
there will be far more instructions in-flight in a super-
pipelined microarchitecture, handling of events that
disrupt the pipeline, e.g., cache misses, interrupts and
branch mispredictions, can be costly.

Hyper-Threading Technology Architecture and Microarchitecture 4
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ILP refers to techniques to increase the number of
instructions executed each clock cycle. For example, a
super-scalar processor has multiple parallel execution
units that can process instructions simultaneously. With
super-scalar execution, several instructions can be
executed each clock cycle. However, with simple in-
order execution, it is not enough to simply have multiple
execution units. The challenge is to find enough
instructions to execute. One technique is out-of-order
execution where a large window of instructions is
simultaneously evaluated and sent to execution units,
based on instruction dependencies rather than program
order.

Accesses to DRAM memory are slow compared to
execution speeds of the processor. One technique to
reduce this latency is to add fast caches close to the
processor. Caches can provide fast memory access to
frequently accessed data or instructions. However,
caches can only be fast when they are small. For this
reason, processors often are designed with a cache
hierarchy in which fast, small caches are located and
operated at access latencies very close to that of the
processor core, and progressively larger caches, which
handle less frequently accessed data or instructions, are
implemented with longer access latencies. However,
there will always be times when the data needed will not
be in any processor cache. Handling such cache misses
requires accessing memory, and the processor is likely
to quickly run out of instructions to execute before
stalling on the cache miss.

The vast majority of techniques to improve processor
performance from one generation to the next is complex
and often adds significant die-size and power costs.
These techniques increase performance but not with
100% efficiency; i.e., doubling the number of execution
units in a processor does not double the performance of
the processor, due to limited parallelism in instruction
flows. Similarly, simply doubling the clock rate does
not double the performance due to the number of
processor cycles lost to branch mispredictions.

25 4
—— Power

20 | —a&— Die Size
- - < - -SPECInt Perf

486 Pentium(TM) Pentium(TM) 3 Pentium(TM) 4
Processor Processor Processor

Figure 1: Single-stream performance vs. cost

Figure 1 shows the relative increase in performance and
the costs, such as die size and power, over the last ten
years on Intel processors’. In order to isolate the
microarchitecture impact, this comparison assumes that
the four generations of processors are on the same
silicon process technology and that the speed-ups are
normalized to the performance of an Intel486"
processor. Although we use Intel’s processor history in
this example, other high-performance processor
manufacturers during this time period would have
similar trends. Intel’s processor performance, due to
microarchitecture advances alone, has improved integer
performance five- or six-fold". Most integer
applications have limited ILP and the instruction flow
can be hard to predict.

Over the same period, the relative die size has gone up
fifteen-fold, a three-times-higher rate than the gains in
integer performance. Fortunately, advances in silicon
process technology allow more transistors to be packed
into a given amount of die area so that the actual
measured die size of each generation microarchitecture
has not increased significantly.

The relative power increased almost eighteen-fold
during this period'. Fortunately, there exist a number of
known techniques to significantly reduce power
consumption on processors and there is much on-going
research in this area. However, current processor power
dissipation is at the limit of what can be easily dealt
with in desktop platforms and we must put greater
emphasis on improving performance in conjunction with
new technology, specifically to control power.

! These data are approximate and are intended only to show
trends, not actual performance.

™ Intel486 is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

Hyper-Threading Technology Architecture and Microarchitecture 5



Intel Technology Journal Q1, 2002

Thread-Level Parallelism

A look at today’s software trends reveals that server
applications consist of multiple threads or processes that
can be executed in parallel.  On-line transaction
processing and Web services have an abundance of
software threads that can be executed simultaneously
for faster performance. Even desktop applications are
becoming increasingly parallel. Intel architects have
been trying to leverage this so-called thread-level
parallelism (TLP) to gain a better performance vs.
transistor count and power ratio.

In both the high-end and mid-range server markets,
multiprocessors have been commonly used to get more
performance from the system. By adding more
processors, applications potentially get substantial
performance improvement by executing multiple
threads on multiple processors at the same time. These
threads might be from the same application, from
different applications running simultaneously, from
operating system services, or from operating system
threads doing background maintenance. Multiprocessor
systems have been used for many years, and high-end
programmers are familiar with the techniques to exploit
multiprocessors for higher performance levels.

In recent years a number of other techniques to further
exploit TLP have been discussed and some products
have been announced. One of these techniques is chip
multiprocessing (CMP), where two processors are put
on a single die. The two processors each have a full set
of execution and architectural resources. The
processors may or may not share a large on-chip cache.
CMP is largely orthogonal to conventional
multiprocessor systems, as you can have multiple CMP
processors in a multiprocessor configuration. Recently
announced processors incorporate two processors on
each die. However, a CMP chip is significantly larger
than the size of a single-core chip and therefore more
expensive to manufacture; moreover, it does not begin
to address the die size and power considerations.

Another approach is to allow a single processor to
execute multiple threads by switching between them.
Time-slice multithreading is where the processor
switches between software threads after a fixed time
period. Time-slice multithreading can result in wasted
execution slots but can effectively minimize the effects
of long latencies to memory. Switch-on-event multi-
threading would switch threads on long latency events
such as cache misses. This approach can work well for
server applications that have large numbers of cache
misses and where the two threads are executing similar
tasks. However, both the time-slice and the switch-on-

event multi-threading techniques do not achieve optimal
overlap of many sources of inefficient resource usage,
such as  branch  mispredictions, instruction
dependencies, etc.

Finally, there is simultaneous multi-threading, where
multiple threads can execute on a single processor
without switching. The threads execute simultaneously
and make much better use of the resources. This
approach makes the most effective use of processor
resources: it maximizes the performance vs. transistor
count and power consumption.

Hyper-Threading Technology brings the simultaneous
multi-threading approach to the Intel architecture. In
this paper we discuss the architecture and the first
implementation of Hyper-Threading Technology on the
Intel® Xeon " processor family.

HYPER-THREADING TECHNOLOGY
ARCHITECTURE

Hyper-Threading Technology makes a single physical
processor appear as multiple logical processors [11, 12].
To do this, there is one copy of the architecture state for
each logical processor, and the logical processors share
a single set of physical execution resources. From a
software or architecture perspective, this means
operating systems and user programs can schedule
processes or threads to logical processors as they would
on conventional physical processors in a multi-
processor  system. From a microarchitecture
perspective, this means that instructions from logical
processors will persist and execute simultaneously on
shared execution resources.

Figure 2: Processors without Hyper-Threading Tech

Arch State Arch State

Processor Execution
Resources

Processor Execution
Resources

——

®Intel is a registered trademark of Intel Corporation or
its subsidiaries in the United States and other countries.

"Xeon is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

Hyper-Threading Technology Architecture and Microarchitecture 6



Intel Technology Journal Q1, 2002

As an example, Figure 2 shows a multiprocessor system
with two physical processors that are not Hyper-
Threading Technology-capable.  Figure 3 shows a
multiprocessor system with two physical processors that
are Hyper-Threading Technology-capable. With two
copies of the architectural state on each physical
processor, the system appears to have four logical
Pprocessors.

Il Arch State "Arch State I IArch State "Arch State |I

Processor Execution
Resources

Processor Execution
Resources

—

Figure 3: Processors with Hyper-Threading
Technology

The first implementation of Hyper-Threading
Technology is being made available on the Intel®
Xeon" processor family for dual and multiprocessor
servers, with two logical processors per physical
processor. By more efficiently using existing processor
resources, the Intel Xeon processor family can
significantly improve performance at virtually the same
system cost. This implementation of Hyper-Threading
Technology added less than 5% to the relative chip size
and maximum power requirements, but can provide
performance benefits much greater than that.

Each logical processor maintains a complete set of the
architecture state. The architecture state consists of
registers including the general-purpose registers, the
control registers, the advanced programmable interrupt
controller (APIC) registers, and some machine state
registers. From a software perspective, once the
architecture state is duplicated, the processor appears to
be two processors. The number of transistors to store
the architecture state is an extremely small fraction of
the total. Logical processors share nearly all other
resources on the physical processor, such as caches,

® Intel is a registered trademark of Intel Corporation or
its subsidiaries in the United States and other countries.

™ Xeon is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

execution units, branch predictors, control logic, and
buses.

Each logical processor has its own interrupt controller
or APIC. Interrupts sent to a specific logical processor
are handled only by that logical processor.

FIRST IMPLEMENTATION ON THE
INTEL XEON PROCESSOR FAMILY

Several goals were at the heart of the microarchitecture
design choices made for the Intel® Xeon" processor MP
implementation of Hyper-Threading Technology. One
goal was to minimize the die area cost of implementing
Hyper-Threading Technology. Since the logical
processors share the vast majority of microarchitecture
resources and only a few small structures were
replicated, the die area cost of the first implementation
was less than 5% of the total die area.

A second goal was to ensure that when one logical
processor is stalled the other logical processor could
continue to make forward progress. A logical processor
may be temporarily stalled for a variety of reasons,
including servicing cache misses, handling branch
mispredictions, or waiting for the results of previous
instructions. Independent forward progress was ensured
by managing buffering queues such that no logical
processor can use all the entries when two active
software threads® were executing. This is accomplished
by either partitioning or limiting the number of active
entries each thread can have.

A third goal was to allow a processor running only one
active software thread to run at the same speed on a
processor with Hyper-Threading Technology as on a
processor without this capability. This means that
partitioned resources should be recombined when only
one software thread is active. A high-level view of the
microarchitecture pipeline is shown in Figure 4. As
shown, buffering queues separate major pipeline logic
blocks. The buffering queues are either partitioned or
duplicated to ensure independent forward progress
through each logic block.

®Intel is a registered trademark of Intel Corporation or
its subsidiaries in the United States and other countries.

™ Xeon is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

* Active software threads include the operating system
idle loop because it runs a sequence of code that
continuously checks the work queue(s). The operating
system idle loop can consume considerable execution
resources.

Hyper-Threading Technology Architecture and Microarchitecture 7
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TC/MS-ROM

Rename/Allocate

L2

Out-of-order
Schedule / Execute

Phys
Regs

Figure 4 Intel® Xeon™ processor pipeline

In the following sections we will walk through the
pipeline, discuss the implementation of major functions,
and detail several ways resources are shared or

£ replicated.
g
3 FRONT END

The front end of the pipeline is responsible for
delivering instructions to the later pipe stages. As
shown in Figure Sa, instructions generally come from
the Execution Trace Cache (TC), which is the primary
or Level 1 (L1) instruction cache. Figure 5b shows that
only when there is a TC miss does the machine fetch
and decode instructions from the integrated Level 2 (L2)
cache. Near the TC is the Microcode ROM, which
stores decoded instructions for the longer and more
complex IA-32 instructions.

Uop

I-Fetch  Queue

Cache
(a)
Cache Uop

. Access . Queue. Decode . Queue. Fill . Queue

.

iy

i

Decode

Trace
Cache

(b)

Figure 5: Front-end detailed pipeline (a) Trace Cache Hit (b) Trace Cache Miss
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Execution Trace Cache (TC)

The TC stores decoded instructions, called micro-
operations or “uops.” Most instructions in a program
are fetched and executed from the TC. Two sets of
next-instruction-pointers  independently track the
progress of the two software threads executing. The
two logical processors arbitrate access to the TC every
clock cycle. If both logical processors want access to
the TC at the same time, access is granted to one then
the other in alternating clock cycles. For example, if
one cycle is used to fetch a line for one logical
processor, the next cycle would be used to fetch a line
for the other logical processor, provided that both
logical processors requested access to the trace cache. If
one logical processor is stalled or is unable to use the
TC, the other logical processor can use the full
bandwidth of the trace cache, every cycle.

The TC entries are tagged with thread information and
are dynamically allocated as needed. The TC is 8-way
set associative, and entries are replaced based on a least-
recently-used (LRU) algorithm that is based on the full
8 ways. The shared nature of the TC allows one logical
processor to have more entries than the other if needed.

Microcode ROM

When a complex instruction is encountered, the TC
sends a microcode-instruction pointer to the Microcode
ROM. The Microcode ROM controller then fetches the
uops needed and returns control to the TC. Two
microcode instruction pointers are used to control the
flows independently if both logical processors are
executing complex IA-32 instructions.

Both logical processors share the Microcode ROM
entries. Access to the Microcode ROM alternates
between logical processors just as in the TC.

ITLB and Branch Prediction

If there is a TC miss, then instruction bytes need to be
fetched from the L2 cache and decoded into uops to be
placed in the TC.  The Instruction Translation
Lookaside Buffer (ITLB) receives the request from the
TC to deliver new instructions, and it translates the
next-instruction pointer address to a physical address.
A request is sent to the L2 cache, and instruction bytes
are returned. These bytes are placed into streaming
buffers, which hold the bytes until they can be decoded.

The ITLBs are duplicated. Each logical processor has
its own ITLB and its own set of instruction pointers to
track the progress of instruction fetch for the two logical
processors. The instruction fetch logic in charge of
sending requests to the L2 cache arbitrates on a first-

come first-served basis, while always reserving at least
one request slot for each logical processor. In this way,
both logical processors can have fetches pending
simultaneously.

Each logical processor has its own set of two 64-byte
streaming buffers to hold instruction bytes in
preparation for the instruction decode stage. The ITLBs
and the streaming buffers are small structures, so the die
size cost of duplicating these structures is very low.

The branch prediction structures are either duplicated or
shared. The return stack buffer, which predicts the
target of return instructions, is duplicated because it is a
very small structure and the call/return pairs are better
predicted for software threads independently. The
branch history buffer used to look up the global history
array is also tracked independently for each logical
processor. However, the large global history array is a
shared structure with entries that are tagged with a
logical processor ID.

TA-32 Instruction Decode

IA-32 instructions are cumbersome to decode because
the instructions have a variable number of bytes and
have many different options. A significant amount of
logic and intermediate state is needed to decode these
instructions. Fortunately, the TC provides most of the
uops, and decoding is only needed for instructions that
miss the TC.

The decode logic takes instruction bytes from the
streaming buffers and decodes them into uops. When
both threads are decoding instructions simultaneously,
the streaming buffers alternate between threads so that
both threads share the same decoder logic. The decode
logic has to keep two copies of all the state needed to
decode 1A-32 instructions for the two logical processors
even though it only decodes instructions for one logical
processor at a time. In general, several instructions are
decoded for one logical processor before switching to
the other logical processor. The decision to do a coarser
level of granularity in switching between logical
processors was made in the interest of die size and to
reduce complexity. Of course, if only one logical
processor needs the decode logic, the full decode
bandwidth is dedicated to that logical processor. The
decoded instructions are written into the TC and
forwarded to the uop queue.

Uop Queue

After uops are fetched from the trace cache or the
Microcode ROM, or forwarded from the instruction
decode logic, they are placed in a “uop queue.” This
queue decouples the Front End from the Out-of-order

Hyper-Threading Technology Architecture and Microarchitecture 9
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Execution Engine in the pipeline flow. The uop queue
is partitioned such that each logical processor has half
the entries. This partitioning allows both logical
processors to make independent forward progress
regardless of front-end stalls (e.g., TC miss) or
execution stalls.

OUT-OF-ORDER EXECUTION ENGINE

The out-of-order execution engine consists of the
allocation, register renaming, scheduling, and execution
functions, as shown in Figure 6. This part of the
machine re-orders instructions and executes them as

Uop Register
Queue Rename  Queue  Sched Read

i

Registers

quickly as their inputs are ready, without regard to the
original program order.

Allocator

The out-of-order execution engine has several buffers to
perform its re-ordering, tracing, and sequencing
operations. The allocator logic takes uops from the uop
queue and allocates many of the key machine buffers
needed to execute each uop, including the 126 re-order
buffer entries, 128 integer and 128 floating-point
physical registers, 48 load and 24 store buffer entries.
Some of these key buffers are partitioned such that each
logical processor can use at most half the entries.

Register

Execute L1 Cache Write Retire

Store

¢ Re-Order
Registers i  Buffer

L1 D-Cache!

Figure 6: Out-of-order execution engine detailed pipeline

Specifically, each logical processor can use up to a
maximum of 63 re-order buffer entries, 24 load buffers,
and 12 store buffer entries.

If there are uops for both logical processors in the uop
queue, the allocator will alternate selecting uops from
the logical processors every clock cycle to assign
resources. If a logical processor has used its limit of a
needed resource, such as store buffer entries, the
allocator will signal “stall” for that logical processor and
continue to assign resources for the other logical
processor. In addition, if the uop queue only contains
uops for one logical processor, the allocator will try to
assign resources for that logical processor every cycle to
optimize allocation bandwidth, though the resource
limits would still be enforced.

By limiting the maximum resource usage of key buffers,

the machine helps enforce fairness and prevents
deadlocks.

Register Rename

The register rename logic renames the architectural [A-
32 registers onto the machine’s physical registers. This
allows the 8 general-use 1A-32 integer registers to be
dynamically expanded to use the available 128 physical
registers. The renaming logic uses a Register Alias
Table (RAT) to track the latest version of each
architectural register to tell the next instruction(s) where
to get its input operands.

Since each logical processor must maintain and track its
own complete architecture state, there are two RATS,
one for each logical processor. The register renaming
process is done in parallel to the allocator logic
described above, so the register rename logic works on
the same uops to which the allocator is assigning
resources.

Once uops have completed the allocation and register
rename processes, they are placed into two sets of

Hyper-Threading Technology Architecture and Microarchitecture 10
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queues, one for memory operations (loads and stores)
and another for all other operations. The two sets of
queues are called the memory instruction queue and the
general instruction queue, respectively. The two sets of
queues are also partitioned such that uops from each
logical processor can use at most half the entries.

Instruction Scheduling

The schedulers are at the heart of the out-of-order
execution engine. Five uop schedulers are used to
schedule different types of uops for the various
execution units. Collectively, they can dispatch up to
six uops each clock cycle. The schedulers determine
when uops are ready to execute based on the readiness
of their dependent input register operands and the
availability of the execution unit resources.

The memory instruction queue and general instruction
queues send uops to the five scheduler queues as fast as
they can, alternating between uops for the two logical
processors every clock cycle, as needed.

Each scheduler has its own scheduler queue of eight to
twelve entries from which it selects uops to send to the
execution units. The schedulers choose uops regardless
of whether they belong to one logical processor or the
other. The schedulers are effectively oblivious to
logical processor distinctions. The uops are simply
evaluated based on dependent inputs and availability of
execution resources. For example, the schedulers could
dispatch two uops from one logical processor and two
uops from the other logical processor in the same clock
cycle. To avoid deadlock and ensure fairness, there is a
limit on the number of active entries that a logical
processor can have in each scheduler’s queue. This
limit is dependent on the size of the scheduler queue.

Execution Units

The execution core and memory hierarchy are also
largely oblivious to logical processors. Since the source
and destination registers were renamed earlier to
physical registers in a shared physical register pool,
uops merely access the physical register file to get their
destinations, and they write results back to the physical
register file. Comparing physical register numbers
enables the forwarding logic to forward results to other
executing uops without having to understand logical
processors.

After execution, the uops are placed in the re-order
buffer. The re-order buffer decouples the execution
stage from the retirement stage. The re-order buffer is
partitioned such that each logical processor can use half
the entries.

Retirement

Uop retirement logic commits the architecture state in
program order. The retirement logic tracks when uops
from the two logical processors are ready to be retired,
then retires the uops in program order for each logical
processor by alternating between the two logical
processors. Retirement logic will retire uops for one
logical processor, then the other, alternating back and
forth. If one logical processor is not ready to retire any
uops then all retirement bandwidth is dedicated to the
other logical processor.

Once stores have retired, the store data needs to be
written into the level-one data cache. Selection logic
alternates between the two logical processors to commit
store data to the cache.

MEMORY SUBSYSTEM

The memory subsystem includes the DTLB, the low-
latency Level 1 (L1) data cache, the Level 2 (L2) unified
cache, and the Level 3 unified cache (the Level 3 cache
is only available on the Intel® Xeon  processor MP).
Access to the memory subsystem is also largely
oblivious to logical processors. The schedulers send
load or store uops without regard to logical processors
and the memory subsystem handles them as they come.

DTLB

The DTLB translates addresses to physical addresses. It
has 64 fully associative entries; each entry can map
either a 4K or a 4MB page. Although the DTLB is a
shared structure between the two logical processors,
each entry includes a logical processor ID tag. Each
logical processor also has a reservation register to
ensure fairness and forward progress in processing
DTLB misses.

L1 Data Cache, L2 Cache, L3 Cache

The L1 data cache is 4-way set associative with 64-byte
lines. It is a write-through cache, meaning that writes
are always copied to the L2 cache. The L1 data cache is
virtually addressed and physically tagged.

The L2 and L3 caches are 8-way set associative with
128-byte lines. The L2 and L3 caches are physically
addressed. Both logical processors, without regard to
which logical processor’s uops may have initially

®Intel is a registered trademark of Intel Corporation or
its subsidiaries in the United States and other countries.

"Xeon is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.
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brought the data into the cache, can share all entries in
all three levels of cache.

Because logical processors can share data in the cache,
there is the potential for cache conflicts, which can
result in lower observed performance. However, there
is also the possibility for sharing data in the cache. For
example, one logical processor may prefetch
instructions or data, needed by the other, into the cache;
this is common in server application code. In a
producer-consumer usage model, one logical processor
may produce data that the other logical processor wants
to use. In such cases, there is the potential for good
performance benefits.

BUS

Logical processor memory requests not satisfied by the
cache hierarchy are serviced by the bus logic. The bus
logic includes the local APIC interrupt controller, as
well as off-chip system memory and I/O space. Bus
logic also deals with cacheable address coherency
(snooping) of requests originated by other external bus
agents, plus incoming interrupt request delivery via the
local APICs.

From a service perspective, requests from the logical
processors are treated on a first-come basis, with queue
and buffering space appearing shared. Priority is not
given to one logical processor above the other.

Distinctions between requests from the logical
processors are reliably maintained in the bus queues
nonetheless. Requests to the local APIC and interrupt
delivery resources are unique and separate per logical
processor. Bus logic also carries out portions of barrier
fence and memory ordering operations, which are
applied to the bus request queues on a per logical
processor basis.

For debug purposes, and as an aid to forward progress
mechanisms in clustered multiprocessor
implementations, the logical processor ID is visibly sent
onto the processor external bus in the request phase
portion of a transaction. Other bus transactions, such as
cache line eviction or prefetch transactions, inherit the
logical processor ID of the request that generated the
transaction.

SINGLE-TASK AND MULTI-TASK
MODES

To optimize performance when there is one software
thread to execute, there are two modes of operation
referred to as single-task (ST) or multi-task (MT). In
MT-mode, there are two active logical processors and
some of the resources are partitioned as described

earlier. There are two flavors of ST-mode: single-task
logical processor 0 (STO) and single-task logical
processor 1 (ST1). In STO- or STI1-mode, only one
logical processor is active, and resources that were
partitioned in MT-mode are re-combined to give the
single active logical processor use of all of the
resources.  The IA-32 Intel Architecture has an
instruction called HALT that stops processor execution
and normally allows the processor to go into a lower-
power mode. HALT is a privileged instruction, meaning
that only the operating system or other ring-0 processes
may execute this instruction. User-level applications
cannot execute HALT.

On a processor with Hyper-Threading Technology,
executing HALT transitions the processor from MT-
mode to STO- or ST1-mode, depending on which logical
processor executed the HALT. For example, if logical
processor 0 executes HALT, only logical processor 1
would be active; the physical processor would be in
ST1-mode and partitioned resources would be
recombined giving logical processor 1 full use of all
processor resources. If the remaining active logical
processor also executes HALT, the physical processor
would then be able to go to a lower-power mode.

In STO- or ST1-modes, an interrupt sent to the HALTed
processor would cause a transition to MT-mode. The
operating system is responsible for managing MT-mode
transitions (described in the next section).

_ [mem

[faren sate ] [aren state |

Processor Execution
Resources

(a) ST0-Mode (c) ST1- Mode
Figure 7: Resource allocation

(b) MT-Mode

Figure 7 summarizes this discussion. On a processor
with Hyper-Threading Technology, resources are
allocated to a single logical processor if the processor is
in STO- or ST1-mode. On the MT-mode, resources are
shared between the two logical processors.

OPERATING SYSTEM AND
APPLICATIONS

A system with processors that use Hyper-Threading
Technology appears to the operating system and
application software as having twice the number of
processors than it physically has. Operating systems
manage logical processors as they do physical
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processors, scheduling runnable tasks or threads to
logical processors. However, for best performance, the
operating system should implement two optimizations.

The first is to use the HALT instruction if one logical
processor is active and the other is not. HALT will
allow the processor to transition to either the STO- or
ST1-mode. An operating system that does not use this
optimization would execute on the idle logical processor
a sequence of instructions that repeatedly checks for
work to do. This so-called “idle loop” can consume
significant execution resources that could otherwise be
used to make faster progress on the other active logical
processor.

The second optimization is in scheduling software
threads to logical processors. In general, for best
performance, the operating system should schedule
threads to logical processors on different physical
processors before scheduling multiple threads to the
same physical processor. This optimization allows
software threads to use different physical execution
resources when possible.

PERFORMANCE

The Intel® Xeon™ processor family delivers the highest
server system performance of any IA-32 Intel
architecture processor introduced to date. Initial
benchmark tests show up to a 65% performance
increase on high-end server applications when
compared to the previous-generation Pentium® III
Xeon™ processor on 4-way server platforms. A
significant portion of those gains can be attributed to
Hyper-Threading Technology.

®Intel and Pentium are registered trademarks of Intel
Corporation or its subsidiaries in the United States and
other countries.

"Xeon is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.
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Figure 8: Performance increases from Hyper-
Threading Technology on an OLTP workload

Figure 8 shows the online transaction processing
performance, scaling from a  single-processor
configuration through to a 4-processor system with
Hyper-Threading Technology enabled. This graph is
normalized to the performance of the single-processor
system. It can be seen that there is a significant overall
performance gain attributable to Hyper-Threading
Technology, 21% in the cases of the single and dual-
processor systems.
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Figure 9: Web server benchmark performance

Figure 9 shows the benefit of Hyper-Threading
Technology when executing other server-centric
benchmarks. The workloads chosen were two different
benchmarks that are designed to exercise data and Web
server characteristics and a workload that focuses on
exercising a server-side Java environment. In these
cases the performance benefit ranged from 16 to 28%.
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All the performance results quoted above are
normalized to ensure that readers focus on the relative
performance and not the absolute performance.

Performance tests and ratings are measured using
specific computer systems and/or components and
reflect the approximate performance of Intel products as
measured by those tests. Any difference in system
hardware or software design or configuration may affect
actual performance. Buyers should consult other
sources of information to evaluate the performance of
systems or components they are considering purchasing.
For more information on performance tests and on the
performance  of  Intel  products, refer to
www.intel.com/procs/perf/limits.htm or call (U.S.) 1-
800-628-8686 or 1-916-356-3104

CONCLUSION

Intel’s Hyper-Threading Technology brings the concept
of simultaneous multi-threading to the Intel
Architecture. This is a significant new technology
direction for Intel’s future processors. It will become
increasingly important going forward as it adds a new
technique for obtaining additional performance for
lower transistor and power costs.

The first implementation of Hyper-Threading
Technology was done on the Intel® Xeon" processor
MP. In this implementation there are two logical
processors on each physical processor. The logical
processors have their own independent architecture
state, but they share nearly all the physical execution
and hardware resources of the processor. The goal was
to implement the technology at minimum cost while
ensuring forward progress on logical processors, even if
the other is stalled, and to deliver full performance even
when there is only one active logical processor. These
goals were achieved through efficient logical processor
selection algorithms and the creative partitioning and
recombining algorithms of many key resources.

Measured performance on the Intel Xeon processor MP
with Hyper-Threading Technology shows performance
gains of up to 30% on common server application
benchmarks for this technology.

The potential for Hyper-Threading Technology is
tremendous; our current implementation has only just

® Intel is a registered trademark of Intel Corporation or
its subsidiaries in the United States and other countries.

"Xeon is a trademark of Intel Corporation or its
subsidiaries in the United States and other countries.

begun to tap into this potential. Hyper-Threading
Technology is expected to be viable from mobile
processors to servers; its introduction into market
segments other than servers is only gated by the
availability and prevalence of threaded applications and
workloads in those markets.
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Pre-Silicon Validation of Hyper-Threading Technology
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ABSTRACT

Hyper-Threading Technology delivers significantly
improved architectural performance at a lower-than-
traditional power consumption and die size cost. However,
increased logic complexity is one of the trade-offs of this
technology. Hyper-Threading Technology exponentially
increases the micro-architectural state space, decreases
validation controllability, and creates a number of new and
interesting micro-architectural boundary conditions. On
the Intel® Xeon® processor family, which implements two
logical processors per physical processor, there are
multiple, independent logical processor selection points
that use several algorithms to determine logical processor
selection. Four types of resources. Duplicated, Fully
Shared, Entry Tagged, and Partitioned, are used to
support the technology. This complexity adds to the pre-
silicon validation challenge.

Not only is the architectural state space much larger (see
“Hyper-Threading  Technology  Architecture  and
Microarchitecture” in this issue of the Intel Technology
Journal), but also a temporal factor is involved. Testing
an architectural state may not be effective if one logical
processor is halted before the other logical processor is
halted. The multiple, independent, logical processor
selection points and interference from simultaneously
executing instructions reduce controllability. Thisin turn
increases the difficulty of setting up precise boundary
conditions to test. Supporting four resource types creates
new validation conditions such as cross-logical processor
corruption of the architectural state. Moreover, Hyper-
Threading Technology provides support for inter- and
intra-logical processor store to load forwarding, greatly
increasing the challenge of memory ordering and memory
coherency validation.

° Intel is a registered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

© Xeon is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

This paper describes how Hyper-Threading Technology
impacts pre-silicon validation, the new validation
challenges created by this technology, and our strategy
for pre-silicon validation. Bug data are then presented and
used to demonstrate the effectiveness of our pre-silicon
Hyper-Threading Technology validation.

INTRODUCTION

Intel 1A-32 processors that feature the Intel® NetBurst®
microarchitecture can aso support Hyper-Threading
Technology or simultaneous multi-threading (SMT). Pre-
silicon validation of Hyper-Threading Technology was
successfully accomplished in parallel with the Pentiunt 4
processor pre-silicon validation, and it leveraged the
Pentium 4 processor pre-silicon validation techniques of
Forma Verification (FV), Cluster Test Environments
(CTEs), Architecture Validation (AV), and Coverage-
Based Validation.

THE CHALLENGES OF PRE-SILICON
HYPER-THREADING TECHNOLOGY
VALIDATION

The main validation challenge presented by Hyper-

Threading Technology is an increase in complexity that
manifested itself in these major ways.

Project management issues

An increase in the number of operating modes. MT-
mode, STO-mode, and ST1-mode, each described in
“Hyper-Threading Technology Architecture and
Microarchitecture” in this issue of the Intel
Technology Journal.

° Intel and Pentium are registered trademarks of Intel
Corporation or ts subsidiaries in the United States and
other countries.

© NetBurst is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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Hyper-Threading ~ Technology
architectural state space.

squared  the

A decrease in controllability.

An increase in the number and complexity of
microarchitectural boundary conditions.

New validation concerns for logical processor
starvation and fairness.

Microprocessor validation already was an exercise in the
intractable engineering problem of ensuring the correct
functionality of an immensely complex design with a
limited budget and on a tight schedule. Hyper-Threading
Technology made it even more intractable. Hyper-
Threading Technology did not demand entirely new
validation methods and it did fit within the aready
planned Pentiunf 4 processor validation framework of
formal verification, cluster testing, architectural validation,
and coverage-based microarchitectural validation. What
Hyper-Threading Technology did require, however, was
an increase in validation staffing and a significant increase
in computing capacity.

Project Management

The major pre-silicon validation project management
decision was where to use the additional staff. Was a
single team, which focused exclusively on Hyper-
Threading Technology validation, needed? Should all the
current functional validation teams focus on Hyper-
Threading Technology validation? The answer, driven by
the pervasiveness, complexity, and implementation of the
technology, was both. All of the existing pre-silicon
validation teams assumed responsibility for portions of
the validation, and a new small team of experienced
engineers was formed to focus exclusively on Hyper-
Threading Technology validation. The task was divided
asfollows:

Coverage-based validation [1] teams employed
coverage validation at the microcode, cluster, and full-
chip levels. Approximately thirty percent of the
coded conditions were related to Hyper-Threading
Technology. Asdiscussed later in this paper, the use
of cluster test environments was essential for
overcoming the controllability issues posed by the
technology.

The Architecture Validation (AV) [1] team fully
explored the 1A-32 Instruction Set Architecture space.
The tests were primarily single-threaded tests

4 Pentium is a registered trademark of Intel Corporation or
its subsidiariesin the United States and other countries.

(meaning the test has only a single thread of
execution and therefore each test runs on one logical
processor) and were run on each logical processor to
ensure symmetry.

The Formal Verification (FV) team proved high-risk
logical processor-related properties. Nearly one-third
of the FV proofs were for Hyper-Threading
Technology [1].

The MT Validation (MTV) team validated specific
issues raised in the Hyper-Threading Technology
architecture specification and any related validation
area not covered by other teams. Specia attention
was paid to the cross product of the architectural
state space, logical processor data sharing, logical
processor forward progress, atomic operations and
self-modifying code.

Operating M odes

Hyper-Threading Technology led to the geation of the
three operating modes, MT, STO, and ST1, and four
general types of resources used to implement Hyper-
Threading Technology. These resources can be
categorized as follows:

Duplicated. This is where the resources required to
maintain the unique architectural state of each logical
processor are replicated.

Partitioned. This is where a structure is divided in
half between the logical processors in MT-mode and
fully utilized by the active logical processor in STG- or
ST1-mode.

Entry Tagged. Thisis where the overall structure is
competitively shared, but the individual entries are
owned by a logical processor and identified with a
logical processor ID.

Fully Shared. This is where logical processors
compete on an equal basis for the same resource.

Examples of each type of resource can be found in
“Hyper-Threading  Technology  Architecture and
Microarchitecture” in this issue of the Intel Technology
Journal. Consider the operating modes state diagram
shownin Figure 1.

Pre-Silicon Validation of Hyper-Threading Technology
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Figure1: Operating M ode State Diagram

It can be used to illustrate test cases involving the three
operating modes and how they affect the four types of
resources. At the start of test, both logical processors are
reset. After reset, the logical processors vie to become
the boot serial processor. Assume logical processor 0
wins and the operating mode is now STO. All non-
duplicated resources are fully devoted to logica
processor 0. Next, logical processor 1 is activated and
MT-mode is entered. To make the transition from STO- or
ST1-mode to MT-mode, the partitioned structures, which
are now fully devoted to only one logical processor, must
be drained and divided between the logical processors.
In MT-mode, accidental architectural state corruption
becomes an issue, especially for the entry-tagged and
shared resources. When a logical processor runs the hit
instruction, it is halted, and one of the ST-modes is
entered. If logical processor 0 is halted, then the
transition is made from MT-mode to ST1-mode. During
this transition, the partitioned structures must again be
drained and then recombined and fully devoted to logical
processor 1. MT-mode can be re-entered if, for example,
an interrupt or non-maskable interrupt (NMI) is sent to
logical processor 0. The Power Down state is entered
whenever the STP_CLK pin is asserted or if both logical
processors are halted.

Now contrast this to a non-Hyper-Threading Technol ogy-
capable processor like the Intel Pentiunf 4 processor. For
the Pentium 4 processor, there are only three states: Reset,
Power Down, and Active, and four state transitions to
validate. In addition, there is no need to validate the

4 Pentium is a registered trademark of Intel Corporation or
its subsidiariesin the United States and other countries.

transitioning of partitioned resources from divided to and
from combined.

Architectural State Space

The creation of three operating modes has a material
impact on the amount of architectural state space that
must be validated. As mentioned earlier, the AV team
develops single-threaded tests that fully explore the A -32
Instruction Set Architecture and architectural space. A
single-threaded test has just one thread of execution,
meaning that it can run on only one logical processor. A
multi-threaded test has two or more threads of execution,
meaning that it can run and use two or more logical
processors simultaneously.

To validate both STO-mode and ST1-mode, al AV tests
need to be run on both logical processors. A possible
solution to validating the micro-architectural state space
might beto take all AV tests and simulate all combinations
of them in MT-mode. This proved to be impractical and
insufficient because one AV test might be much shorter
than the other test so alogical processor is halted and an
ST-mode is entered before the MT-mode architectural
state is achieved. The practical problem is that while
simulating al AV tests in one of the ST modes can be
done regularly, simulating the cross-product of all AV
tests was cal culated to take nearly one thousand years [ 3]!

The solution was to analyze the 1A -32 architectural state
space for the essential combinations that must be
validated in MT-mode.

A three-pronged attack was used to tackle the challenge
of Hyper-Threading Technology micro-architectural state
space:

All AV tests would be run at least once in both STO-
and ST1-mode. Thiswasn’t necessarily adoubling of
the required simulation time, since the AV tests are
normally run more than once during a project anyway.
There was just the additional overhead of tracking
which tests had been simulated in both ST modes.

A tool, Mtmerge, was developed that allowed single-
threaded tests to be merged and simulated in MT-
mode. Care was taken to adjust code and data spaces
to ensure the tests did not modify each other’s data
and to preserve the original intentions of the single-
threaded tests.

The MTV team created directed-random tests to
address the M T-mode architectural space. Among the
random variables were the instruction stream types:
integer, floating-point, MMX, SSE, SSE2, the
instructions within the stream, memory types,
exceptions, and random pin events such as INIT,

Pre-Silicon Validation of Hyper-Threading Technology
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SMI, STP_CLK and SLP. The directed variables that
were systematically tested against each other
included programming modes, paging modes,
interrupts, and NMI.

CONTROLLABILITY

The implementation of Hyper-Threading Technology used
multiple logical processor selection points at various
pipeline stages. There was no requirement that all
selection points picked the same logical processor in
unison. The first critical selection point is at the trace
cache, which sends decoded micro-operations to the out-

of-order execution engine. This selection point uses an
algorithm that considers factors such as trace cache
misses and queue full stalls. Hence, controllability can be
lost even before reaching the out-of-order execution
engine. In addition to the logical processor selection
points, controllability is lost because uops from both
logical processors are simultaneously active in the
pipeline and competing for the same resources. The same
test run twice on the same logical processor, but with
different tests on the other logical processor used during
both simulations, can have vastly different performance
characteristics.
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Figure 2: Logical processor selection point

Figure 2 shows some d the critical logical processor
selection points and provides a glimpse into how
interacting logical processors can affect their performance
characteristics. The independent sel ection points coupled
with the out-of-order, speculative execution, and
speculative data nature of the microarchitecture obviously
resulted in low controllability at the full-chip level. The
solution to the low controllability was the use of the
Cluster Test Environment [1] coupled with coverage-
based validation at the CTE and full-chip levels.

The Cluster Test Environments allow direct access to the
inputs of a cluster that helps aleviate controllability
issues, especially in the backend memory and bus
clusters. However, logical processor selection points and
other complex logic are buried deep within the clusters.
This meant that coverage-based validation coupled with
directed-random testing was needed to ensure all

interesting boundary conditions had been validated.
Naturally, cluster interactions can be validated only at the
full-chip level and again coverage-based validation and
directed-random testing were used extensively.

Boundary Conditions

Hyper-Threading  Technology  created  boundary
conditions that were difficult to validate and had a large
impact on our validation tool suite. Memory ordering
validation was made more difficult since data sharing
between logical processors could occur entirely within the
same processor. Tools that looked only at bus traffic to
determine correct memory ordering between logica
processors were insufficient. Instead, internal RTL
information needed to be conveyed to architectural state
checking tools such as Archsim-MP, an internal tool
provided by Intel Design Technology.
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While ALU bypassing is a common feature, it becomes
more risky when uops from different logical processors are
executing together. Validation tested that cross-logical-
processor ALU forwarding never occurred to avoid
corruption of each logical processor’s architectural state.

New Validation Concerns

Hyper-Threading Technology adds two new issues that
need to be addressed: logical processor starvation and
logical processor fairness. Starvation occurs when
activity on one logical processor prevents the other from
fetching instructions. Similar to starvation are issues of
logical processor fairness. Both logical processors may
want to use the same shared resource. One logical
processor must not be allowed to permanently block the
other from using a resource. The validation team had to
study and test for all such scenarios.

BUG ANALYSIS

The first silicon with Hyper-Threading Technology
successfully booted multi-processor-capable operating
systems and ran applications in MT-mode. The systems
ranged from a single physical processor with two logical
processors, to four-way systems running eight logical
processors. Still, there is always room for improvement in
validation. An analysiswas done to review the sources of
pre-silicon and post-silicon bugs, and to identify areas for
improving pre-silicon Hyper-Threading Technology
validation.

To conduct the analysis of Hyper-Threading Technology
bugs, it was necessary to define what such a bug is. A
Hyper-Threading Technology bug is a bug that broke
MT-mode functionality. While a seemingly obvious
definition, such tests were bund to be very good at
finding ST-mode bugs. The bugs causing most MT-mode
test failures were actually bugs that would break both ST-
mode and MT-mode functionality. They just happened to
be found first by multi-threaded tests. Every bug found
from MT-mode testing was studied to understand if it
would also cause ST-mode failures. The bugs of interest
for this analysis were those that affected only MT-mode
functionality. The bug review revealed the following:

Eight percent of all pre-silicon SRTL bugs were MT-
mode bugs.

Pre-silicon MT-mode bugs were found in every
cluster and microcode.

Fifteen percent of all post-silicon SRTL bugs were
MT-mode bugs.

Two clusters [2] did not have any MT-mode post-
silicon SRTL bugs.

Other Metg(I)/OnIy
10% 0 MT AV
SMC 35%

ULD

) Locks
15% 20%

Figure 3: Breakdown of post-silicon MT-Modebugs

Figure 3 categorizes the post-silicon MT-mode bugs into
the functionality that they affected [2, 3]. Multi-Threading
Architectural Validation (MT AV) bugs occurred where a
particular combination of the huge cross product of 1A-32
architectural state space did not function properly. Locks
are those bugs that broke the functionality of atomic
operations in MT-mode. ULD represents bugs involving
logica  processor forward progress performance
degradation. Self-Modifying Code (SMC) bugs were bugs
that broke the functionality of self or cross-logica
processor modifying code. Other is the category of other
tricky micro-architectural boundary conditions. Metal
Only is an interesting grouping. We found that post-
silicon MT-mode bugs were difficult to fix in metal only
steppings and often required full layer tapeouts to fix
successfully. Metal Only are the bugs caused by
attempting to fix known bugsin Metal Only tapeouts.

IMPROVING MULTI-THREADING
VALIDATION

Clearly, with MT-mode bugs constituting nearly twice the
number of post-silicon bugs, 15% versus 8% of the pre-
silicon bugs, coupled with the high cost of fixing post-
silicon MT bugs (full layer versus metal tapeouts), thereis
an opportunity for improving pre-silicon validation of
future MT-capable processors. Driven by the analysis of
pre- and post-silicon MT-mode bugs [2, 3], we are
improving pre-silicon validation by doing the following:

Enhancing the Cluster Test Environments to improve
MT-mode functionality checking.

Increasing the focus on microarchitecture validation
of multi-cluster protocols such as SMC, atomic
operations, and forward progress mechanisms.

Increasing the use of coverage-based validation
techniques to address hardware/microcode
interactionsinthe MT AV validation space.

Pre-Silicon Validation of Hyper-Threading Technology
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Increasing the use of coverage-based validation
techniques at the full-chip level to track resource
utilization.

Done mainly in the spirit of continuous improvement,
enhancing the CTEs to more completely model adjacent
clusters and improve checking will increase the
controllability benefits of CTE testing and improve both
ST- and MT-mode validation. Much of the full-chip
microarchitecture validation (UAV) had focused on
testing of cluster boundaries to complement CTE testing.
While this continues, additional resources have been
alocated to the multi-cluster protocols mentioned
previously.

The MTV teamis, for the first time, using coverage-based
validation to track architectural state coverage. For
example, the plan is to go beyond testing of interrupts on
both logical processors by skewing a window of interrupt
occurrence on both logical processors at the full-chip
level. In addition, this will guarantee that both logical
processors are simultaneously in a given architectura
state.

The MTV team is also increasing its use of coverage to
track resource consumption. One case would be the
filling of a fully shared structure, by one logica
processor, that the other logical processor needs to use.
The goal is to use coverage to ensure that the desired
traffic patterns have been created.

Nevertheless, these changes represent fine-tuning of the
origina  strategy developed for Hyper-Threading
Technology validation. The use of CTEs proved
essential for overcoming decreased controllability, and
the division of MT-mode validation work among the
existing functional validation teams proved an effective
and efficient way of tackling this large challenge. The
targeted microarchitecture boundary conditions, resource
structures, and areas identified as new validation
concerns were al highly functional at initial tapeout.
Many of the bugs that escaped pre-silicon validation
could have been caught with existing pre-silicon tests if
those tests could have been run for hundreds of millions
of clock cycles or involved unintended consequences
from rare interactions between protocols.

CONCLUSION

The first Intel® microprocessor with Hyper-Threading
Technology was highly functional on A-O silicon. The
initial pre-silicon validation strategy using the trinity of
coverage-based validation, CTE testing, and sharing the

°Intel is a registered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

validation work was successful in overcoming the
complexities and new challenges posed by this
technology. Driven by bug data, refinements of the
original validation process will help ensure that Intel
Corporation can successfully deploy new processors with
Hyper-Threading Technology and reap the benefits of
improved performance at lower die size and power cost.
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ABSTRACT

Speculative Precomputation (SP) is atechnique to improve
the latency of single-threaded applications by utilizing idle
multithreading hardware resources to perform aggressive
long-range data prefetches. Instead of trying to explicitly
paralelize a single-threaded application, SP does the
following:

Targets only a small set of static load instructions,
caled delinquent loads which incur the most
performance degrading cache miss penalties.

Identifies the dependent instruction slice leading to
each delinquent load.

Dynamically spawns the slice on a spare hardware
thread to speculatively precompute the load address
and perform data prefetch.

Consequently, a significant amount of cache misses can
be overlapped with useful work, thus hiding the memory
latency from the critical path in the original program.

Fundamentally, contrary to conventional wisdom that
multithreading microarchitecture techniques can be used
to only improve the throughput of multitasking workloads
or the performance of multithreaded programs, SP
demonstrates the potential to leverage multithreading
hardware resources to exploit a form of implicit thread-
level parallelism and significantly speed up single-
threaded applications. Most desktop applications in the

traditional PC environment are not otherwise easily
parallelized to take advantage of multithreading resources.

This paper chronicles the milestones and key | essons from
Intel’s research on SP, including an initial simulation-
based evaluation of SP for both in-order and out-of-order
multithreaded microarchitectures. We also look at recent
experiments in applying software-based SP (SSP) to
significantly speed up a set of pointer-intensive
applications on a pre-production version of Intel® Xeon®
processors with Hyper-Threading Technology.

INTRODUCTION

Memory latency has become the critical bottleneck to
achieving high performance on modern processors. Many
large applications today are memory intensive, because
their memory access patterns are difficult to predict and
their working sets are becoming quite large. Despite
continued advances in cache design and new
developments in prefetching techniques, the memory
bottleneck problem still persists. This problem worsens
when executing pointer-intensive applications, which tend
to defy conventional stride-based prefetching techniques.

°Intel is a registered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

°Xeon is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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One solution is to overlap memory stalls in one program
with the execution of useful instructions from another
program, thus effectively improving system performance
in terms of overal throughput. Improving throughput of
multitasking workloads on a single processor has been the
primary motivation behind the emerging simultaneous
multithreading (SMT) techniques [1][2][3]. An SMT
processor can issue instructions from multiple hardware
contexts, or logical processors (sometimes also called
hardware threads), to the functional units of a super-
scalar processor in the same cycle. SMT achieves higher
overall throughput by increasing overal instruction-level
parallelism available to the architecture via the exploitation
of the natural parallelism between independent threads
during each cycle.

However, this traditional use of SMT does not directly
improve performance in terms of latency when only a
single thread is executing. Since the majority of desktop
applications in the traditional PC environment are single-
threaded code, it is important to investigate if and how
SMT techniques can be used to enhance single-threaded
code performance by reducing latency.

At Intel Labs, extensive microarchitecture research efforts
have been dedicated to discover and evaluate innovative
hardware and software techniques to leverage
multithreaded hardware resources to speed up single-
threaded applications. One of the techniques is called
Speculative Precomputation (SP), a novel thread-based
cache prefetching mechanism. The key idea behind SPis
to utilize otherwise idle hardware thread contexts to
execute speculative threads on behalf of the main (non-
speculative) thread. These speculative threads attempt to
trigger future cache-miss events far enough in advance of
access by the non-speculative thread that the memory
miss latency can be masked. SP can be thought of as a
specia prefetch mechanism that effectively targets load
instructions that exhibit unpredictable irregular or data-
dependent access patterns. Traditionally, these loads
have been difficult to handle via either hardware
prefetchers [5][6][ 7] or software prefetchers [8].

In this paper, we chronicle several milestones we have
reached including initial simulation-based evaluations of
SP for both in-order and out-of-order multithreaded
research processors [9][10][11][12][13][14], and highlight
recent experiments in successfully applying software-
based SP (SSP) to significantly speed up a set of pointer-
intensive benchmarks on a pre-production version of

Intel® Xeon® processors with the Hyper-Threading
Technology.

We first recount the motivation for SP, and we introduce
the basic algorithmic ingredients and key optimizations,
such as chaining triggers, which ensure the effectiveness
of SP. We then compare SP with out-of-order execution,
the traditional latency tolerance technique, and shed light
on the effectiveness of combining both techniques. We
follow with adiscussion of the trade-offs for hardware-
based SP and software-based SP (SSP), and in particular,
highlight an automated post-pass binary adaptation tool
for SSP. This tool can achieve performance gains
comparable to that of implementing SSP using hand
optimization. We then describe recent experiments where
SSP is applied to speed up a set of applications on apre-
production version of Intel Xeon processors with the
Hyper-Threading Technology. Finaly, we review related
work.

SPECULATIVE PRECOMPUTATION: KEY
IDEAS

Chronologically, the key ideas for Speculative
Precomputation (SP) were developed prior to the arrival of
silicon for the Intel® Xeon™ processors with Hyper-
Threading Technology. Our initial research work on SP
was conducted on a simulation infrastructure modeling a
range of research Itanium" processors that support
Simultaneous Multithreading (SMT) with a pipeline
configurable to be either in-order or out-of-order. Before
we discuss the trade-offs for hardware- vs. software-based
implementations of SP, our discussion will assume the
research processor model described below in

Table 1. We use a set of benchmerks selected from
SPEC2000 and the Olden suite, including art, equake,
gzip, mcf, health and mst.

Table1: Details of the resear ch Itanium processor

models
Pipeline In-order: 8-12-stage pipeline.
Structure Out-of-order: 12-16-stage pipeline.

Fetch 2 bundles from 1 thread, or
1 bundle from each of 2 threads.

Branchpred | 2K-entry GSHARE. 256 entry 4-way

°Intel is registered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

©X eon and Itanium are trademarks of Intel Corporation or
its subsidiariesin the United States and other countries.
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Expansion Private, per-thread, in-order 8 bundle

expansion queue

Register Files | Private, per-thread register files.
128 integer registers, 128 FP registers, 64
predicate registers, 128 application

registers

In-order: 6 instructions from one thread or
3instructions from each of 2 threads
Out-of-order:  18-instruction  schedule
window

Execute
Bandwidth

Cache
Structure

L1 (separate | and D): 16K 4way, 8way
banked, 1-2-cycle

L2 (shared): 256K 4-way, 8-way banked, 7-
14-cycle

L3 (shared): 3072K 12-way, 1-way banked,
15-30-cycle

Fill buffer (MSHR): 16 entries. All caches:
64-byte lines

[}

Memory 115-230 cycle latency, TLB Miss Penalty
> 30 cycles.

Delinquent L oads

For most programs, only a small number of static loads are
responsible for the vast majority of cache misses [19].
Figure 1 shows the cumulative contributions to L1 data
cache misses by the top 50 static loads for the processor
models in

Tablg 1 running benchmarks to completion. It is evident
that a few poorly behaved static loads dominate cache
misses in these programs. We call these loads delinquent
loads.

Delinquent Loads

© Miss Contribution of Delinquent Loads

[==mstqzip ~#—heaith — md ~—art -=— equakq
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o 000%
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Number of delinquent loads in ranked order

Figurel: CumulativelL 1 data cache missesdueto
delinquent loads

In order to gauge the impact of these loads on
performance, Figure 2 compares the performance d a
perfect memory subsystem, where all loads hitintheL1, to
that of a memory subsystem that assumes the worst 10

delinquent loads always hitting in the L1 cache. In most
cases, eliminating performance losses from only the top
delinguent loads yields most of the speed-up achievable
by the ideal memory. These data suggest that significant
improvements can be achieved by just focusing latency-
reduction techniques on the delinquent |oads.

FParfomeance Impect of D-Loeds

Potential Speedup from Targeting Delinquent Loads
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Figure2: Speed-up when 10 delinquent loadsare
assumed to alwayshit in cache

SP Overview

To perform effective prefetch for delinquent loads, SP
requires the construction of the precomputation slices, or
p-sices, which consist of dependent instructions that
compute the addresses accessed by delinquent loads.
When an event triggers the invocation of a pdlice, a
speculative thread is spawned to execute the p-slice. The
speculatively executed p-slice then prefetches for the
delinquent load that will be executed later by the main
thread. Speculative threads can be spawned under one of
two conditions: when encountering a basic trigger, which
occurs when a designated instruction in the non-
speculative thread is retired, or when encountering a
chaining trigger, which occurs when a speculative thread
explicitly spawns another.

Spawning a speculative thread entails alocating a
hardware thread context, copying necessary live-in values
into its register file, and providing the thread context with
the address of the first instruction of the p-dice. If afree
hardware context is not available, the spawn request is
ignored.

Necessary live-in values are always copied into the thread
context when a speculative thread is spawned. This
eliminates the possibility of inter-thread hazards, where a
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register is overwritten in one thread before a child thread
has read it. Fortunately, as shown in Table 2, the number
of live-in values that must be copied isvery small.

Table2: Slicestatistics

Benchmark Slices Averz_age gze | Average#
) (#inst) live-in
art 2 3 o
equake 8 125 45
92p 9 95 50
mef 6 58 5
health ) o1 3
™ 8 26 4.7

When spawned, a speculative thread occupies a hardware
thread context until the speculative thread completes
execution of al instructions in the pslice. Speculative
threads are not allowed to update the architectural state.
In particular, stores in a p-slice are not allowed to update
any memory state. For the benchmarks studied in this
research, however, none of the p-slices include any store
instructions.

SP Tasks

Several steps are necessary to employ SP: identification of
the set of delinquent loads, construction of p-slices for
these loads, and the establishment of triggers. In addition,
upon dynamic execution with SP, proper control is
necessary to ensure that the precomputation can generate
timely and accurate prefetches. These steps can be
performed by a variety of approaches including compiler
assistance, hardware support, and a hybrid of both
software and hardware approaches. These steps can be
applied to any processor supporting SMT, regardless of
differences in instruction set architectures (ISA) or
pipeline organization. Different manifestations of SP are
further discussed later in the paper.

| dentify Delinquent L oads

The set of delinquent loads that contribute the majority of
cache misses is determined through memory access
profiling, performed either by the compiler or a memory
access simulator [15], or by dedicated profiling tools for

real silicon, such as the VTune® Performance Analyzer
[16]. From such profile analysis, the loads that have the
largest impact on performance (i.e, incurring long
latencies) are selected as delinquent loads. The total
number of L1 cache misses can be used as the criterion to
select delinquent loads, while other filters (e.g., L2 or L3
misses or total memory latency) could also be used. For
example, in ar simulation-based study, we use the L1
cache misses to identify the delinquent loads, while for
our experiment on a pre-production version of the Intel
Xeon processor with the Hyper-Threading Technology,
we use L2 cache miss profiling from the VTune analyzer
instead.

Congtruct and Optimize P-Slices

In this phase, a p-sliceis created for each delinquent load.
Depending upon the environment, the p-slice can be
constructed by hand, via a smulator [11][13], by a
compiler [14], or directly by hardware [12]. For example, a
p-slice with a basic trigger can be captured via traditional
backward dlicing [17] within a window of dynamic
instruction traces. By eliminating instructions that
delinquent loads do not depend on, the resulting p-slices
are typicaly of very small sizes, typicaly 5 to 15
instructions per p-slice.  For p-slices with chaining
triggers, amore elaborate construction processis required.

P-slices containing chaining triggers typically have three
parts—a prologue, a spawn instruction for spawning
another copy of the p-slice, and an epilogue. The
prologue consists of instructions that compute values
associated with a loop-carried dependency, i.e., those
values produced in one loop iteration and used in the next
loop iteration, such as updates to a loop induction
variable. The epilogue consists of instructions that
produce the address for the targeted delinquent load. The
goal behind chaining trigger construction is for the
prologue to be executed as quickly as possible, so that
additional speculative threads can be spawned as quickly
aspossible.

To add chaining triggers to p-slices targeting delinquent
loads within loops, the algorithm for capturing p-slices
using basic triggers can be augmented to track the
distance between different instances of a delinquent load.
If two instances of the same pslice are consistently
spawned within a fixed-sized window of instructions, we
create a new p-slice that includes a chaining trigger that
targets the same delinquent load. Instructions from one

© VTune is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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slice that modify values used in the next p-slice are added
to the prologue. Instructions that are necessary to
produce the address loaded by the delinquent load are
added to the epilogue. Between the prologue and
epilogue, a spawn instruction isinserted to spawn another
copy of thissame p-dlice.

Condition Precomputation

To be effective, SP-based prefetches must be accurate
and timely. By accuracy, we mean a p-slice upon
spawning should use mostly valid live-in values to
produce a correct prefetch address. By timeliness, we
mean the speculative threads performing the SP prefetch
thread should run neither behind nor too far ahead of the
main non-speculative thread.

For accuracy, if spawning of the speculative thread is
done only after its corresponding trigger reaches the
commit stage of the processor pipeline, then the live-in
values of the associated p-slice are usually guaranteed to
be architecturally correct, thus ensuring precomputation
will produce the correct prefetch address. An alternative
policy might attempt to spawn as soon as the trigger
instruction is detected at the decode stage of the pipeline.
The drawback of such an early spawning scheme is that
both the trigger and the live-in values are specul ative and
prefetching from the wrong address can occur.

For timeliness, basic trigger by definition is more sensitive
to how far it is between the trigger and the target
delinquent load and how long the pslice is, since the
thread spawning is tightly coupled to progress made by
the main thread. Any overhead associated with thread
spawning will not only reduce the headroom for prefetch
but also incur additional latency on the main thread.

The use of chaining, while decoupling thread spawning
from progress made by the main thread, could potentially
be overly aggressive in getting too far ahead and evicting
useful data from the cache before the main thread has
accessed them. To condition the run-ahead distance
between the main thread and the SP threads, a structure
caled an Outstanding Sice Counter (OSC), isintroduced
to track, for a subset of distinct delinquent loads, the
number of speculative threads that have been spawned
relative to the number of instances of a delinquent load
that have not yet been retired by the non-speculative
thread. Each entry in the OSC tracking structure contains
acounter, the instruction pointer (IP) of a delinquent load
and the address of the first instruction in a p-slice, which
identifies the p-slice. This counter is decremented when
the non-speculative thread retires the corresponding
delinquent load, and is incremented when the
corresponding pslice is spawned. When a speculative
thread is spawned for which the entry in the OSC is

negative, the resulting speculative thread is forced to wait
in the pending state until the counter becomes positive,
during which time it is not considered for assignment to a
hardware thread context.

Aswe will seelater, the controlling mechanism can also be
implemented entirely in software as part of the speculative
thread.

SP Trade-offs

One of the key findings in our SP research is that the
chaining trigger, assuming fairly conservative hardware
support but with a proper conditioning mechanism, can be
much more effective than the basic trigger even assuming
ideal hardware support. The trade-offs between the basic
trigger and the chaining trigger can be summarized as
follows.

Basic Trigger With Ideal Hardware Assumption

Figure 3 shows the performance gains achieved through
two rather ideal SP configurations. One is more
aggressive in that speculative threads are spawned from
the non-speculative thread at the rename stage, but only
by an instruction on the correct control flow path using
oracle knowledge. The other is aless aggressive one, in
that speculative threads are spawned only at the commit
stage, when the instruction is guaranteed to be on the
correct path. In both cases, we assume aggressive and
ideal hardware support for directly copying live-in values
from the non-speculative parent thread’s context to its
child thread's context, i.e., one-cycle flash-copy of live-in
values. This allows the speculative thread to begin
execution of ap-slice just one cycle after it is spawned.

For each benchmark, results are grouped into three pairs,
corresponding to, from left to right, 2, 4, and 8 tota
hardware thread contexts.  Within each pair, the
configuration on the left corresponds to spawning
speculative threads in the rename stage, while the
configuration on the right corresponds to spawning in the
commit stage as described above.

Basic Trigger Without Ideal Har dwar e Assumption

We propose a more realistic implementation of SP, which
performs thread spawning after the trigger instruction is
retired and assumes overhead, such as potential pipeline
flush and multiple-cycle transfer of live-in values across
threads via memory. This approach differs from the
idealized hardware approach in two ways. First, spawning
athread is no longer instantaneous. It will slow down the
non-speculative thread, due to the need to invoke and
execute the handler code to check hardware thread
availability and copy out live-in values to memory to
prepare for cross-thread transfer. At the very minimum,
invoking this handler requires a pipeline flush. The
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second difference is that p-slices must be modified with a
prologue to first load their live-in values from the transfer
memory buffer, thus delaying the beginning of
precomputation.

Potential Speed-up (Basic Triggers)

Ideal Speedup from Speculative Precomputation
Using Basic Triggers

@Spawn Rename, 2 Context
mSpawn Rename, 4 Context

mSpawn Commit, 2 Context
O Spawn Rename, 8 Context

mSpawn Commit, 4 Context
OSpawn Commit, 8 Context

14
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12

Speed -up

1 il

0.9

0.8
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Benchmarks

Figure 3: SP speed-up with basic trigger andideal
har dwar e assumptions

Realistic Speedup from Speculative Precomputation
Using Basic Triggers
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Figure4: SP speed-up with basictrigger and realistic
hardware

Figure 4 shows the performance speed-ups achieved when
this more realistic hardware is assumed for a processor
with eight hardware thread contexts. Four processor
configurations are shown, each corresponding to differing
thread-spawning costs. The leftmost configuration is
given for reference, in which speculative threads are
spawned with no penalty for the non-speculative thread,
but must still perform a sequence of load instructions to
read their live-in values from the memory transfer buffer.
This configuration vyields the highest possible
performance because the main thread is still instantaneous
in spawning a speculative thread. In the other three

configurations, spawning a speculative thread causes the
non-specul ative thread’ s instructions following the trigger
to be flushed from the pipeline. In the configuration
second from the left, this pipeline flush is the only penalty,
while in the third and fourth configurations, an additional
penalty of 8 and 16 cycles, respectively, isassumed for the
cost of executing the handler code to perform the live-in
transfer.

Comparing these results to the performance of SP with
ideal hardware (see Figure 3), the resultsfor realistic SPin
Figure 4 are rather disappointing. The primary reason that
this performance falls short of that in the ideal caseisthe
overhead incurred when the non-speculative thread
spawns speculative threads. Specifically, the penalty of
pipeline flush and the cost of performing live-in spill
instructions in the handler both negatively affect the
performance of the non-speculative thread.

Chaining Trigger

Figure 5 shows the speed-up achieved from realistic SP
using chaining triggers as the number of thread contextsis
varied. We assume that a thread spawning incurs a
pipeline flush and an additional penalty of 16 cycles.
Chaining triggers make effective use of available thread
contexts when sufficient memory paralelism exists,
resulting in impressive average performance gains of 51%
with four threads and 76% with eight threads.

Speedup from Speculative Precomputation Using
Chaining Triggers
||:| 2 Total Thread Contexts [l 4 Total Thread Contexts[] 8 Total Thread Oomexlsl
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Figure5: SP speed-up with chaining trigger and
realistic hardware

Most noticeable is health. Though it does not benefit
significantly from basic triggers (as shown in Figure 4) the
speed-up is boosted to 169%, when using chaining
triggers.

Figure 6 shows which level of the memory hierarchy is
accessed by delinquent loads under three processor
configurations: the baseline processor without use of SP,
aprocessor with 8 thread contexts that uses basic triggers,
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and a processor with 8 thread contexts that uses both
basic and chaining triggers.

Sour ces of Speed-up

I

0.6
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Percentage Delinque
Load Accesses

Chainifig Trigger

0.2

Figure 6: Reduction of cache missesin the memory
hierar chy via SP-based prefetching

In general, basic triggers provide high accuracy but fail to
significantly impact the number of loads that require
access to the main memory. Even though basic triggers
can be effective in targeting delinquent loads with
relatively low latency, such as L1 misses, they are not
likely to significantly help prefetch cache misses to main
memory in atimely manner.

Chaining triggers, however, can achieve higher coverage
and prefetch data in a much more timely manner, even for
data that require access to the main memory. Thisis due
to the chaining trigger's ability to effectively target
delinquent loads and perform prefetches significantly far
ahead of the non-speculative thread.

MEMORY LATENCY TOLERANCE: SPVS.
000

Before the advent of thread-based prefetch techniques like
SP, out-of-order (OOO) execution [18][19][20] has been the
primary microarchitecture technique to tolerate cache miss
latency. With the register renamer and reservation
stations, an OOO processor is able to dynamically
schedule the in-flight instructions, and execute those
instructions independent of the missing loads, while the
misses are being served.

Fundamentally, both OOO and SP aim to hide memory
latency by overlapping instruction execution with the
service to outstanding cache misses. OOO triesto overlap
the outstanding cache-miss cycles by finding independent
instructions after the missing load and executing them as
early as possible, while SP prefetches for the delinquent
loads far ahead of the non-speculative thread, thus

overlapping future cache misses with the current
execution of the non-speculative thread.

While both SP and OOO can reduce the data cache miss
penalty incurred on the program'’s critical path, they differ
in the targeted memory access instructions and the
effectiveness for different levels of the cache hierarchy.
On the one hand, while OOO can potentially hide the miss
penalty for all load and store instructions to al layers of
the cache hierarchy, it is most effective in tolerating L1
miss penalties. But for misseson L2 or L3, OO0 may have
difficulty in finding sufficient independent instructions to
execute and overlap the much longer cache-miss latency.
On the other hand, SP by designtargets only asmall set of
delinguent loads that incur cache misses all the way to the
memory.

To quantify the difference between SP and OOO, using
the research processor models in Table 1, we evaluate two
sets of benchmarks, one representing CPU-intensive
workloads, including gap, gzip and parser, from
SPEC2000Int, and the other representing memory-access-
intensive workloads, including equake from SPEC2000fp,
mcf from SPEC2000int, and health from the Olden suite.

Cycle Accounting
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Figure7: Characteristics of CPU-intensive vs. memory-
intensive workloads on an in-order machine

Figure 7 depicts the cycle breakdown of these benchmarks
on the in-order baseline processor. A cycleisassigned to
L1, L2, and L3 when the memory system is busy servicing
the miss at the respective layer of cache hierarchy.
Execute indicates that the processor issues an instruction
for execution while the memory system is idle. Finaly,

CacheExecute shows the overlapping of cache misses
with instruction execution. Clearly, the compute-intensive
benchmarks spend most of their time in Execute while the
memory-intensive benchmarks spend their time in waiting
for cache misses.
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Figure 8 shows speed-ups over the baseline model
achieved by each of the two memory-tolerance techniques
and by a combination of the two. The OOO processor
model has four additional pipe stages to account for the
increased complexity. Furthermore, SP assumes the use of
chaining triggers and support for conditiona
precomputation.

Performance improvement over in-order Itanium‘"‘processor model

QiOtSP  gOOO [ O0OHSP

T T T T T T T
gap gzip parser Ave (CI) equake health mcf Ave (M)

benchmark

Figure8: Speed-ups of in-order +SP, OO0, OOO+SP
over in-order

Figure 9 further shows the cycle breakdown normalized to
thein-order execution. This allows usto dissect where the
speed-ups come from in terms of contributions leading to
latency reduction.

Cycle accounting of memory tolerance approaches

Normalized cycles to in-order model

benchmark

Figure9: Cycle breakdown of in-order+SP, OO0 and
OOO+SPrdativetoin-order (100%)

The key findings can be summarized as follows.

OO0 vs. SP

As shown in Figure 8 for memory-intensive workloads,
the SP-enabled in-order SMT processor, albeit targeting
only up to the top ten most delinquent loads that miss
frequently in the L2 or L3 caches, can achieve slightly

better speed-up than OOO. As shown in Figure 9 the
speed-up is due to the reduction of the miss penalty at
different levels of the cache hierarchy. For example, for
health, OOO reduces the L3 cycle count from 62% in the
baseline in-order to 28%, while SP achievesan even bigger
reduction, down to 9%.

However, for compute-intensive benchmarks, SP can
actually degrade performance. This is because for these
benchmarks, almost al the delinquent loads that miss L1
hitin L2 and leave little headroom for the SP threadsto run
ahead and produce timely prefetches. In addition,
spawning threads increase resource contention with the
main thread and potentially can induce slowdowns in the
main thread aswell.

However, OOO is able to tolerate cache misses at all levels
of the cache hierarchy and tolerate long latency
executions on functional units. For instance, for parser,
OO0 can achieve a 10% reduction in the L1 cache stall
cycles, and an even larger reduction of 12% in the
execution cycles accounted by Execute. Furthermore,
CacheExecute, the portion accounting for overlapping
between cache servicing and execution, also increases by
9%.

Combination of OO0 and SP

As shown in Figure 8, for compute-intensive benchmarks,
SP does not bring about any speed-up beyond using OO0
alone.

For memory-intensive  benchmarks, however, the
effectiveness of combining SP with OOO depends on the
benchmarks. For health, if used individually, the OOO
and SP approaches can achieve about a 131% and 90%
speed-up, respectively. Together the two approaches
achieve a near additive speed-up of 198%, demonstrating
a potential complementary effect between the two
approaches. Data in Figure 9 further shed light on the
cause behind this effect. For health, SP alone can reduce
L3 cycles to 9% without improving L1, and OOO aone
can reduce L1 to 11% with arelatively smaller reduction in
L3. By attacking both L1 and L3 cache misses, SP and
OOO wused in combination can achieve an overal
reduction for both L1 and L3. This is the root of the
complementary effect between OOO and SP, where each
covers cache misses at relatively disjointed levels of the
cache hierarchy. Another interesting observation is that
on the SP-enabled OOO processor, almost all instruction
executions are overlapped with memory accesses, a
desired effect of memory tolerance techniques.

For mcf, comparing the SP-enabled in-order execution
(ak.a. in-order+SP) with OOO in Figure 9 a relatively
smaller difference exists between cycle counts in each
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corresponding category. This is a clear indication of
overlapping, whose root cause is the fact that SP and
00O redundantly cover the delinquent loads in the loop
body.

A key to effectively utilizing SP on an OOO processor isto
avoid overlapping the efforts of these two approaches. In
particular, in typical memory-intensive loops, lengthy loop
control that contains pointer chasing usually is on the
critical path for the OOO processor. Loop control consists
of instructions that resolve |oop-carried dependencies and
compute the induction variables for the next loop iteration.
Once such acomputation in the loop control is completed,
independent instructions across multiple iterations can be
effectively executed to tolerate cache misses incurred in
the loop body of a particular iteration. A good
combination of SP and OOO is to judiciously apply SP to
perform prefetches for the critical loads in the loop control
while letting OOO handle delinquent loads in the loop
body. Then complementary benefits can be achieved, as
shown in the case of health.

HARDWARE-ONLY SPECULATIVE
PRECOMPUTATION VS, SOFTWARE-
ONLY SPECULATIVE PRECOMPUTATION

The basic steps and algorithmic ingredients for
Speculative Precomputation (SP) can be implemented in a
gamut of techniques ranging from a hardware-only [12]
approach to a software-only approach [14], in addition to
the hybrid approaches originally studied in[11][13].

At one end of the spectrum, in close collaboration with
Professor Dean Tullsen’s research team at the University
of California at San Diego, we investigated the hardware-
only approach, called Dynamic  Speculative
Precomputation (DSP), a run-time technique that employs
hardware mechanisms to identify a program’'s delinquent
loads and generate precomputation slices to prefetch
them. Like thread-based prefetching, the prefetch codeis
decoupled from the main program, alowing much more
flexibility than traditional software prefetching. Like
hardware prefetching, DSP works on legacy code and
does not sacrifice software compatibility with future
architectures and can operate on dynamic information
rather than static to initiate prefetching and to evaluate the
effectiveness of a prefetch. But unlike the software
approaches, speculative threads on DSP are constructed,
spawned, enhanced, and possibly removed by hardware.
Both basic trigger- and chaining trigger-based p-slices can
be efficiently constructed using a back-end structure off
the critical path. Even with minimal p-slice optimization, a
speed-up of 14% can be achieved on a set of various
memory-limited benchmarks. More aggressive p-slice
optimizations yield an average speed-up of 33%.

Interestingly, even in a multiprogramming environment
where multiple non-speculative threads execute, if SP is
applied to the worst behaving loads in the machine,
regardless of which thread they belong to, the overall
throughput can actually be improved, even if only one of
the threads benefits directly from SP. In other words,
though SPis originally intended to reduce the latency of a
single-threaded application, it can aso contribute to
throughput improvement in a multiprogramming
environment.

At the other end of the spectrum, we developed a post-
pass compilation tool [14] that facilitates the automatic
adaptation of existing single-threaded binaries for SSP on
a multithreaded target processor without requiring any
additional hardware mechanisms. This tool has been
implemented in Intel’s IPF production compiler
infrastructure and is able to accomplish the following
tasks:

1) Anayze an existing single-thread binary to generate
prefetch threads.

2) Identify and embed triggering points in the original
binary code.

3) Produce a new binary that has the prefetch threads
attached, which can be spawned at run time.

The execution of the new binary spawns the prefetch
threads, which are executed concurrently with the main
thread. Initial results indicate that the prefetching
performed by the speculative threads can achieve
significant speed-ups on an in-order processor, ranging
from 16% to 104%, on pointer-intensive benchmarks.
Furthermore, the speed-ups achieved using the automated
binary -adaptation tool loses at most 18% of the speed-up
relative to that produced by hand-generated SSP code on
the same processor.

To our knowledge, this is the first time that such an
autometed binary-adaptation tool has been implemented
and shown to be effective in accomplishing the entire
process of extracting dependent instructions leading to
target operation, identifying proper spawning points, and
managing inter-thread communication to ensure timely
pre-execution leading to effective prefetches.
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SPECULATIVE PRECOMPUTATION ON
THE INTEL® XEON® PROCESSOR WITH
HYPER-THREADING TECHNOLOGY

With the arrival of silicon for the Intel Xeon processor
with Hyper-Threading Technology, it is of great interest to
try out our Speculative Precomputation SP) ideas on a
real physical computer, since, thus far, our techniques
have been primarily developed on simulation-based
research processor models. Within just a few weeks of
getting a systemwith apre-production version of the Intel
Xeon processor with Hyper-Threading Technology, we
were able to come up with a crucia set of insights and
innovative techniques to successfully apply software-
only SP (SSP) to a small set of pointer-intensive
benchmarks via hand adaptation of the original code. As
shown in Table 3, significant performance boosts were
achieved. The range of speed-ups per benchmark is due
to the use of different inputs. This result was first
disclosed in the 2001 Microprocessor Forum [2] where the
details of Intel’s Hyper-Threading Technology were
originally introduced.

The silicon used in our experiment is the first generation
implementation of Hyper-Threading Technology. The
chip provides two hardware thread contexts and runs
under Microsoft’'s Windows XP Operating System
optimized for Hyper-Threading Technology. The two
hardware contexts are exposed to the user as two
symmetric multiprocessing logical processors. The on-
chip cache hierarchy has the same configuration as the
commercialy available Intel Pentiunf’ 4 processor in the
2001 timeframe. The entire on-chip cache hierarchy is
shared between two hardware threads. Thereis no special
hardware support for SP on this chip. In the following
subsections, we use a pseudo-code of the synthetic
benchmark in Table 3 as an example to highlight the
methodology of applying SSP.

Figure 10 shows the pseudo-code for this
microbenchmark. Figure 11 and Figure 12 illustrate the
pseudo-code for both the main thread and the SP prefetch
worker thread.

1 main()
{
2 n = NodeArray[ 0]
whi l e(n and renai ni ng)

{

w

4 wor k()
5 n->i = n->next->j + n->next->k + n->next->|
6 n = n->next
7 remai ni ng- - Line 4: 49.47% of total execution time
Line 5: 49.46% of total execution time
) } Line 5: 99.95% of total L2 misses

Benchmark Description Speed-up
Synthetic Graph traversal in large 22% - 45%
random graph simulating
large database retrieval
MST Minimal Spanning Tree 23% - 40%
algorithm used for data
(Olden) clustering
Health Hierarchical database 11% - 24%
modeling health care
(Olden) system
MCF Integer programming 7.08 %
(SPEC2000int) algorithm used for bus
scheduling

Table 3: Initial performancedata: SP on a pre-production
version of an Intel® Xeon™ processor with Hyper-
Threading Technology

Intel and Pentium are registered trademarks of Intel
Corporation or its subsidiaries in the United States and
other countries.

©Xeon and VTune are trademarks of Intel Corporation or
its subsidiariesin the United States and other countries.

Figure 10: Pseudo-code for single-thread codeand the
delinquent load profile

Like the general SP tasks described earlier, our experiment
consists of methodologies for identification of delinquent
loads, construction of SP threads, embedding of SP
triggers, and a mechanism enabling live-in state transfer
between the main thread and the speculative thread.

The identification of delinquent loads can be performed
with the help of Intel’s VTune™ Performance Analyzer 6.0
[16]. For instance, as shown in Figure 10, the pointer de-
referencing loads originated at Line 5 are identified as
delinquent with regard to L2 misses, and they incur
significant latency.

"Other brands may be claimed as the property of others.
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Without explicit herdware support for thread spawning,
for inter-thread communication and state transfer, we use
standard Win32" thread APls. Creat eThread()is used
to create the SP thread at initialization, Set Event () is
used to embed a basic trigger inside the main thread, and
Wi t For Si ngl eQoj ect () is used in the SP prefetch
thread to implement the event-driven activation inside the
corresponding speculative thread. In addition, we use
global variables as a medium to explicitly implement inter-
thread state transfer, where the main thread is responsible
for copying out the live-in values before signaling a
trigger event (using Set Event()). The SP prefetch
thread is responsible for copying in the live-in values prior
to performing pointer-chasing prefetches.

1 i n()

2 Ceat eThread(T .
3 Y tFors ngl e ect SP: Main Thread
4 n =NooeArray|u
5 while(n and

b

Svork() }

Tn-> = n->next-> + n->next->k + n-

8n = n-

9rend ni ng-

10Every stride Line11-12: Live-in'sfor

gl obal _n = crossthread transfer

1% obal r = Line13: Trigger to activate
15591}5"3”‘ ( SPthread

}

Figure 11: SP main thread pseudo-code

1 T()

2 Do Stride tines SP: Worker Thread
3 n->i = n->next->j + n->next- >k + n->next ->|

4 n = n>next

5 r enmai ni ng- -

6 Set Even()

7

whil e(n and remai ni ng)

{
8 Do Stride tines
9 n->i = n->next->j + n->next->k + n->next ->|
10 n = n->next
11 remai ni ng- -
12 Wi t For Si ngl eChj e€Y
13 if (remaining < global _r) i ) :
14remmining = gl obal _r Line 9: Responsible for Most
15 = global n effectiveprefetchdue to run-ahead
} - Line 13 Detect run-behind, adjust
} by jumping ahead

Figure 12: SP Prefetch worker thread—-pseudo-code

Furthermore, as shown in Figure 12, asimple yet extremely
important mechanism is used to implement SP
conditioning inside the SP prefetch worker thread. This
mechanism effectively ensures the SP prefetch worker
thread performs the following two essential steps.

" Other brands may be claimed as the property of others.

1. Upon each activation, it always runs a set of “stride”
iterations of pointer chasing ndependent from the
main thread.

It is important to note that the pointer chasing loop
bounded by “stri de” effectively realizes a chaining
trigger mechanism, since the progress can be made
across multiple iterations independent of the main
thread' s progress.

2. After completing each set of “stride” iterations, it
aways monitors the progress made by the main
thread to determine whether it is behind.

If running behind, the SP thread will try to catch up
with the main thread by synchronizing the global
pointer.

In addition, conditioning code can be introduced to
detect if the SP thread is running too far ahead. The
thread local variables “r emai ni ng” within both the
main thread and the SP worker thread, are essentially
trip counts recording their respective progress.

It is interesting to note that the SP worker thread uses
only a regular load instruction and achieves effective
prefetch for the main thread without actually using any
literal prefetch instruction.

To do afair comparison of performance, we use the Win32
API routine ti meGet Ti me() to measure and compare the
absolute wall clock execution time of the original code and
the SSP-enabled code, both built for maximum speed

optimizations using the Intel 1A-32 C/C++ compiler [35].
For the example microbenchmark, Figure 13 summarizesthe
reason why SSP-enabled code runs faster, using profiling
information from the VTune Performance Analyzer 6.0 [16].
In short, the SP thread is able to prefetch successfully
most cache misses for the identified delinquent loads.

This optimization brings about a 22% — 45% speed-up for
arange of input sizes.

Main Thread

-Line 7 correspondsto Line5of singlethread code
OExecution time:

19%vs 49.46% in single-thread code
OL2 miss:

0.61%vs 99.95% in singlethread code
SPworker thread:

-Line9

OExecution time:

26.21%

oL2miss:

97.61%

SP successful in shouldering most L 2 cache misses

Figure 13: Why SSP-enabled coderunsfaster
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This successful experiment not only serves to corroborate
insights and benefits of SP learned from our earlier
studies, which were based on simulation, but also
convincingly demonstrates an aternative way to
effectively use multithreading processor resources, i.e,
exploit a pseudo form of “thread-level parallelisn within
the single-threaded application, and use multithreading
hardware to reduceits latency.

RELATED WORK

Earlier ideas exploring speculative threads to achieve
benefits of cache prefetches include Chappel et a.,
Simultaneous Subordinate Microthreading (SSMT) [27];
Sundaramoorthy et al., Slipstream Processors [28]; and
Song et al., Assisted Execution [29].

Along with our research on SP [9][10][11][12][13][14],
several thread-based prefetch paradigms have recently
been proposed, including Zilles and Sohi’s Speculative
Slices [21], Roth and Sohi’'s Data Driven Multithreading
[22], Luk’s Software Controlled Pre-Execution [23],
Annavaram et a., Data Graph Precomputation [24], and
Moshovos et al., Slice-Processors [25]. Most of these
techniques are equivalent to the basic trigger SP
mechanism.

As pointed out by Roth et al. in [30], these thread-based
prefetching approaches are in effect performing alogical
form of access execute decoupling as originaly
envisioned by Smith in [31] and further studied in
[32][33][34]. Instead of assuming a dedicated decoupled
memory access engine, the access function is carried out
by the prefetching SP threads. Using the post-pass SSP
tool, special “access’ threads are attached to the original
code. “Access’ and “Execute” threads are performed and
overlapped (“pipelining”) on distinct hardware thread
contexts in ageneral-purpose SMT or CMP processor.

What distinguishes our research from other research in
this area includes the discovery of the chaining trigger
mechanism; in-depth analysis of trade-offs between
different memory tolerance techniques, especialy SP and
00O0; a fully automated post-pass compilation tool for
binary adaptation to enable SSP; and the physical
experiment successfully demonstrating that using SSP on
real hardware enabled with Hyper-Threading Technology
can bring about significant speed-up for single-threaded
benchmarks.

CONCLUSION

In this paper we examine key milestones from Intel’s
research on Speculative Precomputation (SP), atechnique
that alows a multithreaded processor to use spare
hardware contexts to spawn speculative threads to

prefetch data well in advance of the main thread.
Fundamentally, our research demonstrates Simultaneous
Multithreading (SMT) processor resources can be used
effectively to reduce the latency and enhance the
performance of single-threaded applications.

Instead of relying on the existence of a multitasking or
multiprogramming workload environment in which many
threads run simultaneously on SMT processors to achieve
better throughput, SP is geared towards latency reduction
by extracting assist threads out of the targeted single-
threaded application itself. One insight about SP is that
the potential performance gain is dictated by the reduction
of cache misslatency (whichislikely to get worse as clock
frequency increases) and not by the increased instruction
execution throughput in an SMT processor. Executing a
small number of instructions of an SP thread can result in
latency reduction far greater than the latency required to
execute the SP thread. In traditional multithreading of an
application, the potential speed-up is bounded by the
number of instructions that can be executed in the
additional thread context.

As explained in [2], the arrival of Intel’s Hyper-Threading
Technology on the Intel® Xeon® processor marks the
beginning of a new era: the transition from instruction-
level paradlelism (ILP) to thread-level pardlelism (TLP).
Multithreading techniques can help both power and
complexity efficiency in future microarchitecture designs.
Itis of great interest to usto continueto look for alternate
(and potentially better) use of multithreading resources.
To summarize: Speculative Precomputation (SP) in effect
leverages resources intended for thread-level parallelism
(TLP) to achieve greater memory-level paralelism (MLP).
This in turn  significantly improves the effective
instruction-level paralelism (ILP) of traditional single-
threaded applications.
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ABSTRACT

In the never-ending quest for higher performance, CPUs
become faster and faster. Processor resources, however,
are generally underutilized by many applications. Intel’s
Hyper-Threading Technology is developed to resolve this
issue. This new technology allows a single processor to
manage data asif it were two processors by executing data
instructions from different threads in paralel rather than
seridly.  Processors enabled with Hyper-Threading
Technology can greatly improve the performance of
applications with a high degree of parallelism. However,
the potential gain is only obtained if an application is
multithreaded, by either manual, automatic, or semi-
automatic parallelization techniques. This paper presents
the compiler techniques of OpenMP pragma- and
directive-guided parallelization developed for the high-
performance Intel® C++/Fortran compiler. We also present
a performance evaluation of a set of benchmarks and
applications.

INTRODUCTION

Intel processors have a rich set of performance-enabling
features such as the Streaming-SIM D-Extensions (SSE and
SSE2) in the 1A-32 architecture [11], large register files,
predication, and control and data speculation in the
Itaniumbased architecture [8]. These features allow the
compiler to exploit parallelism at various levels. Intel’s

° Intel isa registered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

newest Hyper-Threading Technology [14], a simultaneous
multithreading design, allows one physical processor to
manage data as if it were two logical processors by
handling data instructions in parallel rather than serially.
The Hyper-Threading Technology-enabled processors
can significantly increase the performance of application
programs with a high degree of paralelism. These
potential performance gains are only obtained, however, if
an application is efficiently multithreaded, either manually
or by automatic or semi-automatic parall€elization
techniques. The Intel® C++/Fortran high-performance
compiler supports several such techniques. One of those
techniques, automatic loop paralelization, was presented
in [3]. In addition to automatic loop level parallelization,
Intel compilers support OpenMP directive- and pragma-
guided paralelization as well, which significantly increase
the domain of various applications amenable to effective
parallelism. For example, users can use OpenMP parallel
sections to develop an application where section-1 calls
an integer-intensive routine and where section-2 calls a
floating-point intensive routine. Higher performance is
obtained by scheduling section-1 and section-2 onto two
different logical processors that share the same physical
processor to fully utilize processor resources based on the
Hyper-Threading Technology. The OpenMP standard API
[12, 13] supports a multi-platform, shared-memory, parallel
progranming paradigm in C++/C/Fortran95 on al Intel
architectures and popular operating systems such as

2 Intel is aregistered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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Windows NT, Linux*, and Unix*. OpenMP directives and
pragmas have emerged as the de facto standard of
expressing paralelism in various applications as they
substantially simplify the notoriously complex task of
writing multithreaded programs.

The Intel compilers support the OpenMP pragmas and
directives in the languages C++/C/Fortran95, on
Windows* and Linux platforms and on 1A-32 and IPF
architectures. The Intel OpenMP implementation in the
compiler strives to (i) generate multithreaded code which
gains a speed-up due to Hyper-Threading Technology
over optimized uniprocessor code, (ii) integrate
parallelization tightly with advanced scalar and loop
optimizations such as intra-register vectorization [4] and
memory optimizations [1, 10] to achieve better cache
locality and efficiently exploit multi-level parallelism, and
(iii) minimize the overhead of data-sharing among threads.

This paper focuses on the design and implementation of
OpenMP pragma- and directive-guided paralélization in
the Intel® C++/Fortran compilers. We also present
performance results of a number of applications (Micro-
benchmark, Image processing library functions, OpenMP
benchmarks from [2]) that exhibit performance gains due to
Hyper-Threading Technology when such programs are
multithreaded through the OpenMP directives or pragmas
and compiled with Intel C++/Fortran compilers.

The remainder of this paper is organized as follows. We
first give a high-level overview of the architecture of the
Intel C++/Fortran compiler with OpenMP support. We
then present the Multi-Entry Threading (MET) technique
that is the key technique developed for multithreaded
code generation in the Intel compilers. We go on to
describe the local static data-sharing and privatization
methods for minimizing overhead of data sharing among
threads. We briefly explain how OpenMP parallelization
interacts with advanced optimizations such as constant
propagation, interprocedural optimization, and partial
redundancy elimination. We also briefly describe how
multi-level  paralelism is exploited by combining
parallelization with intra-register vectorization to take
advantage of the Intel Pentiun® 4 processor SIMD-
Streaming-Extensions (SSE and SSE2). Finaly, we show
the performance results of several OpenMP benchmarks
and applications when such programs are multithreaded
by the Intel OpenM P C++/Fortran compilers.

"Other brands and names may be claimed as the property
of others.

Pentium is a registered trademark of Intel Corporation or
its subsidiariesin the United States and other countries.

HIGH-LEVEL COMPILER OVERVIEW

A high-level overview of the Intel® OpenMP C++/Fortran
compiler is shown in Figure 1. The compiler incorporates
many well-known and advanced optimization techniques
that are designed and extended to fully leverage Intel

processor features for higher performance. The Intel

compiler has a common intermediate representation for
C++, C and Fortran95 languages, so that the OpenM P
directive- or pragma-guided parallelization and a majority
of optimization techniques are applicable through a single
high-level code transformation, irrespective of the source
language. Throughout the rest of this paper, we refer to
Intel OpenMP C++ and Fortran compilers for 1A-32 and
Itaniun® processor family architectures collectively as
“the Intel compiler.”

C++/C Front-End Fortran 95 Front-End

— . —

Code Restructuring and | PO

v

OpenM P/Automatic
Parallelization and V ectorization

v

HL O and Scalar Optimizations

v

Lower Level Code Generation
and Optimizations

«—

IA-32 (NT & Linux) IA-64 (NT & Linux)

Figure 1: Compiler architecture overview

The code transformations and optimizations in the Intel
compiler can be classified into (i) code restructuring and
interprocedural optimizations (IPO); (ii) OpenMP-based
and automatic parallelization and vectorization; (iii) high-
level optimizations (HLO) and scalar optimizations
including memory optimizations such as loop control and
data transformations, partial redundancy elimination (PRE)
[7], and partial dead store elimination (PDSE); and (iv) low-
level machine code generation and optimizations such as
register allocation and instruction scheduling.

© |tanium is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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Parallelization [3, 4, 10] guided by OpenMP directives or
pragmas or derived by automatic data dependency and
control-flow analysis is a high-level code transformation
that exploits both medium and coarse-grained parallelism
for Intel processor and multiprocessor systems enabled
with Hyper-Threading Technology to achieve better
performance and higher throughput. The Intel compiler
has a common intermediate code representation (called
ILO) into which C++/C and Fortran95 programs are
translated by the language front-ends. Many optimization
phases in the compiler work on the ILO representation.

The ILO has been extended to express the OpenMP
directives and pragmas. |mplementing the OpenMP phase
at the ILO level allows the same implementation to be used
across languages (C++/C, Fortran95) and architectures
(IA-32 and IPF). The Intel compiler-generated code has
references to a high-level multithreaded library API; this
allows the compiler OpenMP transformation phase to be
independent of the underlying operating systems. This
also facilitates our “one-for-all” design philosophy.

A primary goal of the Intel compiler is to have OpenMP
paralelization tightly integrated with advanced compiler
optimizations for generating efficient multithreaded code
that gains a speed-up over optimized uniprocessor code.
Therefore, an effective optimization phase ordering has
been designed in the Intel compiler to make sure that all
optimizations, such as IPO inlining, code restructuring;
Igoto optimizations, and constant propagation, which are
effectively enabled before the OpenMP parall€elization,
preserve legal OpenMP program semantics and necessary
information for paralelization. It aso ensures that all
optimizations after the OpenMP parallelization, such as
automatic vectorization, loop transformation, PRE, and
PDSE, can effectively kick in to achieve a better cache
locality and to minimize the number of computations and
the number of referencesto memory. For example, given a
double-nested OpenMP parallel loop, the parallelization
methods are able to generate multithreaded code for the
outer loop, while maintaining the loop structure, memory
reference behavior, and symbol table information for the
innermost loop. This enables subsequent intra-register
vectorization of the innermost loop to fully leverage the
Hyper-Threading Technology and SIMD Streaming
Extension features of Intel processors. Exploiting multi-
level parallelism is described later in this paper.

OpenMP parallelization in the Intel compiler includes (i) a
pre-pass that transforms OpenMP parallel sections and
worksharing sections into a parallel loop and worksharing
loop, respectively; (ii) a work-region graph builder that
builds a region hierarchical graph based on the OpenMP-
aware control-flow graph; (iii) a loop analysis phase for
building the loop structure that consists of loop control
variable, loop lower-bound, loop upper-bound, loop pre-

header, loop header, and control expression; (iv) avariable
classification phase that performs analysis of shared and
private variables; (v) a multithreaded code generator that
generates multithreaded code at compiler intermediate
code level based on Guide, a multithreaded run-time
library API that is provided by the Intel KAI Software
Laboratory (KSL); (vi) a privatizer that performs
privatization to handle firstprivate, private, lastprivate, and
reduction variables; and (vii) a post-pass that generates
code to cache in thread local storage for handling
threadprivate variables. There are a number of compiler
techniques developed for paralelization in the Intel
compiler. The following sections describe some of these
techniquesin detail.

MULTI-ENTRY THREADING

A well-known conventional technology, which was named
outlining [5, 6], has been used by existing parallelizing
compilers for generating multithreaded codes. The basic
idea of outlining isto generate a separate subroutine for a
parallel region or loop. All threads in a team call this
routine with necessary data environment. In contrast to
the outlining technology, we developed and implemented
a new compiler technology called Multi-Entry Threading
(MET). The rationale behind MET is that the compiler
does not create a separate compilation unit (or routine) for
aparalel region or loop. Instead, the compiler generates a
threaded entry and a threaded return for a given parallel
region and loop [3]. Based on this idea, we introduced
three new graph nodes in the Region-based graph, built
on top of the control-flow graph. These graph nodes are
T-entry (threaded entry), T-ret (threaded return), and T-
region (threaded code region). A detailed description of
these graph nodesis given asfollows:

T-entry indicates the entry point of a multithreaded
code region and has a list of firstprivate, lastprivate,
shared and/or reduction variables for communication
among the threadsin ateam.

T-ret indicates the exit point of a multithreaded code
region and guides the lower-level target machine code
generator to adjust stack offset properly and give the
control to the caller inside the runtime library. T-
region represents a multithreaded code region that is
attached inside the original user routine.

The main concept of the MET compilation model is to
keep all newly generated multithreaded codes, which are
captured by T-entry, T-region and T-ret nodes, intact or
inlined within the same user-defined routine without
splitting them into independent subroutines. This method
provides later compiler optimizations with more
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opportunities for performing optimization. Example (E1-1)
isan OpenMP program sample.

Given the parallel program with OpenMP pragmas above,
its region-based hierarchical graph is shown in Figure 2.
As we see, the first T-region represents the OpenMP
parallel sections and the second T-region represents the
OpenMP parallel loop in the routine ‘parfoo. Each T-
region contains a T-entry node and a T-ret node. With
OpenMP data attribute clauses, the variables ‘w’ and ‘y’
are marked as shared and the arrays ‘x’ and ‘Z are marked
as shared as well in the parallel sections clause. For the
paralel loop, the loop control variable ‘m’ is marked as
private, and the variables 'y’ and ‘w' and the array ‘Z are
marked as shared. The guided scheduling type is
specified for the parallel loop. The generated pseudo-
multithreaded code is shown below in (E1-Il). As
mentioned previously, the Intel KSL Guide runtime library
API has been adopted for thread creation, synchronization
and scheduling.

@ R-return

Figure 2: Region-based hierarchical graph

(E1-1) An OpenMP Parallel Sections and Loop Example
void parfoo()
{ int m,y, x[5000];
float w, z[3000];
#pragma omp parallel sections shared(w, z, y, X)

{

w = floatpoint_foo(z, 3000);
#pragma omp section
y = myinteger_goo(x, 5000) ;
}
#ipragma omp paralel for private(m) shared(y, z, w)
schedule(guided)
for (m=0; m<3000; m++) {
z[m] =z[m] * w * y;

}

Essentially, the multithreaded code generator inserts the
thread invocation call __kmpc_fork_call(...) with T-entry
point and data environment (source line information loc,
thread number tid, etc.) for each paralel loop, parallel
sections or paralel region, and transforms a serial loop,
sections, or region to a multithreaded loop, sections, or
region, respectively. In this example, the pre-pass first
converts a parallel section to a parallel loop. Then, the
multithreaded code generator localizes loop lower-bound
and upper-bound, privatizes the section id variable, and
generates runtime initialization and synchronization code
such as the call __kmpc_static_init(...) and the call
__kmpc_static_fini(...) for the T-region marked with
[T_entry, T-ret] nodes. For the parallel loop in the routine
“parfoo” with the scheduling type guided, the OpenMP
paralelization involves (i) generating a runtime dispatch
and initialization routine (__kmpc_dispatch_init) call to
pass necessary information to the runtime system; (ii)
generating an enclosing while loop to dispatch loop-
chunk at runtime through the _ kmpc_dispatch_next
routine in the library; (iii) localizing the loop lower-bound,
upper-bound, and privatizing the loop control variable‘m.

(E1-11) Pesudo Multithreaded Code after Parallelization
R-entry void parfoo( )
{ intm,y, x[5000];
float w, z[3000];
__kmpc_fork_call(loc, 4,
&w,z,x,&Y)
goto L1:
T-entry _parfoo_psection_0(loc, tid, *w, z[], *vy, x[]) {
lower_pid = 0;
upper_pid = 1,
__kmpc_static_init(loc, tid,
&upper_pid...);
for (pid=lower_pid, pid<=upper_pid; pid++) {
if (pid==0) {
*w = floatpoint_foo(z, 3000);
} elseif (pid==1) {
*y = myinteger_goo(x, 5000);

T-entry(_parfoo_psection_0),

STATIC, &lower_pid,

}
}
__kmpc_static_fini(loc, tid);
T-ret;
}
L1:
__kmpc_fork_call(loc, 3, T-entry(_parfoo_ploop_1), &w, z,
&y);
goto L2:
T-entry _parfoo_ploop_1(loc, tid, *w, z[], *y) {
lower = 0;
upper = 3000;
__kmpc_dispatch_init(loc, tid, GUIDED, &lower, & upper,
SO
while (__kmpc_dispatch_next(loc, tid, &lower, &upper, ...))
{

for (prv_m=lower; prv<upper; prv_m++) {
zZ[prv_m] = z[prv_m] * (*w) * (*y);

}

Intel® OpenMP C++/Fortran Compiler for Hyper-Threading Technology
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}

T-ret;

}
L2:

R-return;

}

There are four well-defined properties of the TFregion
graph model of the Multi-Entry Threading technique:

1. T-region is a sub-graph on top of the pragma-aware
control-flow graph, which is identified by the T-entry
and T-ret node for aparallel region, sections, or |oop.

2. T-region can be nested to present the hierarchy of
nested parallelism, e.g., T-region(k) = [T-entry(m), T-
region(m), T-ret(m)], where the k’ and ‘m are the
uniqueid of a T-region inside thisroutine.

3. T-region shares the same local memory locations of all
local static variables of Rentry (Routine entry). In
other words, the local static variables are visible by
every T-region associated with this routine.

4. Multiple T-regions are permitted to represent multiple
parallel constructs at the same nesting level.

With the T-region graph representation of the Multi-Entry
Threading technique, the OpenMP parallelizer and low-
level code generators do not generate a separate routine
(or compilation unit) for a parallel region or parallel loop.
All newly generated multithreaded code blocks (T-
regions) for parallel loops are still kept inlined within the
same compilation unit. The code transformations are done
inanatural way.

From a compiler engineering point of view, the Multi-Entry
Threading technique greatly reduces the complexity of
generating separate routines in the Intel compiler. In
addition, this technique minimizes the impact of OpenMP
parallelization on well supported optimizations in the Intel
compiler such as constant propagation, vectorization,
PRE, PDSE, scaar replacement, loop transformation,
interprocedural optimization, and profile-feedback guided
optimization (PGO). This meets one of the design goals,
namely, to tightly incorporate parallelization with all well-
known and advanced compiler optimizations in the Intel
compiler.

DATA-SHARING AND PRIVATIZATION

When a routine calls another routine, the communication
between them is through global variables and through
arguments of the called routine (or callee). This argument-
passing across the routine boundary introduces some
overhead. The more arguments are passed, the more
overhead is introduced. If the call-by-reference method is
used for associating actual and dummy arguments, the

caller passes to the callee the storage address of the actual
argument, and the reference to the dummy argument in the
callee becomes an indirect reference. Many optimizations
could become disabled by this memory de-referencing.
Given the Guide run-time library API, with the outlining
technology, the paralelizer needs to create a separate
routine for a parallel construct, which means the address
of each local static variable has to be passed to the
outlined routine, since the local static variables in a
routine are not visible to other routines. Thus, there are
three drawbacks with the outlining technique [5, 6]: (i) it
adds extra overhead due to argument-passing to outlined
routine for sharing local static variables among threads;
(i) it causes less efficient memory access due to memory
de-referencing in the outlined routing; and (iii) it may
disable some optimizations such as Intra-Register
V ectorization and Partial Redundancy Elimination (PRE).

In our implementation of OpenMP parallelization, we are
able to overcome these drawbacks based on our Multi-
Entry Threading technique. The advances of our
technique are: (i) the extra overhead of sharing local static
variables is reduced to zero; (ii) no extra memory de-
referencing is introduced for accessing local static shared
variables; and (iii) later scalar optimizations on local static
variables are preserved. The following (E2-1) example has
local static variables ‘w,’ ‘'z ‘y,” and ‘X’ that are marked as
shared.

(E2-1) An OpenMP Parallel Sections Example
void staticparfoo( )
{ int m;
staticint y, x[5000];
static float w, z[5000];
#pragma omp parallel sections shared(w, z, y, X)
{

w = floatpoint_foo(z, 5000);
#pragma omp section
y = myinteger_goo(x, 5000) ;
}

return;

}

In (E2-11), we show the C-like pseudo-multithreaded code
generated by the parallelizer. Aswe see, there are no extra
argunents on the T-entry node for sharing local static
variable ‘w,” ‘z’ 'y, and X, and there is no pointer de-
referencing inside the T-region for sharing those local

static variables among all threads in the team.

(E2-11) Pesudo Multithreaded Code after Parallelization
R-entry void staticfoo( )
{ intm;

staticint 'y, x[5000];

static float w, z[5000];

__kmpc_fork_call(loc, O, T-entry(_staticfoo_psection_0))

goto L1:

T-entry _parfoo_psection_0(loc, tid) {

lower_pid = O; upper_pid = 1;
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__kmpc_static_init(loc, tid, STATIC, &lower_pid,
&upper_pid...);
for (pid=lower_pid, pid<=upper_pid; pid++) {
if (pid==0) {

w = floatpoint_foo(z, 5000);
} dseif (pid==1){
y = myinteger_goo(x, 5000);
}
}
__kmpc_static_fini(loc, tid);
T-ret;

}
L1. R-return;

}

It iswell known that the privatization technique can break
cycles in a dependence graph and eliminate loop-carried
dependencies, so paralelization can be enabled
effectively. Actualy, privatization removes memory de-
references as well. There are three privatization clauses:
firstprivate, lastprivate and private, defined in the
OpenMP Fortran and C++ standard. Given an OpenMP
Fortran example in (E3-1), we see that variables ‘X’ and 'y’
are marked as firstprivate. The intermediate code before
paralelization contains memory de-references *(F32 *)x
and *(F32 *)y (where ‘F32' indicates 32-hit floating-point
data type) for accessing the variables ‘X’ and ‘y’ in terms
of the call-by-reference argument-passing method used in
the Fortran language, as shown in (E3-I1).

(E3-1) An OpenMP Fortran Example
subroutine privatefoo(x, y)
real X, y
real, save :: a(100)
1$omp parallel do firstprivate(x,y) shared(a)
do k=1, 100
ak) =x +y*k
end do
return
end

(E3-11) Pesudo Intermediate Code before Parallelization
R-entry void privatefoo(x, y)

DIR_OMP_PARALLEL_LOOP

SHARED(a)
k=1;

L3:

a[k] = *(F32*)x + *(F32*)y * k;
k=k+1;
if (k<=100) { gotoL3; }
DIR_OMP_END_PARALLEL_LOOP
R-return

}
(E3-111) Pesudo Multithreaded Code after Parallelization

R-entry void privatefoo(X, y)

FIRSTPRIVATE(X, Y)

__kmpc_fork_call(loc, 2, T-entry(_privatefoo_ploop_0), X, y)
goto L1:
T-entry _privatefoo_ploop_0(loc, tid, *x, *y) {

lower = 0;
upper = 99;
prv_x = *(F32 *)x;
prv_y = *(F32 *)y;
__kmpc_static_init(loc, tid, STATIC, &lower, & upper, ...);
prv_k = lower;
L4:
alprv_K] = prv_x + prv_y * prv_k;
prv_k=prv_k +1
if (prv_k <= upper) { goto L4: }
__kmpc_static_fini(loc, tid);
T-ret;
}

L1: R-return;

}
As we can see from (E3-11), privatization has eliminated

the memory de-references *x and *y inside the parallel
loop through the pre-load and pre-copy into the local
stack variables ‘prv_x and ‘prv_y created by the
privatizer. Obviously, this transformation improves the
performance by lifting memory de-references outside the
loop.

ADVANCED OPTIMIZATIONS

In order to fully leverage advanced scalar optimizations
before and after the OpenMP parallelization phase, an
optimization phase ordering is carefully designed and
implemented in the Intel compiler. In this section, we
discuss our design relative to advanced optimizations
such as Inter-Procedural Optimization (IPO) [9] and Partial
Redundancy Elimination (PRE).

The PO phase is enabled before OpenMP parallelization
a the higher optimization level, so that the Profile-
feedback Guided Optimization (PGO), inlining, partia
inlining, and forward-substitution can use and benefit
from all heuristic and profiling information without any
disturbance from multithreaded code generated by the
OpenMP parallelizer. In this way, the parallelization is
done based on the optimized code. See example E4-I.

(E4-1) An OpenM P Example for Using IPO

float w;
void floatpoint_add(float z[ ], int n)
{ intk;
#pragma omp for reduction(+: w) private(k)
for (k =0; k < n; k++) {
w=w + Z[K];

}
}

void inlinefoo( )
{ staticfloat w, z[5000];
#pragma omp parallel shared(w, z)
{
floatpoint_add(z, 5000);
}
}
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(E4-11) Pesudo intermediate code after |PO
float w;
R-entry void inlinefoo( )
{ static float w, z[5000];
#pragma omp parallel shared(w, z)
{ intk;
#pragma omp for reduction(+: w) private(k)
for (k =0; k < 5000; k++) {
w=w + Z[K];
}
}
R-return;

}

With PO inlining and forward-substitution optimization,
the subroutine ‘floatpoint_add’ is inlined to the
subroutine ‘inlinefoo,’ the variable ‘n’ is substituted with
the constant 5000. If the IPO is enabled after OpenMP
parallelization, then inlining and forward-substitution may
not be able to kick in due to extensive code transformation
within the ‘floatpoint_add’ and ‘inlinefoo’ by the
paralelization phase, and due to the changes of the
profiling information.

The PRE phase was implemented based on the algorithm
in [7] and runs after OpenMP paralléeization. Given the
example E5-I, the expression %+y*k’ is redundant and
only needs to be evaluated once for each iteration, and
‘x*y’ can be lifted outside the parallel loop.

(E5-1) An OpenMP for Using PRE

int b[200], c[200];

void prefoo(int x, inty) /* x=1and y=2 incaller */
{ int a[100], k;

#pragma omp parallel for private(k) shared(a, b, c, x, y)
for (k = 0; k < 100; k++) {
a[k] = b[x + y*K] + c[x+y K] + x*y;
}

return;

}

(E5-11) Pesudo Multithreaded Code from Parallelization and PRE
R-entry void prefoo(int x, int y)

__kmpc_fork_call(loc, 2, T-entry(_prefoo_ploop_0), &Xx, &y)
goto L1:
T-entry _privatefoo_ploop_0(loc, tid, *x, *y) {
lower = 0;
upper = 99;
prv_x =*(SI32 *)x;
prv_y =*(SI32 *)y;
tO = prv_x* prv_y;
__kmpc_static_init(loc, tid, STATIC, &lower, &upper, ...);
L3:
tl=prv_x+prv_y* prv_k;
a[prv_K] = b[t1] + c[t1] + tO;
prv_k=prv_k+1
if (prv_k <= upper) {
goto L3:

__kmpc_static_fini(loc, tid);
T-ret;

}
L1:

R-return;

}

Redundancy is removed through saving the value of the
redundant expression in a temporary variable and later
reusing that value instead of reevaluating the expression.
However, we must be careful with moving code around
parallel constructs, since it could generate an unsafe
insertion of code for a lifted common expression without
knowing the parallel region or parallel loop boundary. Our
solution is to apply PRE within each T-region after
OpenMP parallelization. This guarantees that the correct
code is generated. In the code example shown above, we
see that t0’ and 11’ are created as register temporary
variables. The ‘t0’ islifted outside the parallel loop, but it
is inserted within the T-region and only evaluated once
for each thread. The ‘t1’ is only evaluated once for each
loop iteration. In our experience, there is amost no
difference between this and applying PRE optimization to
sequential code. There are many more design and
implementation details related to incorporating advanced
optimizations with parallelization. In the next section, we
discuss how the OpenMP parallelization incorporates
intra-register vectorization to effectively exploit multi-level
parallelism.

MULTI-LEVEL PARALLELISM

The SIMD extensions to the Intel* Architecture provide
an alternative way to utilize data parallelism in multi-media
and scientific applications. These extensions let multiple
functional units operate simultaneously on packed data
elements, i.e, relatively short vectors that reside in
memory or registers. The Pentiunt 4 processor features
the streaming-SIMD-extensions (SSE and SSE2) that
support floating-point operations on 4 packed single-
precision and 2 packed double-precision floating-point
numbers, as well asinteger operations on 16 packed bytes,
8 packed words and 4 packed dwords. The Intel compiler
supports the automatic conversion of serial loops into
SIMD form, a transformation that we refer to as intra-
register vectorization [3,4].

2 Intel is aregistered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

© pentium isaregistered trademark of Intel Corporation or
its subsidiariesin the United States and other countries.
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Combining intra-register vectorization with parallelization
for hyper- or multithreading enables the exploitation of
multi-level parallelism, i.e., using the different forms of
parallelism that are present in a code fragment to obtain
high performance. Take, for instance, the code for matrix-
vector multiplication shown in example (E6-1).

(E6-1) An OpenMP-Vector L oop Example
double a[N][N], X[N], y[NI;

#pragma omp parallel for private(k,j)
for (k = 0; k < N; k++) { /* parallel loop */

doubled = 0.0;

for (j = 0; j < N; j++) { /* vector loop */
d +=a[K][j] * y[jl;

}

x[k] = d;

}

(E6-11) Pseudo code after Parallelization and Vectorization
__kmpc_fork_call(loc, 0, T-entry(_ompvec_ploop_0), ...)
goto L1:

T-entry _ompvec_ploop_0(loc, tid) {
lower = 0;
upper = N;
__kmpc_static_init(loc, tid, STATIC, &lower, & upper, ...);
prv_k = lower;

L2:
xorpd  xmmO, xmmO ; reset accumulator

L3:
movapd xmml, _a[ecx+edx] ;load 2 DP from a
mulpd xmml, _y[edx] ; mult 2 DP fromy
addpd xmmO, xmml ; add 2 DP into accumulator
add edx, 16 ;
cmp edx, eax ;
jl L3 ; looping logic
movapd xmml, xmmO
unpckhpd xmm1, xmm1
addsd xmmO, xmm1 ; compute final sum
store result in x[prv_k]
prv_k=prv_k+1
if (prv_k <= upper) goto L2;
__kmpc_static_fini(loc, tid);
T-ret;

}
L1 ... ...

In this example, parallelism appears at multiple levels. The
iterations of the outermost k-loop may execute
independently, as has been made explicit with an OpenM P
pragma. The reduction performed in the innermost j-loop
provides yet another level of parallelism. Thisloop can be
implemented by accumulating partial sumsin SIMD style,
followed by code that constructs the final sum. In (E6-I1),
we illustrate how these two levels of parallelism can be

exploited (where we assume that all access patterns in the
vector loop are aligned at a 16-byte boundary).

If the alignment of memory references cannot be
determined at compile-time, the Intel compiler has at its
disposal several alignment optimizations (such as run-time
loop peeling) to avoid performance penalties that are
usually associated with unaligned memory accesses.
Dynamic data dependence testing is used to allow the
compiler to proceed with vectorization in situations where
analysis has failed to prove independence statically.
These advanced techniques (and others) have been
discussed in detail in previous work [4].

PERFORMANCE EVALUATION

The performance study of SPEC OpenMP benchmarks is
carried out on a pre-production 1-CPU Hyper-Threading
Technology-enabled Intel® Xeon® processor system
running at 1.7GHz, with 512M memory, an 8K L1-Cache,
and a 256K L2-Cache. All benchmarks and applications
studied in this paper are compiled by the Intel OpenMP
C++/Fortran compiler. For the performance study, we
chose a subset of SPEC OMPM2001 benchmarks to
demonstrate the performance effect of Hyper-Threading
Technology. The SPEC OMPM2001 is a benchmark suite
that consists of a set of scientific applications. Those
SPEC OpenMP benchmarks target small and medium scale
(2- to 16-way) SMP multiprocessor systems and the
memory footprint eaches 1.6GB for severa very large
application programs.

The performance scaling is derived from serial execution
(SEQ) with Hyper-Threading Technology disabled, and
multithreaded execution under one thread and two threads
with Hyper-Threading Technology disabled and enabled.
In Figure 3, we show the normalized speed-up of the
chosen OpenMP benchmarks compared to the serial
execution with Hyper-Threading Technology disabled.
The OMP1 and OMP2 denote the multithreaded code
generated by the Intel OpenMP C++/Fortran compiler
executing with one thread and two threads, respectively.

As we see, the multithreaded code generated by the Intel
compiler on a Hyper-Threading Technology-enabled Intel
Xeon processor TCPU system achieved a performance
improvement of 4% to 34% (OMP2 w/ HT). The
320.equake obtained a 14% performance gain from scalar
optimizations enabled by OpenMP (OMP1 w/o HT).

° Intel isa registered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

© Xeon is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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Another 20% performance improvement was achieved by
the second thread running on the second logical
processor, resulting in a 34% performance gain overall
(OMP2 w/ HT). The multithreaded code of the 330.art
does not show OpenMP overhead, and obtained an 8%
speed-up. A 23% slowdown was observed from the
332.ammp due to the overhead of thread creation, forking,
synchronization, scheduling at run-time, and memory
access de-referencing for sharing local stack variables
(OMP1 w/o HT), but the second thread running on the
second logical processor contributed to the overall 4%
performance improvement (OMP2w/ HT).
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330.art
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Figure 3: Performance of OpenMP benchmarks

In Figure 4, we show the performance speed-up of three
image-processing functions taken from the OpenMP
version IPPI library developed by the Intel Performance
Library group. The performance speed-up ranges from
1.26x to 1.41x (image size 720x480) on a pre-production
Hyper-Threading  Technology-enabled Intel  Xeon
processor 1-CPU system running at 1.8GHz, with 512M of
memory, an 8K L1-Cache and a256K L2-Cache.

Asfar as we know, there are around 300 image-processing
and JPEG functions multithreaded by OpenMP directives
in the Intel 1PPI performance library. An average speedup
of 1.4x was reported when compared with the seria
execution of those routines on a pre-production Intel
1.8GHz Hyper-Threading Technology -enabled Intel Xeon
Processor 1-CPU system.
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Figure 4: Performance of image processing functions

In Figure 5, we show some performance results for the
matrix-vector multiplication kernel discussed earlier on a
pre-production Hyper-Threading Technology-enabled
Intel Xeon processor dual-CPU system running at 1.5GHz
with 512MB of memory, an 8K L1-Cache and a 256K L2-
Cache. This graph shows speed-ups (relative to seria
execution) for varying matrix sizes for vector execution
(VEC), multithreaded execution using two threads and four
threads, (OMP2) and (OMP4), respectively, and vector-
multithreaded execution using two and four threads,
(OMP2+VEC) and (OMP4+VEC), respectively.
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Figure5: Perfor mance of Matrix x Vector kernel

Timings were obtained by calling the kernel many times
and dividing the total execution time accordingly, which
implies that for the data sets that completely fit in cache,
the kernel is computationally bound. In these cases, intra-
register vectorization alone obtains a speed-up of up to 2x.
For the larger data sets, where the kernel becomes more
memory bound, the improvements of merely intra-register
vectorization become less evident. As we have seen
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before, the overhead associated with multithreading
causes adlight slowdown for the matrix size 32x32. For the
larger matrices ranging from 64x64 to 256x256, the relative
overhead introduced by parallelization becomes negligible
and observed speed-up ranges from 1.4x to 5.8x.

The difference between (OMP2) and (OPM4) for matrix
size 200x200 reveals a 1.6x performance gain. For the same
matrix size, the performance gain from the versions that are
optimized with intra-register vectorization, (OMP2+VEC)
and (OMP4+VEC), is 1.2x. The best performance gains are
obtained when all levels of paralelism (SIMD parallelism
and paralelism due to Hyper-Threading Technology and
multithreading) are exploited simultaneously, yielding a
speed-up of up to 5.8x with four threads (OMP4+VEC) and
a speed-up of 5.1x with two threads (OM P2+VEC).

CONCLUSION

With the growing processor-memory performance gap,
memory latency becomes a major bottleneck for achieving
high performance for various applications. There are a
number of multithreading techniques proposed to hide
memory latency. Intel’s Hyper-Threading Technology isa
very promising technology that allows a single processor
to manage data as if it were two processors by executing
data instructions in parallel rather than serialy. With this
new technology, the performance of applications can be
greatly improved by exploiting thread-level parallelism.
The potential gains are only obtained, however, if an
application program is multithreaded. The Intel OpenMP
C++/Fortran compiler has been designed to leverage the
rich set of performance enabling features, such as Hyper-
Threading Technology and the Streaming-SIMD-
Extensions (SSE and SSE2), this is achieved by tightly
integrating OpenMP  directive- or pragma-guided
parallelization with other well-known and advanced
optimizations to generate efficient multithreaded code for
exploiting parallelism at various levels. The results of
performance  measurement show that OpenMP
applications compiled with the Intel C++/Fortran compiler
can achieve great performance gains on Intel® single and
multiprocessor systems that are enabled with Hyper-
Threading Technology.

4 Intel is a registered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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ABSTRACT

This paper characterizes selected workloads of multimedia
applications on current superscal ar architectures, and then
it characterizes the same workloads on Intel® Hyper-
Threading Technology. The workloads, including video
encoding, decoding, and watermark detection, are
optimized for the Intel® Pentiunt’ 4 processor. One of the
workloads is even commercialy available and it performs
best on the Pentium 4 processor. Nonetheless, due to the
inherently sequential constitution of the algorithms, most
of the modules in these well-optimized workloads cannot
fully utilize al the execution units available in the
microprocessor. Some of the modules are memory-
bounded, while some are computation-bounded.
Therefore, Hyper-Threading Technology is a promising
architecture feature that allows more CPU resources to be
used at a given moment.

Our goal, in this paper, isto better explain the performance
improvements that are possible in multimedia applications
using Hyper-Threading Technology. Our initia studies
show that there are many unexplored issues in algorithms
and applications for Hyper-Threading Technology. In
particular, there are many techniques to develop better
software for multithreading systems. We demonstrate
different task partition/scheduling schemes and discuss
their trade-offs so that a reader can understand how to

°Intel and Pentium are registered trademarks of Intel
Corporation or its subsidiaries in the United States and
other countries.

develop efficient applications on processors with Hyper-
Threading Technology.

INTRODUCTION

To date, computational power has typically increased over
time because of the evolution from simple pipelined
designs to the complex speculation and out-of-order
execution of many of today’ s deeply-pipelined superscalar
designs. While processors are now much faster than they
used to be, the rapidly growing complexity of such
designs also makes achieving significant additional gains
more difficult. Consequently, processors/systems that
can run multiple software threads have received increasing
attention as a means of boosting overall performance. In
this paper, we first characterize the workloads of video
decoding, encoding, and watermarking on current
superscalar architectures, and then we characterize the
same workloads using the recently-announced Hyper-
Threading Technology. Our goal is to provide a better
understanding of performance improvementsin multimedia
applications on processors with Hyper-Threading
Technology.

Figure 1 shows a high-level view of Hyper-Threading
Technology and compares it to a dual-processor system.
In the first implementation of Hyper-Threading
Technology, one physical processor exposes two logical
processors. Similar to a dual-core or dual-processor
system, a processor with Hyper-Threading Technology
appears to an application as two processors. Two
applications or threads can be executed in parallel. The
major difference between systems that use Hyper-
Threading Technology and dual-processor systems is the
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different amounts of duplicated resources. In today’s
Hyper-Threading Technology, only a small set of the
microarchitecture state is duplicated®, while the front-end
logic, execution units, out-of-order retirement engine, and
memory hierarchy are shared. Thus, compared to
processors without Hyper-Threading Technology, the die-
sizeisincreased by lessthan 5% [7]. While sharing some
resources may increase the latency of some single-
threaded applications, the overall throughput is higher for
multi-threaded or multi-process applications.
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Figure 1: High-level diagram of (a) a processor with
Hyper-Threading Technology and (b) a dual -pr ocessor
system

This paper is organized as follows. First, we provide a
brief review of the basic principles behind most current
video codecs, describing the overall application behavior
of video decoding/encoding/watermarking and the
implications of the key kernels for current and emerging
architectures. Then, we show the multi-threaded software
architectures of our applications, including data-domain
and functional decomposition. Additionally, we describe
some potential pitfalls when developing software on
processors with Hyper-Threading Technology and our

! Nearly all the architectural state is duplicated, however.

techniques to avoid them. Finaly, we provide some
performance numbers and our observations.

MULTIMEDIA WORKLOADS

This section describes the workload characterization of
selected multimedia applications on current superscalar
architectures. Although the workloads are well optimized
for Pentium® 4 processors, due to the inherent
constitution of the algorithms, most of the modules in
these workloads cannot fully utilize al the execution
resources available in the microprocessor. The particular
workloads we target are video decoding, encoding, and
watermark detection?, which are key components in both
curent and many future applications and are
representative of many mediaworkloads.

M PEG Decoder and Encoder

The Moving Pictures Expert Group (MPEG) is a standards
group founded in 1988. Since its inception, the group has
defined a number of popular audio and video compression
standards, including MPEG-1, MPEG-2, and MPEG-4 [3].
The standards incorporate three major compression
techniques: (1) predictive coding; (2) transform-based
coding; and (3) entropy coding. To implement these, the
MPEG encoding pipeline consists of motion estimation,
Discrete Cosine Transform (DCT), quantization, and
variable-length coding. The MPEG decoding pipeline
consists of the counterpart operations of Variable-Length
Decoding (VLD), Inverse Quantization (1Q), Inverse
Discrete Cosine Transform (IDCT), and Motion
Compensation (MC), as shown in Figure 2.

VLD & Motion
Bitstream — Q — IDCT |— Comp.

i
Reference
frames

Figure2: Block diagram of an MPEG decoder

— Pictures

2 A digital video watermark, which is invisible and hard to
ater by others, is information embedded in the video
content. A watermark can be made by slightly changing
the video content according to a secret pattern. For
example, when just a few out of the millions of pixelsin a
picture are adjusted, the change is imperceptible to the
human eye. A decoder can detect and retrieve the
watermark by using the key that was used to create the
watermark.
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Table1: MPEG decoding kernel characterization on 2 GHz Pentium® 4 processor s (9 Mb/s MPEG-2, 720x480)

Kernel | IPC UPC | MMX/SSE/SSE-2 | Cond. Mispred. Mispred. L1 misses | FSB
per instructions Branch/instr. | Cond./ Instr. | Cond./ Clock | Instr. activity
VLD 0.76 | 0.99 0.074 1/9 1/120 1/158 1/92 11.1%
IDCT 059 | 0.89 0.90 1/141 1/2585 1/4381 1/193 24%
MC 024 | 040 0.42 1/17 1/142 1/592 1/11 30. 3%

Convert2Pixel

2% Others
1%

PMV
2%

Stream demuxing
7%

MC
19%

Header parsing
6%

Bitstream 1/O
%

IDCT

Block-level VLD 30%

28%

Figure 3: MPEG-2, 720x480 decoding breakdown by time
on 2GHz Pentium® 4 processor s

The behavior of the MPEG decoder can be highly
dependent on the characteristics of the video stream being
decoded. Figure 3 shows an example of the CPU time
breakdown of our MPEG decoder for a typicd DVD
resolution video sequence. VLD, IDCT, and MC are the
main componentsin the process. The decoder used in the
study is part of the Intel Media Processing Library (MPL)?3,
which was developed by Intel Labs. The software was
analyzed using the Intel VTune® Performance Analyzer on
an Intel® Pentiunf 4 processor with a 400 MHz system
bus, an 8 KB first-level data cache, a 256 KB second-level

®More information about the MPL can be found at
http://www.intel.com/research/mrl/research/mpl/.
Additionally, the MPL MPEG-2 decoder is commercialy
available as part of the Ligos* GoMotion SDK.

°VTune is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

4 Pentium is a registered trademark of Intel Corporation or
its subsidiariesin the United States and other countries.

shared instruction/data cache, and 512 MB of main
memory. We run our applications on Windows™ XP.

Table 1 shows a high-level analysis of the MPEG-2
decoder. Thefirst stage of the decoding pipeline, VLD/IQ,
is characterized by substantial data dependency, limiting
opportunities for instruction, data, and thread-level
paralelism. Thekernel isentirely computation-bound, and
it shows excellent performance scaling over increasing
frequencies on the Pentium 4 processor. The next stage,
IDCT, is a'so completely computation-bound. The kernel
is dominated by MMX/SSE/SSE2 (Streaming SIMD
Extension) operations, with interspersed register-to-
register moves and stores; e.g., a sequence of novaps,
addps, and subps is a typica recurring theme,
corresponding to the well-known butterfly operation,
surrounded by associated prescaling/multiply operations.
Because 90% of the instructions are executed in the
MMX/SSE/SSE2 unit, the integer execution unit is idle
most of the time in the IDCT module®. The final stage of
the decoding pipeline, MC, is memory intensive compared
to the other modulesin the pipeline. The front-side busis
busy 30% of the timein thismodule. Although the out-of-
order execution core in the Pentium 4 processor can
tolerate some memory latencies, the module shows an
equal distribution of time between computation and
memory latency because there are too many memory
operations. All these modules are well-optimized, but still
cannot utilize 100% of the execution units available in the
microprocessors. While the Pentium 4 processor can
execute multiple uops in one cycle, the uops retired per
cycle (UPC) isonly 0.74 in the MPL decoder.

MPEG encoders, similar to the decoder, consist of some
MMX/SSE/SSE2 intensive modules (e.g.,, motion
estimation, DCT) and some data-dependent modules (e.g.,
variable-length coding). All these modules are well
optimized, lut a UPC of 1.05 again indicates that the

"Other brands and names may be claimed as the property
of others.

* See Figure 4 in [4], integer operations and floating-
point/MM X/SSE/SSE2 operations are executed in different
units.
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encoder cannot fully utilize all the execution units
available in the microprocessor.

Video Watermarking

Another application that we studied is video watermark
detection [1]. Our watermark detector has two basic
stages. video decoding and image-domain watermark
detection. The application is optimized with MPL (as the
video decoder) and the Intel IPL (for the image
manipulations used during watermark detection) [5]. A
UPC of 1.01 aso indicates that there is room for
improvement.

icture .
slices

4-:§

Thread 1

(a) Static
schedulin

Thread 2

Thread 1

+—— Assigned
slices

Figure4: Two dice-based task partitioning schemes
between two threads. (a) half-and-half dispatching (static
scheduling); and (b) slice-by-slice scheduling (dynamic

scheduling)

TASK PARTITIONING AND SCHEDULING

In general, multimedia applications, such as video
encoding and decoding, exhibit not only data- and
instruction-level parallelism, but also the possibility for
substantial thread-level parallelism Such workloads are
good candidates for speed-up on a number of different
multithreading architectures. This section discusses the
trade-offs of different software multithreading methods.

Data-Domain Decomposition-Slice-Based
Dispatching

As shown in Figure 4, apicture in a video bit stream can
be divided into slices of macroblocks. Each dlice,
consisting of blocks of pixels, is a unit that can be

decoded independently. Here we compare two methods to
decode the picturesin parallel:

1 Haf-and-half (aka static prtitioning): In this

method, one thread is statically assigned the first
half of the picture, while another thread is

assigned the other half of the picture (as shown
inFigure 4 (). Assuming that the complexity of
the first half and second half is similar, these two
threads will finish the task at roughly the same
time. However, some areas of the picture may be
easier to decode than others. This may lead to
one thread being idle while the other thread is
still busy.

2. Slice-by-dlice (aka dynamic partitioning): In this
method, slices are dispatched dynamicaly. A
new sliceis assigned to athread when the thread
has finished its previously assigned slice. In this
case, we don't know which sdlices will be
assigned to which thread. Instead, the
assignment depends on the complexity of the
slices assigned. As a result, one thread may
decode a larger portion of the picture than the
other if its assignments are easier than those of
the other thread. The execution time difference
between two threads, in the worst case, is the
decoding time of the last slice.

In both cases, each thread performs Variable-Length
Decoding (VLD), Inverse Discrete Cosine Transform
(IDCT), and Motion Compensation (MC) in its share of the
pictures, macroblock by macroblock. While one thread is
working on MC (memory intensive), the other thread may
work on VLD or IDCT (less memory intensive). Although
the partitioning does not explicitly interleave
computations and memory references, on average, it better
balances the use of resources.

Functional Decomposition of Video
Watermark Detection

Besides data-domain decomposition, an application can
also be partitioned functionally into multiple threads. For
example, our video watermark detector consists of two
basic stages: video decoding and watermark detection.
Hence, we assign different threads to decode the video
and to detect the watermark, as shown inFigure 5.

One method isto use two threads: one for video decoding
and another for watermark detection, as shown in Figure 5
(b). However, this method does not have very good load
balance. Thisis because in our video watermark detector,
video decoding takes roughly one-third of the CPU time,
while watermark detection takes two-thirds of the CPU
time.
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Figure5: Threethreading methodsfor video
watermark detection: (a) single-threaded mode; (b) two-
threaded mode; and (c) threethreaded mode

Because watermark detection takes twice as much
computation time as video decoding, we use two threads
for watermark detection for better load balancing, as
shown in Figure 5 (c). While one thread decodes the
video sequence, two threads work on watermark detection.
The lines in the figure indicate the dependency between
functional blocks. We can see that at any moment, there
are at least two threads running in the three-threaded
mode. In contrast to the data-domain video decoding
decomposition described above, threads in this
implementation are assigned to different functions.

IMPLICATIONS OF SOFTWARE DESIGN
FOR HYPER-THREADING TECHNOLOGY

During the implementation of our applications on
processors with Hyper-Threading Technology, we had a
number of observations. In this section, we discuss some
general software techniques to help readers design their

applications better on systems with Hyper-Threading
Technology.

AR
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Framet Frame t+1
(a
All local
cache hits
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(b)
Some local

cache misses
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AN

Framet Frame t+1

(©

Figure 6: Cachelocalities, during; (a) motion
compensation, in; (b) static partitioning, and in; (c)
dynamic partitioning

Using Hyper-Threading Technology, performance can be
lost when the loads are not balanced. Because two logical
processors share resources on one physical processor
with Hyper-Threading Technology, each logical processor
does not get all the resources a single processor would
get. When only a single thread of the application is
actively working and the other thread is waiting
(especialy, spin-waiting), this portion of the application
could have less than 100% of the resources when
compared to asingle processor, and it might run slower on
a processor with simultaneous multithreading capability
than on processors without simultaneous multithreading
capability. Thus, it is important to reduce the portion in
which only one thread is actively working. For better
performance, effective load balancing is crucial.

The foremost advantage of the dynamic scheduling
scheme (see Figure 4) isits good load balance between the
two threads. Because some areas of the picture may be
easier to decode than others, one thread under the static
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partitioning scheme may be idle while another thread still

has a lot of work to do. In the dynamic partitioning

scheme, we have very good load balance. Aswe assign a
new slice to athread only when it has finished its previous
dice, the execution time difference between the two

threads, in the worst case, is the decoding time of aslice.

Because two logical processors share one physical
processor, the effective sizes of the caches for each logical
processor are roughly one half of the original size. Thus,
itis important for multithreaded applications to target one
half of the caches for each application thread. For
example, when considering code size optimization,
excessive loop unrolling should be avoided.

While sharing caches may be a drawback for some
applications running on processors with Hyper-Threading
Technology, it can provide better cache locality between
the two logical processors for other applications. For
example, Wang et al. use one logical processor to prefetch
data into the shared caches to reduce a substantial
amount of the memory latency of the application in the
other logical processors [8]. We now illustrate the
advantage of sharing cachesin our application.

On dual-processor systems, each processor has a private
cache. Thus, there may be a drawback to dynamic
partitioning in terms of cache locality. Figure 6 illustrates
the cache locality in multiple frames of video. During
motion compensation, the decoder uses part of the
previous picture, the referenced part of which is roughly
co-located in the previous reference frame, to reconstruct
the current frame. It is faster to decode the picture when
the co-located part of the picture is still in the cache. In
the case of a dual-processor system, each thread is
running on its own processor, each with its own cache. If
the co-located part of the picture in the previous frame is
decoded by the same thread, it is more likely that the local
cache will have the pictures that have just been decoded.
Since we dynamically assign slices to different threads, it
is more likely that the co-located portion of the previous
picture may not be in the local cache when each thread is
running on its own physical processor and cache, as
shown in Figure 6 (c). Thus, dynamic partitioning may
incur more bus transactions®. In contrast, the cache is
shared between logical processors on a processor with

® On dual-processor systems, an alternative method of
keeping cache locality in dynamic scheduling is to
dispatch slices to one thread from top-down and slices to
the other thread from bottomup. However, it is hard to
generalize the method for four-way or eight-way multi-
processor systems. In this paper, we did not show the
results of this method.

Hyper-Threading Technology, and thus, cache localities
are preserved. We obtain the best of both worlds with
dynamic scheduling: there is load balancing between the
threads, and there is the same effective cache locality as
for static scheduling on a dual-processor system.

RESULTS

This shows some performance numbers and analysis of
our applications on multithreading architectures. In
general, our results show that Hyper-Threading
Technology offers a cost-effective performance
improvement  (7%-18%) for multithreading without
doubling hardware cost (see Figure 7) as in dual-processor
systems.

Our Hyper-Threading Technology system has an
experimental 1.7GHz Intel Pentiunf 4 processor with
Hyper-Threading Technology capability, which is a pre-
production prototype, running Windows XP. The
processor has a 512KB second-level cache, but no third-
level cache. To contrast the performance with single-
thread performance on the system experimentaly in lab
setting, we disable the support of Hyper-Threading
Technology from the CPU, motherboard, BIOS, and the
operating system. Our dual-processor system has two
1.7GHz Intel Xeon® processors, each of which has a
256KB second-level cache and a 1MB third-level cache,
running Windows XP. To measure single-thread
performance on the dual-processor system, we disable one
physical processor and run a single-thread version of the
application. The relative speed between Hyper-Threading
Technology systems and dual-processor systems is not
measured in our experiment.

To measure the performance of the encoder, we use five
720x480 YV U 4:2:0 benchmark sequences. To measure the
performance of the decoder, we use one 640x480, three
704x480, three 720x480, one 1280x720, and two 1920x1080
MPEG-2 sequences. Moreover, three 704x480 MPEG-2
sequences are used to measure the performance of the
video watermark detectors. The speed-ups are sequence
dependent, but within a small variation. We report only
the average numbersinFigure 7.

4 Pentium is a registered trademark of Intel Corporation or
its subsidiariesin the United States and other countries.

" Other brands and names may be claimed as the property
of others

°Xeon is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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Data-Domain Decomposition

This section describes the performance of the data-domain
decomposition of the video decoding described earlier.

First, Figure 7 (b) shows that it is better to use the
dynamic scheduling method than the static scheduling
method on a processor with Hyper-Threading
Technology, as it is very important to have a balanced
load. Because resources are shared between the logical
processors, the relative performance of each logical
processor can be less than 1.0 compared to an equivalent
processor without simultaneous multithreading capability.
When only one thread is busy, the overall throughput is
less than that of a single processor. To have the best
performance, it is important to have a balanced workload
between threads. Hence, the dynamic scheme is better
than static scheduling.

On the other hand, Figure 7 (b) shows that the static
scheduling method is better than the dynamic scheduling
method on a dual-processor system. It isfaster to decode
the picture when the co-located parts of the pictures are
till inthe cache. As mentioned earlier, although dynamic
scheduling has better load balance, co-located parts of the
pictures may not be decoded by the same processor when
using dynamic scheduling. This scheduling scheme
incurs more bus transactions, as shown in Table 2, with
the result that the overall speed using dynamic scheduling
isslower.

Compared to dual-processor systems, processors with
Hyper-Threading Technology have the advantage of
sharing the second-level cache between two logical
processors. Even when the same logical processor does
not decode the co-located part of the reference picture,
that part of the picture can still be read from the shared
second-level cache. Table 3 shows that the numbers of
bus activities are similar between static scheduling and
dynamic scheduling. In this case, the overall speed of
dynamic scheduling is faster because the workload is

Table2: Thenumbersof front-side bus (FSB) data
activities per second between static scheduling and
dynamic scheduling on a dual -pr ocessor system

Static Dynamic
Event scheduling scheduling
FSB_data activity 8,604,511 12,486,051

Table 3: Thenumbersof FSB data activities per second
between static scheduling and dynamic scheduling on a
processor with Hyper-Threading Technology

Static Dynamic
Event scheduling scheduling
FSB_data activity 8,474,022 8,536,338
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Figure 7: Performance of; (a) our video encoder; (b) our
video decoder; and (c) our water marking detection with
softwar e configur ations
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Table4: Theworkload characteristics of our applicationson single-threaded processor sand processor swith Hyper -
Threading Technology

M PEG encoding M PEG decoding Video watermarking

Event Single- Hyper- Single- Hyper- Single- Hyper-
thread threading thread threading thread threading

Clockticks (Millions) 13,977 11,688 7,467 6,687 23,942 20,162
Instructionsretired (Millions) 11,253 11,674 3,777 3921 17,728 17,821
Uops retired (Millions) 14,735 15,539 5,489 5,667 24,120 24,333
MMX/SIMD uopsretired (Millions) 6,226 6,220 1,119 1,120 5334 5341
I PC (instructions per clock) 0.80 1.00 051 0.59 0.74 0.88
UPC (uops per clock) 1.05 1.33 0.74 0.85 1.01 121
Trace cache misses (Millions) 20.8 29.0 13.3 24.1 7.6 13.3
First-level cache misses (Millions) 132 145 132 166 510 638
Bus utilization 8.5% 8.5% 14.7% 16.4% 14.2% 22.3%

better bal anced.

Functional Decomposition

Here, we describe the performance of the video watermark
detection functional decomposition described earlier in
Figure 5. Figure 7 (c) shows the performance
comparisons.  2-thread denotes one video-decoding
thread and one watermark detection thread, and 3thread
denotes one video-decoding thread and two watermarking
threads (see Figure 5 (c)). Similar to the results of the
video decoder, better performance is obtained with better
balanced workloads.

Overall Performance Characterisics

As mentioned earlier, different modules have been
interleaved in the application to utilize more execution
resources in the machine at agiven time. Hence, it is hard
to break down the workload characteristics in individual
modules. Rather, it is better to consider the application as
awhole.

As shown in Table 4, athough the numbers of
instructions retired and cache misses (e.g., trace and first-
level) increase in both applications after threading,
because of threading overhead and capacity misses in
each thread, the overall application performance till
increases. To verify that resource utilization is better
balanced on a processor with Hyper-Threading
Technology, we compare UPC for single-threaded and
multi-threaded applications. UPC increases from 1.05 to
1.33 in video encoding, from 0.78 to 0.85 in video
decoding, and from 1.01 to 1.21 in watermark detection,
confirming the more efficient resource utilization possible
with Hyper-Threading Technology. (These numbers
include the overhead of thread synchronization; however,
this overhead is relatively small, being on the order of

0.5% for watermark detection, approximately 3-4% for
video decoding, and 4-5% for video encoding.)

POWER CONSUMPTION ISSUES

In this paper, we have mainly discussed methods to
improve the application throughput on processors with
Hyper-Threading Technology. In addition to throughput,
power consumption is also an important performance
factor for the next generation of processors. This is
especially true for battery-run mobile systems, in which
the average power consumption for a given fixed
application is a crucial parameter to consider for the
evaluation of the overall performance of the system.

In this section, we show that Hyper-Threading
Technology can not only improve system throughput but
can also save energy for applications with fixed duties.

As an introduction to this new research topic, we give
some hints on how to design “power-aware” applications
on processors with Hyper-Threading Technology and we
show the first results of this ongoing work.
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Figure 8: Measured power consumption of our
watermark detector on a processor with Hyper-Threading
Technology and a normal system at the same frequency
and voltage

In various situations, Hyper-Threading Technology
consumes additional power while improving the
performance, as shown in Figure 8. When idle, the
execution units in Intel Pentiunf 4 processors consume
less power because of clockgating [2]. Hyper-Threading
Technology makes the execution units busier, and thus,
they consume slightly more power. The graphs also show
that the task finishes earlier on a system with Hyper-
Threading Technology. Because the task finishesin fewer
cycles, the overall energy consumption is slightly less on
asystem with Hyper-Threading Technology even with the
same voltage and frequency. Thisis because powering up
additional execution units for two simultaneous threads is
more economical than powering the whole pipeline with
fewer execution unitsto run serial threads.

In the case of real-time applications’, where we need only
a fixed amount of throughput, we can reduce the
frequency and the voltage. As Hyper-Threading
Technology increases the throughput, and we have more
spare cycles, we can further reduce the frequency and the
voltage. Because the active power consumption is
proportional to frequency* (voltage)?, we can have a cubic
effect on energy saving.

Nonetheless, a common thread scheduling pitfall in
multithreading real-time applications can reduce the
overall energy gain on the system with Hyper-Threading
Technology. Figure 9 (a) shows a common, but less than
optimal, multithreading method of the watermark detection
application—the watermark detector is active immediately
after the video frame is decoded. Due to a large cycle
period, there may be no overlapping between two threads
(see Figure 5 (b)). While Figure 9 (b) has the same cycle
period asFigure 9 (a), by delaying the starting time of the
second thread, we increase the overlapping period of two
threads. That is, we queue the tasks and dispatch
together to maximize the overlap. In this case, the halted
period in CPU is increased. Because powering up
additional execution units for two simultaneous threads is
more economical and the physical processor consumes
less power when it is halted (or when both logical

4 Pentium is a registered trademark of Intel Corporation or
its subsidiariesin the United States and other countries.

® Real-time in this work means that applications need to
perform some tasks periodically, while throughput-
oriented applications just finish all the tasks as fast as
possible.

processors are halted), Figure 9 (b) consumes less energy.
(In our real-time watermark detector, the measured CPU
power is 22.8 watts vs. 23.6 watts’.) The key is to overlap
the busy cycles of one logical processor with those of the
other.
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CONCLUSION

In this paper we explained how typical media applications
can benefit from Hyper-Threading Technology. From the
increases in UPCs, we have observed that Hyper-
Threading Technology can increase the utilization of
processor resources by 15 to 27%, even for well-optimized
multimedia applications. The results given in this paper
aso show that it is possible to benefit from Hyper-
Threading Technology to save power when executing a
fixed task.

Moreover, it has been shown that it is crucial to reach an
optimal load balancing for an efficient implementation on
Hyper-Threading Technology. This can usually be done
for media applications exploiting both data and functional
decompositions.  Such partitioning, especialy with a
dynamic scheduling scheme, benefits in most cases from
the fact that, unlike in symmetric multiprocessor systems,

" Here, we use average power as the indicator for energy
saving. In rea-time applications, power saving and
energy saving can be used interchangeably.
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threads share the cache in a processor with Hyper-
Threading Technology.

Finally, the results show that for complex media
applications running on Hyper-Threading Technology, in
which multiple threads typically interact together and
access memory concurrently, the thread synchronization
issues and the overall data and functional partitioning are
more important than the individua  function
characteristics.
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ABSTRACT

Intel’ srecently introduced Hyper-Threading Technology
promises to increase application- and system-level
performance through increased utilization of processor
resources. It achieves this goal by allowing the
processor to simultaneously maintain the context of
multiple instruction streams and execute multiple
instruction streams or threads. These multiple streams
afford the processor added flexibility in internal
scheduling, lowering the impact of external data latency,
raising utilization of internal resources, and increasing
overall performance.

We compare the performance of an Intel Xeon®
processor enabled with Hyper-Threading Technology to
that of a dual Xeon processor that does not have Hyper-
Threading Technology on a range of compute-intensive,
data-parallel applications threaded with OpenMP". The
applications include both real-world codes and hand-
coded “kernels’ that illustrate  performance
characteristics of Hyper-Threading Technology.

The results demonstrate that, in addition to functionally
decomposed applications, the technology is effective for

2 Intel is aregistered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

© Xeon is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

! OpenMP is an industry -standard specification for multi-
threading data-intensive and other highly structured
applications in C, C++, and Fortran. See
www.openmp.org for more information.

many data-parallel applications. Using hardware
performance counters, we identify some characteristics
of applications that make them especialy promising
candidates for high performance on threaded processors.

Finaly, we explore some of the issues involved in
threading codes to exploit Hyper-Threading Technology,
including a brief survey of both existing and still-needed
tools to support multi-threaded software devel opment.

INTRODUCTION

While the most visible indicator of computer
performance isits clock rate, overall system performance
is also proportional to the number of instructions retired
per clock cycle. Ever-increasing demand for processing
speed has driven an impressive array of architectural
innovations in processors, resulting in substantial
improvementsin clock rates and instructions per cycle.

One important innovation, super-scalar execution,
exploits multiple execution units to allow more than one
operation to be in flight simultaneously. While the
performance potential of this design is enormous,
keeping these units busy requires super-scalar
processors to extract independent work, or instruction-
level parallelism (ILP), directly from a single instruction
stream.

Modern compilers are very sophisticated and do an
admirable job of exposing parallelism to the processor;
nonetheless, ILP is often limited, leaving some internal
processor resources unused. This can occur for a
number of reasons, including long latency to main
memory, branch mis-prediction, or data dependences in
the instruction stream itself. Achieving additional
performance often requires tedious performance
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analysis, experimentation with advanced compiler
optimization settings, or even algorithmic changes.
Feature sets, rather than performance, drive software
economics. This results in most applications never
undergoing performance tuning beyond default compiler
optimization.

An Intel® processor with Hyper-Threading Technology
offers a different approach to increasing performance.
By presenting itself to the operating system as two
logical processors, it is afforded the benefit of
simultaneously scheduling two potentially independent
instruction streams [1]. This explicit paraléelism
complements ILP to increase instructions retired per
cycle and increase overall system utilization. This
approach is known as simultaneous multi-threading, or
SMT.

Because the operating system treats an SMT processor
as two separate processors, Hyper-Threading
Technology is able to leverage the existing base of multi-
threaded applications and deliver immediate performance
gains.

To assess the effectiveness of this technology, we first
measure the performance of existing multi-threaded
applications on systems containing the Intel® Xeon®
processor with Hyper-Threading Technology. We then
examine the system’s performance characteristics more
closely using a selection of hand-coded application
kernels. Finally, we consider the issues and challenges
application developers face in creating new threaded
applications, including existing and needed tools for
efficient multi-threaded devel opment.

APPLICATION SCOPE

While many existing applications can benefit from
Hyper-Threading Technology, we focus our attention on
single-process, numerically intensive applications. By
numerically intensive, we mean applications that rarely
wait on external inputs, such as remote data sources or
network requests, and instead work out of main system
memory. Typical examples include mechanical design
analysis, multi-variate optimization, electronic design
automation, genomics, photo-realistic rendering, weather
forecasting, and computational chemistry.

A fast turnaround of results normally provides
significant value to the users of these applications

2 Intel is aregistered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

© Xeon is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

through better quality products delivered more quickly
to market. The data-intensive nature of these codes,
paired with the demand for better performance, makes
them ideal candidates for multi-threaded speed-up on
shared memory multi-processor (SMP) systems.

We considered a range of applications, threaded with
OpenMP, that show good speed-up on SMP systems.
The applications and their problem domains are listed in
Table 1. Each of these applications achieves 100%
processor utilization from the operating system’'s point
of view. Despite externa appearances, however,
internal processor resources often remain underutilized.
For this reason, these applications appeared to be good
candidates for additional speed-up via Hyper-Threading
Technology.

Tablel1: Applicationstype

Code |Description

AL Mechanical Design Analysis (finite element method)

IThis application is used for metal-forming, drop testing, and
crash simulation.

A2 Genetics

IA genetics application that correlates DNA samples from
multiple animals to better understand congenital diseases.

A3 [Computational Chemistry

IThis application uses the self-consistent field method to
compute chemical properties of molecules such as new
pharmaceuticals.

A4 Mechanical Design Analysis

IThis application simulates the metal -stamping process.

IAS M esoscale Weather Modeling

IThis application simulates and predicts mesoscale and
regional -scal e atmospheric circulation.

A6 Genetics

IThis application is designed to generate Expressed Sequence
ITags (EST) clusters, which are used to |ocate important
genes.

A7 (Computational Fluid Dynamics

IThis application is used to model free-surface and confined
flows.

A8 Finite Element Analysis

This finite element application is specifically targeted toward
geophysical engineering applications.

A9 Finite Element Analysis

IThis explicit time-stepping application is used for crash test
studies and computational fluid dynamics.

One might suspect that, for applications performing very
similar operations on different data, the instruction
streams might be too highly correlated to share a
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threaded processor’s resources effectively. Our results
show differently.

METHODOLOGY

To assess the effectiveness of Hyper-Threading
Technology for this class of applications, we measured
the performance of existing multi-threaded executables,
with no changes to target the threaded processor
specificaly.

We measured the elapsed completion time of stable,
reproducible  workloads using operating-system-
provided timers for three configurations:;

1. single-threaded execution on an single-processor
SMT system

2. dual-threaded execution on a single-processor SMT
system

3. dual-threaded execution on a dual-processor, non-
SMT system

We then computed application speed-up as the ratio of
the elapsed time of a single-threaded run to that of a
multi-threaded run. Using the Intel VTune® Performance
Analyzer, we gathered the following counter data
directly from the processor during a representative time
interval of each application?

Clock cycles
Instructionsretired
Micro-operations retired
Floatingpoint instructions retired
From this raw data, we evaluated these ratios:
Clock cycles per instruction retired (CPI)
Clock cycles per micro-operation retired (CPu)

Fractional floating-point instructions retired
(FP%)

APPLICATION RESULTS

Naturally, highly scalable applications; that is, those that
speed up best when run on multiple, physical
processors, are the best candidates for performance
improvement on a threaded processor. We expect less

© VTune is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

2 The counters and their significance are described in the
Appendix.

scalable applications to experience correspondingly
smaller potential benefits.

As shown in Figure 1, this is generally the case, with al
of the applications, except application Al, leceiving a
significant benefit from the introduction of Hyper-
Threading Technology. It isimportant to note that the
applications realized these benefits with little to no
incremental system cost and no code changes.

OsmMmP
B HyperThreading
O Serial —

154 M HHHHFMF M MFEF H H

Relative Speeduy

osH <N HHMHMHH H -

Al A2 A3 A4 A5 A6 A7 A8 A9

Application

Figure 1: Application relative speed-up

Because the Intel® Xeon® processor is capable of
retiring up to three micro-operations per cycle, the best-
case value of clocks per micro-op (CPu) is 1/3. Table 2
shows counter data and performance results for the
application experiments. The comparatively high CPI
and CPu values indicate an individual stream does not
typically saturate internal processor resources. While
not sufficient, high CPu is a necessary condition for
good speed-up in an SMT processor.

° Intel isaregistered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

© Xeon is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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Application Cycles/instruction Cycles/uop FP% SMT speedup SMP Speedup
Al 2.04 147 29 105 165
A2 111 0.89 46 109 179
A3 1.69 091 16 109 1m
A4 1.82 1.29 20 111 154
A5 248 145 36 117 168
A6 254 1.60 01 119 200
A7 2.80 2.05 10 123 175
A8 1.69 1.27 19 128 185
A9 226 1.76 20 128 189

Table2: Counter data and performanceresults

Exactly which resources lie idle, however, is not clear.
The fraction of floating-point instructions (FP%) gives
one indication of the per-stream instruction mix. For the
chosen applications, the FP% ranges from zero, for
application A6, to the range of 4.6% to 35.5% for the
remaining applications. It may seem unusual that the
FP% of these numerically intensive applications is so
low; however, even in numerically intensive code, many
other instructions are used to index into arrays, manage
data structures, load/store to memory, and perform flow
control. The result can be a surprisingly balanced
instruction mix.

Even though the instruction mix within a stream may be
varied, adata parallel application typically presents pairs
of similar or even identical instruction streams that could
compete for processor resources at each given moment.
The performance results, however, show that Hyper-
Threading Technology is able to overlap execution of
even highly correlated instruction streams effectively.

To understand how this can occur, consider two threads
consisting of identical instruction streams. As these
threads execute, spatial correlation exists only with
particular temporal alignments; a slight shift in the timing
of the streams can eliminate the correlation, allowing a
more effective interleaving of the streams and their
resource demands. The net result is that two identical
but time-shifted instruction streams can effectively share
apool of resources.

By reducing the impact of memory latency, branch mis-
prediction penalties, and stalls due to insufficient ILP,
Hyper-Threading Technology allows the X eonprocessor
to more effectively utilize its internal resources and
increase system throughput.

TEST KERNEL RESULTS

To examine these effects more closely, we developed
four test kernels. The first two kernels (int_mem and
dbl_mem) illustrate the effects of latency hiding in the
memory hierarchy, while the third kernel (int_dbl)
attempts to avoid stalls due to low ILP. The fourth
kernel (matmul) and a corresponding, tuned library
function illustrate the interplay between high ILP and
SMT speed-up. The performance results of all the
kernels are shown in Table 3. The int_mem kernel,
shown in Figure 2, attempts to overlap cache misses with
integer operations. It first creates a randomized access
pattern into an array of cache-line-sized objects, then
indexes into the objects via the randomized index vector
and performs a series of addition operations on the
cacheline.

#pragma onp for
for (i = 0; i < buf_len; ++i) {
j =index[ i 1;

for (k = 0; k < load; ++k) {

buffer[ j ][ 0] += input;
buffer[ j ][ 1] += input;
buffer[ j ][ 2] += input;
buffer[ j ][ 3] += input;

Figure 2: Theint_mem benchmark
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Table 3: Kernd performanceresults

Code |Benchmark CPI |[CPuops |[FP% |SMT Speed-up

M1 Jint_mem (load=32) |1.99 |0.94 0.0% [1.08

M2 |int_ mem(load=4) |691 [361 [0.0% [1.36

M3 |dbl_mem (load=32) (181 (147 23.29% (1.90

M4 fint_dbl 3.72 [1.63 9.8% (176
M5  [matmul 217 (1.60 34.5% [1.64
M6 |dgemm 1.63 (158 58.0% [1.00

We tested two variants (M1 and M2). In the first, we
assigned a value of 32 to the parameter “load”; in the
second test, “load” was 4. The larger value of “load”

allows the processor to work repeatedly with the same
data. Cache hit rates are consequently high, asisinteger
unit utilization. Smaller values of “load” cause the code
to access second-level cache and main memory more
often, leading to higher latencies and increased demand
on the memory subsystem. Provided these additional

accesses do not saturate the memory bus bandwidth, the
processor can overlap the two threads' operations and
effectively hide the memory latency. This point is
demonstrated by the inverse relationship between clocks
per instruction and speed-up.

The dbl_mem kernel isidentical to int_mem, but with the
data variables changed to type “double.” The results
with “load” equal to 32 (M3) demonstrate the same
effect, instead interleaving double-precision floating-
point instructions with cache misses. In addition, the
floating-point operations can overlap with the
supporting integer instructions in the instruction mix to
allow the concurrent use of separate functional units
resulting in near-linear speed-up.

Theint_dbl kernel (M4), shown in Figure 3, calculates an
approximation to Pi via a simple Monte Carlo method.
This method uses an integer random number generator
to choose points in the xy plane from the range [-1...1].
It then converts these values to floating point and uses
each point’s distance from the origin to determine if the
point falls within the area of the unit radius circle. The
fraction of points that lies within this circle approximates
Pi/4. Like dbl_mem, this kernel achieves excellent speed-
up, but for a different reason: the different functional
unitsinside the processor are utilized simultaneously.

#pragma onp for reduction(+:count)

for (i = 0; i < NPONTS; ++i) {
doubl e x, vy;

/'l guess returns a pseudo-random
nunmber

X guess(&seed, 2.0)-1.0;

y = guess(&seed, 2.0)-1.0;
if ( sgrt(x*x + y*y) <= 1.0 ) {
/* The current point is
inside the circle... */

++count ;

Figure 3: Theint_dbl benchmark

The “matmul” kernel (M5), shown in Figure 4, computes
the product of two 1000 x 1000 matrices using a nai ve
loop formulation written in FORTRAN. Comparing its
absolute performance and speed-up to that of a
functionally equivalent, but hand-tuned library routine
illustrates the effect of serial optimization on the
effectiveness of Hyper-Threading Technology. The
nai ve loop formulation (M5) has comparatively poor
absolute performance, executing in 3.4 seconds, but
achieves good SMT speed-up. The hand-optimized
dgemm (M6) library routine executes in a fraction of the
time (0.6s), but the speed-up vanishes. The highly tuned
version of the code effectively saturates the processor,
leaving no unitsidle®.

!'$onp parallel do
DO 26 J = 1,N
DO 24 K =1,N

DO 22 | =1,N
c(1,3) = C(1,3) + A(l,K)
* B(K, J)
22 CONTI NUE
24 CONTI NUE
26 CONTI NUE

% Note that the FP% for M6 is due to SIMD packed
double precision instructions, rather than the simpler x87
instructions used by the other test codes.

Hyper-Threading Technology: Impact on Compute-Intensive Workloads 62



Intel Technology Journal Q1, 2002. Vol. 6 Issue 1.

Figure4: TheMatmul kernel

MEMORY HIERARCHY EFFECTS

Depending on the application characteristics, Hyper-
Threading Technology’s shared caches [1] have the
potential to help or hinder performance. The threads in
data paralel applications tend to work on distinct
subsets of the memory, so we expected this to halve the
effective cache size available to each logical processor.
To understand the impact of reduced cache, we
formulated a very simplified execution model of cache-
based system.

In a threaded microprocessor with two logical
processors, the goal is to execute both threads with no
resource contention issues or stalls. When this occurs,
two fully independent threads should be able to execute
an application in half the time of a single thread.
Likewise, each thread can execute up to 50% more slowly
than the single-threaded case and still yield speed-up.

Figure 5 exhibits he approximate time to execute an
application on a hypothetical system with a three-level
memory hierarchy consisting of registers, cache, and
main memory.

Given:
N = Number of instructions executed
Fmemory = Fraction of N that access memory
Gt = Fraction of loads that hit the cache
Toroc = #cyclesto process an instruction
Teache = #cyclesto process a hit
Tmemory = #CycClesto process amiss
Texe = Execution time

Then:

Texe/N = (1 - Fmemory) Tproc + I:memory [Gnit Tcache
+ (1 - Gnil) Tmemory]

Figure5: Simple performance model for asingle-level
cachesystem

While cache hit rates, G,;, cannot be easily estimated for
the shared cache, we can explore the performance impact
of arange of possible hit rates. We assume

Fmemory :20%): Tproc:2, Tcache:3| and Tmemory =100. Fora
given cache hit rate in the original, single-threaded
execution, Figure 6 illustrates the effective miss rate,

T s, Which would cause the thread to run twice as
slowly asin serial. Thus, any hit rate that fallsin the
shaded region between the curves should result in
overall speed-up when two threads are active.

Cache Hit Rate Tolerance
100
90 /
N _—
) / /
. /
) ~
. /
. A~
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r — Hit rate for no slowdown

New Hit Rate

— Hit Rate to Cause 2x Slowdown

60 70 80 90 100

Original Hit Rate

Figure 6: Hit ratetolerancefor 2x dowdown in
performance

The shaded region narrows dramatically as the original
cache hit rate approaches 100%, indicating that
applications with excellent cache affinity will be the least
tolerant of reduced effective cache size. For example,
when a single-threaded run achieves a 60% hit rate, the
dual-threaded run’s hit rate can be as low as 10% and
still offer overall speed-up. On the other hand, an
application with a 99% hit rate must maintain an 88% hit
rate in the smaller cache to avoid slowdown.

TOOLSFOR MULTI-THREADING

It is easy to see that the existence of many multi-
threaded applications increases the utility of Hyper-
Threading Technology. In fact, every multi-threaded
application can potentialy benefit from SMT without
modification. On the other hand, if no applications were
multi-threaded, the only obvious benefits from $AT
would be throughput benefits from multi-process
paralelism. Shared memory paralel computers have
existed for more than a decade, and much of the
performance benefits of multi-threading have been
available, yet few multi-threaded applications exist.
What are some of the reasons for this lack of muilti-
threaded applications, and how might SMT technology
change the situation?

First and foremost among these reasons is the difficulty
of building a correct and well-performing multi-threaded
application. While it is not impossible to build such
applications, it tends to be significantly more difficult
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than building sequential ones. Consequently, most
developers avoid building multi-threading applications
until their customers demand additional performance.
The following constraints often drive performance
requirements:

Rea-time requirements to accomplish some
computing task that cannot be satisfied by a single
processor, e.g., weather forecasting, where a 24-hour
forecast has value only if completed and published
inwell under 24 hours.

Throughput requirements, usually in interactive
applications, such that users are not kept waiting for
too long, e.g., background printing while editingin a
word processor.

Turnaround requirement, where job completion time
materially impacts the design cycle, eg.,
computational fluid dynamics used in the design of
aircraft, automobiles, etc.

Most software applications do not have the above
constraints and are not threaded. A good number of
applications do have the throughput requirement, but
that particular one is easier to satisfy without particular
attention to correctness or performance.

Another reason for the lack of many multi-threaded
applications has been the cost of systems that can
effectively utilize multiple threads. Up until now, the
only kinds of systems that could provide effective
performance benefits from multiple threads were
expensive multiple-processor systems. Hyper-Threading
Technology changes the economics of producing multi-
processor systems, because it eliminates much of the
additional “glue” hardware that previous systems
needed.

Economics alone cannot guarantee a better computing
experience via the efficient utilization of Hyper-
Threading Technology. Effective tools are aso
necessary to create multi-threaded applications. What
are some of the capabilities of these tools? Do such
tools already exist in research institutions?

One of the difficultiesis the lack of a good programming
language for multi-threading. The most popular multi-
threading languages are the POSIX" threads AP and the
Windows* Threads API. However, these are the
threading equivalent of assembly language, or C at best.
All the burden of creating high-level structuresis placed
upon the programmer, resulting in users making the same

"Other brands and names may be claimed as the property
of others.

mistakes repeatedly. Modern programming languages
like Java and C# include threading as a part of the
language, but again few high-level structures are
available for programmers. These languages are only
marginally better than the threading APls. Languages
like OpenMP [3,5] do offer higher-level constructs that
address synchronous threading issues well, but they
offer little for asynchronous threading. Even for
synchronous threading, OpenMP [3,5] has little market
penetration outside the technical computing market. |f
OpenMP [3,5] can successfully address synchronous
threading outside the technical market, it needs to be
deployed broadly to ease the effort required to create
multi-threaded applications correctly. For asynchronous
threading, perhaps the best model is the Java- and C#-
like threading model, together with the threading APIs.

Besides threaded programming languages, help is also
needed in implementing correct threaded programs. The
timing dependencies among the threads in multi-
threaded programs make correctness validation an
immense challenge. However, race detection tools have
existed in the research community for a long time, and
lately some commercial tools like Visua Threads [7] and
Assure [6] have appeared that address theseissues.
These tools are extremely good at finding bugs in
threaded programs, but they suffer from long execution
times and large memory-size footprints. Despite these
issues, these tools are a very promising start for
ensuring the correctness of multi-threaded programs and
offer much hope for the future.

After building a correct multi-threaded program, atool to
help with the performance analysis of the program is also
required. There are some very powerful tools today for
analysis of sequential applications, like the VTune®
Performance Analyzer. However, the equivaent is
missing for multi-threaded programs.  Again, for
OpenMP [3,5], good performance-analysis tools do exist
in the research community and commercially. These
tools rely heavily on the structured, synchronous
OpenMP [3,5] programming model. The same tools for
asynchronous threading APl s are non-existent, but seem
necessary for the availability of large numbers of multi-
threaded applications. Hyper-Threading Technology
presents a unique talenge for performance-analysis
tools, because the processors share resources and
neither processor has al of the resources available at all
times. In order to create a large pool of multi-threaded
applications, it seems clear that effective tools are
necessary. It is also clear that such tools are not yet

© VTune is a trademark of Intel Corporation or its
subsidiariesin the United States and other countries.
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available today. To exploit Hyper-Threading
Technology effectively, multi-threaded applications are
necessary, and tools to create those are key.

CONCLUSION

High clock rates combined with efficient utilization of
available processor resources can yield high application
performance. As microprocessors have evolved from
simple single-issue architectures to the more complex
multiple-issue architectures, many more resources have
become available to the microprocessor. The challenge
now is effective utilization of the available resources. As
processor clock frequencies increase relative to memory
access speed, the processor spends more time waiting
for memory accesses. This gap can be filled using
extensions of techniques already in use, but the cost of
these improvements is often greater than the relative
gain. Hyper-Threading Technology uses the explicit
parallel structure of a multi-threaded application to
complement ILP and exploit otherwise wasted resources.
Under carefully controlled conditions, such as the test
kernels presented above, the speed-ups can be quite
dramatic.

Real applications enjoy speed-ups that are more modest.
We have shown that a range of existing, data-parallel,
compute-intensive  applications benefit from the
presence of Hyper-Threading Technology with no
source code changes. In this suite of multi-threaded
applications, every application benefited from threading
in the processor. Like assembly language tuning, Hyper-
Threading Technology provides another tool in the
application programmer’s arsenal for extracting more
performance from his or her computer system. We have
shown that high values of clock cycles per instruction
and per micro-op are indicative of opportunitiesfor good
speed-up.

While many existing multi-threaded applications can
immediately benefit from this technology, the creation of
additional multi-threaded applications is the key to fully
realizing the value of Hyper-Threading Technology.
Effective software engineering tools are necessary to
lower the barriers to threading and accelerate its
adoption into more applications.

Hyper-Threading Technology, as it appears in today’s
Intel* Xeon® processors, is just the beginning. The

2 Intel is aregistered trademark of Intel Corporation or its
subsidiariesin the United States and other countries.

© Xeon and V Tune are trademarks of Intel Corporation or
its subsidiariesin the United States and other countries.

fundamental ideas behind the technology apply equally
well to larger numbers of threads sharing additional
resources. Just as the number of distinct lines in a
telephone network grows slowly relative to the number
of customers served, Hyper-Threading Technology has
the potential to modestly increase the number of
resources in the processor core and serve a large
numbers of threads. This combination has the potential
to hide amost any latency and utilize the functional units
very effectively.

APPENDIX: PERFORMANCE METRICS

Using the VTune™ Performance Analyzer, one can
collect several execution metrics in situ as the
application runs. While the Intel® Xeon™ processor
contains a host of counters, we focused on the following
set of raw values and derived ratios.

Clock Cycles

The number of clock cycles used by the application is a
good substitute for the CPU time required to execute the
application. For a single threaded run, the total clock
cycles multiplied by the clock rate gives the total running
time of the application. For a multithreaded application
on a Hyper-Threading Technology-enabled processor,
the process level measure of clock cycles is the sum of
the clocks cyclesfor both threads.

Instructions Retired

When a program runs, the processor executes sequences
of instructions, and when the execution of each
instruction is completed, the instructions are retired.
This metric reports the number of instructions that are
retired during the execution of the program.

Clock CyclesPer Instruction Retired

CPl isthe ratio of clock cyclesto instructions retired. It
is one measure of the processor’s internal resource
utilization. A high value indicates low resource
utilization.

Micro-Oper ations Retired

Each instruction is further broken down into micro-
operations by the processor. This metric reports the
number of micro-operations retired during the execution
of the program. This number is aways greater than the
number of instructions retired.
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Clock Cycles Per Micro-Operations Retired

This derived metric is the ratio of retired micro-
operations to clock cycles. Like CPI, it measures the
processor’s internal resource utilization. This is a finer
measure of utilization than CPl because the execution
engine operates directly upon micro-ops rather than
instructions. The Xeon processor core is capable of
retiring up to three micro-ops per cycle.

Per centage of Floating-Point Instructions

This metric measures the percentage of retired
instructions that involve floating-point operations. To
what extent the different functional units in the
processor are busy can be determined by the instruction
type mix because processors typically have multiple
floating-point, integer, and load/store functional units.
The percentage of floating-point instructions is an
important indicator of whether the program is biased
toward the use of a specific resource, potentially leaving
other resourcesidle.
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