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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 paralelism and significantly speed up single-
threaded applications. M ost 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
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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 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 process is 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 speculative 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), is introduced
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 alows 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

mSpawn Commit, 2 Context
mSpawn Commit, 4 Context

@Spawn Rename, 2 Context
OSpawn Commit, 8 Context

mSpawn Rename, 4 Context
OSpawn Rename, 8 Context

14
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12

Spead -up

1 il
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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
28
26 {]
o 24
£22
—
8 2 I
5 18
3
816
g 14
2121
11 T T T
08
art equake gzip mdf health st Average

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,

Speculative Precomputation: Exploring the Use of Multithreading for Latency 6
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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

0.4

Percentage Delinque
Load Accesses

Chainifig Trigger

0.2

Figure6: 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
OL3 EmL2 OL1 OCacheExecute M Execute EOther |
100% -
(6] 80% ]
©
(4]
N 60%
©
E 40%
o
z 20%
0% T
w ~- X, ~
A K ) © X A @:, k@
S N 2 N @ e
N 3 . N 3
v v
Benchmark

Figure7: Characteristics of CPU-intensive vs. memory-
intensive wor kloads 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.

Speculative Precomputation: Exploring the Use of Multithreading for Latency 7
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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 conditional
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 threads to 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
OO0 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
OO0 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 overal
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 a pre-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 Pentiunt® 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-

9ren@ 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->l
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 parallelisni 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, especially 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.
It is 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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