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ABSTRACT

This paper presents a multi-level memory prefetch hierarchy
for media and stream processing applications. Two major
bottlenecks in the performance of multimedia and network
applications are long memory latencies and limited off-chip
processor bandwidth. Aggressive prefetching can be used to
mitigate the memory latency problem, but overly aggressive
prefetching may overload the limited externa processor
bandwidth. To accommodate both problems, we propose multi-
level memory prefetching. The multi-level organization enables
conservative prefetching on-chip and more aggressive
prefetching off-chip. The combination provides aggressive
prefetching while minimally impacting off-chip bandwidth,
enabling more efficient memory performance for media and
stream processing. This paper presents preliminary results for
multi-level memory prefetching, which show that combining
prefetching at the L1 and DRAM memory levels provides the
most effective prefetching with minimal extra bandwidth.

1. INTRODUCTION

With the continued success of multimedia computing and
networks, media and stream processing are coming to dominate
the workloads of many computing systems. In fact, within the
near future, media and communications processing are expected
to make up over 90% of the workload on most computers.
Additionally, media and network processing are integral to many
consumer products, including DVD players, cellular phones, and
PDAs, so effective computing support is an area of importance
for both general-purpose and embedded processors.

A crucia problem in media and network processing is
achieving efficient memory performance. Stream-based
applications commonly spend 25-50% of their execution time in
memory stalls on standard cache-based memory systems. These
penalties arise because the memory access patterns for these
applications does not correspond well with standard memory
systems. Standard cache hierarchies were designed for general-
purpose applications, which retain most of their data in on-chip
data cache/memory and stream program instructions in from off-
chip, as shown in Figure 1.1a and Figure 1.1b, respectively.
These applications have good tempora and spatial locality, and
are idedly supported by cache-based memory hierarchies.
Conversely, media and stream-based applications stream much
of their data memory on and off chip and retain their instruction
code in on-chip instruction memory/cache [1,2]. Such streaming
memory patterns offer poor tempora locality and cause many
compulsory misses in standard cache-memory hierarchies.
Improved memory performance for media and stream processing
requires efficient support for streaming memory.

Streaming memory prefetching, such as provided by stream
buffers [3] and stride-prediction tables [4,5], can help reduce
these memory penalties. However, like al latency hiding tech-
niques, the effectiveness of prefetching is dependent upon
memory latency. As the gap between processor and memory
speed continues to increase with advancing VLS| technology, it
is increasingly difficult for prefetching to hide memory latency.
More aggressive prefetching, i.e. prefetching further ahead in
time, is needed to hide longer memory latencies. Unfortunately,
the accuracy with which prefetching is able to predict and
prefetch future memory accesses diminishes with the distance it
attempts to predict into the future. At lower prefetch accuracies,
more data must be prefetched in order to return the same amount
of useful data However, this aggressive prefetching is a
problem with the increasingly limited memory bandwidths.

We propose multi-level memory prefetching, as shown in
Figure 1.2, to enable aggressive prefetching while minimizing
the extra bandwidth. The multi-level organization enables
conservative prefetching on-chip and more aggressive
prefetching off-chip.  Multi-level memory prefetching follows
the same premise as cache memory hierarchies. However,
whereas caches reduce the post-miss memory access time by
bringing the most critical data closest to the processor and
storing increasingly less critical data progressively further from
the processor, the prefetch hierarchy attempts to reduce the pre-
miss memory access time by prefetching data that is expected to
be more critical progressively closer to the processor and leaving
data that is less likely to be critical further from the processor.
Furthermore, as prefetch data is brought closer to the processor,
and so comes closer to its expected use time, it becomes more
apparent which data are needed. As a result, prefetching may
proceed more conservatively on-chip, minimizing the extra
prefetching memory bandwidth. More aggressive prefetching
occurs at the outer levels of the hierarchy.

The remainder of this paper is organized as follows. Section
2 provides an overview of memory prefetching. In Section 3, we
discuss the details of multi-level memory prefetching. Section 4
examines the results of a number of experiments comparing
various multi-level and single-level memory prefetching
configurations. Finally, Section 5 summarizes our conclusions.
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Figure 1.1 — Streaming vs. non-streaming memory patterns [1].
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Figure 1.2 — Multi-level Prefetch Hierarchy
2. PREFETCHING TECHNOLOGY

In ealy cacde memory systems, the benefit of prefetching was
reaily apparent as longer cade lines commonly deaeased miss
ratios in applicaions with high spatia locdity [6]. This basic
phenomenon-— that fetching data into the processor prior to when
it may needed can improve performance by reducing compul sory
misses — lead reseachers to the amncept of prefetching.

Three major classes of prefetching have evolved: software
prefetching, hardware prefetching, and hybrid hardware/software
prefetching.  Software prefetching uses gatic memory pattern
detedion to insert prefetch instructions for every datum to be
prefetched [7]. Conversdly, hardware prefetching methods are
entirely dynamic, using hardware prediction in bah deteding
memory patterns and isauing prefetch requests [3,4,5,8]. Hybrid
hardware/software prefetching is a relatively new aternative,
which combines gatic memory detedion with hardware prefetch
isaue units [9,10], requiring only asingle prefetch instruction per
stream. This instruction indicates when to begin prefetching,
what elements to prefetch, how many elements to prefetch, and
how far in advance to prefetch. When the instruction exeautes,
this information is placal in a hardware table that controls
isaling ead individua prefetch request.

In this paper, we focus primarily on hardware prefetching
methods, since software and hybrid prefetching methods rely on
static program analysis by a cmpiler for determining memory
access patterns and inserting prefetch instructions.  Like data
dependence analysis, static memory pattern anaysisis a difficult
problem, so compilers often miss oppatunities where
prefetching would be beneficia. In comparing hardware
prefetching with hybrid hardware/software prefetching, Pimentel
et a. [10] foundthat hybrid prefetching was more dficient in
those mde sedions that were instrumented with stream prefetch
instructions, but hardware prefetching performed best overall
becaise it enabled prefetching throughou the entire gplication.

2.1. Stream Buffer

Among hardware prefetching methods, there ae three primary
aternatives: stream buffers, stride-prediction tables, and stream
cades. The stream buffer, proposed by Joupg [3], is a small,
fully associative cade residing onthe misspath of the L1 cade.
Joupp’s methodis an extension to Smith’s one-block lookahead
method for prefetching the next successve line on a cabe miss
[6], but instead of prefetching just one line from memory, the

stream buffer prefetches the next k sequential li nes from memory
on a catie miss(where k is the number of entries in the stream
buffer). Subsequent L1 cade misses ched if the desired data
resides in the stream buffer. If so, the missdata is moved from
the stream buffer to the L1 cade. As oppacsed to Smith, Joupp
stores prefetch datain the stream buffer until needed, preventing
prefetches from palluting the L1 cace. Joupp extended this
ideato multi-way stream buffers for suppating multi ple streans.

2.2. Stride-Prediction Table

The second major hardware prefetch method is gride-based
prefetching. Baea and Chen [4] and Fu and Patel [5] developed
stride-based prefetching, nealy simultaneously, to overcome the
limitation o stream buffersin only prefetching successve cate
lines. Oftentimes, algorithms accessmemory in a strided fashion
(i.e. conseautive acceses are separated by a cnstant distance
known as the stride) where the stride may be quite large. In such
cases, the program may not need every cade line, so a stride-
prediction table (SPT), which resides in parald with the L1
cade, monitors memory accesses and determines whether eath
static instruction accesses greaming or non-streaming memory.
Eadh entry in the SPT table is tagged with its instruction
address and contains information abou its most recent memory
acces®s, including the last data acces the stride, and state bits.
When a load instruction performs its first data acces a new
entry is allocated and the ‘last memory address field is updated.
When that instruction performs its next memory access the table
takes the differences of the aldresss to generate the stride (i.e.
stride = current_add — last_add) and store it in the table.
Using the stride, it isaues prefetch requests for the next predicted
memory addresges) (i.e. neX_add = current_add + stride).
Prefetched data dements are placeal dredly into the cate.

2.3. Stream Cache

Zucker et a. extended the ideaof the stride-based prefetching to
crede the stream cache [8]. They foundthat stride prefetching
performance is often significantly lower in smaller cades
because the prefetch data pollutes the L1 cache. To redify this,
they added a “strean cade”, separate from the L1 cade, which
uses a SPT table to determine what data to prefetch, but stores
the data in the strean cade instead o the L1 cade.
Consequently, the strean cace dfedively enables ssparation
the L1 memory level into two smaller, faster memory structures.
The stream cade was very beneficia in enabling effedive
prefetching when using asmall L1 cade.

Aside from stream buffers, stride-based prefetching, and
strean cacdes, most other hardware prefetching advances have
esentialy been enhancements to these fundamental methods.
The majority of the enhancements fall i nto the cadegory of more
advanced address prediction, which enables bath: @) advanced
pattern reaognition for prefetching of both stride-based and
irregular memory access patterns, and b) more acurate pattern
recognition for reducing the etra bandwidth from unused
prefetch data. The various enhancements for improved address
prediction include Palacharla and Kesder's dl ocaionfilter, non
unit stride detedion, and minimum-delta techniques [11], Chen
and Bag’s correlation method [4], and Farkas et a.'s
incremental prefetching and per-load stride predictor [12]. The
other major caegory of enhancements alow for increased
lookahead distances, such as (i.e. distance to prefetch ahead of
the stream): Bae and Chen’slookahead PC [9].



3.MULTI-LEVEL PREFTCH HIERARCHY

Memory latency has long been the most criticd asped of
memory performance in processor design. However, with the
increasing processor-memory gap, off-chip bandwidth is also
becming a mncern. Burger et al. [13] studied the impad of
latency and bandwidth on performance and concluded that the
growing procesor-memory gap, and the use of aggressve
latency-hiding, will significantly limit off-chip bandwidth in
future systems, lealing to pdentially serious degradations in
system performance They argue that smarter memory systems
are nealed to off set the increasing processor-memory gap.

We propcse multi-level memory prefetching (shown ealier
in Figure 1.2) as an improved memory system design for future
media and stream procesing systems. Multi-level memory
prefetching balances the cmpeting fadors of longer memory
latencies and more limited bandwidth by enabling aggressve
prefetching with minimal extra bandwidth consumption.

Prior studies in memory prefetching have examined methods
that reduce the etra bandwidth requirements from prefetching
[4,9,11]. However, they also ndicealy degrade prefetching
performance  Conversely, multi-level memory prefetching is
designed to enable agressve prefetching with minimal extra
bandwidth by prefetching more wnservatively closer to the
procesor and more agressvely further away from the
procesr.  Previous memory prefetching studies primarily
examined prefetching at only one level of the memory hierarchy
(usually the L1 level). However, streaming data must traverse
all levels of the memory hierarchy, so prefetching shoud occur
at al | evels of the memory hierarchy.

In esence, multi-level memory prefetching foll ows the same
premise & multi-level cache memory hierarchies. The smallest,
fastest memory structures reside dosest to the procesor, while
memory structures further from the procesor bemme
progressvely larger and slower. Streaming data lends itself very
nicdy to this type of organizaion die to the inherent nature of
prefetch heuristics, which are most acarrate at predicting data
neaded in the nea future, and progressvely less acarate &
predicting data needed further into the future, as ill ustrated in
Figure 3.1. The prefetch urits closest to the processor are dso
closest in time to the point a which the prefetched data will
likely be needed. Consequently, their predictions for which data
shoud be prefetched are more acarate, so these on-chip
memory structures conservatively prefetch less data.  As their
prefetch predictions are more acairate, the number of extraneous
bus cycles consumed by mispredicted prefetchesis minimized.

For prefetching units residing further from the processor,
their predictions of which data to prefetch are more speaulative
(i.e. further ahead in time from when the data may be needed), so
they must prefetch more aygresdvely in order to oktain the
desired data. And while the acaragy of the prefetch data in
these outer memory structures is much lower, the prefetch
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Figure 3.1 — Prefetch acairacy vs. prefetch lookaheal distance

hierarchy ads to gradually filter out mispredicted prefetch data
while bringing the desired data doser to the processor.
Consequently, the prefetch data progressvely bemmes more
acairate & it moves closer bath to the processor and to the time
at which it is needed.

To ou knowledge, the only known research study that has
looked at multiple levels of prefetching is the Impulse projea
[14]. They combined prefetching at the L1 cade level via
Smith’s one block lookahead method [6] with prefetching using
an dff-chip SRAM nea the memory controller. They presented
only limited results, but these indicae that prefetching at
multi ple levels enables performs better than either level done.

4. RESULTS

This ®dion presents results for the initia experiments that
we have performed in evaluating the dfedivenessof multi-level
memory prefetching. These results give apreliminary indicaor
of the performance of a number of different configurations of
multi-level memory prefetching, in terms of both speedup and
the degreeof extra bandwidth consumption.

We performed experiments using various multi media bench-
marks, some of which derive from the MediaBench benchmark.

¢ jpg2Kdec — a JPEG-2000image deaoder
¢ mpegddec — an MPEG-4 video decoder
e pegwitdec —asimple encryption cecoder
¢ unepic —awavelet-based image decoder
e vorbisenc —an MP3-like audio encoder
All of these ae reasonably memory intensive benchmarks.

We peformed ou experiments under the Impad
compil atior/simulation  environment. The simulator was
extended to model prefetching using stream buffers at eat of
the memory levels, including the L1, L2, and DRAM memory
controller levels. The base achitedure used for the experiments
models a 1 GHz out-of-order superscdar procesor with a nor
blocking 32 KB diread-mapped L1 data cate with 64-byte lines
and a 15 cycle misslatency, a 256 KB 4-way set-associative L2
cade with 64byte lines and a 100 cycle miss latency, and a
166MIHz processor-memory bus that suppats lit transadions.
The base achitecdure model does not employ any prefetching.

In evaluating the multi-level memory prefetching models, we
tested three single-level prefetching models, eath of which
employs prefetching at only one of the memory levels (L1, L2,
or MC), and threemulti-level memory prefetching models, eath
of which combine L1 prefetching with prefetching at the L2
and/or DRAM memory controller levels (L1+L2, L1+MC, and
L1+L2+MC). For the prefetching at the L1 memory level, we
use a1 8way strean buffer with 5 entries per strean, whereas
prefetching at the L2 and MC memory levels uses an 8way
stream buffer with orly 3 entries per stream.

Finally, regarding the placement of the prefetch urits, the L1
and L2 prefetch urits are placal in the misspath of the L1 and
L2 cades, respedively. For prefetching at the memory
controller though, the 8-way stream buffer is built using a 10ns
SRAM which is positioned in front of the DRAM (i.e the
DRAM isin the misspath of the SRAM). So, if the desired data
for the L2 missresides in the SRAM, the misspenalty isonly 50
cycles, as oppacsed to a 100 cycle miss penalty from the 60ns
DRAM memory. Pladng the SRAM in front of the DRAM
provides the dual benefit of significantly reducing the average
L2 misspenalty, while enabling prefetching between the SRAM
and DRAM to occur over a private bus between the SRAM and



DRAM. Consequently, prefetch requests by the SRAM prefetch
unit do nd consume any external procesor bus bandwidth.

The IPC performance results are shown in Figure 4.1.
Because these ae fairly intensive benchmarks, even the single-
level memory prefetching methods enable significant speedups,
with average speedups of 45%, 34%, and 286 for the L1, L2,
and MC prefetching models. L1 acieves the best IPC of the
three since it is has the most acairate prefetching. Among the
multi-level memory prefetching methods, the L1+MC and
L1+L2+MC models perform the best, with average speedups of
89%% and 88, respedively. The L1+L2+MC method typicdly
performed better than the L1+MC, but the L1+L2+MC method
performed worse on jpg2Kdec becaise the extra bandwidth of
the L1+L2+MC method saturates the processor-memory bus,
thereby increasing exeaution time.

In measuring the extra bandwidth consumption, we mmpared
the bus utili zation d ead memory model, normali zed acording
to speadup, with the bus utili zation in the base achitecure. The
difference defined the excess bandwidth consumption. For
single-level prefetching, the excess bandwidth was abou 50%
for the L1 model and realy doule that for the L2 model (it is
obviously 0% for the MC model). For multi-level prefetching,
the L1+L2 and L1+L2+MC models had excess bandwidths of
roughly 100%, whereas the excess bandwidth for the L1+MC
method was only abou 50% (comparable to L1 prefetching).
Consequently, these preliminary results indicate that the L1+MC
multi-level prefetching model provides the best speedup vs.
bandwidth-efficiency performance  And since its median
speadupis nealy as goodas that of the L1+L2+MC model, these
initial experiments distinguish it as the best all-around opion.

5. CONCLUSIONS

We present multi-level memory prefetching for media and
strean processng as an effedive prefetching method for
enabling aggressve prefetching while minimizing the anourt of
extra prefetching bandwidth. A multi-level prefetch hierarchy
effedively handles both aspeds of the growing procesor-
memory gap, conservatively prefetching on-chip while
aggressvely prefetching off-chip, providing both latency hiding
and bandwidth minimization. In essence the proposed method
credaes aprefetch hierarchy similar to a catie memory hierarchy.

Obase aL1 aL2
3 amcC EL1+L2 HL1+MC —
HL1+L2+MC

Instructions Per Cycle (IP)

Application

Figure 4.1 — IPC results for multi-level memory prefetching.

This paper provides a preliminary investigation into the
effediveness of multi-level memory prefetching. For more
definitive mnclusions, further evauations are neeled to
comprehensively evaluate the various aspeds of multi-level
memory prefetching, including experimenting with dfferent
prefetching methods and hbandwidth-efficiency enhancements,
examining different degrees of prefetching lookahead, exploring
variations with latency and bandwidth, and so on However,
these initial results indicate significant potential benefits. By
prefetching at the memory controller as well as the L1 level,
spead improved by 30% over L1 prefetching alone, with
negligible change in the bandwidth requirements.
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